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ABSTRACT

The 40Ar/39Ar radiometric dating technique is an attractive option for future extraterrestrial
geochronology applications. However, in situ 40Ar/39Ar radiometric dating on Mars presents unique chal-
lenges to the design of a device capable of achieving sufficient precision on geological samples obtained
on the Martian surface. For this application, a fast neutron source with a low thermal neutron flux is ideal
for inducing the 39K(n,p)39Ar reaction with few competing reactions that require age-correction factors.
This paper explores the design of a neutron emitting device specifically for in situ geochronological
applications on extraterrestrial surfaces. We have determined that a feasible design is likely to include a
252Cf spontaneous fission source shielded by polyethylene layered with a strong thermal neutron absorber.
Although boosting options–induced fission sources, (α,n)–are available, they do not provide sufficient
neutron multiplicity to justify the increased mass of the device. Furthermore, shielding the rover from
the neutron source will likely comprise the largest fractional mass of the device, which will be reduced
by shielding only a small solid angle of the source. While we have determined that it is possible to
design such a neutron source, there will also be other instrumentation competing for a mass fraction of
the Rover instrument payload. This may make it difficult to design a device that achieves the required
mass and fluence limitations for a future mission. However, this work provides a realistic path forward
in determining a future workable design.
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1 INTRODUCTION

Many important questions regarding the habitability and past climates on Mars require accurate
age determinations. Recent efforts on Mars rover missions, such as Curiosity, have been focused on
using the 40K/40Ar method [1–3] (henceforth referred to as the K-Ar method). Unfortunately, the
K-Ar method can yield high precision ages that are inaccurate because it masks thermal events in
the history of the sample. Conversely, the 40Ar/39Ar method [4] (henceforth referred to as Ar/Ar),
which requires a neutron source, offers more information on the history of the rock as well as a
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more reliable age. Furthermore, the benefits of K-Ar dating–the abundance of potassium in geologic
samples, the reliability of the method over a large age range–are also present in the Ar/Ar method.
The Ar/Ar method has been proposed for extraterrestrial applications [5] in the past, but there has
not been extensive work on the feasibility or design of a device capable of supplying the necessities
for the Ar/Ar method.

Following the Background Section describing the details of the dating methods, this paper
will discuss the design considerations for a neutron-emitting device to irradiate samples for Ar/Ar
geochronology applications. Section 3 covers the constraints and details of the device design. The
feasibility of device configurations is discussed in Section 4. Finally, concluding remarks are made
in Section 5. While the authors have considered a number of design configurations for this device,
no finalized design is proposed. Rather, this paper is intended to provide a starting point for future
designs of Ar/Ar-specific instrumentation on extra-terrestrial missions.

2 BACKGROUND

The 40K/40Ar method has been widely used, but has some drawbacks. The K-Ar method relies
upon the fact that 40K decays to 40Ar. Assuming that at the time of formation there is no argon in
the sample (a good assumption, as the gas is thermodynamically driven to diffuse out of the molten
rock), an age can be calculated with this parent-daughter ratio [4]. However, there are issues that
challenge the accuracy of this method. To count the relative abundances of 40K and 40Ar, separate
processes are required to isolate each element, so two sample aliquots are required. Additionally,
the abundance counts for each element are an average across each grain forming the macroscopic
rock structure. Should some high temperature event occur after formation, migration of the 40Ar
near the grain boundaries can be driven from the rock by temperature-enhanced diffusion. This
premature loss of 40Ar in the sample would skew the parent-daughter age determined from the
K-Ar method, thus resulting in an unreliable age that is some value between the formation age and
the thermal event. If the rock is heated to a temperature high enough to liberate all of the accrued
radiogenic 40Ar, the calculated K-Ar age will be that of the thermal event, not the formation age.

An alternative approach to the 40K/40Ar method is the 40Ar/39Ar method. This approach has
roots in the K-Ar method, but uses 39Ar as a proxy for potassium, whereby the 39K(n,p)39Ar reaction
is used to generate 39Ar in the sample. With knowledge of the cross section for the (n,p) reaction
and the neutron flux, a reaction rate can be calculated to determine the original 39K abundance in the
sample. Assuming the 39K/40K is constant in nature, the counted 39Ar abundance can be related to
the 40K abundance in the sample. The age of the sample can then be calculated with the same decay
principles as the K-Ar method. Traditionally, this reaction has been induced with neutrons produced
by research reactors. An additional sample with a known age is also placed in the irradiation sample
chamber and is used to back-calculate the total transmutations for the (n,p) reaction.

While the Ar/Ar method is essentially a variant of the K-Ar method, it provides a number
of advantages over its predecessor. By transmuting the 39K into 39Ar, the measurement can be
performed on a single element, which eliminates the need for separate samples. This further allows
for incremental heating analysis, which sequentially releases argon from less diffusive sites in the
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mineral phase; the changing ratio of 40Ar/39Ar during step-heating can reveal information about
the distribution of K and Ar within the mineral phase. If the sample has a simple thermal history,
the ratio of 40Ar/39Ar, and thus the calculated age, should remain constant throughout the sample
heating. If there is a complex thermal history, the distribution of 40Ar/39Ar throughout the sample
can reveal these complications, potentially including both a formation age of the sample and the
thermal event(s). On an extra-terrestrial surface where impact events are commonplace, a thermal
event is likely to have affected any sample collected, making Ar/Ar the preferred method. The
challenge to using this in practice is transporting and operating a device capable of inducing the
39K(n,p)39Ar reaction on extraterrestrial bodies.

3 DEVICE DESIGN

The most basic device used for sample irradiation in Ar/Ar geochronology must have (1) a
neutron source, (2) a sample chamber, and (3) a neutron shield. To perform Ar/Ar geochronology,
additional instrumentation–such as a mass spectrometer and drilling mechanism–is also required.
For the purposes of this paper, the neutron emitting device is comprised of the three aforementioned
components. The various options that one could use to construct such a device are explored herein.

The foundation of Ar/Ar geochronology relies upon the transmutation reaction 39K(n,p)39Ar,
which cannot be induced without a neutron source. First, the 39K(n,p)39Ar reaction is a threshold
reaction, and requires the flux to have some population of fast neutrons to produce 39Ar in acceptable
quantities. However, thermal neutrons also induce competing reactions that make it more difficult to
calculate the age [4], so a device supplying a neutron energy spectrum with a high proportion of fast
neutrons is desirable. Second, the neutron source must produce enough 39Ar that the ratio between
40Ar and 39Ar is measurable. Measuring the 40Ar/39Ar ratio is limited by the abundance sensitivity
of the mass spectrometer that will be available on the rover, and the buildup of 39Ar is dependent on
irradiation time. To achieve a 40Ar/39Ar ratio of 105 : 1 in 100 days on a 4 Ga sample, the fast flux
requirement is 3.3× 109 n/cm2s. Lastly, the source must have some degree of longevity to last for
the rover lifetime. This requires that the neutron source have a long enough half-life or fuel supply
to survive the trip to the extraterrestrial body and the duration of the mission lifetime, while also
meeting the fast neutron fluence requirement in ∼200 days or less.

The sample chamber has fewer design limitations than the neutron source. It should have
locations to contain the samples, and the neutron energy spectrum should not be perturbed signifi-
cantly between various sample locations. If the spectrum is perturbed significantly, determining
the reaction rate of the 39K(n,p)39Ar transmutation will require additional control on flux gradients
via standard sample analyses, which is time consuming. These goals can be achieved with a small
sample chamber constructed out of a metal with a low activation cross section and a poor scattering
ratio, like aluminum. The samples must also be easily accessible such that sample handling is
feasible. Additionally, both the K-Ar and Ar/Ar methods rely upon the fact that the radiogenic 40Ar
is not lost during sample preparation. Premature loss of accrued Ar in the sample is usually caused
by heat-driven diffusion. For the purposes of this device, it must be assured that the sample is not
heated above 200◦C during sample preparation or irradiation [4]. This is feasible by designing the
device to use a neutron source with a low heat output or with a heat removal system.
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The shield has a variety of restrictions to consider in its design. Even with a low heat output
source, the sample chamber may be heated if surrounded by a thermal insulator–which impacts
decisions about the materials and the geometric configuration of the shield. Because the sample will
be undergoing irradiation for hundreds of days, the sample chamber will likely remain inside the
shield for the entirety of the mission, so heat transfer cannot be aided by removal from this insulator.
The shield must also prioritize protecting the numerous electronic components on the rover from
neutron damage. The image sensors on Curiosity were radiation hardened up to 107 n/cm2s, which
provides a starting point for the flux limits for future rover missions. Furthermore, the rover is
limited in the total mass that it is able to carry. The total instrument payload on Curiosity is ∼75
kg, and the radioisotope thermoelectric generator (RTG) is an additional 45 kg. Assuming that
future missions will have similar limitations to those currently underway, this can provide an order
of magnitude mass limitation for the future mission with the neutron emitting device. This mass
requirement inherently limits the total amount of shielding and source material that can be used,
and the interplay between what shielding and source material are selected will influence the overall
geometry of the device.

Several geometries that initially appeared to satisfy these requirements were proposed; Fig. 1
illustrates a few. The first design (Fig. 1a), a small point-source with a sample chamber surrounded
by a large spherical shield, was proposed to maximize shield thickness and ideally protect both the
extraterrestrial surface and the rover from neutron damage. The success of this design is contingent
upon finding a low mass, low volume source that can be surrounded by a sample chamber. It also
requires that the shield does not thermally insulate the sample chamber. The second design (Fig. 1b),
which could be cylindrical or spherical, adds an additional layer of ‘boosting material’ that either
precedes or succeeds the sample chamber prior to the shield. The rationale for the booster design
is that extra particles, such as alpha particles or fast neutrons, could be used to produce additional
neutrons to boost the flux. This boosting material could be removed from the device during periods
of irradiation inactivity to lower the continuous dose rate to the rover. The third design (Fig. 1c) has
the most inherent complexity and uses a point source with either removable pins or rotatable drums
of boosting material. The boosting material in this configuration would most likely be a fissionble
material. In the case of rotatable drums, the drums would have a layer of a strong thermal neutron
absorber on one side to reduce multiplicity during times of inactivity. However, both variants in this
third design would likely have a moderating material between the pins and the sample chamber,
which would increase the probability for fission but also increase the relative thermal neutron flux.
Both the second and third designs are, in theory, near-critical subcritical systems that ideally would
boost the point source hundreds of times.

To summarize, a neutron emitting device designed to irradiate samples for Ar/Ar geochronology
applications will require three basic components: a neutron source, a sample chamber, and a shield.
To optimize the transmutation of 39K into 39Ar and minimize competing reactions that may skew
the age, the neutron source should provide a neutron flux with a large proportion of the flux in
the fast energy range. The source strength should be around 1010 n/cm2s or 1011 n/s to ensure that
the sample does not require too long an irradiated time. Further, the neutron source should have
some longevity (achieved with either a long half-life or a slow burnup) to ensure that the device can
perform Ar/Ar geochronology for the length of the rover lifetime. The sample should not exceed
200◦C during any time prior to step-heating, which can be prevented with either a source with a
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Figure 1. Configurations of devices for in situ 40Ar/39Ar geochronology. (a) A point source
with a spherical shield/reflector, (b) a point source with spherical or cylindrical boosting ma-
terial surrounded by a shield/reflector, (c) cylindrical assembly with centrally-located point
source surrounded by boosting rods or rotatable boosting drums and shield/reflector.

low power-density or a heat removal system. The rover should not receive a neutron flux from the
source greater than 107 n/cm2s, which can be achieved with a shield. However, the entire system
cannot exceed more than ∼70 kg, so the shield must be optimized to be of high absorption but low
mass. It is the interplay between these parameters that significantly restricts the device design and
makes this work novel.

The subsequent subsections detail the design options analyzed for the device. Section 3.1
elaborates on the various sources that could be used to supply neutrons for the device. This
includes passive fission sources, or sources undergoing fission without an induced reaction; passive
capture sources, or sources that supply neutrons by undergoing a capture of an alpha particle; and
boosting materials, or materials that require a capture of a neutron to induce fission or produce
neutrons. Section 3.2 covers the shield material selection and geometric configurations that were
considered for this application. Last, section 3.3 covers non-neutronic design details for Ar/Ar
geochronology applications in addition to explaining the rationale behind the neutron sources that
were not considered for this study.

All neutron transport simulations were done using MCNP5 [6]. For design configurations using
252Cf, a point source with watt fission energy spectrum was used. The total number of particles
run in fixed-source problems varied, but were chosen such that any result had <2% error, for
some cases. For criticality calculations (used for some boosting materials), the kcode card was
used with 5,000 particles per generation, skipping 50 generations, and using 200 generations. For
shielding calculations, the decrement in the source strength as a function of depth into the shield was
calculated with a surface current, or f1 tally ,and angular binning to count the outgoing particles in
each region of the shield. Last, reactions in non-critical boosting materials (Fig. 3) were calculated
with a track-length estimate of cell flux, or f4 tally, and reaction rate multipliers for that cell.
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Table I. Passive neutron sources decaying by spontaneous fission
Source Mass for 1011 n

s
n

s−mg
t1/2 SF BR (%) Heat Out ( Watts

1011 n
s
−src

)

252Cf 43 mg 2.3 · 109 2.645 y 3.82 1.43
250Cf 9.5 g 1.1 · 107 13.08 y 0.08 31
248Cm 2.1 kg 4.7 · 104 3.5 · 105 y 8.26 1.04
246Cm 9.8 kg 1.0 · 104 4.7 · 103 y 0.03 90
244Cm 9.8 kg 1.0 · 104 18 y 1.3 · 10−4 2.4 · 104
253Es 274 g 3.6 · 105 20 d 8.7 · 10−6 2.1 · 105
254Fm 0.2 mg 3.4 · 1011 3.24 h 0.06 33

3.1 Neutron Source

A number of neutron source options were considered for the neutron emitting device. Isotopes
decaying by some probability of spontaneous fission offer a predictable neutron source flux with
a sufficiently large proportion of fast neutrons. However, these sources also decay over time, so
sample irradiation times will increase over the lifetime of the device to achieve a desired fluence.
Passive capture sources, like (α,n) reactions, are attractive because two elements are required to
create neutrons. This could mean source strength could be user-controlled, prolonging the life of
the neutron source and, consequently, the entire device. Boosting materials offer similar benefits to
the latter and can be chosen to maximize fast neutron creation.

3.1.1 Passive fission sources

Table I compares the total mass and heat output for a number of different spontaneous fission
isotopes (SF BR is spontaneous fission branch ratio). This was calculated with existing fission yield
data in the literature [7, 8]. No isotope seems to completely satisfy all of the requirements of the
passive fission sources. Some have long half lives but require significant mass. Others create too
much heat and will cause a premature release of natural and radiogenic argon. 252Cf appears to
most closely satisfy the heat output and mass requirements while also having a reasonably long
half-life. Its attractiveness for this purpose has not been overlooked [5]. 252Cf has the added benefit
of broad user experience [9] and a slightly faster neutron energy spectrum than that of 235U [10].
However, using 252Cf as the sole neutron source in the device does pose some disadvantages: the
device lifetime is unlikely to exceed the lifetime of the rover as several half-lives will pass during
the course of an extraterrestrial mission, and it will take several months in a specialized reactor to
produce enough 252Cf to supply the source requirement desired for these purposes. This will take
time and likely come at a large monetary cost.

3.1.2 Passive capture sources

Passive capture sources [11–13] are those that generate neutrons by an α capture reaction
(neutron capture is detailed in a subsequent section). These sources appear attractive for a number
of reasons. The separation of the α emitter from the target would cease neutron production; this

Page 6 of 14



Design of a Compact Neutron Source for Geochronology Applications

ability to ‘shut down’ the neutron source would reduce the required neutron shielding for the rover
(assuming dose limits are fluence rather than dose-rate dependent) and only require that the rover is
constantly shielded from α particles. Additionally, the neutron energy spectrum from this type of
reaction is relatively fast, in the MeV range. However, the total neutron production is on the order
of a few neutrons per 106 α particles per second or less for most materials [11, 12]. Consequently,
for a 1011 neutron/s source, a roughly 1017 α/s source would be required. To obtain an alpha
source this large, it would either be of significant mass, which will violate mission limits, or with
a short half-life, which will not meet time requirements. Furthermore, the (α,n) source must be
homogeneously mixed to optimize the neutron production rate, which would negate its ability to
shut down. While these sources have been proposed as an option for passive Ar/Ar applications
in the past [5], the authors concur with the literature [5], and do not believe that this source can
realistically provide the required neutrons for geochronology applications.

3.1.3 Boosting material

The boosting materials considered loosely fall into two categories: induced fission neutron
sources, and neutron capture neutron sources. Both of these sources require an additional driving
neutron source to produce neutrons. Induced fission sources can offer substantial multiplicitave
boosting if the device configuration is near critical. Much of the previous work on determining the
minimum critical mass of induced-fission sources was done with homogenized layers with differing
ratios of fissionable material and moderator to enhance thermally-induced fission neutrons [14–16].
This is not an attractive option for this application since a large fraction of the neutron flux will be
thermal and thus unusable for the 39K(n,p)39Ar reaction. Of the induced fission sources, uranium and
plutonium oxides (chosen for their chemical stability) were considered; their results are illustrated
in Fig. 2. This figure was produced with a geometry like that illustrated in Fig. 1b, with fissionable
boosters in a spherical shell around the sample chamber. Surrounding the fissionable material is a
polyethylene shield/reflector. 233U, 241Pu, and 239Pu are seen as the most attractive boosters because
they require the lowest mass to approach criticality. This is due to to their higher epithermal fission
cross sections, which eliminate the requirement for substantial moderation to approach a critical
state. This also results in a faster neutron energy spectrum supplied to the sample chamber, which is
optimal for this application.

Of the neutron capture sources, the most attractive appeared to be the (n,2n) and (n,3n) fast
neutron reactions in beryllium metal. A variant of Fig. 1b was simulated with MCNP5 with a 252Cf
point source surrounded by a spherical shell of 9Be metal shielded with Premadexr, which is a
hydrogenous material enriched in 6Li [17]. To find the best design, the thickness of the 9Be shell
was varied; Fig. 3, Beryllium Booster Effectiveness, summarizes these results. As the thickness
of 9Be increases so does the flux boost, peaking at a ∼10% boost with an 8.5 cm shell around the
point source. Although this boost is not negligible, it is not considered to be worth the additional
mass of ∼5.6 kg, given that it would only offset a short increment of 252Cf decay losses.
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Figure 2. Induced fission neutron boosters

Figure 3. Boosting the neutron flux with beryllium

Page 8 of 14



Design of a Compact Neutron Source for Geochronology Applications

Figure 4. Performance comparison for various shield material options

3.2 Neutron Shield Design

The most basic shield design is surrounding a point source of neutrons with a 252Cf energy
spectrum with a spherical shell of shield material. Figure 4 illustrates the reduction in source strength
as a function of radial distance from the point source for a number of shield material options. The
materials comprised of light elements perform far better than the thermal neutron-absorbing metals,
which is expected since without low atomic mass materials there is no moderator to slow neutrons
to thermal energies where they will be absorbed. Of the two hydrogenous materials, Premadexr

appears to perform better at source reduction with shallow depths into the shield, and polyethylene
appears to outperform with thicker shields. It should be noted that a substantial reduction in mass
could be designed in the shield if the radial thickness is reduced. As these shields are spherical, the
mass will increase with r3, which directs device design towards thinner shields.

Based on these observations, a composite shield designed to moderate and then absorb neutrons
is likely the best option to reduce the radial thickness of required shield material. The materials
with high thermal neutron absorption cross sections could rapidly reduce the radial shield thickness
by removing large populations of thermal neutrons from the shield. This can be achieved by first
moderating the fast fission neutrons from the 252Cf source with a low atomic mass material. At the
point in the moderating material at which there is no increase in thermal neutrons for an increase
in moderator thickness, a foil of a strong thermal neutron absorber can be used to remove these
neutrons. By alternating these materials, the flux can be removed in a shorter radial thickness than a
single material alone.

Figure 5 compares the relative fraction of fast neutrons to thermal neutrons at various locations
within a pure polyethylene or Premadexr shield. The location at which the peak thermal flux occurs
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(a) Polyethylene (b) Premadexr

Figure 5. Neutron energy spectra comparison between thermalizing shield options. Thermal
energies are below 0.1eV and fast energies are greater than 0.1MeV.

is an ideal candidate for foil placement. For polyethylene, Fig. 5a indicates that the maximum
thermal neutron flux fraction occurs ∼15-20 cm away from the point source, where nearly 85% of
neutrons are thermalized. For Premadexr, this location is at ∼12-15 cm (Fig. 5b), where about 47%
of neutrons are thermalized. This indicates that the foil placement could occur at a shallower depth
into the Premadexr shield, but it would likely remove fewer neutrons than a foil placed in the same
location in the polyethylene shield. If a composite shield design is used for the device, polyethylene
layered with either cadmium or gadolinium is the most attractive candidate.

3.3 Other Considerations

There are many additional considerations that will impact the source, sample holder, and shield
design. A device optimized for the in situ irradiation and age determination of geological samples
requires an instrument payload in addition to the neutron emitting device. This will include, but
is not limited to: a drilling mechanism, a mass spectrometer, and a system with which to heat
up the sample to perform step-heating. These instruments, such as a mass spectrometer, can be
optimized to have a greater abundance sensitivity. This could offset the loss of precision from a
lower flux neutron source, but will undoubtedly come at a greater mass expense. Prioritizing which
of these is more important will be imperative in moving forward with future designs. Including
these components’ contributions to the overall device mass will place an even greater limit on the
neutron source and shielding masses. A more detailed consideration of each of these components
and their mass will be in a forthcoming publication. For the purposes of this paper, the device
including only the neutron source/booster and shielding contributed to the total device mass.

The mass constraints on the mission could also change. The total mass threshold could be
increased if the RTG on the rover could be replaced with the neutron device. This would require a
much more sophisticated heat removal and power conversion system than we have proposed for the
device described in this paper. Furthermore, the need of a small neutron emitting device could be
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avoided if other space reactor concepts are considered for future missions. In this case, a system not
unlike the Cadmium Lined In-Core Irradiation Tube (CLICIT) setup at the Oregon State TRIGA
reactor [18] could be designed for sample irradiation.

Terrestrial Ar/Ar geochronology devices have much more flexibility in design than this passive
source for extraterrestrial applications. The authors did not consider compact fusion sources, which
have been considered for terrestrial 40Ar/39Ar geochronology [19], as they require precise user
control and are likely not mass-feasible for this application. Furthermore, we did not consider
critical configurations of the device, as the device will be irradiating the sample for tens to hundreds
of days at a time and a system to compensate for reactivity feedback and other physical effects will
add unnecessary complexity to design criteria that are already highly constrained. Furthermore,
low-mass critical devices are optimized to have significant moderation, which would not be ideal
for this application.

The shield analyzed in the previous sections did not consider activation effects or bubble
formation from long-term neutron exposure to the shield. Both of these effects could augment
the effectiveness of the shield over time. In particular, foils in the composite shield may lose
effectiveness early on in the mission due to its high absorption cross section. The foils would
then supply more radiation damage to the rover–from activation-produced photons–than protection,
invalidating their use as a shield. The structural integrity of the shield could also be compromised
because of long-term neutron exposure, which was also not considered here.

4 FEASIBILITY OF DEVICE CONFIGURATIONS

The neutron emitting device for remote, passive, Ar/Ar geochronology must at minimum be
comprised of a neutron source, sample chamber, and shield. Several material options and geometric
configurations have been proposed in the preceding pages to constitute such a device. Each option
varies in its benefits and drawbacks; a successful design will find a compromise that satisfies each
of the requirements for the device. Here the feasibility of each option is presented and analyzed. A
preliminary design that most satisfactorily achieves each requirement will be proposed.

The neutron sources considered were designed to provide a variety of options in constructing
the device. Many elements decaying by spontaneous fission can be obtained that supply the required
source strength of ∼ 1011 n/s. However, 252Cf appears to be the best candidate; it satisfies the
requirements of having a low power density, low mass, adequate half-life, and has a broad user
experience. Alternatively, (α, n) neutron sources do not appear attractive as they will require either
a short half-life or significant mass to achieve the desired flux objective.

Boosting material offers enhanced neutron production with the possible benefit of a removable
source, which would lower the basal neutron dose rate to the rover and result in reduced shielding
requirements. This would be of enormous benefit to the device, as a 1011 n/s point source of
252Cf would require a substantial quantity of shielding to decrease the flux to the rover to 107

n/cm2s, whereas a boosting material would decrease the total mission fluence to the rover without
requiring a shield. Of the boosting materials considered, the (n,2n) and (n,3n) reactions in beryllium
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proved to have the least benefit, adding ∼10% boost with a 5.3 kg additional mass. The fissionable
boosters, if constructed in a near-critical state, offer substantially more boosting benefit. However,
even the boosters with the highest multiplicity (233U, 239Pu, 241Pu) required ∼20 kg of material to
approach criticality. This at first may seem attractive, but adding 20 cm of polyethylene shielding
to this spherical subcritical configuration would add ∼80-90 kg of mass, moving this design out
of the realm of feasibility. Further, these simulations were performed with a 4π polyethylene
reflector surrounding each booster. If no shield/reflector were used, the critical mass requirement
would be higher, as fewer thermal and epithermal neutrons would exist to induce fission reactions.
However, this increase in critical mass could be acceptable if the source and booster, when in a
more critical configuration, were separated from the rover by a greater distance, perhaps by some
towing mechanism or extending arm.

The shield materials will comprise the largest fraction of the mass of the device. Placing the
source 50 cm away from the rover electronics will reduce the flux to 3 × 106 n/cm2s, which is
acceptable but still very close to the limit of the CCD cameras. Adding a 30 cm spherical shell of
polyethylene to this will reduce the flux by an additional ∼97%. The total payload for this particular
configuration (120 kg) far exceeds the mass limitation for instrumentation of the rover. Adding a
foil of cadmium or gadolinium to the shield will reduce the flux substantially with a very small
linear distance. This can be used to decrease the thickness , and thus the mass, of the shield.

The most optimal neutron source is a 252Cf source with no boosting material. Because the
252Cf source is of such low mass, a significant proportion of the device mass can be dedicated to the
shield. As it stands, even a spherical polyethylene shield will exceed the ∼70 kg mass limitation of
the device. Instead, we propose shielding only the fraction of the 252Cf solid angle containing the
rover, and not dedicating as much shielding to the planetary surface. If only 10% of the 4π point
source is shielded with polyethylene, the total device mass is ∼12 kg. This is satisfactory for the
objectives that were proposed in earlier sections and leaves an adequate mass allotment for other
Ar/Ar instrumentation.

The device proposed in this paper is preliminary, and a great amount of analysis will be required
for a more complete design. Selecting a mass spectrometer will provide a more concrete figure
for the neutron source strength or flux. Performing heat transfer calculations to ensure that the
sample chamber does not exceed 200◦C will also be necessary. The shielding analysis should also
include photons in future designs to ensure that the overall dose rate to the rover is not unacceptable.
Further, selecting a power source to provide sufficient energy with which to step heat the sample to
acceptable temperatures will be important since both 40Ar/39Ar and 40K/40Ar age calculations may
be skewed without adequate heating. Powering a device to heat the sample to this temperature is a
further design challenge.

5 CONCLUSIONS

A compact neutron source is an attractive candidate to induce the necessary reactions for
40Ar/39Ar geochronological applications on future, unmanned, missions to extra-terrestrial bodies
where sample return is neither feasible nor likely. However, the vast range of overall dose and dose
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rate limits for existing rover designs lead to ambiguity in shielding designs, making optimization
difficult. In this paper we examine a variety of sources, boosters, and shielding materials to provide
suggestions for the best candidates for a final design.

Some major challenges are longevity of the source and reducing shielding mass. The exclusive
use of a 252Cf fission neutron source challenges source lifetime requirements. The lifetime could be
extended with boosting material, but that would require moderation of all 4π solid angles of the
boosting material to achieve increased efficiency in neutron-induced fission. The addition of both
shielding material and enough boosting material to achieve a high enough effective multiplication
factor renders this configuration likely unfeasible. We therefore recommend using 252Cf without
a booster. Shielding can be reduced over most solid angles of the point source if extreme dose
rates to the martian surface are acceptable. Then, only the solid angle containing the rover requires
shielding.

Although it appears that there cannot be a ‘perfect’ device designed for Ar/Ar applications,
there are variants of the device that will satisfy the requirements detailed in earlier sections. A device
with neutrons supplied by a 252Cf point source is the most attractive candidate. The point source
should be shielded with a polyethylene shield. If the planetary shielding limitations are equivalent
to those of the rover, then the 4π shielding mass can be reduced by alternating layers 10 cm of
polyethylene and cadmium or gadolinium foils. If planetary protection is not an issue, shielding the
source in only the solid angle containing the rover a better option. In this case, a simple, conical
polyethylene shield is sufficient. Both of these configurations produce a device that has: low mass,
adequate flux with a substantial fraction of fast neutrons, low thermal insulation, sufficient rover
shielding, and will last several years. As the design has only a spontaneous fission neutron source,
this device does have issues with longevity, and Ar/Ar geochronology will undoubtedly be difficult
and have low precision towards the end of the rover’s lifetime. However, this device is the most
feasible given the restrictions imposed for martian Ar/Ar geochronological applications.
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