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Introduction: Gamma-ray and neutron spectros-
copy is an established method in planetary science for
determining the elemental composition of planetary sur-
faces. On airless bodies, the surface is exposed to bom-
bardment by galactic cosmic rays (GCRs), which are
high energy (~10 to ~10000 MeV) particles, usually
(~95%) protons, which impact the surface and initiate
nuclear reactions with the elements in the surface. GCR-
induced reactions culminate in gamma-ray emission.
The energy of the emitted gamma rays are characteristic
to the element, and the gamma-ray flux can be used to
derive elemental concentration at the surface [1—4]. This
technique relies on GCRs having access to a planetary
surface, as thick atmospheres like those around the
Earth, Venus, and Titan absorb GCRs before they reach
the surface. On worlds with thick atmospheres, landers
can carry a neutron generator to produce high-energy
neutrons which induce similar reactions to those initi-
tated by GCRs, again resulting in characteristic energy
gamma rays [5]. Without a neutron generator, it is still
possible to determine the local abundance of natural ra-
dioactive elements on bodies with thick atmospheres us-
ing a gamma-ray spectrometer. Future missions to Titan
(Dragonfly) and Venus (VICI) were proposed to the
2016 NASA New Frontiers mission opportunity with
gamma-ray and/or neutron spectrometers on the
planned payloads [6,7]. While the primary purpose of
those gamma-ray and neutron spectrometers (GRNS) is
to determine the elemental composition of a planet’s
surface, here we report the feasibility of using in-situ
measurements of particle fluxes with a GRNS during at-
mospheric entry to provide valuable constraints on the
bulk composition and as well as physical properties of
the atmosphere.

Atmospheric Nuclear Spectroscopy Measure-
ments: When a GCR enters any material, including a
planetary atmosphere, it interacts with the constituent
nuclei via a number of processes, many of which result
in nuclear spallation. Spallation is a natural fission pro-
cess where kinetic energy is transferred from the GCR
to the incident nucleus via an internuclear cascade, re-
sulting in particle emission (spallation). If these second-
ary particles are energetic enough, they can also induce
spallation in other nuclei via intranuclear cascades.
These cascades, which propagate downward into the at-
mosphere, are well studied on Earth and known as GCR
air showers. There is a point in the atmosphere where
the secondary particle production is balanced with par-
ticle losses within the atmosphere, creating a peak in

particle flux known as the Regner-Pfotzer (RP) maxi-
mum [8]. The RP maximum is seen with a variety of
measurables, including neutrons, line-emission gamma-
rays, and continuum gamma rays. GCRs also show RP
maximum behavior, but not necessarily at the same al-
titudes as other secondary-particle products. The alti-
tude location of RP maxima is strongly dependent on
the atmospheric column density, which varies in plane-
tary atmospheres as a function of altitude. A GRNS col-
lecting data during atmospheric entry samples the alti-
tude-dependent profile of hadronic and electromagnetic
particle populations in the atmosphere resulting from
GCR air showers, data that serves as proxies for atmos-
pheric density. Using the GEometry And Tracking
(GEANT4) radiation transport code [9,10], we have
simulated altitude-dependent particle production pro-
files within the atmospheres of Earth, Venus, Mars, and
Titan. The simulation of Earth’s atmosphere was com-
pared to the neutron and proton profiles measured by a
CeBr; and CLYC neutron and gamma-ray detectors fly-
ing on a stratospheric balloon, providing validation of
our models for Venus, Mars, and Titan.

Balloon-Flight Measurements: As part of a sensor
maturation project, two GRS/NS sensors (CeBr; and
CLYC) were flown as a hosted payload on a strato-
spheric balloon for nearly 22 days over Antarctica in
December of 2016 [11]. An example of a RP-maximum
measurement from this balloon flight is shown in Figure
1, where the neutron count rate from the CLYC sensor
is plotted versus balloon altitude. The measured count
rate clearly shows a RP maximum at an altitude of 17
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Fig. 1. Net measured neutron count rate from the CLYC sensor
as a function of altitude, measured during a high-altitude balloon
flight. The RP maximum is clearly seen at an altitude of ~17 km.

2290.pdf



49th Lunar and Planetary Science Conference 2018 (LPI Contrib. No. 2083)

Normalized Particle Flux (arb. units)

km. Other measurements from the CLYC and CeBr3
sensors showed similar maxima [11].

Simulation Approach: Our GEANT4 simulations
model GCR transport and interactions in the atmos-
pheres of Earth, Titan, and Venus. Planetary atmos-
pheres were modeled as cubes with dimensions depend-
ent on the planet/moon of interest. The cubes were di-
vided into surface and atmosphere layers. The surface
volume had bulk surface properties for the simulated
object, and the atmosphere volumes were divided layers
(the exact number varying between models) with vary-
ing density, pressure, and temperature from an atmos-
phereic reference model. Model outputs are altitude-de-
pendent particle flux profiles, which, when convolved
with detector response models, simulate the measure-
ments observed by a GRNS onboard a spacecraft enter-
ing a planetary atmosphere.

Results and Discussion: For Earth’s atmosphere,
the simulations predict a neutron RP maximum at an al-
titude of 16 km (Figure 2), which is in good agreement
with the 17 km observed in flight data from the Antarc-
tic balloon flight. The simulated GCR flux profile also
shows good agreement with the data (not shown). The
RP maximum at Titan is predicted to be at 84 km (Fig-
ure 3), which is in the same atmospheric region as the
peak ionization observed at 60km by the Huygens at-
mospheric conductivity measurments [12]. The RP
maximum at Venus is predicted to be at 52 km (not
shown). Compared to Earth, the RP maximum at Titan
is much higher because Titan’s atmospheric density is
larger than Earth, and its low gravity results in a more
extended atmosphere.

These types of measurements, and more specifically
their variation with altitude, may serve as an important
constraint on the entry/descent trajectory reconstruc-
tion. For example, an accelerometer record indicates the
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Fig. 2. Simulation GCR and neutrons flux in Earth’s at-
mosphere. The RP maximum can be seen at 16 km, in good
agreement with the 17 km altitude seen in flight data.

Normalized Particle Flux (arb. units)

density along the entry path, which depends on the flight
path angle as well as the atmosphere profile, whereas
the column mass (pressure) depends only on the profile
directly above the probe location. In effect, the meas-
urement acts as a static pressure sensor during the entry,
and could improve the accuracy of trajectory recon-
struction.

In principle, such a measurement could yield useful
insights on any planetary entry/descent to ~1 bar alti-
tude, such as the Dragonfly mission to Titan [13]. To
our knowledge, such measurements have not been per-
formed to date on any planet other than Earth. The Ven-
era 9 and 10 GRS instruments were only turned on at a
pressure of 7 bars (to measure the spacecraft back-
ground [14]), well below the cosmic ray interaction al-
titude. The Galileo probe had an Energetic Particle In-
strument to map the Jovian radiation belts, but this was
switched off before atmospheric entry.

References: [1] Boynton, W. V_, et al. (2007), J. Ge-
ophys. Res., 112, E12S99 [2] Prettyman T.H., Mittlefeh-
1dt D.W., Yamashita N, et al. (2012) Science, 338, 242-
246 [3] Prettyman, T. H., et al, (2006), J. Geophys.
Res., 111, E12007 [4] Evans, L.G., et al. (2012), J. Ge-
ophys. Res., 117, EOOLO7 [5] Parsons, A., et al, (2011).
Nuc. Inst. Meth A, 652, 674-679 [6] Turtle, E.P., et al,
(2017), 48™ Lunar Planet. Sci. Conf., abstract #1958.[7]
Glaze, L.S., et al, (2017), 48" Lunar Planet. Sci. Conf.,
abstract #2288. [8] Carlson, P. and A. A. Watson
(2014), Hist. of Geo. Sp. Sci., 5, 175. [9] Agostinelli, S.,
et al, (2003) Nuc. Inst. Meth. 4 506, 250-303 [10] Alli-
sion, J., (2016), Nuc. Inst. Met.h A, 835, 186-225; [11]
Lawrence, D. J. et al. (2017), Nuc. Inst. Meth., in re-
view; [12] Grard, R., et al. (2006) Planetary and Space
Science. 54.1124-1136 ; [13] Turtle, E. P. et al. (2018),
49" Lunar Planet. Sci. Conf., this meeting; [14] Surkov,
Y. (1977) 8" Lunar and Planetary Science. 2665-2689.

08 |-

— Neutrons

GCRs

!
600

0.0

| ! | 1
800 1000 1200 1400

Altitude (km)

| !
0 200 400

Fig. 3. Simulation GCR and neutrons flux in Titan’s at-
mosphere. The RP maximum can be seen at 84 km.
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