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By contrast, the emergent monopoles that we
identify here are sources of the emergent mag-
netic field that follows Dirac’s quantization con-
dition for monopoles (17); i.e., they carry one
quantum of emergent flux. Furthermore, in spin-
ice at zero magnetic field, the monopoles are
“deconfined”; i.e., it requires only a finite amount
of energy to separate monopole and antimono-
pole. In the skyrmion phase, the situation is dif-
ferent (similar arguments apply to the helical
phase): Deep in the skyrmion phase, it requires a
finite amount of energy per length to zip two
skyrmions together. Consequently, there is a lin-
ear potential (i.e., a finite string tension) holding
monopole and antimonopole together. Only dur-
ing the conversion from one phase to the other,
the string tension vanishes or becomes negative.
In disordered materials, the string tension may be
a random function that competes with potentials
pinning the monopoles.

An interesting open question is whether phases
of deconfined emergent monopoles in chiral
magnets exist, where monopoles and antimono-
poles proliferate as independent entities. A candi-
date for such a phase is the metallic state of MnSi
at high pressure. Its properties differ markedly
from those of conventional metals [the resistivity
is proportional to T 3/2 over almost three decades
in T (23)], with highly unconventional “partial”

magnetic order on intermediate time and length
scales (24) and an unconventional Hall signature
(15). Further experiments and theoretical studies
are needed to study the connection of the partial
order in MnSi with the emergent monopoles and
the electronic properties in the non–Fermi liquid
phase of MnSi.
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Measurements of Energetic Particle
Radiation in Transit to Mars on the
Mars Science Laboratory
C. Zeitlin,1* D. M. Hassler,1 F. A. Cucinotta,2 B. Ehresmann,1 R. F. Wimmer-Schweingruber,3
D. E. Brinza,4 S. Kang,4 G. Weigle,5 S. Böttcher,3 E. Böhm,3 S. Burmeister,3 J. Guo,2
J. Köhler,3 C. Martin,3 A. Posner,6 S. Rafkin,1 G. Reitz7

The Mars Science Laboratory spacecraft, containing the Curiosity rover, was launched to Mars on
26 November 2011, and for most of the 253-day, 560-million-kilometer cruise to Mars, the
Radiation Assessment Detector made detailed measurements of the energetic particle radiation
environment inside the spacecraft. These data provide insights into the radiation hazards that would
be associated with a human mission to Mars. We report measurements of the radiation dose, dose
equivalent, and linear energy transfer spectra. The dose equivalent for even the shortest round-trip
with current propulsion systems and comparable shielding is found to be 0.66 T 0.12 sievert.

Understanding the radiation environment
inside a spacecraft carrying humans to
Mars or other deep space destinations

is critical for planning future crewed missions.
Without major advances in propulsion systems,
a large share of the radiation exposure on such
missions will be incurred during outbound and

return travel, when the spacecraft and its inhab-
itants will be exposed to the radiation environ-
ment in interplanetary space, shielded only by
the spacecraft itself. Here we report measure-
ments of the energetic particle radiation environ-
ment inside the Mars Science Laboratory (MSL)
during its cruise to Mars between 6 December
2011 and 14 July 2012, with implications for fu-
ture human Mars missions.

Two forms of radiation pose potential health
risks to astronauts in deep space. There is a chron-
ic low-dose exposure to galactic cosmic rays
(GCRs), and there is also the possibility of short-
term exposures to the solar energetic particles

(SEPs) that are sporadically accelerated close to
the Sun by solar flares and coronal mass ejections.
GCRs tend to be highly energetic, highly pene-
trating particles that are not stopped by the modest
depths of shielding on a typical spacecraft. The
distributions of the kinetic energy of GCRs are
broad and vary according to the ion species and
the phase of the solar cycle, with peaks near
1000 MeV for protons and 500 to 600MeV per
nucleon for heavier ions, with tails extending to
much higher energies. The flux of GCRs consists
of about 85% protons, which are sparsely ioniz-
ing (except at the very end of their ranges), and
about 14% helium ions. The remainder of the
flux consists of heavier ions referred to as “HZE
particles” [high (H) atomic number (Z) and high
energy (E)]. HZE particles are densely ionizing,
producing biological effects that differ from those
produced by sparsely ionizing radiation; there
is considerable uncertainty about the effects of
HZE particles on biological systems (1, 2).

The SEPs of concern for astronaut safety
are typically protons with kinetic energies up to
a few hundred mega–electron volts. SEP events
can produce very large fluxes of these particles,
as well as helium and heavier ions. With the
exceptions of extreme and rare SEP events,
there is little enhanced flux at the higher energies
(above 100 MeV per nucleon) typical of GCRs.
The comparatively low energy of typical SEPs
means that shielding ismuchmore effective against
SEPs than GCRs.

Conventional risk assessment methods (1, 3–5)
rely on measured distributions of kinetic energy
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or linear energy transfer (LET) in water (in units
of kilo–electron volts per micrometer). These
spectra are integrated against the quality factors
(Q’s) to obtain the dose equivalent (H) as de-
fined by the International Commission on Ra-
diological Protection (6). The dose equivalent is
measured in sieverts (Sv) and has been related
to lifetime cancer risk via long-term population
studies (7). Additional details can be found in the
supplementary materials.

The Curiosity rover, with the Radiation As-
sessment Detector (RAD) mounted to its top deck,
was inside theMSL spacecraft on its trip toMars,

sitting immediately beneath the Descent Stage
and above the heat shield. Because the spacecraft
and internal structures provided shielding against
the deep space radiation environment, the RAD
measured a mix of primary and secondary par-
ticles. (Secondary particles are those produced by
nuclear or electromagnetic interactions of primary
ions as they traverse the spacecraft mass.) A
simplified model of the mass around the RAD
was created at the Jet Propulsion Laboratory, work-
ing from a highly detailedmodel of the spacecraft
(8). Shielding around the instrument was com-
plex, with most of the solid angle lightly shielded

(areal density <10 g/cm2) and the remainder broadly
distributed over a range of depths up to about
80 g/ cm2. The greatest depths correspond to tra-
jectories through a fuel tank filled with hydrazine.
Shielding distributions on the International Space
Station are similarly complex (9). In contrast, the
Apollo spacecraft were lightly shielded, averaging
4.5 g/cm2 of aluminum (10). A human crew on a
Mars mission would, like the RAD, be exposed to
amixture of primary and secondary radiation, but
details of the shielding distribution would prob-
ably be quite different. In particular, a spacecraft
carrying humans would probably be designed
to have a more homogeneous mass distribution,
with few if any light-shielded paths into the in-
habited areas.

The RAD instrument has been described in
detail in the literature (11, 12). A brief overview
is given in the supplementary materials. Two
concurrent measurements of dose are made,
one using a silicon detector and the other using
a plastic scintillator. The latter has a composi-
tion similar to that of human tissue, and it is also
more sensitive to neutrons than are the silicon de-
tectors. The twodose-ratemeasurements obtained
during the cruise are shown in Fig. 1 (13). These
measurements differ from previously reported
data in that they were obtained in deep space un-
der complex shielding, whereas particle detectors
in other deep space missions have measured the
unshielded radiation environment.

Measurements were taken from 6 December
2011 to 14 July 2012 (14). For solar quiet times,
the GCR dose rate in silicon averaged 332 T
23 mGy/day after subtraction of the background
fromCuriosity’s radioisotope thermoelectric gen-
erator (13). The error on this result is dominated
by uncertainty in the calibration of the silicon
detector. To compare with the measured dose rate
in plastic and with model predictions, the dose
rate in silicon can be converted, approximately,
to dose rate in water. A constant factor was ap-
plied to relate energy lost per unit of path length
(dE/dx) in silicon to LET in water (15). After
conversion, the dose rate in water as measured
in the silicon detector was found to be 481 T
80 mGy/day, which is identical within uncertain-
ties to the 461 T 92 mGy/day measured in the
plastic scintillator.

We used data from the final month of the
cruise (a time period during which no SEP events
were observed) to obtain the charged-particle LET
distribution for GCR primary particles and GCR-
induced secondary particles. We used the result-
ing spectrum, after conversion of the deposited
energy in silicon to LET in water (Fig. 2), to
obtain the average quality factor <Q>, whichwas
found to be 3.82 T 0.25. The uncertainty on <Q>
is approximately equal parts statistical (low count
rate at high LET) and systematic (calibration,
conversion from silicon to tissue, and subtraction of
the radioisotope thermoelectric generator background
radiation). Combining the tissue dose rate mea-
surement with <Q> yields a GCR dose equivalent
rate of 1.84 T 0.33 mSv/day. It is important to

Fig. 1. Dose rates recorded in a silicon detector (black circles) and in a plastic scintillator (red
circles) during theMSL’s cruise to Mars. The observed SEP events are indicated by numerals. The data
have been averaged over 15.5-min intervals. Occasional brief gaps can be seen, usually caused by the
RAD having been powered off so that other activities could take place on the spacecraft without inter-
ference. For a given incident flux, the dose rate in silicon is generally less than the dose rate in plastic
because of the comparatively large ionization potential of silicon.

Fig. 2. The LET spectrum in water measured using charged particle coincidence events. Energy
deposited in silicon has been converted to LET∞ in water. Below about 50 keV/mm, the plotting symbols
are larger than the error bars.
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note that the measurements depended strongly
on heliospheric conditions during the cruise (i.e.,
near solar maximum), and on the shielding that
surrounded the RAD.

Five SEP events were observed during the
cruise to Mars: two from 23 to 29 January, two
from 7 to 15 March, and one on 17 May (Fig. 2).
The events during 7 to 11 March were the largest
in terms of dose, but the May event is of interest
aswell because itwas a ground-level event at Earth,
and the RAD data indicate that the spectrum was
relatively hard. For this event, unlike the other four
SEP events, the dose rate recorded in the plastic
scintillator exceeded that recorded in the silicon
detectors, even though the plastic scintillator is
more shielded than the silicon detectors (16).

We compare RAD SEP event data to data
from theGeostationaryOperational Environmen-
tal Satellite (17–20) GOES-11 in Fig. 3. These
comparisons may provide useful tests of models
of SEP propagation through the inner heliosphere.
In all cases, the dose rate peaks in the RAD data
occur at later times than the flux peaks in the
GOES data. The 7 to 9 March SEP event had
three distinct peaks seen by the RAD on 8 and
9 March. The MSL and Earth were nominally
connected on the same Parker spiral line (21) at
this time, and the MSL was only about 1.2 astro-
nomical units from the Sun, but particles arrived
at the MSL nearly a full day later than they were
seen near Earth. A possible reason for this delay
is that GOES-P7 and the RAD are sensitive to
different parts of the initial SEP spectrum, which
may behave quite differently over time during an
event. In addition, there were at least two events
[flares and fast coronal mass ejections (CMEs)]
seen in the 7 to 9March time frame. The first one,
on 7 March 0036 UT, was directed at –60° lon-
gitude (east of the central meridian as viewed from
Earth) and the second on 9 March 0425 UT at
0° longitude (directly at Earth). The differences

in arrival times may have been caused by a dis-
turbed Parker spiral from the first CME, so it is
possible that the MSL and Earth (GOES) were
not actually on or near the same field line during
the event.

The SEP fluxes observed by the RAD are
dominantly protons, for which Q(L) (L, linear en-
ergy transfer) is approximately 1. Dose and dose
equivalent rates are therefore approximately equal.
Table 1 shows the dose equivalent totals recorded
during the three periods of measurable solar ac-
tivity. SEP doses were obtained by subtracting
average GCRdose rates from the total for the days
shown. The SEP total from these five events is
roughly equal to 15 days of GCR dose equivalent
during low solar activity.

The MSL’s cruise to Mars took 253 days.
Treating the measured GCR dose equivalent rate
of 1.84 mSv/day as constant during the entire
cruise, the estimated total dose equivalent from
both GCR and SEP events is 466 T 84 mSv, with
about 5.4% attributable to SEPs. This result is a
strong function both of the time in the solar cy-
cle during which the cruise occurred and of the
shielding surrounding the RAD during the
cruise. The crew exposures during a human mis-
sion to (and returning from) Mars would no doubt
differ from our findings because of these effects.
Actual exposures will of course depend on the
details of the habitat shielding and the unpre-
dictable nature of large SEP events. Even so, our
results are representative of a trip to Mars under
conditions of low to moderate solar activity.

Comparisons between the measured and cal-
culated dose and dose equivalent rates are not
sufficient to fully validate or benchmark transport
models, but they are highly relevant here because
astronaut exposure calculations are made with
transport models. It is therefore essential that such
models be as accurate as possible, and accuracy
is obtained through an iterative process of model

development and comparisons with data. Agree-
ment withmeasured dose or dose equivalent rates
is a necessary part of model validation. Although
there has been considerable previous work in this
area, including recent articles by Schwadron et al.
(22) andMcKenna-Lawlor et al. (23), for present
purposes we restrict the discussion to the models
used most recently by the NASA Johnson Space
Center (JSC), which is responsible for assessing
crew exposures (24, 25). The tools used by JSC
include the Badhwar-O’Neill GCRmodel (26, 27),
the HZETRN transport model (28–30), and pion
transport codes (31–33). See the supplementary
materials for details.

Four transport calculations are shown in
Table 2, corresponding to permutations of the
JSCmodel (two versions of the GCR flux model,
with pion production simulated or not). These
are point values at the RAD position. In all cases,
dose and dose equivalent were calculated at sev-
eral depths of shielding, and polynomials were
fit piecewise. The polynomials were integrated
against the shielding distribution to obtain the
results shown here. It is clear that pions and their
decay products make an important difference
in the calculated dose under shielding, whereas
their contribution to dose equivalent is relatively
small, owing to the low LETof the particles. The
RAD cruise measurements are shown in the last
row of Table 2. For dose rate, the Badhwar-O’Neill
1996 (BO-96) results with and without pions
bracket the central value of the measurement,
both falling within the range of experimental
uncertainty. The dose rate predicted by BO-11
with pions included is close to the central value
of the data, whereas BO-11 without pions gives
a result outside the 1s error bar. Predicted dose
equivalent rates are comparatively insensitive to
these model variations, and all are slightly smaller
than the measurement but within the 1s error on
the data. The calculated <Q> values are more
sensitive to variations in the model than are the
dose equivalent rates, and only the BO-96 model
without pions and the BO-11 model with pions
give values that are within the 1s experimental
uncertainty.

Some of the dose and dose equivalent from
GCRs during the cruise is attributable to neutral
particles (neutrons and g rays). A full analysis
of these contributions requires the application
of an inversion technique (34), but a simplified
first-order estimate shows that the measured neu-
tral particle contribution was less than 10% of
the total.

Table 1. Dose equivalents measured during
SEP events.

Time period
(2012)

Integrated dose
equivalent (mSv)

23 to 29 January 4.0
7 to 15 March 19.5
17 to 18 May 1.2
Cruise SEP Total 24.7

Fig. 3. RAD dose rates as measured by the B detector (black lines) and GOES-11 proton data
(gray lines) for three solar events observed during the cruise. The GOES-11 P7 channel measures
protons in the energy range from 165 to 500 MeV; those data have been arbitrarily scaled so that they
have approximately the same quiet-time level as the RAD data.
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Several space agencies (the Russian Space
Agency, European Space Agency, and Canadian
Space Agency) have adopted the conventional
risk assessment approach outlined above, using
1 Sv as the astronaut career exposure limit. Be-
cause of the large biological uncertainties for
HZE particles, NASA has proposed a different
approach, definingQ’s in terms of Z and E, and
estimates an uncertainty distribution for the Q
for different particle types (24). This approach
defines astronaut career limits that correspond
to a 3% risk of exposure-induced death for cancer
and protects against uncertainties in models using
the upper 95% confidence interval. Central esti-
mates of dose limits for 30- to 60-year-old never-
smokers range from 600 to 1000 mSv and 800 to
1200 mSv for females and males, respectively
(35). Dose limits at the 95% confidence levels are
about one-third the central values.

NASA’s “Design Reference” Mars mission
(36) posits various cruise durations, with a typical
figure of about 180 days. The MSL’s cruise was
longer than this, but with a human crew aboard,
it is likely that faster transits would be selected.
Assuming a 180-day one-way duration, similar
shielding, and a similar time in the solar cycle,
we would expect a crew to receive 331 T 54 mSv
from GCRs, with additional (variable) contribu-
tions from SEP events. The return trip would
double this, to 662 T 108 mSv in total. It is clear
that the exposure from the cruise phases alone
is a large fraction of (and in some cases greater
than) currently accepted astronaut career limits.
Time spent on the surface of Mars might add con-
siderably to the total dose equivalent, depending
on shielding conditions and the duration of the
stay. This is problematic for both central estimates
of cancer risks and NASA’s uncertainty analysis,
which imposes a safety factor until confidence
intervals are significantly narrowed. In this con-
text, the data provided by the RAD experiment
contribute to the reduction of uncertainties by
facilitating the improvement of transport models.

The models used by NASA predict that the
GCR dose rate is a very weak function of shielding
depth (up to 100 g/cm2 of aluminum) because
of the high energies of the ions and the copious
production of secondary particles. The dose equiv-
alent shows more sensitivity to shielding depth,
due to the increasing fraction of heavy ions that
fragment as depth increases. Given that the shield-
ing provided by the MSL spacecraft is probably
not drastically different from that of the Crew
Exploration Vehicle (CEV) or other future vehi-

cles, at least in an average sense, and the modest
attenuation of GCR dose with increasing shield-
ing depths, the GCR dose and dose equivalent
rates reported here are probably realistic for the
expected exposures during future human deep
space missions of similar duration. Although only
5% of the contribution to the measured dose
equivalent during the MSL’s cruise to Mars was
from SEP events, it should be remembered that
the frequency and intensity of such events are
highly variable and that the current cycle appears
to be producing a very weak solar maximum (37).
The SEP contribution could conceivably be many
times larger in a different time frame.
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An Adaptive Response to Uncertainty
Generates Positive and Negative
Contrast Effects
John M. McNamara,1 Tim W. Fawcett,2* Alasdair I. Houston2

Successive contrast effects, in which behavior is dependent on whether conditions are currently
better or worse than they were before, are a striking illustration of the fact that animals
evaluate the world in relative terms. Existing explanations for these effects are based on descriptive
models of psychological and physiological processes, but little attention has been paid to the
factors promoting their evolution. Using a simple and general optimality model, we show that
contrast effects can result from an adaptive response to uncertainty in a changing, unpredictable
world. A wide range of patterns of environmental change will select for sensitivity to past
conditions, generating positive and negative contrast effects. Our analysis reveals the importance
of incorporating uncertainty and environmental stochasticity into models of adaptive behavior.

Humans, like many other animals, make
relative judgments about theworld.When
making decisions, we compare options

to other available options (1–3) or to situations
that we have experienced in the past (4). We care
about whether we are better or worse off than
before, or than wemight otherwise be, had things
turned out differently (5, 6).

A striking illustration of this is successive
contrast effects, in which the conditions an in-
dividual has experienced in the recent past alter
its response to current conditions (4). Crespi (7)
demonstrated successive contrast effects in labo-
ratory rats trained to approach a food reward at
the end of a runway apparatus. The rats ran faster
toward the reward if they had previously been
trained with smaller reward amounts, as com-
pared to control rats that had experienced the cur-
rent, larger amount throughout the experiment—a
positive contrast effect (8). Conversely, rats pre-
viously trainedwith an even larger reward showed
a slower approach speed than controls when
shifted to the same reward amount (7)—a neg-
ative contrast effect (8). Similar effects have been

found in bees (9), starlings (10), and a variety of
mammals (11–14), including humans.

Successive contrast effects pose a serious chal-
lenge to accounts of rational choice in which past
states or alternative current states are irrelevant (6).
So far, all theories to explain the existence of
contrast effects have been based on descriptive
models of psychological or physiological pro-
cesses (4, 7, 15–18), largely ignoring their evo-
lutionary basis [though see (10)]. Here we address
this gap, by developing a simple and general
optimality model to show that both positive and

negative successive contrast effects can arise from
an adaptive response to uncertainty about how
conditions change over time.

We consider the behavior of an animal that
has to perform work to gain rewards. If the ani-
mal expends effort u it gains rewards at rate gu,
where g represents the profitability of the reward
source. To reflect the physiological costs of work
(19) or risks of exposure to predators (20), we
assume that the animal’s mortality rate, M(u), is
an increasing, accelerating function of effort. This
imposes a trade-off, for which there is some unique
level of effort thatmaximizes the animal’s expected
lifetime reward (21).

In the scenario we consider, the profitability
of the reward source fluctuates stochastically over
time. The animal can perceive its current prof-
itability g but does not knowwhen thiswill change.
While still alive, we assume that it pays some
small maintenance costs (b energy units per unit
of time) and invests all remaining gains directly
into reproduction, so its rate of reproductive suc-
cess is gu – b. Under these conditions, to max-
imize its fitness (expected lifetime reproductive
output), the animal must maximize gu – M(u)V,
where u is its current effort and V its expected
future reproductive success (22). Broadly, we can
interpret g as the value of work and Vas the value
of the animal’s life (21). Differentiating this ex-
pression with respect to u, we see that the opti-
mal effort, u*, that maximizes fitness will
satisfyM ′(u*) = g/V. BecauseM is an increasing,
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Fig. 1. Examples of the
stochastic fluctuations in
the profitability of a re-
ward source over time in
a (A) good or (B) bad hab-
itat. The animal can per-
ceive whether the source is
currently rich (profitability
gr) or poor (gp) but does not
know when the next switch
will occur, nor which habitat
it is in. Parameters: tGr = 100,
tGp = 10, tBr = 10, tBp = 100.
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