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Radiobiology:	radiaBon	as	a	two-edge	
sword	

3	



	How	does	radiaBon	injure	people?	

Direct	ionizaBon	of	
biological	molecules	
	
Indirect	effect	
through	formaBon	of	
free	radicals	in	water	



The most unkindest cut of all 
(W. Shakespeare, Julius Caesar) 

 



How does this damage from ionizing 
radiation effect our bodies? 

Cancer 

Sufficient Cell Killing Sufficient Genetic 
Alterations 

Radiation Sickness 



			
																		

 0.01             0.1                  1                   10                 100                 1000              10000 

Dose 
(mSv) 

1 day 

1 year 

Max. annual 
dose for rad. 

workers 

Dose to the 
tumor 

1 year CT-WB 

1 day 

Fukushima 
liquidators 

Guarapari 
beach 1 year 

RADIATION	DOSES	
HT = Σ wRDT,R  D in gray (Gy) 

 
E = Σ wTHT  H, E in sievert (Sv) 
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Oxygen Effect 

OER:  
Oxygen Enhancement Ratio 
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Oxygen effect: LET dependence 



Radiation carcinogenesis 
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Only approx. 1/3 of the 
cancer risk is attributable 
to environment or 
genetics, the rest being 
“bad luck”: random 
mutations during DNA 
division 

Tomasetti & Vogelstein, 
Science 2015 
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Evidence of radiation carcinogenesis 
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In vitro dose-response curve 

Dose-response 
curve for the 
frequency of 
transformant/ 
surviving cell 
using linear- 
quadratic, but 
plateaus at high 
doses 
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Animal studies 



The elephant paradox 
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•  Cancer is an aging disease, and 
depends on the number of divisions of 
the stem cells 

•  Large, old animals should get more 
cancers 

•  However, elephants do not get cancer 
•  Same is true for other large animals, 

such as humpback whales 
•  Recent studies show that elephants 

have approximately 20 copies of the 
p53 gene 

•  As a consequence, their blood cells are 
very radiosensitive and go into 
apoptosis 

•  Instead of repairing DNA damage, 
injured elephant cells kill themselves to 
nip nascent tumors in the bud 

Nature, 8.10.2015 



Neutron radiobiology: an old 
story 
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“how much” or when”? 
Pulmonary Tumors  in B6CF1 mice

 (Fry et al., Env. Int. 1, (1972))
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Induction of acute myeloid 
luekemia in mice 

Colorado State 
University, 2009 

RBE~1 for Fe-ions 

RBE ~10 for neutrons 

 



Neutron quality factor 

The project makes use of one of the few cohorts re-
ceiving a (potentially) measureable exposure to neu-
trons. This is the increasing population of cancer
patients who have been treated with proton therapy.
Protons generate scattered neutrons both in the treat-
ment head and in the patient. However, the number of
cases of second cancer following proton treatment to
date is small and will accumulate only slowly. In order
to compensate for the expected poor statistics, parallel
studies into the differences in neutron damage com-
pared with photons are being carried out at the mo-
lecular level using track structure modelling of initial
interactions, and at the cellular level using stem cells
exposed to neutrons and photons. The results from
these studies will be used to develop a predictive risk
model matching the neutron spectrum and dose rate
at the site of any second cancer, which can be tested
using the follow-up data from proton therapy
patients.

The project focuses on three specific cancers that
may be detected as second malignant neoplasms fol-
lowing paediatric photon radiotherapy: salivary gland,
thyroid gland, and breast tissue. It has been proposed
that stem cells play a key role in carcinogenesis(5).

Stem cells have been isolated for each of the tissue
types, and these are being exposed to beams of
photons and neutrons in order to gain an understand-
ing of the relative biological effectiveness for a variety
of molecular and pathological endpoints which are
related to the gradual development of cancer in vivo.
There are separate workpackages dedicated, respectively,
to physics modelling and measurements, radiobiology
experiments using stem cells, and epidemiological
studies.

Physics workpackage

An essential part of relating the physical–biological
risk models to the epidemiological study is the

determination of the neutron energy spectra and
fluence both during the experimental stem cell expo-
sures and within patients undergoing proton therapy.
The pronounced dependence of the RBE for chromo-
some aberrations in neutron energy spectrum makes
such a full characterisation of the radiation field, an
essential part of the project which requires both phys-
ical measurements and Monte Carlo modelling(6).

Experimental beams

Photons. The reference photon beam used for expos-
ure of stem cells for RBE determination is a 220 kV
X-ray beam from an Xstrahl-200 X-ray machine. The
dosimetry is based on the German Standard DIN
6809-5. A PTW 31013 ionisation chamber is cali-
brated against the German standard and used for ab-
solute dose measurements in a PMMA phantom
using the kQ provided by the manufacturer. A PTW
34045 plane-parallel ionisation chambers is then used
to make relative dose measurements in a PMMA
phantom representing the irradiation geometry. The
beam was modelled using the PHITS Monte Carlo
code(7), using a calculated photon spectrum from the
SpekCalc program(8, 9). The purpose of modelling the
beam was to ensure an acceptable dose homogeneity
in the perspex container to be used for stem cell expo-
sures. The modelling results indicated that the dose
variation both radially across the field and within the
depth of the container is ,3 %. This is satisfactory
because the expected uncertainty in the radiobiology
data is likely to dominate the overall uncertainty in
the results. Monte Carlo modelling of the photon
field within the cells will also provide input data for
the track structure model.

Neutrons. The initial series of neutron exposures of
stem cells has been done at Physikalisch-Technische
Bundesanstalt (PTB), Braunschweig, Germany, using
the broad-beam neutron facility. Such pilot irradia-
tions were intended to test the stem cell response to
different neutron doses and dose rates, with a reduced
influence of sharp resonances. Later in the project it is
planned to use narrow-spectrum low dose-rate
neutron beams (including 0.565, 1.2 and 14.8 MeV
mean energy) also available at PTB, in order to inves-
tigate the energy dependence of the damage to stem
cells.

The broad neutron beam at PTB was generated by
way of a (d,n) reaction by directing 13.5 MeV deuter-
ons onto a beryllium target, producing a broad
neutron spectrum with average energy !5 MeV. The
energy and angular dependence of neutron emission
at source is given in Ref.(10) and reported in Figure 2.
Data from Ref.(10) have been used to implement the
neutron source in the transport code PHITS, coupled
with a software replica of the collimator(11, 12) and
target geometry, in order to model the neutron field
within the container used for the cells. Simulations

Figure 1. Illustration of the uncertainty in the radiation
weighting factor to take account of the RBE of neutrons as a

function of neutron energy.
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Radiotherapy 



Side-effects	of	Radiotherapy	
• Acute	(<1	month)	
• Depend	on	area(s)	being	treated	
• OVen	faBgue	can	occur	
• mucosiBs/esophagiBs,	nausea,	diarrhea	and	redness	of	skin	

Late (>1 month) 
Pneumonitis/fibrosis of lungs 
Hypothyroidism 
Xerostomia 
Enteritis 
Infertility/menopause 
Long-term (10-20 years) 
Increased risk of secondary cancers 
Increased heart disease if chest region treated 



TherapeuBc	window	



Where is the Energy Deposited? 
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X-ray	dose	decrease	with	depth	
We	have	to	cross-fire	on	the	tumor	from	many	angles	

Single	field	 Dose	per	field	 Total	dose	

Courtesy	B.	Mijnheer	

Excellent	target	conformity	
Large	normal	Bssue	volume	irradiated	



Neutrons 





X-rays	

C-ions	

Kristjan	Anderle,	Ph.D.	thesis,	TU	Darmstadt,	2014	

Lung	tumors:	SBRT	vs.	C-ions	
Single	fracBon,	25	Gy	



Treatment	plan	
with	protons:	

pleural	
mesothelioma	

Courtesy of Marco Schwarz, AtrEP, Trento, Italy 



High tumor dose, normal tissue sparing 
 
Effective for radioresistant tumors 
 
 

Effective against hypoxic tumor cells  
 

 
Increased lethality in the target because 
cells in radioresistant (S) phase are 
sensitized 
 
Fractionation spares normal tissue more 
than tumor 
 
Reduced angiogenesis and 
metastatization 

Potential advantages 
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Loeffler & 
Durante,  
Nat. Rev. 

Clin. Oncol. 
2013 

•  About  100,000 patients treated 
with H and 10,000 with C-ions 

•  >30 particle therapy facilities in 
operation (6 with heavy ions) 

•  Many more are under 
construction or planned 
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NuPECC	report	„Nuclear	Physics	in	Medicine“,	2014	
Available	online	www.nupecc.org		

March	2014:	44	proton/7	heavy	ion	centers	
Under	construcCon:	25	proton/	4	heavy	ion	centers	
Only	in	USA,	27	new	centers	expected	by	2017	



ITALIAN NETWORK 
FOR 
HADRONTHERAPY 
 

  EXISTING CENTRES 

   

  INTEREST FOR PROTONS 
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Population-Scaled  
Facility Distribution 
Courtesy	Bill	Chu	
	

PopulaBon	
–	scaled	
	
	
	
	
	
	
	
	
	
	
GPD-scaled	





Fast neutron production: d 



Fast neutron production: p 





Proton linear accelerator for Neutron therapy 



Proton linear accelerator for neutron therapy 



The cost of particle therapy 
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Fast	neutron	therapy:	unacceptable	
toxicity,	reduced	paBent	survival,	
treatment	(almost)	completely	
disconBnued	in	XXI	century	
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The figure shows that the maximum dose rate in healthy tissue 
of 0.13 Gy/min is reached at 2.6 cm of depth. The tumour tissue 
would experience the same dose-rate value at 9.8 cm of depth. 
Deeper tumours would receive lower dose then the healthy 
tissue maximum dose. At the AD the advantage-depth dose-rate 
(ADDR in the figure) is 0.13 Gy/min. Clearly, the AD value 
depends on the tumour-to-healthy-tissue 10B concentration ratio 
(BR). A thumb rule is to use quasi-thermal neutrons for depths 
less than 2 cm and epithermal neutrons for deeper depths. 
 
Possible applications: melanoma (shallow tumors) and GBM 
(boron accumulate in tumor rather than in normal brain) 
 
From NuPECC, Nuclear Physics in Mediicine, 2014..  
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Operative BNCT centers 
CENTER	 STATES	 NEUTRON SOURCE	 NEOPLASM	

T R E A T E D 
PATIENTS	

Hels ink i Un ivers i ty Cent ra l 
Hospital, Helsinki, Finland	 Europe	

FIR-1, VTT Techn ica l 
Reserch Centre, Espoo	 GB and HN	

50 GM 

2 AA 

31 HN	

Faculty Hospital of Charles 
University, Prague, Czech Republic	 Europe	

LVR-15 Reactor, Nuclear 
Reserch Institute Rez	 GB	 5 GM	

University of Tsukuba, Tsukuba 
City, Ibaraki	 Japan	

JRR-4 , Japan Atomic 
Energy Agency, Tokai, 
Ibaraki	

GB	
20 GM 

4 AA	

U n i v e r s i t y o f To k u s h i m a , 
Tokushima	 Japan	

JRR-4 (Kyoto University 
Research Reactor, Osaka)	 GB	 23	

Osaka Medical College and Kyoto 
University Research Reactor, 
Kyoto University, Osaka and 
K a w a s a k i M e d i c a l S c h o o l , 
Kurashiki	

Japan	 KURR	 GB, HN, CM	

30 GBM 

3 AA 

7 Men 

124 HN	

Taipei Veterans General Hospital, 
Taipei, Taiwan	

Repub l i c o f 
China	

THOR, National Tsing Hua 
University, Hsinchu, Taiwan	 HN	 10	

Inst de Oncol. Angel H, Buenos 
Aires 	 Argentina	 Bariloche Atomic Center	 CM and AT	 7CM 3 AT	

Radiation Biophysics Lesson 11 - SS2011 56 

 

 



Neutrons	as	a	contaminaBon	in	
radiotherapy	
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Neutron 
spectra in 
radiotherapy 

25

Nature Reviews | Cancer
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Considering the uncertainty, an upper limit of 0.2 mSv for 
the uterine dose was estimated40. Both the mother and the 
child are healthy and do not have radiotherapy-related 
complications 3 years after treatment.

Taken together, these data suggest that particle therapy 
is typically not causing an increase in the dose to distal 
organs compared with high-energy IMRT. However, great 
care should be taken in comparing these values, which 
generally refer to the effective dose41,42 (BOX 1), a contro-
versial radiological unit. Indeed, effective doses use tissue 
weighting factors that are estimated by several stochastic 
end points, and do not include any age- or gender-
dependence in cancer risk43. Especially for paediatric 
patients, the assumption that weighting factors are inde-
pendent of age at exposure is tenuous. Cancer is a tissue-
specific disease, and there is no evidence that the shape of 
the dose–response curve is the same for different organs. 
The International Commission on Radiological Protection 
(ICRP) indeed recognizes that the use of effective dose in 
medical applications may be inappropriate and it would be 

more useful to calculate the risks for specific age and gen-
der groups, using absorbed or equivalent doses to organs 
and tissues and age-related risk factors44.

Mechanisms of radiation-induced carcinogenesis
Ionizing radiation has been recognized as a carcino-
genic agent by the World Health Organization for many 
years45,46. Although early indications of radiation-induced 
cancers came from radiologists and other radiation 
workers, certainly the main epidemiological evidence 
of radiogenic carcinogenesis in humans and its dose–
response relationship comes from the 1945 atomic bomb 
(A-bomb) survivor cohort47. Leukaemia and many solid 
cancers (especially lung, colon, breast and thyroid can-
cer) have been linked to radiation exposure46. The risks 
of developing a solid tumour after radiation exposure 
are reasonably well described by linear dose–response 
functions in the dose range from 0.2 Sv to 2 Sv (FIG. 3). 
However, epidemiology does not provide the necessary 
information for SMNs in radiotherapy patients, in which 

Figure 2 | Secondary neutron dose in particle therapy. a | Schematic diagram of a spinal treatment field in particle 
therapy. A small diameter beam of charged particles (red) enters the treatment apparatus, which spreads the beam to a 
clinically useful size and collimates it to spare healthy tissues. Stray neutron radiation (green) is created by proton-induced 
nuclear reactions in the treatment unit and in the patient. The neutron doses provide no therapeutic benefit but increase 
the predicted risk that a patient will develop a second cancer later in life as a result of radiation exposure. b | The energy 
spectrum of photoneutrons produced by megavoltage X-rays and secondary neutrons produced by nuclear interactions of 
charged particles is complex. The figure shows recent neutron spectral measurements at the ELEKTA Linac accelerator in 
the Klinikum Goethe Universität of Frankfurt, Germany, operated at 25 MV, and at GSI, Darmstadt, Germany, with a 200 MeV 
per nucleon 12C pencil beam stopping in a water target. The energy in MeV is on the x axis in log-scale, whereas the 
 y axis gives the number of neutrons counted per unit solid angle (in millisteradiants (msr)) and per unit dose (in Gy) to  
the target. Photoneutrons were measured at 10 cm or 40 cm from the target area. Secondary neutrons produced by the  
12C ions were measured at two angles from the beam path (for details of the measurements see REF. 38). The yield of 
neutrons decreases by increasing the distance from the target or the scattering angle, but clearly X-rays produce mostly 
neutrons around 1 MeV, and particle therapy neutrons with energies around 100 MeV. These different spectra result in 
different (organ-specific) risk factors. c | Neutron radiation weighting factor w

R
 (BOX 1) is shown as a function of the neutron 

energy according to the latest International Commission of Radiological Protection recommendation44. The most effective 
neutrons are considered to be those with energies around 1 MeV. Part b courtesy of C. La Tessa, GSI, Darmstadt, Germany.

REVIEWS

442 | JUNE 2011 | VOLUME 11  www.nature.com/reviews/cancer

© 2011 Macmillan Publishers Limited. All rights reserved

Newhauser and 
Durante, Nature 
Rev. Cancer 
2011 

Quasi-elastic 
peak (particle 
therapy) 

Evaporation 
peak (high-
energy X-
ray therapy) 
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18 MV X-rays, 5x5 cm2 field, BDS 
Direction: GT, Energy: 18 MV 
Field size: 5x5 cm²   

BDS	

• Highest	neutron	
fluence	and	mean	
energy	measured	in-
field	at	the	surface		

• All	out-of-field	spectra	
peak	at	1	MeV	

• Most	of	the	neutrons	
are	produced	in	the	
accelerator	head	rather	
than	in	water	

Kaderka et al., 
Phys. Med. Biol. 
2012 



NEUTRON EQUIVALENT DOSE 
Direction: GT, Energy: 18 MV 
Field size: 5x5 cm² , BDS   

• Neutrons	are	the	major	contributors	to	the	equivalent	dose	measured	
outside	the	field	at	the	surface,	but	negligible	at	10	cm	depth	

• Data	from	Kaderka	et	al.	Phys.	Med.	Biol.	2012	support	calculations	by	
Howell	et	al.	Med.	Phys.	2009	and	Ongaro	et	al.	Phys.	Med.	Biol.	2000	
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Radiotherapy and SMN 
• Cancer survivors represent about 3.5% of US population 
• Second primary malignancies in this high-risk group 

accounts for about 16% of all cancers 
•  Three possible causes:  Continuing lifestyle;Genetic 

predisposition:treatment of the primary cancer (SMN) 

CCSS study, St. Jude 
et al. 2008-2015 
Retrospective 
cohort of 14,000 
survivors of childhood 
cancer diagnosed 
between 1970 and 1986 



IMRT Hadron therapy 
Substantial increase 
in beam-on time 

Neutron 
production 

Application of new 
radiation treatment 
modalities 

Increased 
cancer cure 
rates are 
expected  

Increased 
number of 
secondary 
cancers ? 

Fast neutrons: second cancers in 
radiotherapy 



Secondary	Malignant	Neoplasms	
(SMN)	in	parBcle	therapy	
	
	
Comparison	of	relaBve	radiaBon	dose	
distribuBon	with	the	corresponding	
relaBve	risk	distribuBon	for	radiogenic	
second	cancer	incidence	and	
mortality.		This	9-year	old	girl	received	
craniospinal	irradiaBon	for	
medulloblastoma	using	passively	
scaiered	proton	beams.		The	color	
scale	illustrates	the	difference	for	
absorbed	dose,	incidence	and	
mortality	cancer	risk	in	different	
organs.		

Radiation Absorbed Dose 

Risk of SMN Incidence 

Risk of SMN Mortality Newhauser & Durante, Nat. Rev. 
Cancer 2011 



The MATROSHKA facility 

Ø  Standard RANDO phantom of property of DLR (German 
Aerospace center) 

 
Ø  850 mm high divided into 34 slices 
 
Ø  Holders for detectors in several slices 
 
Ø  Currently used for space radiation dosimetry inside the ISS 

In collaboration with G. Reitz, T. Berger et al. (DLR) 







Inner	dose	
	

TLD	700	

• Highest	out-of-field	
dose	for	photons	
• Higher	lateral	dose	for	
passive	modulation	
than	scanning	delivery	
• Higher	lateral	dose	for	
protons	than	carbon	
ions	
• Collimator	produces	
sharper	field	edges	

La Tessa et al., Radiother. Oncol. 2012 



Neutrons produced by 
charged particles 

• 	Highest	production	of	
slow	neutrons	for	
photons	
• 	Passive	delivery	
enhances	the	production	
of	slow	neutrons	
compared	to	scanned	
beams	
• Scanned	carbon	ions	
produce	the	lowest	
amount	of	low-energy	
neutrons	

La Tessa et al., Phys. 
Med. Biol. 2014 



In	paBent	dosimetry	
(uterus	dose	for	a	pregnant	woman)	

Total dose < 0.3 mSv 

Münter et al., Fertil Steril. 2010 

Very low stray radiation  

reduced risk of secondary  

cancers or teratogen effects 



Neutrons	in	space	

71	



                                                                      

Solar particle events (SPE) (generally associated with Coronal Mass Ejections 
from the Sun):

medium to high energy protons
largest doses occur during maximum solar activity
not currently predictable
MAIN PROBLEM: develop realistic forecasting and warning strategies

Galactic Cosmic Rays (GCR)
high energy protons
highly charged, energetic atomic nuclei (HZE particles)
not effectively shielded (break up into lighter, more penetrating pieces)
abundances and energies quite well known
MAIN PROBLEM: biological effects poorly understood but known to be most 
significant space radiation hazard

The Space Radiation Environment 

Trapped Radiation:
medium energy protons and electrons
effectively mitigated by shielding
mainly relevant to ISS
MAIN PROBLEM: develop accurate dynamic model



Solar particle events 



GCR Charge Contributions
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“Best” shielding materials 

Projectile interactions per unit target mass: 
Ionization ~ Z/A (Bethe-Bloch formula) 
Fragmentation ~ A-1/3 (Bradt-Peters formula) 



Is shielding a solution? 

Aluminum ~ 30% 
Polyethylene ~ 50% 

Liquid hydrogen ~ 90% 
 

Max GCR dose 
reduction 

 



Cosmic ray damage to 
microelectronics 

Radiation damage is caused by 
electron-hole pairs created in SiO2 or 
other insulators 

Single event upsets (SEU), total 
dose effects (TDE), and 
displacement damage (DD) 

SEL cross sections 



Norbury and Slaba, 
Life Sciences in 
Space Research, 
2014 
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Average 
fluence, flux 
calculation 
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Neutrons  
in space: LEO 

Comparison of different measurements on the Space Shuttle,
MIR, and ISS is provided in Fig. 13. Comparison between the
ISS and the MIR spectra for E > 1 MeV displays that the
neutron spectrum has higher flux at greater shielding depth,
demonstrating that a thicker shield produces more high-
energy neutrons, while spectra are similar at low energy.
However, the ISS spectrum has a much lower total flux
than MIR even though the shielding is similar. The discrep-
ancy is likely to be due to the different instruments used:
Bonner ball neutron detectors on ISS and nuclear emulsions
on MIR and the Space Shuttle. The results suggest that the
data in Table V should be taken with some caution, and
precise measurements of neutron spectra and fluxes are still
needed.

Figure 14 gives a summary of the effective doses received
by NASA astronauts during various space flights (Cucinotta
et al., 2008). Roughly 50% of the absorbed dose is caused by
trapped protons and 50% by GCR (Benton and Benton,
2001), whereas only 20% of the effective dose is attributable
to trapped protons (Cucinotta et al., 2008). The effective
doses vary with altitude and inclination for each flight. The

highest values were observed during the high altitude shuttle
flights at low inclinations with up to 4 mSv=day and during
the Apollo program with about 3 mSv=day. The radiation
fields responsible for this exposure are quite different.

2. Organ doses

Measurements of the effective dose by Eq. (2) require
knowledge of the doses in different organs. Excess relative
risks for radiation-induced cancers from atomic-bomb survi-
vors are based on bone marrow doses (about 79% of the skin
dose) for leukemia and colon dose (about 67% of the skin
dose) for solid cancers (ICRP, 2007). The recommended
career limits for activities in LEO (Table III) refer to effective
doses, which must be estimated from personnel dosimetry
combined with radiation transport codes (NCRP, 2002). Only
the skin dose is measured in all astronauts by TLD. The use of
phantom measurements can improve effective dose estimates
but ultimately cannot represent the movements of individual
astronauts within a complex spacecraft.

Organ doses have been calculated by NASA using compu-
terized anatomical models (CAM) (Billings, Yucker,
and Heckman, 1973; Atwell, 1994). The CAM man model

FIG. 13. Comparison of the orbit-averaged neutron spectrum ob-
tained inside the ISS with the neutron measurements inside the other
spacecraft; the fitted neutron spectrum evaluated from the measure-
ment inside the STS-28 in 1989, as well as the neutron spectra
measured inside the MIR in 1991 under 40 g=cm2 shielding thick-
ness, from 1990 through 1993 under 30 g=cm2 shielding thickness,
and from 1990 through 1992 under 20 g=cm2 shielding thickness.
From Koshiishi et al., 2007.

TABLE V. Comparison between dose and dose equivalents for neutrons and charged particles in
four different STS missions at 28.5! inclination in LEO. Neutron dose was measured by nuclear
emulsions and charged particle dose by TLD-100 detectors (Badhwar, Keith, and Cleghorn, 2001).

Altitude Neutron
dose rate

Charged particle
dose rate

Neutron equivalent
dose rate

Charged particle equivalent
dose rate

Mission (km) (!Gy=day) (!Gy=day) (!Sv=day) (!Sv=day)

STS-55 302 5.9 57.2 52.0 120.1
STS-57 470 25.3 461.9 220.0 859.4
STS-65 306 11.0 75.2 95.0 157.8
STS-94 296 3.7 101.5 30.8 213.9

FIG. 14 (color). Summary of mission personnel dosimetry from
all past NASA crews. Effective dose and population average
biological dose equivalent for astronauts on all NASA space mis-
sions, including Mercury, Gemini, Apollo, Skylab, Apollo-Soyuz,
Space Shuttle, NASA-Mir, and ISS missions. Biodosimetry data
were collected by measurements of chromosomal aberrations in
peripheral blood lymphocytes before and after the mission, and
comparison with individual calibration curves measured on the
ground. From Cucinotta et al., 2008.
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Table 1
GCR dose in different mission scenarios based on the recent MSL measurements (Zeitlin et al., 2013; Hassler et al., 2014). Inspiration Mars is a 501 flyby mission. Mars sortie
assumes a 30-days stay on the planet, and Mars base 500 days. Both those design reference missions (Tito et al., 2013) assume a 180 cruise to/from Mars.

GCR dose rate
(mGy/day)

GCR dose-equivalent
rate (mSv/day)

Inspiration
Mars (Sv)

Mars sortie
(Sv)

Mars base
(Sv)

MSL cruise (Zeitlin et al., 2013) 0.46 1.84 0.92 0.7 0.98
MSL on Mars (Hassler et al., 2014) 0.21 0.64

carcinogenesis, central nervous system (CNS) damage, and late car-
diovascular damage. Early estimates of the uncertainty on space
radiation cancer mortality risk ranged from 400% to 1500%, with
more precise estimates showing uncertainties at the 95% con-
fidence level of 4-fold times the point projection (Durante and
Cucinotta, 2008). Moreover, countermeasures are not readily avail-
able. A fundamental tenet of radiation protection is that there are
three means to reduce exposure to ionizing radiation: increasing
the distance from the radiation source, reducing the exposure time,
and by shielding. Distance is not an issue in space, GCR being
isotropic. Time in space should be increased rather than decreased
according to the plans of exploration and colonization, although
reduction of the transit time to the planet, where heavy shielding
can be more easily achieved, may contribute to reducing radiation
exposure (Durante and Bruno, 2010).

2. The Mars mission

The manned mission to Mars is considered the main goal of hu-
man exploration by all national space agencies, whose combined
efforts are discussed in the International Space Exploration Coordi-
nation Group (ISECG) (ISECG, 2013). The ISECG roadmap considers
a stepwise approach to Mars colonization, including asteroids and
lunar missions.

NASA’s “Design Reference” Mars mission (Drake et al., 2010) an-
alyzes different scenarios, with a typical figure of about 180 days
for the cruise duration (each way) and 30 (Mars sortie) to 500
(Mars base) days on the planet. In April 2013, Dennis Tito pro-
posed Inspiration Mars, a manned mission planned for 2018. One
male and one female astronaut will travel in a free-return (flyby)
501-days interplanetary flight starting in January 2018 (or 2031)
to exploit the favorable reduced distance of the Earth–Mars tra-
jectories (Tito et al., 2013). Inspiration Mars has relatively simple
mission architecture and would exploit rockets with conventional
technologies, such as the recently developed Falcon Heavy (53 tons
to LEO, 10 tons to Mars) by SpaceX.

The measurements of the Radiation Assessment Detector (RAD)
instrument on the Mars Science Laboratory (MSL) during the cruise
to Mars (Zeitlin et al., 2013) and on the planet’s surface (Hassler et
al., 2014) can be used to estimate the dose in different Mars mis-
sion scenarios (Table 1). Measurements were accumulated around
the 2012–2013 solar maximum activity. Even though the mission
was around the solar maximum period, SPE only contributed 5%
to the total dose during the journey (Zeitlin et al., 2013), perhaps
because the present solar maximum is relatively weak. During so-
lar minimum the solar magnetic field is reduced and the GCR
equivalent dose rate can be up to two times higher (Durante and
Cucinotta, 2011). However, the actual dose rate within the space-
craft will depend on the shielding. Therefore, in our exercise, we
used the MSL measurement in all mission scenarios. It is interest-
ing to see that most of the dose is incurred during cruise phase
(Table 1). The dose on the planet can be further reduced using
bases with heavy shielding, exploiting in situ planetary materials.

Estimates of the dose in Table 1 can be converted into es-
timated excess relative cancer risk (ERR) coefficients. ERR for
cancer death risk can be derived from the latest Report 14
(Ozasa et al., 2012) of the Radiation Effects Research Foundation
(RERF). Lifetime absolute excess cancer risk (%) is given by the

Table 2
Excess relative risk (ERR) and lifetime excess mortality risk (%) for the male and
female astronauts at 30 years of age at the time of the Inspiration Mars mission.

ERR Background
mortality
in USA (%)

Excess risk (%)

Male Female Male Female

All solid cancers 0.166 0.249 22 3.802 7.285
Noncancer diseases 0.080 71 5.592

product of the ERR and the background cancer death risk. Back-
ground site- and gender-specific mortality for cancer is derived
from the most recent statistics in the USA population (Siegel et
al., 2013). Cancer risk coefficients in the mission to Mars should
be scaled compared to the A-bomb survivor data to account for
radiation quality and low dose-rate exposure. Radiation quality
is already included in the MSL measurement, which provided a
mean quality factor of 3.82 in deep space (Zeitlin et al., 2013)
and 3.05 on Mars (Hassler et al., 2014). For the dose- and dose-
rate effectiveness factor (DDREF) the current uncertainty is very
high (Durante and Cucinotta, 2008). According to the most recent
BEIRVII report (National Research Council, 2006), in this exercise a
DDREF = 1.5 is used to scale the ERR from the Report 14 (Ozasa
et al., 2012) to the space environment (Table 2).

Cancer is not the only late risk attributable to cosmic ray ex-
posure. Noncancer effects, e.g. CNS and cardiovascular diseases,
may also impact astronauts’ health, and the uncertainty on these
radiation-induced effects is even higher than for cancer (Durante
and Cucinotta, 2008). RERF data demonstrate an increase in non-
cancer death risk in A-bomb survivors, largely driven by cardiovas-
cular and pulmonary morbidity (Ozasa et al., 2012). A comparison
of radiogenic cancer and noncancer risks in the Inspiration Mars
(Tito et al., 2013) scenarios is provided in Table 2. Absolute mor-
tality for cancer and noncancer diseases refers to the general US
population (Siegel et al., 2013). ERR for noncancer mortality was
estimated using the linear dose model, in which city, sex, age
at exposure, and attained age were included in the background
rates, but not allowing radiation effect modification by those fac-
tors (Ozasa et al., 2012). These ERR are compared to those for solid
cancers at 30 years of age. We used the same DDREF for cancer
and noncancer diseases. Females have a higher cancer risk than
males, mostly driven by the breast cancer ERR. The results in Ta-
ble 2 suggest that the risk for Inspiration Mars would exceed the
3% excess cancer risk originally used by NASA for career limits
of astronauts in LEO (NASA, 2005). New NASA radiation standards
limit astronaut exposures to a 3% risk of exposure induced death
(REID) at the upper 95% confidence interval (CI) of the risk esti-
mate (NASA, 2007). Using the NASA model for the REID, Cucinotta
et al. (2013) recently estimated the combined REID for cancer and
circulatory diseases and related uncertainties for different Mars
mission scenarios. The REID calculations show that the 3% limit
at 95% CI would be exceeded for both Mars conjunction and oppo-
sition missions (Cucinotta et al., 2013).

The MSL measurements (Zeitlin et al., 2013; Hassler et al.,
2014) and corresponding health risk estimates (Cucinotta et al.,
2013) clearly point to radiation as a major health hazard for
the Mars mission. Reduction of the risk uncertainty can only be
achieved by extensive research programs, especially ground-based
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Fig. 2. Schematic view of the RAD instrument, consisting of three silicon detectors 
(A, B, C), a caesium iodide scintillator (D) and a plastic scintillator (E). Both scintilla-
tors are surrounded by a plastic anticoincidence (F). For detecting charged particles, 
A, B, C, D, E are used as a telescope. The hexagonal shaped E detector has a diame-
ter of 4.7 cm and a height of 1.8 cm. The height of the D detector is 2.8 cm. Neutral 
particles are detected in D and E using C and F as anticoincidence. During cruise the 
viewing direction of the telescope is directed towards the sun. Figure from Köhler 
et al. (2014).

Similarly, E is also sensitive to gamma rays. Therefore, the neu-
tral particle measurements in D and E do not simply reflect the 
incident gamma and neutron spectra, respectively. In Köhler et al.
(2011), Köhler (2012), Köhler et al. (2014) we demonstrated that 
the incident gamma/neutron spectra must instead be obtained via 
an inversion method. For the inversion, the measurements of D 
and E are processed as histograms z⃗D and z⃗E , where the vector el-
ement zD/E,i is the number of counts in the i-th energy bin of the 
histogram of the energy distribution in D/E. The spectra of the in-
coming particles are also described as vectors f⃗γ /n , where fγ /n,i is 
the gamma-ray/neutron intensity at energy bin Ei . A measurement 
can now be described by

z⃗D/E = AD/E,γ /n · f⃗γ /n, (1)

where AD/E,γ /N is an l × k matrix which describes the response of 
D/E to gamma rays/neutrons. Defining

z⃗ = (zD,1..., zD,k, zE,1, . . . zE,k), and (2)

f⃗ = ( fγ ,1..., f,γ ,l, fn,1, . . . fn,l). (3)

Eq. (1) can be expressed as a single equation for gamma rays and 
neutrons in D and E

z⃗ = A · f⃗ , (4)

where the matrix A describes the Detector Response Function 
(DRF) consisting of

A =
(

AD,γ AD,n

AE,γ AE,n

)
. (5)

In principle Eq. (4) can be solved for f⃗ by obtaining A−1. However, 
this is rarely possible since the measurement contains statistical 
errors, which then can lead to unphysical results for f⃗ , such as 
negative count rates. Eq. (4) can be formulated as a minimization 
problem with constraints

min
∑

i

(∑
j Ai j f j − zi

σ 2
i

)2

, with f i ≥ 0, (6)

where σi is the error for measurement zi . In Köhler et al. (2011)
a minimization function based on Poisson statistics was found to 
create the best results. However, since the MSL/RAD neutral par-
ticle measurements do not follow Poisson statistics exactly (see 
Section 2.2), we selected a minimization function based on Gaus-
sian statistics, as done in Köhler et al. (2014).

The DRF used here, shown in Fig. 3, was obtained using the 
GEANT4 Monte Carlo code (Agostinelli et al., 2003).1 The simu-
lation is based on a detailed model of the instrument which in-
cludes effects such as electronic and optical noise in D, E, and F. 
A detailed description of the simulation setup and general ap-
proach can be found in Köhler et al. (2011), Köhler (2012). The 
fidelity of GEANT4 in describing the response of the detector to 
neutral particles correctly was verified in several calibration runs 
at Physikalisch-Technische Bundesanstalt and The Svedberg Lab-
oratory (Hassler et al., 2012; Köhler et al., 2011). As in Köhler 
et al. (2014), we use QGSP_BERT_HP physics list to calculate the 
DRF. An additional DRF based on the QGSP_BIC_HP physics list was 
used to estimate the uncertainties due to the differences between 
the BINary and the BERTini intranuclear cascade model. To en-
sure a realistic behavior, the simulation includes instrument effects 
such as electronic behavior and optical noise (Köhler et al., 2011;
Köhler, 2012).

For the measurements during cruise, the detection threshold for 
energy deposits in D is set to 15 MeV, and for E to 4 MeV. This is 
not caused by detector efficiency, but by the constraints of the on-
board signal processing, which would be overwhelmed by particles 
from Curiosity’s radioisotope thermoelectric generator if detection 
thresholds were reduced. To ensure a clean measurement, the neu-
tral particle measurements consider only events above 20 MeV in 
D and above 10 MeV in E. The maximum energy in the D/E mea-
surements were selected to be 400/300 MeV, which is well above 
any expected neutral particle energy deposit. In the following, we 
refer to energy depositions in units of MeV, with the scintillator 
light output calibrated to minimum-ionizing charge-one particles 
(sometimes denoted “MeVee” for MeV electron equivalent).

For the GEANT4 modeling, the energy range of the incident 
neutron/gamma spectra was selected to be 10–1000 MeV for 
gamma rays and 12–1000 MeV for neutrons. Minimum energies 
were selected in such a way that a significant fraction of gammas 
and neutrons, respectively, would create energy deposits above the 
measurement threshold in E. The maximum energy of 1000 MeV 
is a compromise between rapidly decreasing detection efficiency 
at higher energies and wanting to minimize the effect of particle 
energies which are beyond the inversion energy range but create 
energy deposits in the measured energy range, e.g. a 2 GeV neu-
tron which created a 50 MeV energy deposit in E. Because of better 
statistics and a later fine tuning of the instrument’s configuration, 

1 In contrast to Fig. 3, the DRF efficiency presented in Köhler et al. (2014) was not 
scaled with the energy range of the incoming spectrum, i.e. 995 MeV for gammas, 
and 992 MeV for neutrons. This leads to an apparent difference of three orders of 
magnitude.
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1.1. Motivation for measuring gamma and neutron spectra

For a manned mission to Mars, a large fraction of the radiation 
will be incurred during the cruise to and back from Mars (Zeitlin et 
al., 2013; Hassler et al., 2014). For instance, a 180 day one-way trip 
would result in a dose equivalent of 0.33 Sv. This is approximately 
30% of the total expected dose rate for a return mission to Mars, 
consisting of a 180 day cruise to Mars, a 500-day surface stay and 
a 180-day return transit.

The contributions to the radiation environment inside the 
spacecraft are complex: primary Galactic Cosmic Rays (GCR) and 
Solar Energetic Particles (SEP) may pass through the spacecraft 
to deliver dose directly, or they may interact with the space-
craft material to produce secondary particles. As a result of the 
secondary particle production, there are more types of particles 
which form the radiation environment inside a spacecraft than 
outside, and neutrons are among those of greatest concern from 
the perspective of radiation protection. Interactions of GCR ions 
produce neutrons over a broad energy range from eV to GeV 
(Hess et al., 1959). Over most of that range, the biological dam-
age associated with a given fluence of neutrons (expressed as 
dose equivalent per unit fluence) is modest, comparable to or 
less than that caused by the same fluence of charged particles. 
But neutron fluences increase with shielding depth and can be 
quite large. The fractional contribution of neutrons to dose equiv-
alent increases with shielding depth (Simonsen et al., 2000), as 
charged particles either range out or undergo nuclear interac-
tions. At large depths, such as in a habitat buried a few meters 
below the Martian surface, the neutron contribution may ap-
proach 50%. Furthermore, biological effects of neutron exposure 
are highly uncertain (Durante and Cucinotta, 2011), especially high 
above the fission energies and the 14-MeV Deuterium–Tritium 
energy where most neutron radiobiology experiments have been 
conducted. The neutron radiation inside the spacecraft is almost 
completely generated as secondary particles of GCR spacecraft in-
teraction. Because of the finite lifetime of neutrons there is only 
a very low flux of solar neutrons at 1 AU (Feldman et al., 2010;
Share et al., 2011). To our knowledge, this work presents one of 
the few high-energy neutron measurements in space.

1.2. The MSL spacecraft

The RAD instrument is mounted beneath the top deck of the 
rover Curiosity, which was inside the MSL spacecraft on its trip 
to Mars. Curiosity was located beneath the descent stage and 
above the heat shield, which provide additional shielding against 
the deep space radiation environment. Because secondary parti-
cles are produced in the shielding, knowledge thereof is crucial for 
estimating the contribution of neutral particles to the cruise ra-
diation environment. A simplified model of the shielding of the 
upper hemisphere around RAD was created by Shawn King at the 
Jet Propulsion Laboratory, as shown in Fig. 1. Note that shield-
ing values for polar angles above 40 degrees are considered to 
be approximations, because the simplified model focuses on the 
upward directed field of view pertinent to charged particle mea-
surements. Most of the solid angle is merely lightly shielded (areal 
density < 10 g/cm2), the remaining solid angle is shielded with 
varying depth, with up to 90 g/cm2 for particle trajectories through 
a fuel tank filled with hydrazine. The lower hemisphere, which 
is not shown in Fig. 1, is much more uniform and dominated by 
the RAD electronic box (8 gm/cm2) and the spacecraft heat shield 
(1.5 g/cm2) (Zeitlin et al., 2013). Although a spacecraft designed 
for a human crew would most likely be designed to have a more 
homogeneous distribution of shielding with few lightly-shielded 
areas, the crew would be exposed to a similar composition of neu-
tral particles, since those are produced in the shielding itself.

Fig. 1. Approximate representation of the shielding distribution. The center corre-
sponds to the field of view direction of the RAD charged particle telescope, which 
was looking towards the sun during most of the cruise phase. Shielding depths are 
given in g cm−2 of aluminum equivalent shielding depth. Note that shielding values 
for polar angles above 40 degree are merely approximations, because the simplified 
model focuses on the upward directed field of view.

The available information is far from sufficient to create a de-
tailed simulation of the gamma and neutron production through 
GCR spacecraft interaction. E.g., the exact composition of the 
shielding and the position of different elements such as the hy-
drazine tanks or the parachute are not known to us. Therefore, we 
can not attempt a quantitative simulation of the GCR induced neu-
tron and gamma spectra, but rather a simulation to estimate the 
expected shapes of the gamma and neutron spectra induced by the 
interaction of GCR on aluminum and GCR on hydrazine.

2. Neutral particle measurements with RAD

The RAD instrument houses several detectors for charged and 
neutral particle measurement. Charged particles are measured by 
three silicon detectors (A, B, C), followed by a Tl-doped cesium 
iodide scintillator (D), neutral particles are measured by the combi-
nation of D and a plastic scintillator (E). The D scintillator is highly 
sensitive to gamma rays, the E detector is highly sensitive to neu-
trons. Both scintillators are enclosed by an anticoincidence (C, F) to 
reject charged particles. A detailed overview is given in Hassler et 
al. (2012), Fig. 2 shows a schematic view of the instrument. Each 
event is analyzed via pulse-height analysis on board. The events 
are classified according to a priority scheme and only a subset of 
the measured events is sent back to Earth together with scaling 
factors. The scaling factors can be used to reconstruct the mea-
surement (Hassler et al., 2012).

2.1. Mathematical background

As explained in Köhler et al. (2014), the charged particles that 
are stopped by the scintillators in RAD deposit their full energy. 
In contrast, neutral particles do not necessarily stop in either de-
tector and can create an energy deposit which is randomly dis-
tributed, ranging from zero up to their incident energy. This makes 
the measurement of neutral particle spectra very difficult. Further 
problems arise from the fact that the D detector is not only sensi-
tive to gamma rays, but also to neutrons, albeit to a lesser degree. 
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Fig. 4. Neutral particle measurements from the cruise to Mars (red) in the scintillators D (left) and E (right) and the result (A · f⃗ ) of inversion (blue). The individual 
contribution of gamma rays and neutrons (A · f⃗γ , A · f⃗n) is shown as a green dashed and green dashed–dotted line respectively. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Neutral particle spectra resulting from the inversion (red). Overflow bins are marked grey, and should not be interpreted as part of the inverted gamma or neutron 
spectrum. The black curve shows a qualitative estimation of the expected neutral particle spectra, resulting from GCR – aluminum and hydrazine interaction, calculated via 
GEANT4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the errors as well, however, the errors are dominated by the un-
certainties due to the statistics of the measurement.

Fig. 5 shows the resulting inverted spectra, i.e., the particle 
spectra as they would be observed inside a similarly-shielded 
spacecraft on its way to Mars. The gamma spectrum is shown 
in the left panel and the neutron spectrum is shown in the 
right panel. The black curves show a qualitative estimation of the 
gamma and neuron spectra created by the spacecraft. Those spec-
tra have been obtained with a GEANT4 simulation, where GCR pro-
ton and alpha spectra have been shot at a layer of aluminum and 
hydrazine, respectively. The main source of secondary neutrons are 
inelastic scattering of GCRs with aluminum and hydrazine. High 
energy gamma-rays are mainly generated via π0 decays. The re-
sulting neutron and gamma spectra were scaled in intensity to 
fit the inverted spectra. Because the exact geometry and compo-
sition of the spacecraft is not available to us, and the secondary 
particle spectra measured at RAD can depend significantly on the 

surrounding geometry, we did not attempt a quantitative calcu-
lation with a full featured model of the spacecraft. The reduced 
χ2 of the inverted spectrum is 0.98 (compare Fig. 4, blue and red 
curve).

The gamma and neutron intensities above 40 MeV are likely 
due to GCR-hydrazine interactions, while the intensities below 
40 MeV appear to be mainly generated by GCR-aluminum inter-
actions. Curiosity’s radioisotope thermoelectric generator emits a 
steady background of neutrons and gamma rays. These contribu-
tions were measured during ground tests and showed that there is 
no significant contribution of gammas and neutrons above 10 MeV 
in D or E.

Dose and dose equivalent for the neutron spectrum for the en-
ergies 12–436 MeV, can be calculated using the values provided 
in United States Nuclear Regulatory Comission (2009). Because the 
conversion values are only available for a sparse set of energies, 
the values are linearly interpolated and re binned to match the 
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calculated neutron spectrum. The dose equivalent can be obtained 
directly, the dose can be obtained by scaling the dose equivalent 
with the quality factor Q. Calculating dose and dose equivalent for 
the neutron spectrum for the energies 12–436 MeV, using United 
States Nuclear Regulatory Comission (2009), yields:

Dose equivalent rate: 19 ± 5 µSv/day

Dose rate: 3.8 ± 1.2 µGy/day

4. Discussion/conclusion

In this paper we used an inversion method to determine the 
gamma and neutron spectra measured inside the MSL spacecraft 
during the cruise from Earth to Mars. Since the primary source 
of gamma rays and neutrons is the interaction of the GCR with 
the spacecraft, the results were compared to GEANT4 simulations 
of GCR-aluminum and GCR-hydrazine interactions. The simulations, 
which were scaled in intensity to match the measurement, can ex-
plain the inversion results within the given errors.

At energies above 150 MeV, both the gamma and neutron 
spectrum show higher intensities than the GEANT4 simulation. Al-
though this discrepancy is within the given error bars, it appears 
to be systematic and could be a real effect. One possible expla-
nation is the low fidelity of the GEANT4 model, which does not 
include any spacecraft geometry, neglects spacecraft material other 
than aluminum and hydrazine and does not include GCR particles 
with Z > 2.

Another explanation for large intensities at high energies could 
be an inefficiency of the anticoincidence, which could falsely ac-
cept charged particles. While this effect would have little influence 
at lower energies, where the neutral count rate is high, it could 
have some influence at higher energies, where the neutral count 
rate is low.

To verify that the increased intensity is not just an effect of 
incorrect calibration values, a 10% error on the calibration was 
assumed and the inversion was tested for several different calibra-
tion values within this uncertainty. Further we tested DRFs which 
used Bertini and Binary cascade models, to verify that this effect 
does not depend on the used physics model. Although the effect 
does not depend on the used model or calibration, inaccuracies 
in the GEANT4 physics list as well as any unaccounted behavior 
of the RAD instrument cannot be completely excluded, especially 
since there is still a lack of neutron cross-section data for higher 
energies (Koning, 2007), and theoretical models, such as Bertini 
and Binary cascade, show different predictions for neutron cross-
sections and production (Ivanchenko, 2004). Note that an increased 
intensity of high energy neutrons was also observed in Köhler et 
al. (2014).

Comparing the neutron induced dose with the values found by 
Zeitlin et al. (2013), shows that the neutrons (in the energy range 
12–436 MeV) create only a small fraction of the total dose rate 
(3.8 µGy/day out of 480 µGy/day) and the total dose equivalent 
rate (19 µSv/day out of 1840 µSv/day). When comparing those 
values, one needs to take into account that the RAD dose rate mea-
surement, as described in Zeitlin et al. (2013), contains all energy 
deposits above an energy threshold of 3 MeV. To get an estimate 
of the dose rate contribution from the “full” neutron spectrum, we 
calculate the dose rate for the GEANT4 simulation (black curve in 
Fig. 5) for all neutron energies above 0.1 MeV. A summary of the 
values is given in Table 1.

In principle the combined dose of neutrons and gammas in E 
could be calculated directly from the measurement shown in Fig. 4. 
However, high energy gammas and neutrons can create recoil par-
ticles that leave E and trigger the anti-coincidence F. Those events 
are not contained in the neutral particle histogram; we therefore 

Table 1
Dose rate and dose equivalent rate for the calculated neutron spectrum. The mea-
surement covers an energy range of 12–436 MeV, the simulation extends this range 
to 0.1–1000 MeV.

Measurement Simulation

Dose equivalent rate 19 ± 5 µSv/day 30 ± 10 µSv/day
Dose rate 3.8 ± 1.2 µGy/day 6 ± 2 µGy/day

expect that a direct calculation based on the E energy deposit 
spectrum would underestimate the dose rate. A straightforward 
analysis confirms this. Although this underestimation creates some 
uncertainty, Fig. 4 clearly shows, that in the observed energy range, 
the neutrons account for almost the complete neutral particle dose 
in E.

Drake et al. (2010) state a value of 180 days for a reference 
manned mission to Mars. For a round-trip from Earth to Mars 
with comparable shielding, the dose values above translate into a 
dose equivalent of 11±4 mSv, compared to 660 mSv for all par-
ticle species. More typical round-trip times are ∼500 days, based 
on the Hohmann minimum energy solution as first described in 
Hohmann (1994). Folta et al. (2012) describes an option to mini-
mize the duration of the round trip using on-orbit staging and ex-
isting propulsion technologies. This would decrease the roundtrip 
duration to 195-days (120 days from Earth to Mars, a 14-day stay 
and a 75-day return) and, therefore, reduce the neutron induced 
dose equivalent to 6 ± 2 mSv/day.
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Figure 4. Power law inversion (green) and full inversion (red) compared to Planetocosmics simulations (dashed blue).
The shaded area denotes the error of the power law inversion. The dash-dotted blue line includes the shielding effect of
the rover, which influences the upward directed neutron flux and results in an overall reduction of neutrons < 100 MeV.

3. Gamma/Neutron Spectra Calculated via Power Law Inversion

In Ehresmann et al. [2011] and Ehresmann [2012] the GCR proton and alpha-induced energetic particle
spectra on the Martian surface have been calculated with Planetocosmics [Desorgher et al., 2006] for solar
minimum conditions. We use those spectra to obtain a qualitative comparison for our measurements, it is
not our aim to compare simulation and measurement quantitatively. One should be aware that (1) the inten-
sity of the modeled spectra can change significantly depending on the solar cycle, (2) the Planetocosmics
simulation does not include GCR particles with Z > 2, which would produce secondaries which would con-
tribute to the neutron/gamma spectra, and (3) the results of different models, such as Oltaris [Singleterry
et al., 2011] and Planetocosmics, can produce significant differences.

In the relevant energy range, the gamma and neutron spectra can be approximated by power laws.
Although equation (6) allows us to calculate the gamma/neutron spectra with a high resolution of energy
bins, it is in general much simpler, more reliable, and stable to fit a model with few parameters, such as
intensity and spectral index of a power law. Therefore, we begin by using equation (6) to obtain spectral
indices and intensities of a power law via inversion. Instead of minimizing equation (6) via fi , f⃗"∕N is given by a
power law

f" ,i = I" ⋅ E
S"
" ,i, (10)

fN,i = IN ⋅ ESN
N,i (11)

and equation( 6) is minimized via the intensities I"∕N and the spectral indices S"∕N.

Figure 4 shows the resulting power laws in comparison to the predicted Planetocosmics results. The
Planetocosmics simulation follows the calculated gamma spectrum remarkably well. The slope of the Plan-
etocosmics neutron spectrum is steeper than that of the measurement. The measured fluxes are larger than
predicted by Planetocosmics for energies above 100 MeV but smaller for energies below 100 MeV. However,
one should note that a power law is only a crude approximation for the spectrum and the detector is most
efficient for energies below 100 MeV.

Figure 3 shows the neutral particle histograms (red) and the “measurement” ! ⋅ f⃗ (blue), which would be cre-
ated by the inverted spectrum. Although only a simple power law was fitted, the inverted spectrum explains
the measurements remarkably well. Calculating the reduced #2 value, excluding high-energy bins with 0
counts, yields 0.96. The resulting spectral indices and intensities are given by

S" = 1.43 ± 0.1
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Table 2. Dose Rate and Dose Equivalent Rate of the Martian
Neutron Spectrum Ranging From 8 to 740 MeV

Dose Rate Dose Equivalent Rate

Power law inversion 14 ± 4 μGy/d 61 ± 15 μSv/d
Binwise inversion 14 ± 6 μGy/d 61 ± 22 μSv/d
Planetocosmics 14 ± 2 μGy/d 71 ± 6 μSv/d

law inversion, neutral particle histograms and
the “measurement” ! ⋅ f⃗ agree remarkably
well (not shown here). Calculating the reduced
"2 value yields 0.89. Calculating dose and
dose equivalent for the neutron spectrum for
the energies 8–740 MeV, using United States
Nuclear Regulatory Comission [2009], yields

Dose equivalent rate ∶= 61 ± 10 μSv/d

Doserate ∶ 14 ± 3 μGy/d

Adding an uncertainty of 10% for the calibration values creates an uncertainty of 20% to dose and
dose equivalent.

5. Discussion/Conclusion

In this paper we used an inversion method to determine the Martian gamma and neutron spectra from
the MSL/RAD neutral particle measurements. The gamma and neutron spectra were obtained via a power
law and a fit and via a binwise inversion. Within the estimated error, both results agree very well with each
other over the complete energy range. In a direct comparison with a Planetocosmics simulation [Ehresmann
et al., 2011], the simulation was found to agree very well for the gamma spectrum but shows a softer neu-
tron spectrum. This discrepancy is not only found via power law fit but also for the binwise inversion, which
shows that this is not just an effect of the crude power law estimation. As already explained in section 3, it
is not the scope of this work to quantitatively model the Martian present-day gamma/neutron spectra. The
Planetocosmics simulation does not include GCR particles with Z > 2, the solar modulation has a significant
influence on the spectra, and the results of different models, such as Planetocosmics and Oltaris, can differ
significantly as well.

To verify that the different neutron spectra are not just an effect of incorrect calibration values, a 10%
error on the calibration was assumed, and the inversion was tested for several different calibration val-
ues within that range. Further attempts to validate the result were made by comparing the inversion for
different DRF, which were based on different GEANT4 physics lists. Since the spectrum did not change
significantly for all tested situations, we believe that the discrepancy of simulation and measurement is
not caused by an incorrect calibration or physics list. However, inaccuracies in the GEANT4 physics list,
as well as any unaccounted behavior of the RAD instrument cannot be completely excluded. Especially
since there is still a lack of neutron cross-section data for higher energies [Koning, 2007], and theoret-
ical models, such as Bertini and Binary cascade, show different predictions for neutron cross sections
and production [Ivanchenko, 2004]. However, since the resulting spectra are not sensitive to different
GEANT4 models for high-energy neutrons, we do not believe that the inversion is dominated by any
model effect.

Figure 4 not only shows the Planetocosmics estimations but also an estimation which includes a simple
shielding model, which accounts for the rover body. Since no detailed model of the rover shielding is avail-
able, it may very well be possible that the reduced neutron intensity at energies below 100 MeV results from
an unaccounted shielding effect of the rover.

The neutron dose rate and the dose equivalent for energies between 8 and 740 MeV were calculated for
both inversion methods and for the Planetocosmics simulation. Table 2 shows the values including the
uncertainty due to the 10% uncertainty in the calibration.

The difference in dose equivalent rate between inversion results and simulation can be explained by the
increased neutron intensity above 100 MeV.

Comparing the neutron induced dose with the total dose from Hassler et al. [2014] shows that the neutrons
(in the energy range 8–740 MeV) create 7% of the total surface dose rate and 10% of the biological relevant
surface dose equivalent rate on Mars.

The RAD dose rate measurement, as described in D. M. Hassler et al. (submitted manuscript, 2013), contains
all energy deposits above an energy threshold of 3 MeV. To get an estimate of the dose rate contribution
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Lack of fast neutrons facilities in Eruope 

There is greater concern about high-energy neutron fields owing to the increasing number of high- 
energy accelerators in research and medicine and the special consideration given to the 
occupational exposure to cosmic radiation. In order to study the physics of neutron interactions in 
these applications, in particular concerning dosimetry, radiation protection monitoring of workplaces, 
and radiation effects in electronics, particularly those used in aircraft and in spacecraft, well-
characterized neutron fields for high energies are needed. 

(….)QMN beams with energies above 40 MeV will 
be available only in South Africa and Japan, with 
none in Europe. 
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