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INTRODUCTION: SI UNITS
m ≡ meter, s ≡ second, kg ≡ kilogram, N ≡ Newton, J ≡ Joule

• Distance x [ m ], Time t [ s ]

• Speed (velocity) v ≡ dx
dt or v ≡ ∆x

∆t

v [ m per s ≡ m/s ≡ m s−1 ]

• Acceleration a ≡ dv
dt = d2x

dt2 or a ≡ ∆v
∆t

a [ m/s2 ≡ m s−2 ]

• Force F = ma
m [ kg ], F [ N ≡ kg m s−2 ]

• Work W ≡
∫

F dx or W ≡ F∆x

W [ J ≡ N m ]

• Energy W ≡ ∆E =
∫

F dx (Kinetic Energy, Potential Energy, Mass Energy)

E [ J ] or [ eV ] [ eV ≡ 1.602× 10−19 J ]
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INTRODUCTION: AREAL DENSITY

• Ordinary thickness doesn’t tell you amount of material traversed
- d = 20 cm Water vs. d = 20 cm Aluminum
- more material traversed in Al, even though distance d same

• Areal density x = dρ
- x [g/cm2]
- d [cm]
- ρ [g/cm3]

• x = 20 g/cm2

- ρwater = 1 g/cm3 ρAl = 2.7 g/cm3

- dwater = 20 cm dAl = 7.4 cm

• Same amount of material traversed in 20 cm Water and 7.4 cm Al

• xISS ≈ 15 g/cm2, xMars Atmosph ≈ 20 g/cm2, xEarth Atmosph ≈ 1000 g/cm2
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INTRODUCTION: RELATIVITY

• E = mc2

• E ≡ T + m0c2

- E ≡ Total energy
- T ≡ Kinetic energy, often written E !!!!!!!!!
- m0 ≡ Rest mass energy

- m ≡ γm0 , ⇒ E = γm0c2

- γ ≡ 1√
1−(v/c)2

, β ≡ v/c ⇒ γ = 1√
1−β2

• Note: T = E −m0c2 6= 1
2mv2

≈ 1
2mv2 if v � c
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INTRODUCTION: MEV / NUCLEON

KINETIC ENERGY: PEOPLE WRITE E, BUT THEY MEAN T !!!

• E = T + m0c2 = mc2 = γm0c2

Calculate speed
1√

1−(v/c)2
≡ γ = T

m0c2 + 1

T̂ [ MeV/n ] ⇒ T = AT̂

m0 = Amn , mn ≡ mnucleon = 938 MeV/c2

γ = T
m0c2 + 1 = AT̂

Amnc2 + 1 = T̂
mnc2 + 1

E.g. What is speed of 1000 MeV/n 56Fe projectile?

JOHN NORBURY (NASA LANGLEY) SPACE RADIATION TRANSPORT FRIDAY JUNE 19, 2015 6 / 72



CROSS SECTION

Typical scattering experiment: beam of particles fired into a target

Surrounding detectors detect the particles coming out of reaction

[Lederman & Schramm, From quarks to the cosmos, Freeman, New York, 1989]
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CROSS SECTION

Let’s say that some protons are detected

If one just counts the total number N of protons emitted per unit
time then this is related to the total cross section by

N ≡ Lσ

L = luminosity of beam

σ = cross section - related to probability that reaction will occur
(that a proton will be emitted)

Above formula: more particles will be detected if reaction
probability is large or if we have very intense beam
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CROSS SECTION

Luminosity typically measured in cm−2 s−1

E.g. Fermilab proton beam (2000) was about L = 1032 cm−2 s−1

Cross section is measured in units of area namely cm2

N = Lσ gives units of counts per second

Note that

barn = 10−28m2 = 10−24cm2

and a picobarn (pb) is therefore (pico ≡ 10−12)

pb = 10−36cm2

Fermilab luminosity can be re-written

L = 1032cm−2s−1 = 10−4pb−1s−1
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CROSS SECTION

Sometimes accelerator administrators use integrated luminosity
Lint, which is simply luminosity multiplied by time

Lint = Lt

E.g. if Fermilab ran continuously over a year, this would
correspond to an integrated luminosity of

L1year
int = 10−4pb−1s−1 × 365 days ≈ 3000 pb−1

If the accelerator only delivered say 1500 pb−1 then that would
mean it was shut down for half the time
Integrated luminosity related to integrated number of counts Nint
(total number of counts, not number of counts per unit time) by

Nint = N t

where N is number of counts per unit time from before N = Lσ
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CROSS SECTION

Ice puck collisions:
- Kinetic energy conserved if surface frictionless

Particle collisions
- Often kinetic energy not conserved
- Especially if new particles are created, e.g. p+p→ p+p+π0

- Or particles are lost (absorbed), e.g. p + 12C→ 13N

Total energy E always conserved (just like momentum & charge)

Elastic collision ≡ Kinetic energy conserved
- Does not mean that incident KE remains same
- E.g. Neutron can undergo elastic collision⇒ impart KE to proton

Inelastic collision ≡ Kinetic energy not conserved

JOHN NORBURY (NASA LANGLEY) SPACE RADIATION TRANSPORT FRIDAY JUNE 19, 2015 11 / 72



CROSS SECTION

Total cross section - second definition of the word “total”

σtotal ≡ σelastic + σinelastic + σabsorption

Scattering cross section is defined as

σscattering ≡ σelastic + σinelastic

⇒ σtotal ≡ σscattering + σabsorption

Reaction cross section is defined as

σreaction ≡ σinelastic + σabsorption

⇒ σtotal ≡ σelastic + σreaction

Some authors write (including me!)

σtotal ≡ σelastic + σinelastic

where σreaction ≡ σinelastic
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CROSS SECTION EXAMPLE: NEUTRON INTERACTIONS WITH NUCLEI

[Lamarsh, Nuclear reactor theory, Addison-Wesley, Reading, Massachusetts, 1966]

• Elastic scattering ⇒ Kinetic Energy (KE) conserved
- Nucleus unchanged in isotopic composition or internal energy
- KE of neutron and nucleus can change (but total KE conserved)
- Neutron can transfer KE to nucleus
- Neutron reappears after interaction (n,n)

• Inelastic scattering ⇒ KE not conserved
- Nucleus left in excited state
- Neutron reappears after interaction (n,n′)

• Neutron scattered elastically (n,n) or inelastically (n,n′)
- Neutron reappears after interaction

• Absorption reaction⇒ Neutron disappears
- Examples (n,γ), (n,p), (n,α), fission (by convention)

Notation: (a,b) means a + target→ b + anything
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CROSS SECTION EXAMPLE: NEUTRON INTERACTIONS WITH NUCLEI

[Lamarsh, Nuclear reactor theory, Addison-Wesley, Reading, Massachusetts, 1966]

- Definitions differ from previous slides, but Lamarsh definitions clearer

σtotal ≡ σelastic(n,n) + σinelastic(n,n′) + σ(n,γ) + σ(n,p) + σ(n,2n) + σ(n,3n)

+σ(n,pn) + σ(n,α) + σ(n,fission) + · · ·

σtotal ≡ σelastic + σnonelastic

σnonelastic = σinelastic + σ(n,γ) + σ(n,p) + σ(n,2n) + σ(n,3n)

+σ(n,pn) + σ(n,α) + σ(n,fission) + · · ·

σabsorption = σ(n,γ) + σ(n,p) + σ(n,α) + σ(n,fission) + · · ·

σnonelastic = σinelastic + σabsorption + σ(n,2n) + σ(n,3n) + σ(n,pn) + · · ·

Note: σnonelastic 6= σinelastic
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TOTAL CROSS SECTION

Projectile + Target→ Detected particles

• Count total number of detected particles
- Total cross section σ
- Easiest to measure, hardest to calculate (from QFT)

rpp!p0X ¼ 0:007þ 0:1
ln ðT labÞ

T lab

þ 0:3

T 2
lab

� ��1

ð1Þ

rpp!pþX ¼ 0:00717þ 0:0652
ln ðT labÞ

T lab

þ 0:162

T 2
lab

� ��1

ð2Þ

rpp!p�X ¼ 0:00456þ 0:0846

T 0:5
lab

þ 0:577

T 1:5
lab

� ��1

ð3Þ

where Tlab should be specified in GeV to give r in mb.
The trouble with only having proton–proton (pp) cross

sections is that nuclei also contain neutrons, and so one
needs cross sections for pion production from neutron–
neutron (nn) and neutron–proton (np) collisions. The

exclusive reactions for single pion production are listed
below.

pp! ppp0 ½�2� ð4Þ
! pnpþ ½�2� ð5Þ

and

nn! nnp0 ½�2� ð6Þ
! npp� ½�2� ð7Þ

and

pn! pnp0 ½�2� ð8Þ
! nnpþ ½�2� ð9Þ
! ppp� ½�2� ð10Þ

The number in square brackets after some reactions indi-
cates that the reaction can proceed in a number of different
ways and therefore the number of particles produced needs
to be multiplied by the number in square brackets. For
example the reaction pp! pnp+ can also proceed as
pp! npp+, with the pion being produced from the other
nucleon. Exclusive reactions for double pion production
in terms of initial states are

Fig. 1. Theory versus experiment for p+ production in nucleus–nucleus
collisions. The line corresponds to Eq. (35). Data are from [3].

Fig. 2. Theory versus experiment for p+ production in nucleus–nucleus
collisions. The line corresponds to Eq. (35). Data are from [3].

188 J.W. Norbury, L.W. Townsend / Nucl. Instr. and Meth. in Phys. Res. B 254 (2007) 187–192

seen, for example, in Figs. 1 and 2. Fig. 2 seems to show overall very
good agreement between the parameterization and experiment.
However, when plotted on a logarithmic scale, as in Fig. 1 one can
now see poor agreement for the data point at 1.38 GeV, which
was not apparent on the linear plot.

In [1], the parameterizations of Eqs. (1)–(3) were compared only
to three data points, for each pion species, from Whitmore [3] at
plab ¼ 12, 19 and 24 GeV. In the present work, parameterizations
are also compared to the Whitmore data at 69, 102, 205 and

303 GeV, and data from numerous other references [4–19]. More
importantly, parameterizations are also compared to some other
low energy data [5–7,10,11]. Comparison is made to the data point
at plab ¼ 954 MeV, corresponding to T lab ¼ 400 MeV, of Abd El-Sa-
mad et al. [12]. The cross section for the reaction pp! ppp0 is
0.1 mb. Even though this is an exclusive final state, the exclusive
cross section is equal to the inclusive cross section because the en-
ergy is below the two pion threshold. Note that Booth et al. [4] only
report the cross section for pþ plus p# production, defined as r&p at

Fig. 1. Log–log plot of the pþ total inclusive cross section parameterization (green,
solid line) of Eq. (1) versus experimental data (triangle symbols) of [3–8]. (For
interpretation of the references in colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 2. Same as Fig. 1, except for use of linear axes.

Fig. 3. Log–log plot of total inclusive cross section parameterization (blue, solid
line) of Eq. (2) for pþ p! p# þ X versus experimental data (triangle symbols) of
[3,4,6–8,13]. Also shown is the cross section data (solid squares) from Abdivaliev
[11], for the reaction nþ p! p# þ X, compared to the parameterization (blue,
dashed line) of Eq. (6). (For interpretation of the references in colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. Same as Fig. 3, except for use of linear axes and n + p reaction is not shown.

Fig. 5. Log–log plot of total inclusive cross section parameterization (red, solid line)
of Eq. (3) for the reaction pþ p! p0 þ X versus experimental data (triangle
symbols) of [3,8–10,12,14–19]. (For interpretation of the references in colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 6. Same as Fig. 5, except for use of linear axes, and the pþ n! p0 þ X data
point of Azimov [10] (solid square at 300 GeV) is now shown. The data points for
pþ p! p0 þ X of Whitmore [3] (solid triangle at 303 GeV) and Azimov [10] (open
diamond at 300 GeV) have been slightly shifted horizontally so that they do not
overlap as much.

1210 J.W. Norbury / Nuclear Instruments and Methods in Physics Research B 267 (2009) 1209–1212

[Norbury, Nucl. Inst. Meth. B 254, 187, 2007], [Norbury, Nucl. Inst. Meth. B 267, 1209, 2009]
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SINGLE DIFFERENTIAL CROSS SECTION

• Count particles at different angles (e.g. θ = 0◦, 30◦, 60◦, 90◦)

- Angular differential cross section dσ
dθ ≡ σ(θ) (Angular distribution)

- σ =
∫ 2π

0
dσ
dθ dθ =

∫ 2π
0 σ(θ) dθ dΩ = 2π sin θdθ

- Harder to measure

[Norbury, Physical Review C 37, 407,1988]
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SINGLE DIFFERENTIAL CROSS SECTION

• Count particles of different energies (e.g. E = 5 MeV, 10 MeV, 20 MeV)

- Energy differential cross section dσ
dE ≡ σ(E) (Spectral distribution)

- Energy = E ≡ Kinetic Energy!!
- σ =

∫ Emax
0

dσ
dE dE =

∫ Emax
0 σ(E) dE

[Norbury, Physical Review C 37, 407,1988]
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DOUBLE DIFFERENTIAL CROSS SECTION
• Count particles of different energies and at different angles

e.g. (θ = 30◦ for E = 5 MeV, 10 MeV) and (θ = 60◦ for E = 5 MeV, 10 MeV)

- Double differential cross section d2σ
dEdθ ≡ σ(E , θ)

- σ =
∫ d2σ

dEdθ dEdθ =
∫
σ(E , θ) dEdθ

- dσ
dθ =

∫ d2σ
dEdθ dE =

∫
σ(E , θ) dE , - dσ

dE =
∫ d2σ

dEdθ dθ =
∫
σ(E , θ) dθ

- Hardest to measure, Easiest to calculate (from QFT)

[Norbury et al., NASA Technical Paper 2600, 1986]
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TOTAL CROSS SECTION - TWO USES OF WORD “TOTAL”

Total ≡ Elastic + Inelastic (or Total ≡ Elastic + Inelastic + Absorption)

Example: σtotal ≡ σelastic + σinelastic

Example: dσtotal
dθ ≡

dσelastic
dθ + dσinelastic

dθ

Total ≡ Non-differential

σ ≡
∫ dσ

dθ dθ =
∫ dσ

dE dE =
∫ d2σ

dEdθ dEdθ =
∫
σ(E , θ) dEdθ

Example: σinelastic =
∫ dσinelastic

dθ dθ

σ “total - total” σtotal =
∫ dσtotal

dθ dθ =
∫ dσelastic

dθ +
∫ dσinelastic

dθ
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RECAP: DOUBLE DIFFERENTIAL CROSS SECTION Double Differential Cross Section 

€ 

σ(E,θ)∝M 2

•  Often called 3-dimensional 
•  Very precise information 
•  Function of both energy & angle 
•  Ultimate test of any nuclear theory 
•  Needed for 3-d transport 

=> ⇒ σ(E , θ) ≡ d2σ
dEdθ

≡ σ(E ,E ′, θ, θ′) later in BTE

• Often called 3-dimensional (3d)

• Very precise information

• Function of both energy & angle

• Ultimate test of nuclear theory

• Needed for 3d transport
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RECAP: SINGLE DIFFERENTIAL CROSS SECTION

σ(E) =
∫

dθ σ(E , θ) dσ
dE =

∫
dθ d2σ

dEdθ

≡ σ(E ,E ′) later in BTE

σ(θ) =
∫

dE σ(E , θ) dσ
dθ =

∫
dE d2σ

dEdθ

• Less precise information

• Function of energy OR angle
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RECAP: TOTAL (≡ NON-DIFFERENTIAL) CROSS SECTION

σ =
∫

dE σ(E) =
∫

dθ σ(θ) =
∫

dEdθ σ(E , θ)

≡ σ(E) later in BTE

• Very crude

• No angle or energy dependence

• Just total number of counts
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CROSS SECTION: EXCLUSIVE VS. INCLUSIVE

EXCLUSIVE: A + B → C + D + E + F

• Ultimate theoretical test

• Hard to measure

INCLUSIVE: A + B → C + anything

• Very crude theoretical test

• Easy to measure

JOHN NORBURY (NASA LANGLEY) SPACE RADIATION TRANSPORT FRIDAY JUNE 19, 2015 23 / 72



BETHE - BLOCH EQUATION

[RMP1260, NCRP153-62, Jackson628, Alpen369, NASARP1257-34,40,73, RPP]

BETHE - BLOCH EQUATION ~ω = MEAN EXCITATION ENERGY

dE
dx

= 4πNT ZT
Z 2

Pe4

mc2β2

[
ln
(

2γ2β2mc2

~ω

)
− β2 + corrections

]
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BOLTZMANN TRANSPORT EQUATION

1-DIMENSIONAL TRANSPORT EQUATION[
∂

∂x
− ∂

∂E
Si(E) + σ̃i(E)

]
φi(x ,E) =

∑
j

∫ ∞
E

dE ′ σ̃ij(E ,E ′) φj(x ,E ′)

Solve for
φi(x ,E) = differential fluence of isotope i at position x with energy E

σ̃i(E) ≡ σ̃total = isotopic total cross sect. for isotope i with energy E
σtotal = σelastic + σnonelastic = σelastic + σinelastic + σabsorption + σother

σ̃ij(E ,E ′) = inclusive isotopic energy (single) differential cross section
for producing isotope i with energy E from isotope j with energy E ′

Different materials: σ̃ are cross sections for specific target material

Note: ∂
∂E Si (E)φi (x ,E) ≡ ∂

∂E [Si (E)φi (x ,E)]
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BOLTZMANN TRANSPORT EQUATION - UNITS

1-DIMENSIONAL TRANSPORT EQUATION[
∂

∂x
− ∂

∂E
Si(E) + σ̃i(E)

]
φi(x ,E) =

∑
j

∫ ∞
E

dE ′ σ̃ij(E ,E ′) φj(x ,E ′)

φ ∼ [ anything ], x ∼ [ g/cm2 ] ⇒ σ̃i (E) ∼ [ cm2/g ]

12 g of 12C contains NA molecules, where NA = 6.02 × 1023

12C: number density ≡ number per gram = ρ̃ [ #/g ] = NA/12 [ g−1 ]
In general, ρ̃ [ #/g ] ≡ NA/A [ g−1 ]

ρ̃ = n
ρ

, n = # atoms /cm3 (number density), ρ = “normal” mass density [ g/cm3 ]

Thus, σ̃ = ρ̃σ ∼ [ cm2/g ] = [ g−1 cm2 ]

Si (E) = dE
dx ⇒

∂
∂E Si (E) = ∂

∂E
dE
dx same units as ∂

∂x . Note: L = dE
dx [ MeV

cm ], but L
ρ

[ MeV
g/cm2 ]

σ̃ij (E ,E ′) ≡ dσ̃ij (E′)

dE ∼ [ g−1 cm2 E−1 ]

Let differential fluence φi (x ,E) ∼ [ # cm−2 E−1 ]

E ∼ [ anything ], because cancel everywhere, Typically E ∼ [ A MeV ]
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BOLTZMANN TRANSPORT EQUATION

3-DIMENSIONAL TRANSPORT EQUATION

[
Ω ·∇−

∂

∂E
Si (E) + σ̃i (E)

]
φi (r,Ω,E) =

∑
j

∫
dE ′dΩ′σ̃ij (Ω,Ω

′,E ,E ′)φj (r,Ω′,E ′)

Solve for φi(r,Ω,E) = differential fluence of isotope i at r moving in
direction Ω with energy E

σ̃i(E) = isotopic total absorption cross sect. of isotope i with energy E
≡ σ before

σ̃ij(Ω,Ω
′,E ,E ′) = inclusive isotopic double differential cross section for

producing isotope i moving in direction Ω with energy E from isotope j
moving in direction Ω′ with energy E ′

≡ σ(Ω,E) before
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DOSE

Absorbed dose [ICRU93] D ≡ dε
dm

- Units [ Gy ≡ J kg−1 ]
- dε = mean energy deposited in mass dm
Dose deposited at position x obtained by

∑
over all particles j

DOSE CALCULATED WITH DIFFERENTIAL FLUENCE φ

D(x) =
∑

j

∫ ∞
0

dE Sj(E)φj(x ,E) [ Gy ≡ J kg−1 ]

Sj(E) = stopping power as function of particle kinetic energy E
φj(x ,E) = differential particle fluence at position x

dE Sj(E)φj(x ,E) ∼ [MeV] [ MeV
g/cm2 ] [ #

cm2MeV ] ∼ [ MeV
g ]
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DOSE

φj(x ,E) = differential particle fluence at position x [ #
cm2 MeV ]

Φj = particle fluence (integrated) [ #
cm2 ] (Borak, Nelson lectures)

good for a beam of fixed Z, fixed E, then LET fixed

DOSE CALCULATED WITH INTEGRAL FLUENCE Φ

If L has units [ MeV
g/cm2 ]:

D = L Φ [
MeV

g/cm2 ] [
#

cm2 ] = [
MeV

g
] ∼ [

J
kg

]

If L has units [ MeV
cm ]:

D =
L
ρ

Φ [
MeV/cm

g/cm3 ] [
#

cm2 ] = [
MeV

g
] ∼ [

J
kg

] (Borak,Nelson)
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DOSE - UNIT CONVERSION FACTOR

Assume L has units [ keV
µm ] (Borak, Nelson)

D =
L
ρ

Φ

∼ keV/µm
g/cm3 cm−2 =

keV
g

cm
µm

=
103eV
10−3kg

10−2m
10−6m

= 1010 eV
kg

= 1010 1.602× 10−19 J
kg

= 1.602× 10−9 J
kg

= 1.602× 10−9 Gy = 1.602× 10−7 cGy

DOSE CONVERSION FACTOR

D = L
ρ Φ = 1.602× 10−9 Gy with L ∼ [ keV

µm ] , Φ ∼ [cm−2], ρ ∼ [ g
cm3 ]

JOHN NORBURY (NASA LANGLEY) SPACE RADIATION TRANSPORT FRIDAY JUNE 19, 2015 30 / 72



DOSE EQUIVALENT

Stopping power ≈ LET, L ≡ dE/dx
- Units [ keV/µm ]
Dose at a point becomes D(x) =

∑
j

∫ ∞
0

dE Lj(E)φj(x ,E)

DOSE EQUIVALENT CALCULATED WITH DIFFERENTIAL FLUENCE φ

H(x) ≡
∑

j

∫ ∞
0

dE Q(Lj) Lj(E)φj(x ,E) [ Sv ]

Q(Lj) = quality factor, function of LET, which is function of E

⇒ Q(Lj) ≡ Q(Lj(E))
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DOSE EQUIVALENT

Previous equation gives dD/dE = Lj(E)φj(x ,E), so that

H(x) =
∑

j

∫ ∞
0

dD Q(Lj)

Defining [ICRU93, p.5]

DL ≡
dD
dL

with units of m kg−1, gives

H(x) =
∑

j

∫ ∞
0

dL DL Q(Lj)

Note that it is incorrect to write

H(x) 6=
∑

j

∫ ∞
0

dL D(L) Q(Lj)
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EFFECTIVE DOSE

Different tissues have different radiosensitivity

EFFECTIVE DOSE

E ≡
∑

T

wT HT [ Sv ]
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SUMMARY

Cross Sections σi , σij PHYSICS (NUCFRG,QMSFRG)

Boltzmann TRANSPORT Eqn⇒ FLUENCE φi [#/cm2/MeV ] (HZETRN)[
∂

∂x
− ∂

∂E
Si(E) + σi(E)

]
φi(x ,E) =

∑
j

∫ ∞
E

dE ′ σij(E ,E ′) φj(x ,E ′)

Dose D(x) =
∑

i

∫ ∞
0

dE Si(E) φi(x ,E) [Gy = J/kg]

Dose Equivalent H(x) =
∑

i

∫ ∞
0

dE Q(Li(E)) Li(E) φi(x ,E) [Sv]

Effective Dose E =
∑

T

wT HT [Sv] ⇒ Risk

BIOLOGY Q(Li),wT Li ≡
dE
dx
≈ Si(E)
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PIONS

WHY are there 3 generations ???Neutron, Proton = 3 quarks Pion = 2 quarks
[http://education.web.cern.ch, 2014]
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PIONS

[Slaba, Blattnig, Reddell, Bahadori, Norman, Badavi, Advances Space Research 52, 62, 2013]

Until recently, the contribution to total exposure from
pions (p+,p�,p0) and their decay products (l+, l�, e+, e�

and c) was thought to be small for space applications.
HZETRN has generally neglected the contribution from
these particles while still comparing reasonably well to
space flight measurements and Monte Carlo codes which
include such interactions. However, many of the bench-
mark comparisons were performed with a solar particle
event external source (Wilson et al., 2006a; Slaba et al.,
2010a, 2011a; Heinbockel et al., 2011a) for which there is
insufficient energy to generate a significant pion field. The
limited comparisons with full GCR environments were
only recently completed (Heinbockel et al., 2011b) and
were primarily focused on ion fragmentation; the pion
and electromagnetic (p/EM) components were not directly
studied.

There has been at least one targeted study examining the
contribution of pions behind moderate shielding in GCR
environments. Aghara et al. (2009) used MCNPX to show
that pion production accounted for approximately 16% of
the dose behind 20 g/cm2 of aluminum and 30 g/cm2 of
water. Recent benchmark activities (Heinbockel et al.,
2011b) and a detailed validation study with International
Space Station (ISS) measurements (Slaba et al., 2011b) also
indicated a systematic under-prediction of absorbed dose
by HZETRN. Near Earth, where the magnetic field deflects
a large portion of the lower energy GCR, the direct and
indirect (decay) contribution to total exposure from pions
will be even larger than 16%, especially in ISS where shield-
ing thicknesses regularly exceed 50 g/cm2.

Blattnig et al. (2004) developed a model for including
charged pion (p+,p�) production and transport in
HZETRN. The algorithms were never fully included into
subsequent code versions/releases because the computa-
tional cost of the additional transport and source calcula-
tions was prohibitive, and the importance of pions in
space radiation transport models had not been clearly
established. Nealy et al. (2010a,b) provided a model for
EM transport (e+, e�, and c), developed primarily for high
energy electron environments such as those observed near
Europa. Comparisons against Monte Carlo codes such as
ITS and MCNPX were favorable despite the number of
approximations made and lack of some production mech-
anisms (Nealy et al., 2010b; Norman et al., 2011; Badavi
et al., 2011b). The EM code was not coupled to HZETRN
because a model for the production and decay of neutral
pions into photons had not been implemented.

Most recently, Norman et al. (2012a, 2013) coupled the
pion and EM transport models together with HZETRN
and made comparisons to atmospheric balloon measure-
ments of muons, electrons, and positrons yielding mostly
favorable results. However, the balloon measurements
were mainly at high energy; the lower energy portion of
the spectrum that contributes significantly to the exposure
was not validated. Comparisons to Monte Carlo simula-
tions and space-flight measurements within a vehicle will
be given in the present work.

The fully coupled HZETRN code with p/EM interac-
tions transports neutrons, protons, and heavier ions
through selected materials to generate a source of charged
and neutral pions. The charged pions are explicitly trans-
ported and decay into like-charged muons (p+! l+ or
p� ! l�) and neutrinos. Muons are explicitly transported,
and neutrinos are ignored since they contribute negligibly
to exposure. Neutral pions are assumed to decay instanta-
neously into two photons (p0! 2c). A model for charged
muon decay into like-charged leptons (l+! e+ or l�

! e�) is included along with an additional source for pion
production from pion-nucleus collisions. Nucleon produc-
tion from pion-nucleus collisions is not included at this
time and is expect to account for roughly 10% of the neu-
tron dose (Aghara et al., 2009). The algorithms developed
by Blattnig et al. (2004) are used to transport the charged
pions and muons. Primary electrons (if they are included)
are transported separately with corrections included for
multiple scattering and range straggling (Nealy et al.,
2010a). The bremsstrahlung photons produced from the
primary electrons are calculated as an additional source.
The lepton and photon sources are passed to a separate
algorithm which handles the production and transport of
e+, e�, and c in a Neumann series approach. The interac-
tions that were missing in prior versions of the EM code
(Nealy et al., 2010a) (positron annihilation and photon
inelastic interactions) have been included to provide a fully
coupled EM transport capability. A flowchart for the
extended transport model is shown in Fig. 1. The extended
version of HZETRN with p/EM interactions will be
referred to as HZETRN-p/EM throughout the remainder
of the text.

The numerous source calculations that occur through-
out the improved transport code are handled using numer-
ical methods previously implemented into HZETRN and
heavily tested for neutrons and light ions (Z 6 2) (Slaba
et al., 2010a,b). The method expands particle fluxes in a
series of linear basis splines, allowing the collision source
integrals to be computed as a dot-product throughout code
execution while providing a high degree of computational
efficiency with minimal numerical error. Further details
on the pion and EM transport algorithms can be found
elsewhere (Blattnig et al., 2004; Nealy et al., 2010a; Nor-
man et al., 2012a, 2013).

Fig. 1. Flowchart of HZETRN-p/EM transport model.

T.C. Slaba et al. / Advances in Space Research 52 (2013) 62–78 63

Flowchart of HZE-π/EM transport model
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PIONS MAKE LARGE CONTRIBUTIONS TO DOSE
[Slaba, Mertens, Blattnig, NASA TP-2013-217983]

[Norman, Blattnig, De Angelis, Badavi, Norbury: Advances Space Research 50, 146, 2012]

[Slaba, Blattnig, Reddell, Bahadori, Norman, Badavi: Advances Space Research 52, 62, 2013]

[Aghara, Blattnig, Norbury, Singleterry: Nucl. Inst. Meth. B 267, 1115, 2009]

Contribution to dose rate for particle groups at 
different locations on the ISS 
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• Important discovery in space radiation
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MINIMUM IN DOSE EQUIVALENT VS. DEPTH
[Blattnig, Slaba, Bahadori, Norman, Clowdsley, Space Radiation Investigators’ Workshop, Galveston, TX, 2014]

• Previous design paradigm
- Exposures from GCR show little variation past 40 g/cm2

- Increased shielding slightly decreases exposures
- Transport performed with HZETRN (straight ahead transport with no pions)

Previous Design Paradigm 

•  Exposures from GCR show little variation past ~40 g/cm2  
-  Increased shielding (mass) slightly decreases exposures 

- Transport performed with HZETRN (straight ahead transport with NO pion contributions) 

3 
BON2010 used to generate Oct 1976 GCR environment. 
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MINIMUM IN DOSE EQUIVALENT VS. DEPTH

 

 5

interactions appears to be similar for both materials, with consistently smaller values observed in 
polyethylene. The reduction in polyethylene is attributed to reduced neutron production and neutron 
attenuation associated with elastic collisions as already noted. The difference between the two materials is 
at most 31% for dose equivalent and 13% for effective dose. It is also important to notice that for effective 
dose, the π/EM contribution is actually greater than the albedo neutron contribution for both materials 
across all depths.  
 
 

 
Figure 3. Dose equivalent (left pane) and effective dose (right pane) as a function of shield thickness on the 

Martian surface. 
 
 
 In Figure 4, the total dose equivalent and effective dose values computed on the surface are 
compared to half of the free space results. The free space results are computed using the ray-by-ray 
methodology described in section 2 without the presence of the atmosphere or Martian regolith. The factor 
of ½ is applied to the end result to approximately account for planetary blockage. The increase in free space 
and surface dose equivalent values beyond 45 g/cm2 of aluminum does not continue indefinitely. The 
curves reach a maximum value just beyond 100 g/cm2, and decline monotonically with increasing shield 
thickness. The exact location of the peak value within the Martian subsurface has been examined with 
Monte Carlo simulations for dose [Dartnell et al. 2007b, Morthekai et al. 2007], but not dose equivalent or 
effective dose. Nonetheless, in order to obtain any meaningful reduction in exposure, one would need to 
use shielding thicknesses much larger than where the peak value occurs, corresponding to several hundred 
g/cm2 of shielding mass. 
 The comparison in Figure 4 is given to clarify that shielding optimization strategies will be 
different for deep space transit and surface operations.  In free space, the exposure is reduced by about 45-
65% for dose equivalent and 25-35% for effective dose over the first 20 g/cm2 of shielding. In the case of 
aluminum, a clear minimum occurs in the dose equivalent-depth curve and a less pronounced minimum 
occurs in the effective dose-depth curve at about 45 g/cm2. The variation of effective dose near the 
minimum value is within the transport code uncertainty as determined by comparisons with Monte Carlo 
simulations [Slaba et al. 2013]. It is therefore possible that the effective dose minimum is an artifact of 
transport code error, and the curve should actually continue to gradually decrease with depth.  From a 
design standpoint, whether it is actually a minimum is less important than the fact there is no significant 
benefit from shielding after 45 g/cm2 if the composition is similar to aluminum. This suggests a shielding 
strategy that would take advantage of the sudden drop due to thin amounts of shielding (< 20 g/cm2) by 
distributing mass isotropically around the vehicle, as one might expect given the non-radiation related 
design constraints. After this initial stage of optimization, additional parasitic shielding mass could be 
added in specific regions to mitigate directional exposures.  
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MINIMUM IN DOSE EQUIVALENT VS. DEPTH
 

 6

  

 
Figure 4. Comparison of surface exposure to ½ free space exposure as a function of shield thickness. 

 
 
 The surface results show that any reasonable amount of aluminum does not have a noticeable 
impact on effective dose, and consequently, adding or rearranging shielding mass on the surface will not 
appreciably reduce exposures. An in-situ shielding strategy will also be of little help unless several hundred 
g/cm2 of regolith is utilized. Such a strategy would probably require large scale excavation making it an 
unlikely candidate. Instead, the shielding strategy would rely primarily on material optimization. Options, 
such as replacing aluminum structures with high hydrogen content carbon composites, could be pursued.  

4. Summary and Conclusions 
 
 In this work, a computational model was described that allows exposures to be computed on the 
surface of Mars. The model utilizes the HZETRN-π/EM transport code in a ray-by-ray approach that 
includes the atmospheric cascade and secondary albedo neutrons. The model was found to be within 20% 
of a published Monte Carlo result; more comparisons are needed for further verification. Dose equivalent 
and effective dose values were computed as a function of aluminum and polyethylene shield thickness 
during solar minimum for surface and free space conditions. It was found that any reasonable amount of 
aluminum thickness increases dose equivalent and effective dose values on the surface. In the case of dose 
equivalent on the surface, the increase was quite dramatic (63%); in the case of effective dose on the 
surface, exposures varied by less than 3%. Both exposure quantities decrease monotonically with 
increasing polyethylene thickness. The marked difference between the materials is attributed mainly to the 
hydrogen content in the polyethylene. 
 The results shown in this work may be significant for vehicle optimization studies related to future 
Mars missions. In particular, the optimization strategy implemented for deep space transit will be able to 
take advantage of a reduction in exposure over the first 20-40 g/cm2 of shielding. Though the shielding 
effectiveness of polyethylene is better than aluminum, both materials provide some exposure reduction 
over thicknesses typically found in transportation vehicles. A noticeable minimum in the exposure-depth 
curve near 45 g/cm2 also helps constrain the optimization phase space. As discussed in section 3, whether 
the minimum is an artifact of transport code error or not, the response curve beyond 45 g/cm2 is not likely 
to decline rapidly enough to justify the mass incurred with such large shielding thicknesses. Conversely, 
optimization strategies on the surface will not be able to take advantage of any exposure reduction from 
aluminum shielding, and in-situ shielding strategies will require prohibitively large shielding thicknesses 
(greater than several hundred g/cm2) to provide any meaningful reduction. Material optimization strategies 
utilizing hydrogenated carbon composites could be pursued instead. 
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MINIMUM IN DOSE EQUIVALENT VS. DEPTH
[Blattnig, Slaba, Bahadori, Norman, Clowdsley, Space Radiation Investigators’ Workshop, Galveston, TX, 2014]

• New design paradigm
• If forward/backward (FB) neutron transport and pions turned ON

- Minimum in dose equivalent vs. depth near 40 g/cm2

- Increased shielding increases exposure
- Material optimization more important than previously thought

New Design Paradigm 

4 

•  If forward/backward (FB) neutron transport and pion contributions are 
turned ON 
- Local minimum in dose equivalent response near 40 g/cm2 

- Increased shielding (mass) changes/amplifies exposure 
- Design implication: material optimization may be more important than previously 

thought 
 

BON2010 used to generate Oct 1976 GCR environment. 
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MINIMUM IN DOSE EQUIVALENT VS. DEPTH
[Blattnig, Slaba, Bahadori, Norman, Clowdsley, Space Radiation Investigators’ Workshop, Galveston, TX, 2014]

• Dose equiv in Al is result of neutron production & back-scatter
in shielding behind target point

- Back scattered neutrons produce high LET target fragments
with short ranges

Impact on Exposure 
•  Impact on dose equivalent in aluminum is a result of neutron production 

and back-scatter in shielding behind the target point 
- Back scattered neutrons produce high LET target fragments with short ranges 

Front shield Back shield 

7 BON2010 used to generate Oct 1976 GCR environment. 

Target point 

Impact on Exposure 
•  Impact on dose equivalent in aluminum is a result of neutron production 

and back-scatter in shielding behind the target point 
- Back scattered neutrons produce high LET target fragments with short ranges 

Front shield Back shield 

7 BON2010 used to generate Oct 1976 GCR environment. 

Target point 
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MINIMUM IN DOSE EQUIVALENT VS. DEPTH

[Blattnig, Slaba, Bahadori, Norman, Clowdsley, Space Radiation Investigators’ Workshop, Galveston, TX, 2014]

• Effective dose - body self shielding moderates neutron field
& reduces impact of backward component
- FB neutron transport accounts for multiple elastic collisions (moderation)

Impact on Exposure 
•  For effective dose, the body self shielding moderates the neutron field 

and reduces impact of backward component  
 - FB neutron transport accounts for multiple elastic collisions (moderation)  

Front shield/tissue Back shield/tissue 

8 BON2010 used to generate Oct 1976 GCR environment. 

Target point 

Impact on Exposure 
•  For effective dose, the body self shielding moderates the neutron field 

and reduces impact of backward component  
 - FB neutron transport accounts for multiple elastic collisions (moderation)  

Front shield/tissue Back shield/tissue 

8 BON2010 used to generate Oct 1976 GCR environment. 

Target point 
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MINIMUM IN DOSE EQUIVALENT VS. DEPTH
[Blattnig, Slaba, Bahadori, Norman, Clowdsley, Space Radiation Investigators’ Workshop, Galveston, TX, 2014]

• Pion/EM contribution to dose equivalent smaller than contribution from
neutrons, but still noticeable

- Neutron contribution mainly from high LET target fragments (avg Q ∼ 20)

- Pion/EM avg Q ∼ 1

Impact on Exposure 

•  Pion/EM contribution to dose equivalent is smaller than contribution from 
backward neutrons but still noticeable 

- Neutron contribution is mainly through high LET target fragments (avg Q ~ 20) 
- Pion/EM average quality factor ~1  

10 
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MINIMUM IN DOSE EQUIVALENT VS. DEPTH
[Blattnig, Slaba, Bahadori, Norman, Clowdsley, Space Radiation Investigators’ Workshop, Galveston, TX, 2014]

• Pion/EM contribution to effective dose more noticeable because
tissue moderates/attenuates contribution from neutron field

Impact on Exposure 

•  Pion/EM contribution to effective dose is more noticeable because tissue 
moderates/attenuates contribution from neutron field 

11 
BON2010 used to generate Oct 1976 GCR environment. 
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MINIMUM IN DOSE EQUIVALENT VS. DEPTH
[Blattnig, Slaba, Bahadori, Norman, Clowdsley, Space Radiation Investigators’ Workshop, Galveston, TX, 2014]

• Verification
- Preliminary comparison to Geant4

Verification 

•  Preliminary comparison to Geant4 indicating that Monte Carlo codes are 
also seeing local minimum in dose equivalent response 

BON2010 used to generate solar minimum GCR 
environment (ϕ = 475 MV). 

Front Al  
shield (x) 

Back Al  
shield (x) 

Thin water 
detector 

12 
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MINIMUM IN DOSE EQUIVALENT VS. DEPTH

[Blattnig, Slaba, Bahadori, Norman, Clowdsley, Space Radiation Investigators’ Workshop, Galveston, TX, 2014]

• Summary & Conclusions

Summary and Conclusions 

•  New improvements to transport codes indicate potentially significantly 
different exposure vs. depth behavior in the region of 30-100 g/cm2 

•  Significant work has been done to confirm these findings but more is 
needed including: 
-  More extensive benchmarking with Monte Carlo codes 
-  Thick target experiments   

•  Vehicle and system designs may need to adapt to these new results 
including: 
-  Renewed emphasis on materials optimization 
-  Changes in configurations to avoid thicknesses where exposures are maximal 

13 
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INTERNAL ENVIRONMENT

• NASA space radiation has focused on heavy ions (Fe)

- Biology: majority of experiments at NSRL

- Nuclear Physics: QMSFRG based on Eikonal approx

- Transport: 1d HZETRN based on Straight-Ahead approx

- Reason→
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INTERNAL ENVIRONMENT (FREE SPACE)

[NCRP Report No. 98]
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INTERNAL ENVIRONMENT (FREE SPACE)
[Durante & Cucinotta, Nature Reviews Cancer 8, 465, 2008]

Nature Reviews | Cancer
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within seconds. No large-scale chromatin 
movements are associated to the repair activ-
ity33, yet some movement is observed in the 
repair protein foci. Image analysis of γ-H2AX 
and TP53BP1 protein dynamics in human 
epithelial cells fixed following exposure to 
Fe ions suggests that DNA lesions do indeed 
move to nuclear sub-domains for more 
efficient repair34.

To date, there is no experimental evi-
dence that different repair pathways are 
invoked following exposure to heavy ions or 
sparsely ionizing radiation. However, emerg-
ing evidence does suggest significant differ-
ences in gene expression at early times after 
irradiation35, and that LET has an influence 
on the dynamics of chromatin movements 
following irradiation36–37. More studies com-
paring HZE nuclei and X-rays are necessary 
to assess the recruitment kinetics of different 
proteins at sites of DNA damage.

Chromosomal aberrations. DNA DSBs 
misrepaired or left unrepaired eventually 
appear as chromosomal aberrations38. 
Heavy charged particles are effective at 
producing chromosomal exchanges with 
RBE values exceeding 30 in interphase (as 
visualized using premature chromosome 
condensation) and 10 at the first post-
irradiation mitosis for energetic heavy 
ions39. However, lower values are observed 
in vivo40–41. Besides, cytogenetic studies 
reveal a much higher level of complexity 
of chromosomal rearrangements induced 
by heavy ions compared with sparsely ion-
izing radiation (FIG. 3) — that is, rearrange-
ments induced by heavy ions involve 
a higher number of chromosomes and 
breakpoints42, and include both intra- and 

inter-chromosomal exchanges43,44. However, 
most of these complex rearrangements ulti-
mately lead to cell death. In fact, only a few 
complex exchanges are found in the bone 
marrow of mice after 1 week of exposure 
to Fe ions41, and the fraction of aberrant 
cells in the progeny of human lymphocytes 
exposed to heavy ions is close to the 
frequency observed in samples exposed to 
γ-rays45 (FIG. 3e).

Interestingly, chromosomal aberrations 
can be measured in the blood lymphocytes 
of astronauts returning from long-term 
space flights and can then be used to test 
dose and risk estimates from current 
models46. In fact, chromosomal aberrations 
in blood lymphocytes are considered a 
validated biomarker of cancer risk46–48, and 
can be used as biodosimeters to estimate 
equivalent dose in exposed individuals49. 
Biodosimetry studies performed by NASA50–51 
and in Russian cosmonauts52 show that the 
measured chromosomal rearrangements in 
crew members returning from space flight 
are consistent with current models, although 
the biological results are also affected by 
a large experimental uncertainty at low 
doses. However, yields of translocations and 
dicentrics decrease as a function of time 
after exposure during the space mission, and 
it is unclear what the influence of time since 
test should be on risk estimates51. For cos-
monauts involved in multiple spaceflights, 
the final yield of aberrations does not seem 
to be additive46. Further, in experienced 
cosmonauts with a total of about 2 years in 
space, the total yield of the aberrations is 
close to the measured background before the 
first flight52. The real significance of these 
findings remains to be elucidated.

New approaches to cancer risk estimates
The fundamental problem in space radiation 
research is the absence of sufficient evidence 
that models of cancer risk sufficiently 
describe the biology of tumour formation 
from HZE nuclei. Animal studies generally 
demonstrate that HZE nuclei have a higher 
carcinogenic effectiveness than low-LET 
radiation53–56, but RBE values are difficult 
to quantify because of statistical uncertain-
ties, which in many experiments prevents 
a definitive conclusion regarding the risks 
at low doses or dose rates. Additionally, 
the large variety of radiation types in space 
precludes an extensive study of tumour types 
in different strains of mice with different ion 
or dose regimes.

Tissue effects not dependent on direct 
DNA damage that have been associated 
with cancer initiation or progression include 
genomic instability57–61, extracellular matrix 
remodeling62, persistent inflammation63 
and oxidative damage64–66. Research on 
carcinogenesis continues to debate what 
is cause and what is effect67; that is, is the 
cause DNA damage and mutation leading 
to genomic instability, or is it extracellular 
matrix remodelling and other non-targeted 
effects?  Space research benefits from these 
studies, but they must be extended to test 
the effects of HZE nuclei. HZE nuclei can 
modify these responses, as well as others that 
include DNA changes, in ways distinct from 
other radiation types or carcinogens, which 
complicates our ability to estimate and 
design effective mitigations.

Major radiation-induced solid cancer 
sites include breast, thyroid, colon and 
lung68. Lung cancer makes up about one-
third of the cancers attributable to radiation 

Figure 1 | Space radiation environment and shielding. a | The contribution 
in fluence (green), dose (blue), and dose equivalent (red) of different nuclei 
in galactic cosmic radiation. b | How the cancer risk for a mission to Mars 
varies for increasing amounts of shielding materials after considering the 

tissue shielding of the human body. red and black lines represent water and  
aluminium shields, respectively. Lower curves are median estimates, and 
upper curves provide the upper 95% confidence limits. This calculation shows 
that even heavy shields will not be able to reduce the risk by a large factor.
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GCR environment. Fluence, Dose, Dose equivalent.
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INTERNAL ENVIRONMENT (5g/cm2)

energetic particles to exposures far below such causing acute

radiation effects in man. SPE are, therefore, mostly an issue

for exploratory-class missions.

A. Galactic cosmic radiation

Galactic cosmic radiations originate outside the Solar

System and impinge isotropically on Earth. Because of their

high energies (up to 1020 eV), they most probably originate

from supernova explosions, neutron stars, pulsars, or other

sources where high energetic phenomena are involved

(Cronin, 1999). Detected particles consist of 98% baryons

and 2% electrons. The baryonic component is composed of

85% protons (hydrogen nuclei), with the remainder being

helium (14%) and heavier nuclei (about 1%). Figure 5

(Cucinotta et al., 2003; Durante and Cucinotta, 2008) using

the HZETRN code (Wilson et al., 1991; Wilson et al., 1995;

Tweed, Wilson, and Tripathi, 2004) and the Badhwar–O’Neill

GCR model (Badhwar and O’Neill, 1994; O’Neill, 2010)

shows the relative contribution of the different elements in

flux, dose, and equivalent dose. The energetic ions heavier

than helium nuclei have been termed HZE particles (high

charge Z and high energy E). Although iron nuclei are only

one-tenth as abundant as carbon or oxygen their contribution

to the GCR equivalent dose is higher than protons, since the

dose is proportional to the square of the charge and Q is high

(Fig. 3). The GCR make up more than 80% of the effective

doses to crews on ISS, much higher than trapped radiation

because of their higher penetration power to deep seated

organs and large quality factors (Cucinotta, Nikjoo, and

Goodhead, 2000; Cucinotta et al., 2008).
In addition to the galactic cosmic rays, the so-called

anomalous component [anomalous cosmic rays (ACRs)] is

observed. ACRs consist of originally neutral particles coming

from the interstellar gas which become single ionized by solar

radiation after entering the heliosphere. These particles are

then accelerated in collision regions between fast and slow
moving streams of the solar wind. They are able to penetrate
deeper into the magnetic field than fully ionized cosmic rays.
Their energies are around 20 MeV=nucleon. Therefore, they
can contribute only to radiation effects behind small shield-
ing. However, it has to be considered that they lose all their
electrons after penetration of a very small amount of shield-
ing material and thus also deposit energy proportional to the
square of their charge.

The propagation of cosmic rays in the interplanetary me-
dium can be described by a Fokker-Planck equation. If U is
the cosmic-ray density, E is the particle kinetic energy, V is
the velocity, and �s is the symmetric part of the diffusion
tensor, the basic equation is (Parker, 1965)

@U

@t
¼ rð�s � rUÞ � ~V � rU

þ 1

3
r � ~V

@

@E

��
1þ m

Eþm

�
UE

�
¼ 0; (4)

where m is the proton rest mass. A full numerical solution of
the equation is given by the deceleration potential� (in MV):

�ðr; tÞ ¼ 1

3

Z rB

r

~Vwðr0; tÞ
�ðr0; tÞ dr0; (5)

where rB is the radial extent of the heliosphere, � is the
diffusion coefficient, and Vw is the solar wind velocity. The
deceleration potential is the most important parameter in
describing the modulation of GCR intensity. An approximate
solution for the integral fluence jðr; EÞ at high energies
(� 300 MeV=nucleon) can be expressed as a function of
the deceleration potential � as

jðr; EÞ
E2 �m2

¼ j0ðrB; Eþ Ze�Þ
ðEþ Ze�Þ2 �m2

; (6)

where j0 is the local interstellar spectrum. Equation (6)
basically represents the standard convection-diffusion model
of the GCR modulation, and although it does not explain the
radial gradient and the charge dependence, it is widely used to
predict the fluence rate jðZ; E; tÞ in any point r in the helio-
sphere. Since there are no measurements of j0, different
forms for this function have been used, with the constraint
that the high-energy portion of the spectrum agrees with the
measurements in LEO. The different GCR models currently
used basically differ in the choice of this function and the
solar activity parameter used for prediction. For instance, in
Nymmik’s model (Nymmik, 1996), also known as the
Moscow State University model, j0 is described as a function
of the particle velocity � and rigidity R as

j0ðZ; EÞdE ¼ C��R�

�
dE

�

�
; (7)

where C, �, and � are Z-dependent parameters derived from
fits to experimental data. To obtain the modulated fluence rate
jnðZ; E; tÞ at time t during the nth solar cycle, the local
interstellar spectrum in Eq. (6) must be multiplied by a
modulation function �, which is a function of the decelera-
tion potential, the rigidity, and the Wolf sunspot number.
Hence, Nymmik’s model is a semiempiric approach which
relates the solar-cycle variation in the GCR intensity to the

FIG. 5 (color). Relative contribution in fluence (circles), dose

(triangles), and dose equivalent (squares) of different elements in

the GCR from the HZETRN computer code as reproduced from

Cucinotta et al. (2003) in Durante and Cucinotta (2008). The

calculation is an average over 1-year in solar minimum behind

5 g=cm2 Al shielding.

1250 Marco Durante and Francis A. Cucinotta: Physical basis of radiation protection in . . .

Rev. Mod. Phys., Vol. 83, No. 4, October–December 2011

Charge Number

Relative contribution in fluence, dose and dose equivalent of different elements in the GCR

spectrum. Calculation is an average over 1 year in solar minimum behind 5 g/cm2 Al shielding.

[Durante & Cucinotta, Rev. Mod. Phys. 83, 1245, 2011]
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INTERNAL ENVIRONMENT

BUT we don’t have naked astronauts in free space . . .
... and usually not thinly shielded
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INTERNAL ENVIRONMENT

[Walker, Townsend, Norbury, Advances in Space Research 51, 1792, 2013]

Percent contribution to BFO dose equivalent by charge group.
Light ions & neutrons dominate!
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INTERNAL ENVIRONMENT

• NASA space radiation has focused on heavy ions (Fe)
- OK for naked astronaut or thin shielding
- Biology: more neutron, light ion experiments at NSRL
- Not saying Heavy ions not important: need both heavy + light

• Neutrons & Light ions deflected at large angles
- Nuclear Physics: QMSFRG based on Eikonal approx
- Transport: 1d HZETRN based on Straight-Ahead approx
- Both not adequate for neutrons, light ions

• Langley: 3d nuclear physics & 3d transport for neutrons, light ions

• Neutrons large Q, light ions highly penetrating
- Accurate description→ lower risk
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GCR SENSITIVITY ANALYSIS: EXTERNAL ENVIRONMENT

• Heavy Ions in external environment

- Produce the light ions and neutrons in the internal environment
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GCR SENSITIVITY ANALYSIS

• ACE = Advanced Composition Explorer
- Earth-Sun L1 (1.5 million km from Earth)
- CRIS Cosmic Ray Isotope Spectrometer

• AMS = Alpha Magnetic Spectrometer (on board ISS)
- Search for dark matter, antimatter etc.
- Also cosmic rays

• NSRL = NASA Space Radiation Lab
- Brookhaven National Lab on Long Island
- p - Fe 50 MeV/n - 1 GeV/n
- up to Au 165 MeV/n

• FAIR = Facility for Antiproton and Ion Research
- GSI Gesellschaft fur Schwerionenforschung (Darmstadt)
- Ne 45 GeV/n, U 35 GeV/n
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GCR SENSITIVITY ANALYSIS - 20 g/cm2

[Slaba & Blattnig, Space Weather, in press, 2014]

4 
 

 
Figure 2. Differential effective dose rate as a function of boundary kinetic energy behind 20 g/cm2 of aluminum 

exposed to solar minimum conditions described by BON2010 model. Results for specific ions have been scaled to 
improve plot clarity. The location of the peak distribution values along the horizontal axis indicates which boundary 

energies are most important to effective dose behind shielding.  
 
 
 The proton effective dose behind shielding has the broadest distribution of any ion, ranging from 100 
MeV/n to 10 GeV/n – consistent with similar results from Mrigakshi et al. [2013]. The heavy ion distributions 
narrow because secondary ions produced in nuclear interactions are typically less biologically damaging than the 
original ion. Consequently, the main contribution to effective dose comes directly from the primary heavy ion, and 
the resulting distribution is determined by range-energy relationships, tissue weighting factors, and the intervening 
shield and tissue thicknesses.  
 For protons and alphas, there is a non-negligible contribution to effective dose in the energy region between 
250 MeV/n and 500 MeV/n. However, for all heavy ions with Z > 2, approximately 95% of the effective dose 
behind moderate shielding comes from boundary energies greater than 500 MeV/n. 
 In Figure 3, the relative contribution (as described in the Appendix) of GCR ions to effective dose is shown 
for solar minimum and solar maximum conditions as a function of aluminum shield thickness. The results labeled "Z 
> 2" include contributions from all boundary ions with charge Z > 2. Similar results are shown in Figure 4 for 
polyethylene shielding. The contributions from boundary energies less than 500 MeV/n (dashed lines) and greater 
than 500 MeV/n (solid lines) have been explicitly separated in each figure. The data in Figures 3 and 4 clearly 
establish that for heavy ions, boundary energies less than 500 MeV/n (dashed lines) contribute less than 5% to the 
effective dose behind shielding thicknesses greater than 10 g/cm2.  
 The impact of solar activity on these sensitivity results is visible but appears to be small even at small 
shielding thicknesses. The relative contribution from high energy heavy ions (solid blue curve) in Figure 3 at zero 
shielding thickness changes from 41% during solar minimum to 48% during solar maximum. During solar 
maximum, the low energy portion of the GCR spectrum is suppressed by the Sun's magnetic field, and the relative 
contribution to effective dose from higher energy ions is increased. Similar trends are observed for protons and 
alphas.  
 The impact of shielding material on these sensitivity results is also visible but small. For example, if one 
compares the left panes of Figures 3 and 4, it can be seen that the decline in the heavy ion (or increase in proton) 
contribution curve as a function of shield thickness is more gradual in aluminum than in polyethylene. This is 
attributed to the well known ability of the hydrogenous polyethylene to limit secondary particle production and 
attenuate neutron transport through elastic interactions.  
 The most dominant factor in affecting the relative contribution of each ion to effective dose is the shielding 
thickness. Beyond 40 g/cm2, the relative contribution curves become relatively flat as most of the primary heavy 

GCR spectrum 90% effective dose > 500 MeV/n (ACE not helpful)
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GCR SENSITIVITY ANALYSIS - 0 g/cm2

Energy Range Satellite Accelerator
———————————————————————————————
E1 < 250 MeV/n ACE, AMS NSRL
E2 250− 500 MeV/n ACE, AMS NSRL
E3 500− 1500 MeV/n AMS NSRL, FAIR
E4 1500− 4000 MeV/n AMS FAIR
E5 > 4000 MeV/n AMS FAIR

[Slaba & Blattnig, Space Weather, in press, 2014]

6 
 

  Specific relative contribution values have been drawn from the left pane of Figure 3 at 0 g/cm2, 20 g/cm2, 

and 40 g/cm2 and are given in Tables 1 – 3, respectively. The columns labeled 1E , 2E , 3E , 4E , 5E  correspond to 

the energy groups identified at the top of Figure 2. Summing all values in a column gives the total contribution from 
all GCR ions over a specific range of boundary energies.  It will be shown in a following paper that these values 
may be used to efficiently propagate uncertainties in the GCR boundary condition to effective dose behind shielding.  
 
 
Table 1. Relative contribution (⨯100) of GCR boundary energy and charge groups to effective dose with no 
shielding. A value of 0.0 indicates that the relative contribution is less than 0.1%. The BON2010 GCR model was 
used for these results during solar minimum conditions. 

 
1E  2E  3E  4E  5E  Total 

Z = 1 2.1 3.7 11.6 10.5 7.7 35.6 
Z = 2 2.1 1.4 2.5 1.6 0.9 8.4 
Z = 3-10 4.1 5.5 2.6 1.0 0.6 13.8 
Z = 11-20 1.4 6.0 7.7 2.7 1.5 19.3 
Z = 21-28 0.4 3.0 11.1 5.5 3.0 22.9 
Totals 10.0 19.5 35.6 21.3 13.6 100.0 

 
 
Table 2. Relative contribution (⨯100) of GCR boundary energy and charge groups to effective dose with 20 g/cm2 
aluminum shielding. A value of 0.0 indicates that the relative contribution is less than 0.1%. The BON2010 GCR 
model was used for these results during solar minimum conditions. 

 
1E  2E  3E  4E  5E  Total 

Z = 1 1.2 5.4 18.2 18.4 14.8 58.1 
Z = 2 1.2 2.2 4.1 2.9 1.7 12.2 
Z = 3-10 0.0 3.3 3.8 1.3 0.8 9.1 
Z = 11-20 0.0 0.2 6.6 2.0 1.1 10.0 
Z = 21-28 0.0 0.0 4.7 3.8 2.1 10.6 
Totals 2.5 11.1 37.4 28.4 20.5 100.0 

 
 
Table 3. Relative contribution (⨯100) of GCR boundary energy and charge groups to effective dose with 40 g/cm2 
aluminum shielding. A value of 0.0 indicates that the relative contribution is less than 0.1%. The BON2010 GCR 
model was used for these results during solar minimum conditions. 

 
1E  2E  3E  4E  5E  Total 

Z = 1 0.2 5.4 20.9 23.0 20.0 69.6 
Z = 2 0.1 2.5 4.9 3.9 2.5 14.0 
Z = 3-10 0.0 0.5 3.9 1.4 0.9 6.7 
Z = 11-20 0.0 0.0 2.9 1.4 0.8 5.1 
Z = 21-28 0.0 0.0 1.1 2.3 1.2 4.6 
Totals 0.3 8.5 33.8 32.0 25.4 100.0 

 
 
3. Summary and Conclusions 
 
 In this paper, a computational method was presented for quantifying the extent to which each GCR ion and 
energy group, prior to entering any shielding material or body tissue, contributes to effective dose behind shielding. 
It was found that GCR with Z > 2 and energies below 500 MeV/n contribute less than 5% to the total effective dose 
behind shielding. This finding should be considered simultaneously with the fact that most GCR models are 
developed and validated using ACE/CRIS measurements below 500 MeV/n. Consequently, it is possible for two 
GCR models to very accurately reproduce ACE/CRIS measurements while inducing very different effective dose 
values behind shielding. Results from this analysis may be used to calibrate GCR model parameters to reduce 

E3 + E4 + E5 = 70% E4 + E5 = 35%
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GCR SENSITIVITY ANALYSIS - 20 g/cm2

Energy Range Satellite Accelerator
———————————————————————————————
E1 < 250 MeV/n ACE, AMS NSRL
E2 250− 500 MeV/n ACE, AMS NSRL
E3 500− 1500 MeV/n AMS NSRL, FAIR
E4 1500− 4000 MeV/n AMS FAIR
E5 > 4000 MeV/n AMS FAIR

[Slaba & Blattnig, Space Weather, in press, 2014]

6 
 

  Specific relative contribution values have been drawn from the left pane of Figure 3 at 0 g/cm2, 20 g/cm2, 

and 40 g/cm2 and are given in Tables 1 – 3, respectively. The columns labeled 1E , 2E , 3E , 4E , 5E  correspond to 

the energy groups identified at the top of Figure 2. Summing all values in a column gives the total contribution from 
all GCR ions over a specific range of boundary energies.  It will be shown in a following paper that these values 
may be used to efficiently propagate uncertainties in the GCR boundary condition to effective dose behind shielding.  
 
 
Table 1. Relative contribution (⨯100) of GCR boundary energy and charge groups to effective dose with no 
shielding. A value of 0.0 indicates that the relative contribution is less than 0.1%. The BON2010 GCR model was 
used for these results during solar minimum conditions. 

 
1E  2E  3E  4E  5E  Total 

Z = 1 2.1 3.7 11.6 10.5 7.7 35.6 
Z = 2 2.1 1.4 2.5 1.6 0.9 8.4 
Z = 3-10 4.1 5.5 2.6 1.0 0.6 13.8 
Z = 11-20 1.4 6.0 7.7 2.7 1.5 19.3 
Z = 21-28 0.4 3.0 11.1 5.5 3.0 22.9 
Totals 10.0 19.5 35.6 21.3 13.6 100.0 

 
 
Table 2. Relative contribution (⨯100) of GCR boundary energy and charge groups to effective dose with 20 g/cm2 
aluminum shielding. A value of 0.0 indicates that the relative contribution is less than 0.1%. The BON2010 GCR 
model was used for these results during solar minimum conditions. 

 
1E  2E  3E  4E  5E  Total 

Z = 1 1.2 5.4 18.2 18.4 14.8 58.1 
Z = 2 1.2 2.2 4.1 2.9 1.7 12.2 
Z = 3-10 0.0 3.3 3.8 1.3 0.8 9.1 
Z = 11-20 0.0 0.2 6.6 2.0 1.1 10.0 
Z = 21-28 0.0 0.0 4.7 3.8 2.1 10.6 
Totals 2.5 11.1 37.4 28.4 20.5 100.0 

 
 
Table 3. Relative contribution (⨯100) of GCR boundary energy and charge groups to effective dose with 40 g/cm2 
aluminum shielding. A value of 0.0 indicates that the relative contribution is less than 0.1%. The BON2010 GCR 
model was used for these results during solar minimum conditions. 

 
1E  2E  3E  4E  5E  Total 

Z = 1 0.2 5.4 20.9 23.0 20.0 69.6 
Z = 2 0.1 2.5 4.9 3.9 2.5 14.0 
Z = 3-10 0.0 0.5 3.9 1.4 0.9 6.7 
Z = 11-20 0.0 0.0 2.9 1.4 0.8 5.1 
Z = 21-28 0.0 0.0 1.1 2.3 1.2 4.6 
Totals 0.3 8.5 33.8 32.0 25.4 100.0 

 
 
3. Summary and Conclusions 
 
 In this paper, a computational method was presented for quantifying the extent to which each GCR ion and 
energy group, prior to entering any shielding material or body tissue, contributes to effective dose behind shielding. 
It was found that GCR with Z > 2 and energies below 500 MeV/n contribute less than 5% to the total effective dose 
behind shielding. This finding should be considered simultaneously with the fact that most GCR models are 
developed and validated using ACE/CRIS measurements below 500 MeV/n. Consequently, it is possible for two 
GCR models to very accurately reproduce ACE/CRIS measurements while inducing very different effective dose 
values behind shielding. Results from this analysis may be used to calibrate GCR model parameters to reduce 

E3 + E4 + E5 = 86% E4 + E5 = 49%
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GCR SENSITIVITY ANALYSIS - 40 g/cm2

Energy Range Satellite Accelerator
———————————————————————————————
E1 < 250 MeV/n ACE, AMS NSRL
E2 250− 500 MeV/n ACE, AMS NSRL
E3 500− 1500 MeV/n AMS NSRL, FAIR
E4 1500− 4000 MeV/n AMS FAIR
E5 > 4000 MeV/n AMS FAIR

[Slaba & Blattnig, Space Weather, in press, 2014]

6 
 

  Specific relative contribution values have been drawn from the left pane of Figure 3 at 0 g/cm2, 20 g/cm2, 

and 40 g/cm2 and are given in Tables 1 – 3, respectively. The columns labeled 1E , 2E , 3E , 4E , 5E  correspond to 

the energy groups identified at the top of Figure 2. Summing all values in a column gives the total contribution from 
all GCR ions over a specific range of boundary energies.  It will be shown in a following paper that these values 
may be used to efficiently propagate uncertainties in the GCR boundary condition to effective dose behind shielding.  
 
 
Table 1. Relative contribution (⨯100) of GCR boundary energy and charge groups to effective dose with no 
shielding. A value of 0.0 indicates that the relative contribution is less than 0.1%. The BON2010 GCR model was 
used for these results during solar minimum conditions. 

 
1E  2E  3E  4E  5E  Total 

Z = 1 2.1 3.7 11.6 10.5 7.7 35.6 
Z = 2 2.1 1.4 2.5 1.6 0.9 8.4 
Z = 3-10 4.1 5.5 2.6 1.0 0.6 13.8 
Z = 11-20 1.4 6.0 7.7 2.7 1.5 19.3 
Z = 21-28 0.4 3.0 11.1 5.5 3.0 22.9 
Totals 10.0 19.5 35.6 21.3 13.6 100.0 

 
 
Table 2. Relative contribution (⨯100) of GCR boundary energy and charge groups to effective dose with 20 g/cm2 
aluminum shielding. A value of 0.0 indicates that the relative contribution is less than 0.1%. The BON2010 GCR 
model was used for these results during solar minimum conditions. 

 
1E  2E  3E  4E  5E  Total 

Z = 1 1.2 5.4 18.2 18.4 14.8 58.1 
Z = 2 1.2 2.2 4.1 2.9 1.7 12.2 
Z = 3-10 0.0 3.3 3.8 1.3 0.8 9.1 
Z = 11-20 0.0 0.2 6.6 2.0 1.1 10.0 
Z = 21-28 0.0 0.0 4.7 3.8 2.1 10.6 
Totals 2.5 11.1 37.4 28.4 20.5 100.0 

 
 
Table 3. Relative contribution (⨯100) of GCR boundary energy and charge groups to effective dose with 40 g/cm2 
aluminum shielding. A value of 0.0 indicates that the relative contribution is less than 0.1%. The BON2010 GCR 
model was used for these results during solar minimum conditions. 

 
1E  2E  3E  4E  5E  Total 

Z = 1 0.2 5.4 20.9 23.0 20.0 69.6 
Z = 2 0.1 2.5 4.9 3.9 2.5 14.0 
Z = 3-10 0.0 0.5 3.9 1.4 0.9 6.7 
Z = 11-20 0.0 0.0 2.9 1.4 0.8 5.1 
Z = 21-28 0.0 0.0 1.1 2.3 1.2 4.6 
Totals 0.3 8.5 33.8 32.0 25.4 100.0 

 
 
3. Summary and Conclusions 
 
 In this paper, a computational method was presented for quantifying the extent to which each GCR ion and 
energy group, prior to entering any shielding material or body tissue, contributes to effective dose behind shielding. 
It was found that GCR with Z > 2 and energies below 500 MeV/n contribute less than 5% to the total effective dose 
behind shielding. This finding should be considered simultaneously with the fact that most GCR models are 
developed and validated using ACE/CRIS measurements below 500 MeV/n. Consequently, it is possible for two 
GCR models to very accurately reproduce ACE/CRIS measurements while inducing very different effective dose 
values behind shielding. Results from this analysis may be used to calibrate GCR model parameters to reduce 

E3 + E4 + E5 = 91% E4 + E5 = 57%
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GCR SENSITIVITY ANALYSIS

[Simpson, Ann. Rev. Nucl. Part. Sci.1983]
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GCR SENSITIVITY ANALYSIS

[Simpson, Ann. Rev. Nucl. Part. Sci.1983]

ACE/CRIS
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GCR SENSITIVITY ANALYSIS

[Simpson, Ann. Rev. Nucl. Part. Sci.1983]

ACE/CRIS

AMS
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GCR SENSITIVITY ANALYSIS

[Simpson, Ann. Rev. Nucl. Part. Sci.1983]

ACE/CRIS

AMS

90% effective dose (40 g/cm^2)
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GCR SENSITIVITY ANALYSIS

NSRL

[Simpson, Ann. Rev. Nucl. Part. Sci.1983]

ACE/CRIS

AMS

90% effective dose (40 g/cm^2)
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GCR SENSITIVITY ANALYSIS

NSRL

NSRL
upgrade

[Simpson, Ann. Rev. Nucl. Part. Sci.1983]

ACE/CRIS

AMS

90% effective dose (40 g/cm^2)
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GCR SENSITIVITY ANALYSIS

NSRL

NSRL
upgrade

[Simpson, Ann. Rev. Nucl. Part. Sci.1983]

ACE/CRIS

AMS

90% effective dose (40 g/cm^2)

60% effective dose (40 g/cm^2)
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GCR SENSITIVITY ANALYSIS

NSRL

NSRL
upgrade

[Simpson, Ann. Rev. Nucl. Part. Sci.1983]
FAIR

ACE/CRIS

AMS

90% effective dose (40 g/cm^2)

60% effective dose (40 g/cm^2)
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GCR SENSITIVITY ANALYSIS - ROUGH CONCLUSIONS

• No shielding (naked astronaut)

Satellites: ACE helpful, AMS much better
Accelerators: NSRL very useful, FAIR very useful

• Moderate shielding (20 g/cm2)

Satellites: ACE inadequate, AMS very useful
Accelerators: NSRL useful for low Z, FAIR useful for high Z

• Thicker shielding (40 g/cm2)

Satellites: ACE useless, AMS very useful
Accelerators: NSRL inadequate, FAIR very useful
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GCR SENSITIVITY ANALYSIS - OVERSTATED CONCLUSIONS

NASA Space Radiation Lab (NSRL):

• Wrong Ions (Z)?
- Internal spectrum neutrons & light ions

• Wrong Flux (dose rate)?
- Hormesis, Bystander, Fractionation, Countermeasures

• Wrong Energy (E)?
- 60% effective dose > 1.5 GeV/n (40 g/cm2)
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SUMMARY

• E = 1 GeV/n, really means T = 1 GeV/n

• Cross Section
- Total, Differential, Angular, Spectral, Double Differential

• Transport
- Flux, Fluence, Dose, Dose Equivalent

• Pions make significant contributions to dose

• Possible minimum in Dose equivalent vs. Depth curve

• ACE not sufficient - AMS needed

• NSRL not sufficient - FAIR needed
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THE END

john.w.norbury@nasa.gov
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