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Abstract

Light ions and neutrons have been shown to make large contributions to space radiation
dose equivalent for realistic shielding scenarios. Efficient and accurate calculations of light
ion double-differential cross sections are required for input into space radiation transport
codes. A thermal proton cross section model is developed which includes proton produc-
tion from the three sources of projectile, central fireball, and target. It is shown that
this three-source model is able to explain the low momentum shoulder seen in proton
spectra. Using the coalescence model, the thermal proton model is used to calculate light
ion double-differential cross sections employed in space radiation transport codes. The
three-source model is also seen to be essential to explain the light ion shoulders, which
are even more pronounced than the proton shoulders. Comparisons are also made to the
cross section models used in the SHIELD transport code.



1 Introduction

Future long duration space missions beyond low Earth orbit will continue to involve a
large number of international partners. Many space agencies have modeling tools that
can be used to evaluate space radiation effects, and a program has recently begun that
compares the results of American (NASA) and Russian (ROSCOSMOS) space radiation
codes. Five meetings have been held in Moscow, with other space agencies from Europe,
Canada and Japan joining the last two meetings. Three papers [1, 2, 3] have already been
published concerning work initiated at these meetings.

In the first paper [1], the space radiation transport codes, HZETRN (NASA) [4, 5,
6, 7, 8], SHIELD (ROSCOSMOS) [9, 10], FLUKA [11] and GEANT [12] were compared
to each other for heavy ion, light ion', and pion production after the galactic cosmic ray
(GCR) spectrum? was transported through various aluminum shield thicknesses. It was
shown that the biggest differences among the codes occurred for light ion production in
the low energy region below several hundred MeV. The disagreements were thought to be
due to differences in nuclear models employed in the different codes. The second paper [2]
focused on models of pion production cross sections used in the HZETRN (NASA) and
SHIELD (ROSCOSMOS) transport codes. It was found that these models are in moderate
agreement with each other and with experimental data, and further model improvements
were recommended. The third paper [3] focused on calculation of the GCR environment
flux. Commonly used GCR models were compared with recently published measurements
of cosmic ray Hydrogen, Helium, and the Boron-to-Carbon ratio from the Alpha Magnetic
Spectrometer (AMS). The models were developed and calibrated prior to the publication
of the AMS data; therefore this was an opportunity to validate the models against an
independent data set. Overall, the different GCR models were in reasonable agreement
with AMS data in energy regions important for space radiation.

The present work represents the fourth paper in this series and is devoted to comparing
NASA and ROSCOSMOS cross section models for light ion production. Recent work
[13, 14] has shown that light ions and neutrons provide the dominant contribution to
space radiation dose equivalent for realistic spacecraft shielding of about 20 g/cm? or
more. This is in contrast to thinly shielded regions of about 5 g/cm? or less, where the
dominant contribution comes from high linear energy transfer (LET) heavy ions.

As mentioned above, Norbury et al. [1] compared light ion and neutron production
obtained by different transport techniques because of the importance of light ions and
neutrons to astronaut exposure in realistic shielding scenarios. The largest differences
between the various transport codes occurred for light ion production. Large differences
for light ion production have also been seen in other transport code comparison studies

Light ions are defined to be isotopes of Hydrogen (H) and Helium (He); ions heavier than He are
called heavy ions.

2Galactic cosmic rays represent a continuous source of radiation that constitutes one of the major
hazards during deep space exploration missions for both astronauts/cosmonauts and hardware.



[15] for thick 60 g/cm? targets. Furthermore, measurements of light ions on the Martian
surface with the MSLRAD instrument show large differences between measurements and
transport codes [16]. Finally, recent unpublished measurements [17] made at the NASA
Space Radiation Laboratory (NSRL) with high energy, heavy ion transport through thick
shielding targets show significant discrepancies between measurements and transport code
predictions for light ion production. Consequently, light ion production is now considered
to be the largest physics uncertainty in space radiation calculations.

Many transport codes, such as SHIELD [9, 10], FLUKA [11], GEANT [12], PHITS
[18, 19], MCNP [20], and HETC |21, 22] employ stochastic Monte-Carlo (MC) techniques.
However, NASA employs deterministic codes, such as HZETRN [23] and 3DHZETRN
[4, 5, 6, 7, 8], which are highly computationally efficient as compared to MC codes and
may be used for spacecraft design and real-time evaluation of space radiation environ-
ments. These deterministic codes require quick and efficient calculation of nuclear inter-
action cross sections. Cross sections can also be evaluated to a high degree of accuracy
with MC techniques, but these are often too inefficient to be useful for deterministic trans-
port. Consequently, specialized parameterizations are often developed for cross section
calculations [24].

A consistent and important theme for verification and validation of the NASA deter-
ministic transport codes has always involved comparisons of results with MC codes for
simplified geometries that can be evaluated within a reasonable time frame [4, 5, 6, 7, 8].
This theme is continued in the present work with cross section models. A fast and efficient
light ion double-differential cross section model parameterization developed for use in de-
terministic transport codes will be compared to cross section results used in the SHIELD
Monte-Carlo code.

Light ions and neutrons scatter at both small and large angles as they undergo trans-
port within spacecraft shielding. High energy heavy ions, however, typically continue
moving in the forward direction due to their large forward momentum. One-dimensional
deterministic transport codes [23] employing the straight-ahead approximation have been
used successfully to describe the transport of high energy heavy ions. However, this ap-
proximation fails for large angle scattering of light ions and neutrons, and special three-
dimensional deterministic transport codes have been developed to calculate light ion and
neutron transport through spacecraft shielding [4, 5, 6, 7, 8]. These three-dimensional
deterministic transport codes require double-differential cross sections as input. Effi-
cient cross section parameterizations are required that are valid for all GCR projectile
nuclei from Hydrogen to Nickel and for energies up to tens of GeV/n. While some
double-differential cross section model parameterizations have been previously developed
[25, 26, 27] for specific projectile-target combinations valid at certain energies, a model
for all GCR projectile nuclei (up to Nickel) and all energies (tens of GeV/n), does not yet
exist.

The present work seeks to develop model parameterizations of double-differential cross
sections for light ion production in high energy nuclear collisions valid for the GCR nuclear



spectrum. The parameterizations are developed with the goal of efficient cross section
calculations that can be used in fast, deterministic three-dimensional space radiation
transport codes. Full details of the model can be found in an internal report [28], and the
main highlights will be discussed herein. As discussed above, another goal of the present
work is to provide a comparison to cross section models used in the Russian SHIELD
(ROSCOSMOS) transport code [9, 10].

2 Parameterized double-differential cross section model

When a high energy projectile nucleus collides with a target nucleus, there are typically
three states of matter produced, namely a projectile fragment P, a target fragment T,
and a highly excited central C overlap region® involving pieces of both the projectile and
target that have collided directly. All three regions subsequently decay, and all three
sources can contribute to light ion fragment production measured in experiments.

Due to interest in specific fragment energies and production mechanisms, many early
theoretical models [25, 26, 27, 29, 30] of the collision process considered only contributions
to light ion production from either projectile fragmentation or central fireball emission.
One of the first studies that considered adding contributions from both the projectile
and central fireball for light ion production was performed by Auble et al. [25]; however,
target contributions were not taken into account.

From the applied space radiation transport point of view, it is necessary to include
fragments produced from all sources. There is no light ion double-differential cross section
parameterization that exists for the complete GCR spectrum that includes production
from all the three sources of projectile fragment, target fragment and central fireball:
Such a parameterization is developed herein.

As the central fireball cools and decays it emits nucleons that coalesce into the light
ion isotopes of H and He. The fireball density drops very rapidly, and nucleons are unable
to coalesce to form heavier ions. Of course, the projectile and target fragments also
emit nucleons and these can also coalesce. Thus, light ions are produced from nucleon
coalescence of all three sources; projectile, central fireball and target®.

2.1 Thermal proton production model

A double-differential cross section parameterization is now developed for proton produc-
tion that will be valid for the GCR spectrum and include the three sources mentioned

3The central region is often called the fireball. It is typically much hotter and more excited than the
projectile and target fragments.

4There will also be direct production of light ions, but this will not occur via fireball production, and
target production will be limited to quite small momentum values, and so the dominant direct production
source is the projectile fragment. Such direct production is seen mainly at very small angles [27], and is
not necessary to explain the larger angle data of Nagamiya et al. [26] studied in the present work.
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above. The model parameterization is based on a thermal model [26] for emitting an
arbitrary type of particle fragment.

2.1.1 Single-source model

The thermal model expression for the Lorentz-invariant double-differential cross section
for production of a fragment particle is [26]

Ao

w = NeiT/Q ) (1)
where 7' is the kinetic energy of the emitted fragment. The temperature © is given in
units of energy and N is a constant. Equation (1) seems very simple, but its practical
implementation is more complicated, as seen later in equation (18).

The constant NN is related to the total cross section o. However, it is often simply fitted
to data [25, 26]; this is unsatisfactory for the model parameterization being developed
herein for use in transport codes. Instead, N will be evaluated correctly in terms of o,
which is the integral of the Lorentz-invariant differential cross section,
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with the 47 factor arising from assuming isotropic emission of particles in the reference
frame in which they are produced. Inserting the thermal model of equation (1) gives

:4N/°°dT T(T + 2m) e 1/© . 3
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Using the result

/0 T AT T(T 1 2m) ¢ 7/ = mOe™ O K, (m)0) (4)

where K;(m/0) is the modified Bessel function of the second kind [31] of order 1 as a
function of m /O, giving the thermal model total cross section as

o = 4rNmOe™®K,(m/0O). (5)

Substituting into equation (1), gives the single-source thermal model (correctly normalized
so that the integral of the Lorentz-invariant differential cross section gives the total cross
section), which becomes

o o
E — —(T+m)/@ )
dp?  4mmOK;(m/0O) ‘ (6)



2.1.2 Three-source model

As mentioned previously, the cross section measured in the lab frame will contain contri-
butions from the projectile fragment, the central fireball and the target fragment. Note
that the target is approximately at rest in the lab frame. Therefore, the target rest frame
is considered identical to the lab rest frame. Cross sections from each of these three frames
must be Lorentz-transformed to the lab frame and added together to form the final lab
frame cross section. The lab frame is also identical with the spacecraft rest frame through
which GCR particles are transported. In any particle production cross section model,
including thermal models, there will be contributions from all three sources.

One might use the symbols P, C, or T for the projectile, central fireball or target rest
frames respectively. However, the general expressions for the Lorentz-transformations will
be the same for any frame and so a more compact notation using the x symbol will be
used, where * refers to any of the projectile, central fireball, or target rest frames. The
symbols P, C, or T will only be used if it is necessary to specify a particular frame.

Equation (1) is the general expression for a thermal model cross section evaluated in
any of the three source frames discussed previously. The thermal model for a particle j
emitted in the * frame (x = projectile P, or central fireball C, or target 7)) is

3
[E;l;;(ﬁjb@ﬂ)} = Ne 59 = N exp[~Tju(pje. 00)/©4] , (7)
where p;;, and 6;;, are the momentum and angle of particle j in the lab frame, L. The
notation (p;r,, 6;1) indicates that the functions must be written as explicit functions of the
lab frame L variables p;;, and 6;;, because these are the variables used for the experimental
cross sections, with which the thermal model is to be compared. However, Tj, is the
kinetic energy of particle j in the * frame, and this needs to be Lorentz-transformed
to the lab frame L. The temperature of the x frame is ©,, which does not need to be
Lorentz-transformed because it is a Lorentz-scalar.

In order to Lorentz-transform the particle j kinetic energy T, write
Tj« = Ejx —my (8)
where E is the total energy and m is the rest mass®
of the total energy is [32]

energy. The Lorentz-transformation

Ej* = VY«L EjL — VL ﬁ*L Pz (9)

where the longitudinal momentum is given as pz;;, = p;z cos8;r, with p;;, = |pj .. The
relativistic v,z and B,r, factors refer to the speed® of the * frame with respect to the lab

5Standard particle physics units are used throughout this paper with the speed of light ¢ = 1.

6The speed of the projectile, relative to the lab, is easily determined from the projectile kinetic energy.
The speed of the target, relative to the lab, is zero. The approach used in the present work is to take the
central fireball speed to be identical to the speed of the nucleon-nucleon center-of-momentum rest frame,
as in the study of Nagamiya et al. [26].



frame L. That is, they are relations between different reference frames and have nothing
to do with particle 5. Thus, the Lorentz-transformed total energy of particle j in terms
of (pjr,0;1) variables is

Ej =1 m — YL Ber Pjr cost;r, (10)

which is simply substituted into equation (7) via equation (8) to give the final answer for
the thermal model Lorentz-invariant double-differential cross section in the * frame,

o
[Edpg<ij,ejL>] N expl=(yos /2y 2 — s B, pys o8Oy —my)/0.] . (11)

*

Once one has the right hand side of the Lorentz-invariant differential cross section of

equation (7) written explicitly in terms of the lab L, variables (p,z,0;), then one has

the final answer as equation (11), which is the * frame Lorentz-invariant differential cross

section in terms of particle j lab frame variables (p;z,6;.). The left hand side of equation

(7) or (11) in terms of (p;z,0,1) variables is the % frame Lorentz-invariant differential

cross section, which is equal to thf lab frame Lorentz-invariant differential cross section
d°oc

precisely because the quantity F a7 s Lorentz-invariant.

Cross sections for j particles from the three sources need to be added together as

dPo d3o 3o dBPo
EdT)?)(PjL,@jL) = [ECW<ij>9jL)]P + Edpg(ij,QjL)L + [Ew(ij,ejL)]T
_ N(eijL/@P +e jL/Oc +e jL/@T) ) (12)

The cross sections can be added in this simple way because they are all Lorentz-invariant.
Each of the three terms in equation (12) is calculated using equation (11), where x
is replaced by P, C, or T symbols representing projectile, central fireball, or target,
respectively. (Of course, the target frame is identical to the lab frame, so that the
Lorentz-transformation is trivial, in that v, = 1 and Sy, = 0, resulting in the iden-
tity E;7 = E;1.) Explicitly, equations (11) and (12) give

o
EdTog,(ija QJL) = N{exp[—(’YPL \/p?L + m? — vprL BrL PjL COS 9jL - mj)/@P]

+expl—(ver \/Pir +m3 — ver Ber i cos O —my)/Oc]
+expl—(yro\/PiL + M5 — yrL Bro pjncos O, —my)/ O]}
(13)

This equation represents the thermal model with contributions from the projectile, target
and central sources, all Lorentz-transformed to the lab frame; equation (13) is the practical
implementation of the simple-looking form of the thermal model in equation (1).
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Next, the normalization constant N must be evaluated. For the three-source thermal
model, the normalization is more complicated than for the single-source normalization in
equation (6). The total cross section is obtained by integrating all three sources. Using
equation (12) and following the method of equation (2) gives

B dp [ _do
o= [F (%)
Bp d3c d°o
/F { lEdpg(PjL, HjL)]P + [Ecw%(ijﬂ ejL)]

2 3
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giving the normalization
o
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(16)

N =

The full three-source thermal model, correctly normalized so that the integral of the
Lorentz-invariant differential cross section gives the total cross section, therefore becomes

d*o
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In terms of total 3-momentum and angle variables (p;r, 6;1), the final thermal model for
proton production is

o o

Edeg(ij, 9jL) =

T, {exp[—(ypr \/PiL +m3 — ypL BpL pjr cos O — m;)/Op]

+exp[—(ver \/Pir +mF — ver Ber pjr cos i, —my)/Oc]
+expl—(yrL /P + M5 — yrL Bro pjncos O, —my)/O7]}

-1
X {@pem/epKl(mJ’/@p) + @cemj/GCKl(mj/@c) + @Temj/eTKl(mj/@T)} .

This very nice, compact equation parameterizing the Lorentz-invariant double-differential
proton thermal model cross section has not previously appeared in the literature”. It
includes all three sources and is normalized correctly to the total cross section.

2.1.3 Total cross section values

Equations (6, 17, 18) give the Lorentz-invariant double-differential cross section for proton
production, with normalization such that the integral of the differential cross section gives
the total cross section, o. Therefore, a separate model is needed to calculate o. The
present work uses the NUCFRG3 [24] model, but any other type of model could be used.
Calculations for proton strong interaction production cross sections from nucleus-nucleus
reactions are listed in Table 1. For the Ar + KCl and C + C reactions, the contributions
from electromagnetic dissociation interactions are small [39, 40] and are not included here.

2.1.4 Temperature parameters

The entire set of models developed in the present work use only two adjustable parameters,
which are the participant (central fireball) and spectator (projectile or target) tempera-
tures. These are summarized in Table 2.

As mentioned previously, the nucleus-nucleus reaction contains two spectator pre-
fragments, namely the projectile and target, as well as a participant region which is the
central fireball. From the center-of-momentum frame it makes sense for both spectators to
have the same temperature, given that temperature is a Lorentz-scalar. The participant
region will be much hotter than the spectators. Values for these parameters are listed in
Table 2. The choices were guided from values listed in the literature [26].

"Nevertheless, forms similar to equation (13) have appeared previously in the form of neutron pro-
duction parameterizations [33, 34, 35, 36, 37, 38|, where the cross section normalization N remains an
adjustable parameter. None of the neutron parameterizations [33, 34, 35, 36, 37, 38] have written N
in terms of the total cross section, as presented in equation (18). When N is treated as an adjustable
parameter, there is no guarantee that the integrated double differential cross section correctly gives the
total cross section.

(18)



2.2 Composite light ion coalescence model

A coalescence model, based on the work of Nagamiya et al. [26], is now developed for
composite light ion (>3H, 34He) production cross sections. The light ion Lorentz-invariant
double-differential cross section E4 d*c4/dp? is related to the proton Lorentz-invariant
double-differential cross section E, d*oy,/dp} as [26]

gL _ o (E d30P>A with pa = Ap, and E, = AE (19)

A dp?q A p dp% ) ba Pp A P>
where F and p = |p| are the energy and 3-momentum magnitude of the emitted fragment,
and dp? is the momentum volume element. A is the mass number of the light ion fragment
and the p and A subscripts refer to a proton or light ion respectively. C}y is the coalescence
model coefficient. The cross sections in equation (19) refer to light ion and proton fragment
production for an arbitrary projectile and target. For example, if the reaction being
considered is Fe (1 GeV/n) + Al, the *He production cross section on the left hand side
of equation (19) refers to Fe (1 GeV/n) + Al — 3He +X, (where X are other produced
fragments), with the proton (p) production cross section on the right hand side of equation
(19) referring to Fe (1 GeV/n) + Al — p + X.

Note that in equation (19) the units of the light ion energy and momentum are GeV,
not GeV/n. This is an essential feature when using the proton cross sections on the
right hand side of equation (19) as input. The coalescence model gives the energy and
momentum of the light ion as py = Ap, and E4 = AE, respectively. (However, if a
transport code requires GeV /n, the conversion is trivial.)

The coalescence model of equation (19) is used to make predictions for light ion double-
differential cross sections using the thermal model for the proton double-differential cross
section, as given by equation (18). That is, equation (18) is used as input to the right
hand side of equation (19), by summing each source and then raising the entire sum to
the power A. In terms of (p;, ;1) variables, this becomes

Aoy d3o
Ey a5, =Cy { [Edpg(ij, 8jL)1

3

d°o dPo
+ [Edp3(ij’ 0jL>1

* lEMjL’@‘“U Y

P c

which is the model® used in the present work.

8The reason that the whole term is raised to a power, rather than raising each term individually, is
that the coalescence model, as given in equation (19), raises the entire proton cross section to the power
A. Theoretically the proton cross section is the sum of the 3 sources. Thus, the coalescence model
implies that each source should be added first and then afterwards the entire sum is raised to the power
A. Nevertheless, the idea of raising each term separately to the power A was thoroughly investigated and
found to give significantly poorer agreement with experiment.
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2.2.1 Coalescence coefficient

Observed [26] and calculated coalescence coefficients C'y are shown in Table 3. The
observed values are taken from Table VIII in the paper of Nagamiya et al. [26]. The
calculations also follow the method outlined by Nagamiya et al. [26] and proceed as
follows. The coalescence coefficient Cy is calculated as [26]

c
Ca= i - (21)
where ¢4 is a constant for each value of A, i.e. it is a constant which changes only if
the mass number A of the produced fragment changes. Equation (21) is actually the
non-relativistic limit of the coefficient in reference [26]. This is sufficient due to the very
weak energy dependence of Cy, as seen in Table VIII of reference [26]. The interaction
volume is V' = 3w R?, with the interaction radius R given by [26]

R=a(AY* + A+, (22)

where a and b are constants from reference [26] and Ap and Ay are the mass numbers of
the projectile and target nuclei, respectively.

The calculated C4 values in equation (21) require the constant c4 values as input.
These c4 are constants, which vary only with A. That is, c4 takes three different values
(see Table 4) depending on whether the fragment is H, *H, *He, “He, with the value for
3H and ®*He being the same because the A number (A = 3) is the same. The values of
ca are not discussed in reference [26], and therefore, in the present work, they have been
determined from the reaction Ar (800MeV/n) + KCI as follows,

cx = Czbs[Ar(&]OMeV/n)—i-KCl} VA_1 7 (23)

where CATE0OMV/MFRCL 0 the observed C4 values (see Table 3) for the reaction of
Ar (800MeV/n) + KCI [26]. The reason that a single reaction can be chosen to determine
cy is that ¢, values are the same for all reactions producing the same fragment. The
Ar (800MeV /n) + KCI reaction was chosen because it includes observed values for “He,
which are missing for other reactions (see Table 3). Values® for c4 are listed in Table 4,
showing that the only dependence is on the light ion fragment mass number A. Only the
three values in Table 4 are used for calculation of the entire set of reactions in Table 3,
and for all other light ion cross section predictions. Note that both of these calculated
quantities are independent of projectile kinetic energy, as seen in Table 3. Also, they have
the same value for the same mass number A, so that values for *H and 3He are the same,
as also seen in Table 3.

9As already stated, c4 depends on the A number of the fragment produced, whereas it is misleadingly
written simply as ¢ (independent of A) in the work of reference [26].
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3 SHIELD

To calculate Lorentz-invariant differential cross sections of light nuclei with the Russian
(ROSCOSMOS) models, the generator of inelastic nuclear interactions, MSDM (Multi-
Stage Dynamical Model) of the SHIELD transport code was used. The MSDM generator
[41] includes current versions of well-known Russian models of nuclear reactions, and may
be used separately, as a multipurpose Monte Carlo model of nuclear reactions.

The fast,cascade stage of nuclear reactions at energies below 1 GeV/n, is modeled
using the Dubna intranuclear cascade model [42]. Above 10 GeV/n, the Quark-Gluon
String Model (QGSM) [43] is used, while in the intermediate range 1 - 10 GeV /n, some
extensions of QGSM [44] is used. Thus, a consistent description of the fast stage of
nuclear reactions in the whole energy range of primary hadrons and nuclei up to 1 TeV/n
is provided. By the end of the cascade stage, secondary nucleons close to each other in
momentum space can coalesce to form a complex particle. Formation of fast deuterons,
tritons, helions and alpha particles is possible during the coalescence stage [42].

Evolution of the excited residual nucleus into an equilibrium state is described in terms
of the pre-equilibrium model based on the Monte Carlo solution of the corresponding
Master equation [45]. Further equilibrium de-excitation of the residual nucleus includes
several mechanisms. For light nuclei (A < 16), the modified model of Fermi break-up [46]
is applied. Medium and heavy nuclei at moderate excitations (E* < 2 MeV/n) de-excite
themselves by particle evaporation [46]. For heavy nuclei, a competition of evaporation
and fission is implemented [47]. Highly excited nuclei (E* > 2 MeV/n) may decay into
several excited fragments according to the Statistical Multi-fragmentation Model (SMM)
[48] followed by the emission of particles from fragments. Thus, the MSDM generator
provides description of all the stages of a nuclear reaction in the exclusive approach.

4 Comparison to experiment

The parameterized models and SHIELD cross sections are now compared to the Lorentz-
invariant double-differential cross section data of Nagamiya et al. [26], for light ion pro-
duction from Ar + KCI and C + C reactions, both with projectile kinetic energy of 800
MeV/n. Protons and composite light ions will be treated separately, since the parame-
terized model consists of a proton thermal model, used as input for the composite light
ion coalescence model parameterization, as discussed previously.

This work examines 47 different data sets, summarized in Table 5. The complete
number of data points is over 1,000. The proton production parameterization model only
has the two temperature parameters, and the light ion coalescence parameterization model
has no adjustable parameters. The combined proton - thermal and light ion - coalescence
parameterized models are able to approximately predict over 1,000 data points based on
only these two temperature parameters.
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4.1 Protons

The proton production thermal model Lorentz-invariant double-differential cross sections,
as given in equation (18), for Ar + KCl and C + C reactions are shown in Figures 1 and
2 respectively. Both reactions have projectile kinetic energy of 800 MeV/n. Figures 1
and 2 show total (red) and individual contributions from central fireball (blue), projectile

, and target (purple) for the parameterized thermal model. The figures show
protons being produced at various angles in the lab frame. The total (red) result is to be
compared to data.

The relative contributions of the projectile , target (purple), and central fire-
ball (blue) are interesting to study as the proton production angle changes. Thermal
model production of protons is assumed to be isotropic in the frame in which the protons
are produced. While the projectile and central fireball proton contributions vary, the
target contribution remains the same as the angle changes. This is expected because the
lab frame in which the momentum and angle of the proton are measured is identical to
the target frame, and no Lorentz-transformation is required, since the speed of the target
frame with respect to the lab is S, = 0.

At intermediate angles (10° - 20°), Figures 1 and 2 show that projectile protons con-
tribute the most at large proton momenta, with central fireball protons contributing most
at intermediate momenta. This is because the projectile is moving much faster than the
central fireball, even though the fireball is hotter. Because the fireball is so hot it also
makes contributions at large momenta. At very small momenta the target contribution
is large. As the proton production angle increases, the projectile contribution becomes
smaller because projectile protons are mainly boosted in the forward direction and only
very high energy thermal protons can exit at larger angles; therefore, at the largest angles
the projectile contribution is negligible. At intermediate angles, central fireball produc-
tion of protons is dominant. At the largest angles, only central fireball protons of very
high energy can reach large angles in the lab frame, and so the central fireball protons
contribute less, with target protons contributing a large amount at large angles.

The total proton results in Figures 1 and 2 are to be compared to the experimental
data. While pion production cross sections show a smooth exponential fall-off with in-
creasing momenta [2, 49, 50], due to dominant production from the central fireball, the
proton cross sections show a significantly different behavior at intermediate angles be-
tween 10° - 20°. The dominant intermediate angle feature is a flat shoulder region that
can be seen at lower momenta. This is seen not only in the proton spectra (Figures 1
and 2), but also in the composite light ion spectra (Figures 3 - 9). This shoulder fea-
ture was the main reason for introducing the parameterized model of the present work
to include projectile, fireball, and target contributions. For pion cross sections, only a
central fireball thermal model is all that is necessary to fit the data [2, 49, 50|, whereas
the shoulder region in the proton and light ion data necessitated the development of the
present three-source model.
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One of the main results of the present work is to show that the shoulder region of
Figures 1 and 2 can be reproduced by summing projectile and fireball contributions from
the parameterized thermal model. One of the first papers to develop this idea was by
Auble et al. [25]. In summary, Figures 1 and 2 show that the proton spectral data can
be reasonably reproduced with the three-source thermal proton model parameterization
developed herein. Nevertheless, there is room for improvement: The thermal model shows
some discrepancies with data at larger angles and higher lab momenta. This could perhaps
be improved by a better choice of parameters, which will be examined in future work when
comparison to a more extensive data set will be studied.

The cross section model results for proton production used in the SHIELD code are
also shown in Figures 1 and 2. Comparisons with data are excellent and are, in general,
better than the parameterized thermal model discussed previously. Exceptions are for the
Ar +KCl reaction at 10° and 15°, where the SHIELD results over-estimate the shoulder
region near 1.5 GeV and the parameterized thermal model is much closer to data.

4.2 Composite light ions

The light ion production coalescence parameterized model for Lorentz-invariant double-
differential cross sections for Ar + KCI and C + C reactions are shown in Figures 3 -
9 compared to experimental data [26]. As with the proton cross sections, the light ion
figures show total (red) and separated contributions from central fireball (blue), projectile

, and target (purple) from the parameterized model, with the relative kinematic
contributions of the three sources showing similar angular behavior to the proton cross
sections, discussed previously. Note however, that rather than a simple addition, individ-
ual contributions for composite light ions add according to equation (20). The separated
contributions are calculated from equation (19) for each individual source. The separated
contributions are shown for illustrative purposes only; unlike the case for protons, they
do not simply add to give the total.

Similar conclusions regarding the relative contributions of projectile and central fireball
as a function of angle were also discussed by Auble et al. [25]. At intermediate angles,
the low-momentum shoulder region of the spectra is even more pronounced for light ions
compared to protons, and the addition of the three sources is essential to explain the
light ion shoulders. Overall, the light ion parameterized model provides a reasonable
characterization of the experimental data. Nevertheless, as with the proton data, there is
room for improvement, especially for triton and helion production from C + C reactions.
More accurate calculation of the coalescence coefficients may improve the model.

Further validation of the composite light ion parameterized coalescence model is shown
in Table 3. The calculated coalescence coefficients C4 and interaction radii R, listed in
Table 3, are seen to be in reasonable agreement with the observed values. This provides
some justification that the present light ion cross section model parameterization (for
large angle light ion fragment production) developed herein is applicable to the wider
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range of nuclei and energies in the GCR spectrum.

The cross section model results for composite light ion production used in the SHIELD
code are also shown in Figures 3 - 9. For Ar + KCl reactions (Figures 3 - 6), the SHIELD
results are excellent, except with a small over-estimate of the shoulder at 10° for detuerons
and under-prediction of alpha cross sections. The C + C results (Figures 7 - 9) are
excellent for deuteron production, but under-estimate the triton and helion data.

5 Summary and Conclusions

Previous work [13, 14] has shown that light ions and neutrons provide the dominant con-
tribution to space radiation dose equivalent for realistic spacecraft shielding of the order of
20 g/cm? or more. Because light ions are so important, one would think that the relevant
physics needed for space radiation is well characterized. However, comparisons of light ion
production among different transport codes and with experimental measurements show
significant discrepancies [15, 16, 17]. In fact, light ion production represents the largest
physics uncertainty in space radiation studies. Fortunately, the largest discrepancies are
in energy regions that make smaller contributions to dose equivalent, and so model pre-
dictions of dose equivalent remain reasonably accurate. However, dose equivalent is not
the only quantity of interest in space radiation studies, and it is prudent to try to resolve
remaining physics and transport discrepancies. Because of their relatively light mass com-
pared to heavy fragment production, light ions and neutrons are scattered at both small
and large angles when produced from high energy cosmic ray interactions. Therefore,
fully three-dimensional transport methods [4, 5, 6, 7, 8] are required, and consequently,
accurate double-differential cross section models are needed for input into 3-dimensional
transport codes. Fast and efficient transport codes are used in space radiation studies
and consequently efficient cross section parameterization models are desired.
A summary of the work presented in this paper follows:

e A thermal model parameterization for proton production was developed, with the
important feature that all three sources of projectile, central fireball and target
production of protons was included. This feature was able to explain the distinctive
low-momentum, intermediate angle shoulder region in the proton spectrum.

e The three-source proton thermal model was used as input into the coalescence
model, to arrive at a cross section model parameterization for light ion production,
which also includes the three sources, and are seen to be essential in explaining the
light ion shoulders, which are even more pronounced than the proton shoulders.

e The cross section model developed herein represents a very efficient parameterization
of proton and light ion double-differential cross sections that can be used efficiently
in space radiation transport codes for large angle light ion fragment production.
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e Overall, both SHIELD and the parameterization model compare quite well to the
majority of the experimental data. SHIELD comparisons to proton production data
are excellent and are generally better than the parameterization model. For com-
posite light ion production, both SHIELD and the parameterization model compare
well to the majority of the data, except with both producing under-prediction of
tritons and helions from C+C reactions, and alpha particles from Ar + KCI reac-
tions at large angles. While the exact cause of these remaining disagreements is
unclear, it may be due to the parameters used in the proton thermal model, and
the values of the coalescence coefficients for the light ion model. Comparison and
detailed parameter fitting to a wider data set, as well as a more accurate theory of
coalescence coefficients, may improve some of the remaining discrepancies.

The most important future work, currently underway, involves developing a parame-
terization model that includes direct channel production of light ions at very small angles,
between 0° - 10°. The data in this region show a large quasileastic peak, which needs to
be correctly modeled and parameterized. Also, the models need to be compared to data
with light ion projectiles. The newly developed models will then be compared to a more
extensive data set [27, 30, 51, 52, 53, 54, 55, 56], that includes small angle data and light
ion projectiles.
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Reaction o (b)
Ar (800 MeV/n) + KCl - p + X | 16
C (800 MeV/n) + C - p + X 3.5

Table 1: Total strong interaction cross sections calculated from NUCFRG3 [24] used in
the parameterized proton thermal model.

Participant (Central Fireball) Temperature O¢ 110 MeV
Spectator (Projectile = Target) Temperature | ©p = O | 35 MeV

Table 2: Temperature parameters used in the parameterized proton thermal model.
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’H SH 3He ‘He
Kinetic | Reaction Cy R Cy R Cy R Ca R
Energy (fm) (fm) (fm) (fm)
(MeV /n)

400 Ne+NaF | 1.4x107° | 3.5 | 1.3x107"% | 3.1 | 8.0x10~' | 3.3
1.0x107° | 3.3 | 0.6x107'° | 2.9 | 0.6x1071° | 2.9 | 9.3x10716 | 2.3

Ne+Cu |[8.0x107°%| 3.7 | 5.0x107' | 3.2 | 3.0x107' | 34
8.1x107% | 3.6 [3.6x107'1| 3.2 |3.6x107' | 3.2 | 3.1x107¢ | 2.6

Ne+Pb |[4.4x107°%| 4.1 | 1.3x107" | 3.7 | 0.6x10~'" | 3.9
5.6x1076 | 4.1 [1.6x107'" | 3.7 | 1.6x107' | 3.7 | 7.2x107'7 | 3.1

800 C+C 3.0x107° | 3.1 [6.0x107"Y | 2.8 | 6.0x1071Y | 2.8
1.3x107% | 3.1 [ 1.0x1071°| 2.7 | 1.0x10719 | 2.7 | 2.2x10715 | 2.1

C+Pb 6.0x107°% | 39 |[25x107" | 3.5 | 1.5x107' | 3.5
6.1x1076 | 4.0 [1.9x107't| 3.6 | 1.9x107' | 3.6 | 9.7x107'7 | 3.0

800 Ne+NaF | 1.6x107™° | 3.3 | 2.1x10719 | 2.8 | 1.6x107'Y | 3.0
1.0x107% | 3.3 | 0.6x107 | 2.9 | 0.6x1071°| 2.9 | 9.3x10716 | 2.3

Ne+Cu |[8.0x107°%| 3.7 | 5.0x107" | 3.2 [4.0x10~'" | 3.3
8.1x107% | 3.6 [3.6x107'1| 3.2 |3.6x107' | 3.2 | 3.1x107¢ | 2.6

Ne+Pb |[4.0x107°%| 4.2 | 1.2x107" | 3.7 | 0.6x10~"" | 3.9
5.6x107% | 4.1 | 1.6x107'" | 3.7 | 1.6x107" | 3.7 | 7.2x107Y7 | 3.1
800 Ar+KCl | 8.0x107°% | 3.5 | 3.5x107 | 3.2 [35x107" | 3.2 | 3.0x107'° | 2.8
8.0x107% | 3.6 |3.5x10711 | 3.2 | 35x1071 | 3.2 | 3.0x1076 | 2.6
Ar+Pb 3.0x107% | 4.3 [ 09x107" | 3.6 | 05107 | 3.7 | 3.0x107'" | 3.0
50x107° | 4.2 [ 1.2x107" | 3.8 | 1.2x107'"1 | 3.8 | 4.4x107'7 | 3.2

2100 Ne+NaF | 1.4x107™° | 3.5 | 0.5x107"% | 3.6 | 0.5x107'9 | 3.6
1.0x1075 | 3.3 | 0.6x107 | 2.9 | 0.6x1071°| 2.9 [9.3x1071¢ | 2.3

Ne+Pb |[4.0x107% | 4.2 | 0.6x107'" | 4.2 [ 0.3x107' | 44
5.6x107% | 4.1 | 1.6x107'' | 3.7 | 1.6x107" | 3.7 | 7.2x107Y7 | 3.1

Table 3: Coalescence coefficients, Cy, and interaction radii, R, observed (first row in each
box) and calculated (second row in each box). All observed values are taken from Table
VIII of reference [26], although many values for *He are missing. Calculations of C4y and
R use equations (21) and (22), respectively.
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’H

SH 3He ‘He

ca | 1.6x1072 1 6.9%x1077|69x107"| 1.3 x 1071

Table 4: Constant ¢4 determined from equation (23), and used for calculation of the
coalescence coefficient, Cy, given in equation (21).

’ Reactions ‘ Fragments ‘ Angles (degrees)

Ar (800 MeV /n) + KCI | Proton 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 145
Deuteron | 10, 30, 60, 80, 110, 145
Triton 15, 30, 60, 80, 110, 145
Helion 15, 30, 60, 80
Alpha 15, 30, 60, 80

C (800 MeV/n) + C Proton 15, 45, 70, 145
Deuteron | 15, 45, 70, 145
Triton 15, 45, 70
Helion 15, 45, 70

Table 5: Summary of 47 data sets studied. Each data set contains an average of 24 points,
so that the total number of data points studied is over 1,000.
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Figure 1: Parameterized proton thermal model and SHIELD cross sections at various
production angles as a function of lab momentum for Ar + KCI reactions compared to
experimental data [26]. Total (red) and individual contributions from central fireball
(blue), projectile , and target (purple) are shown for the parameterized model.
The individual contributions simply add to give the total, as in equation (18). Figure is
continued on the next page. 20
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Figure 2: Parameterized proton thermal model and SHIELD cross sections at various
production angles as a function of lab momentum for C 4 C reactions compared to
experimental data [57]. Total (red) and individual contributions from central fireball

(blue), projectile

, and target (purple) are shown for the parameterized model.

The individual contributions simply add to give the total, as in equation (18).
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Figure 3: Parameterized deuteron coalescence model and SHIELD cross sections at vari-
ous production angles as a function of lab momentum for Ar + KCI reactions compared
to experimental data [26]. Total (red) (equation 20) and separated (equation 19) contri-
butions from central fireball (blue), projectile , and target (purple) are shown for
the parameterized model. Rather than a simple addition, individual contributions add
according to equation (20). 24
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Figure 4: Parameterized triton coalescence model and SHIELD cross sections at various
production angles as a function of lab momentum for Ar + KCI reactions compared to
experimental data [26]. Total (red) (equation 20) and separated (equation 19) contribu-
tions from central fireball (blue), projectile
the parameterized model. Rather than a simple addition, individual contributions add
according to equation (20).
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Figure 5: Parameterized helion coalescence model and SHIELD cross sections at various
production angles as a function of lab momentum for Ar + KCI reactions compared to
experimental data [26]. Total (red) (equation 20) and separated (equation 19) contribu-
tions from central fireball (blue), projectile , and target (purple) are shown for
the parameterized model. Rather than a simple addition, individual contributions add
according to equation (20).
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Figure 6: Parameterized alpha coalescence model and SHIELD cross sections at various
production angles as a function of lab momentum for Ar + KCI reactions compared to
experimental data [26]. Total (red) (equation 20) and separated (equation 19) contribu-
tions from central fireball (blue), projectile , and target (purple) are shown for
the parameterized model. Rather than a simple addition, individual contributions add

according to equation (20).
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Figure 7: Parameterized deuteron coalescence model and SHIELD cross sections at vari-
ous production angles as a function of lab momentum for C + C reactions compared to
experimental data [26]. Total (red) (equation 20) and separated (equation 19) contribu-
tions from central fireball (blue), projectile
the parameterized model. Rather than a simple addition, individual contributions add

according to equation (20).
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, and target (purple) are shown for
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Figure 8: Parameterized triton coalescence model and SHIELD cross sections at vari-
ous production angles as a function of lab momentum for C + C reactions compared to
experimental data [26]. Total (red) (equation 20) and separated (equation 19) contribu-
tions from central fireball (blue), projectile , and target (purple) are shown for
the parameterized model. Rather than a simple addition, individual contributions add

according to equation (20).
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Figure 9: Parameterized helion coalescence model and SHIELD cross sections at vari-
ous production angles as a function of lab momentum for C + C reactions compared to
experimental data [26]. Total (red) (equation 20) and separated (equation 19) contribu-
tions from central fireball (blue), projectile , and target (purple) are shown for
the parameterized model. Rather than a simple addition, individual contributions add

according to equation (20).
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