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Abstract

Neutrons and light ions have been shown to make large contributions to space
radiation dose equivalent for realistic shielding scenarios. However, there are
considerable uncertainties in the calculation of light ion production. Efficient
and accurate calculation of light 1on double-differential cross sections are re-
quired for input into space radiation transport codes. A thermal proton cross
section model is developed which includes proton production from the 3 sources
of projectile, central fireball, and target. It is shown that this 3-source model is
able to explain the low-momentum, small-angle shoulder seen in proton spec-
tra. Using the coalescence model, the thermal proton model is used to calculate
light ion double-differential cross sections for use in space radiation transport
codes. The 3-source model is also seen to be essential to explain the light ion
shoulders, which are even more pronounced than the proton shoulders. Fxten-
siwe comparisons between models and experimental measurements are shown
and necessary future work is discussed.

1 Introduction

Light ions are defined to be isotopes of Hydrogen (H) and Helium (He); ions heavier
than He are called heavy ions. Recent work [1, 2] has shown that neutrons and light
ions 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.

Given the importance of neutrons and light ions, there have been several studies that
compare neutron and light ion production obtained by different transport techniques
[3, 4]. The largest differences between various different transport codes occurs for light
ion production. Furthermore, measurements of light ions on the Martian surface with the
MSLRAD instrument show large differences between measurements and transport codes
[5]. Therefore, light ion production represents the largest physics uncertainty in space
radiation studies.

Neutrons and light ions are also special in that they scatter at large angles as they
undergo transport within spacecraft shielding. High energy heavy ions, however, typ-
ically continue moving in the forward direction due to their large forward momentum.
One-dimensional transport codes [6] employing the straight-ahead approximation have
been used successfully to describe the transport of high energy heavy ions. However,
this approximation fails for large angle scattering of neutrons and light ions, and special
three-dimensional transport codes have been developed to calculate neutron and light ion
transport through spacecraft [7, 8, 9, 10, 11].



Nuclear interaction cross sections are the fundamental input to transport codes. Cross
sections are proportional to the probability of particle production in nuclear reactions.
For example, an Iron (Fe) galactic cosmic ray (GCR) nucleus may strike an Aluminum
(Al) spacecraft wall with the production of alpha («) particles (i.e. “He nuclei). A cross
section is proportional to the number of o particles produced. Total cross sections, o

(describing the total number of particles produced), and energy single-differential cross

sections, (Ci% (describing the total number of particles produced at various energies F),

are used in one-dimensional transport of heavy ions. However, due to the large angle
scattering of neutrons and light ions, the type of cross section required is an energy-angle
2

double-differential cross section, ﬂﬁ'g (describing the total number of particles produced
at various energies £ and at various angles €2). Three-dimensional transport codes used

for transporting neutrons and light ions require total cross sections, o, single-differential
2

cross sections, %, and double-differential cross sections, d%iggv as input.

Transport codes are typically either deterministic or stochastic, with the latter relying
on Monte-Carlo (MC) techniques. NASA employs deterministic codes, such as HZETRN
and 3DHZETRN, because they run much faster than MC codes and can therefore be
utilized much more efficiently for spacecraft design and real-time evaluation of space
radiation environments. These fast deterministic codes require the fast and efficient cal-
culation of nuclear interaction cross sections. Cross sections can also be evaluated to a
high degree of accuracy with MC techniques, but these are often too slow to be useful for
deterministic transport and special fast parameterizations are often developed for cross
section calculations [12].

The present work seeks to develop model calculations of double-differential cross section
parameterizations for light ion production in high energy nuclear collisions of relevance to
space radiation protection. The parameterizations are developed with the goal of fast and
efficient cross section calculations that can be used in fast, deterministic three-dimensional
transport codes. The models will then be compared to some of the available experimental
data.

One might suppose that the large light ion discrepancies among transport codes, and
between transport codes and MSLRAD measurements are due to the light ion cross sec-
tion models used in the transport. The way to test this is to compare light ion cross
section model calculations (such as those developed herein) to light ion cross section data
measured at nuclear accelerators. A comprehensive study has been made of the available
cross section data [13, 14, 15] that is relevant for space radiation. It was found that while
there seems to be adequate data for heavy ions, the largest and most significant gaps were
found for double-differential light ion cross sections, i.e. precisely those most needed for
space radiation!



1.1 Light ion sources

In a high energy nucleus-nucleus collision the projectile and target nuclei collide and
form a central fireball overlap region as shown in Figure 1, together with deformed and
excited projectile and target pre-fragments, which decay into lighter fragments. This
overall picture is often called the abrasion-ablation model [16]. The projectile and target
fragments are often referred to as spectator fragments. The fireball region, often called
the central or participant region, is generally very hot and contains excited baryons' and
mesons.

The fireball decays quickly with the emission of pions, other mesons, and baryons
such as neutrons, protons and other particles. The cooler excited projectile and target
pre-fragments decay more slowly, generally by emitting nucleons, which may coalesce into
light ions. In a high energy collision, the projectile pre-fragment is typically moving at the
same speed as the original projectile. The target pre-fragment also moves, but an often-
used approximation is to consider it stationary in the lab frame. There are therefore
3 different sources of particles, the projectile and target pre-fragments and the central
fireball. Each of these 3 sources can produce the same type of particle that eventually
reach particle detectors in the lab frame (or an astronaut’s body in a spacecraft).

Many early works in theoretical heavy ion physics considered only contributions from
either projectile fragmentation or central fireball emission. One of the first studies that
considered adding contributions from both the projectile and central fireball was per-
formed by Auble et al. [17]; however, target contributions were not taken into account.
Up to now, for reactions with heavy ion projectiles, the set of HZETRN transport codes
have included particles produced in the projectile frame only and have ignored any con-
tributions from the central fireball and included only minor effects from the target.

1.2 Fireball physics

This sub-section examines issues that arise in determining the speed of the fireball; it will
be shown that light ion cross section fireball contributions cannot continue to be ignored.

1.2.1 Fireball speed

Knowledge of the fireball’s speed is essential to performing Lorentz-transformations of
cross section model calculations from the fireball frame to the lab frame in which mea-
surement data are listed. Relevant Lorentz-transformations are discussed in sections 3.1
and 7.

!The fundamental particles are called quarks and leptons from which all other non-dark particles
in the universe are constructed. Electrons, muons and neutrinos are examples of leptons. Quarks join
together in 2 quark (meson) and 3 quark (baryon) combinations. The lightest 3 quark combinations are
the proton and neutron. The lightest 2 quark combination is called a pion, or pi (7) meson. There are
several hundred known heavier baryons and mesons. Baryons and mesons are collectively called hadrons.



What is the central fireball speed? This would seem to be a question with a simple
answer, yet there are a variety of possible approaches listed below:

e Nucleus-nucleus center-of-momentum (AAcm) frame: The simplest approach would
be to use the AAcm frame as the fireball rest frame, with the speed of the fireball
being identical to the speed of the AAcm frame.

e Nucleon-nucleon center-of-momentum (nnem) frame: In the thermal model devel-
oped by Nagamiya et al. [18], the kinetic energy of the emitted particle (proton
or pion) is evaluated in the nnem frame; i.e., the speed of the central fireball is
identical to the speed of the nnem frame. The same approach is used in the present
work. The reactions studied in the present work are Ar + KCl and C + C. In these
cases, the nnem frame is the same as the AAcm frame, because the projectile and
target have equal mass numbers.

e Abrasion-ablation model: Using the abrasion-ablation model, one can determine
the number of nucleons in the participant (fireball) region from a knowledge of
the impact parameter. Therefore, the fireball speed becomes a function of impact
parameter, which is averaged when calculating cross sections [19)].

e Fitting to data: Auble et al. [17] developed a model involving both projectile and
fireball contributions to cross sections, and performed a parameter optimization to
obtain the best data fit. In this approach, the spectator and participant speeds were
determined from the best fit to the data.

The approach used in the present work is to take the central fireball speed to be identical
to the speed of the nnem rest frame, as in the study of Nagamiya et al. [18]. Future work
(see section 5) will investigate alternative approaches.

1.2.2 Fireball contributions

HZETRN has always ignored contributions from the fireball. It will now be shown that
this is not justified.

As shown in Figure 1, the projectile will continue to move forward at high speed after
colliding with the target, while the target will remain close to rest. The speed of the
fireball will be intermediate between these two. Questions that arise are:

1. Given that the fireball moves more slowly than the projectile, are fireball fragments
sufficiently low in energy that they can be ignored?

2. Given that the fireball is very hot, do light ion fragments survive?

It will be shown below that the answers to both questions are negative, and that light ion
contributions from the fireball cannot be ignored.

4



The relativistic expressions relating the total energy, E, kinetic energy, T', mass, m,
and 3-momentum, p, of the emitted fragment particle are the Einstein relations,

E=T+m=~ym, (1)
and
E?=p?+m?, (2)

with units where the speed of light ¢ = 1; this standard convention is used throughout this
paper. In terms of speed, 3, the relativistic v factor is v = (1 — 52)_%. The speed of the
projectile relative to the lab is 8pr with vpr = (1— % L)’%, and the speed of the nucleon-
nucleon center-of-momentum (nnem) frame is Bupemr, With Yonemr = (1= 820m L)_%. The
gamma factors are related via [20)]

YPL = 273anmL -1. (3)

Table 1 presents the speeds and energies of the projectile and fireball for typical
projectile kinetic energy, Tpr, values seen in the space radiation GCR spectrum. It is
assumed that the speed of the fireball is equal to the speed of the nncm frame. It can
be seen that the projectile and fireball speeds, Sp;, and B,,emr, Tespectively, are similar
orders of magnitude, as are the projectile and fireball nucleon energies, Ep;, and E,,.cmr,
respectively. Since the speed and nucleon energy of the fireball is similar to that of the
projectile (less than a factor of 2 for all cases in Table 1), the contributions of the fireball
should not be ignored. This conclusion will not change if the fireball speed is calculated
with one of the alternative methods discussed previously in section 1.2.1.

Next, question 2 concerning fragment survival from a very hot fireball will be ad-
dressed. Because the fireball is very hot, light ion fragments cannot survive and will be
broken up into baryons and mesons. However, what happens when the fireball cools?
The answer is similar to what happened in the very early universe. After a rapid period
of inflation, the universe started as a quark-gluon plasma, which then cooled and formed
hadrons such as pions, kaons, other mesons, nucleons, deltas, and other baryons. After
further cooling the baryons decayed to nucleons, which later coalesced into light ions H,
He and some Li?. Then the density dropped too rapidly to form heavier ions; these were
made much later in stellar interiors (C - Fe), and both supernovae and binary neutron star
mergers (Ni- U)?. The elements Be, B and some Li were made in cosmic ray interactions

2Big bang nucleosynthesis theory overestimates the amount of Li by a factor of 3 - the so-called
Lithium problem [21, 22, 23, 24, 25].

3Recently verified when gravitational wave detection identified a binary neutron star merger, and
rapid neutron capture nucleosynthesis [26] was confirmed in the accompanying electromagnetic signal
[27]. Neutron star mergers [28] are now thought to be the primary source for producing the heaviest
elements, like gold and platinum, which require a neutron-rich plasma. Previously, it was thought that
supernovae were the source.



[26]. As the universe cooled further, electrons and light ions coalesced into atoms. Fur-
ther cooling produced more coalescence, and molecules, gas, stars, and eventually galaxies
formed due to gravitational coalescence.

Aspects of the nuclear fireball cooling are similar to the early universe scenario. As
the fireball cools and decays and emits neutrons and protons, these are cool enough to
coalesce into the light ion isotopes of H and He (and also some Li). As with the early
universe, the fireball density drops very rapidly, and nucleons are unable to coalesce to
form heavier ions, which come from projectile and target pre-fragments. Of course, the
projectile and target pre-fragments also emit nucleons (neutrons and protons) and these
can also coalesce. Thus, light ions are produced from nucleon coalescence of all 3 sources;
projectile, fireball and target. The relative contributions of these will be explored further
in the model developed in the present work.

2 Coalescence model

The coalescence model used herein is based on the work of Nagamiya et al. [18]. 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

oy do, A )
EATP3 =Cy Epw , with pa = Ap, and E4 = AE, , (4)
A P

where F and p = |p| are the energy and 3-momentum magnitude of the emitted fragment,
and p® = p?dpdQ) = |p|*d|p|dQ, with solid angle d) = sin 0dfd¢. See the list of symbols
in the Nomenclature table. 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'4 is the coalescence model coeffi-
cient. The cross sections in equation (4) refer to light ion and proton fragment production
for 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 (4)
refers to Fe (1 GeV/n) + Al — *He +X, (where X are other produced fragments), with
the proton (p) production cross section on the right hand side of equation (4) referring to
Fe (1 GeV/n) + Al — p + X.

Note that in equation (/) 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 (4) as input. The coalescence model gives the energy and momentum
of the light ion as ps = Ap, and E4 = AE, respectively. (However, if a transport code
requires GeV /n, the conversion is trivial.)



2.1 Coalescence scaling validation

The coalescence model scaling of equation (4) can be tested experimentally. This is done
by scaling experimental proton data using equation (4), and then comparing the scaled
data to experimental light ion data. There are no theoretical calculations anywhere in
the process. Proton data is used as input on the right hand side of equation (4) and the
left hand side becomes scaled proton data, which is compared to light ion data. Figures
2 - 8 show the results of these comparisons, where Figures 2 - 5 show the reaction Ar +
KCI at 800 MeV /n projectile kinetic energy and Figures 6 - 8 show C 4+ C at 800 MeV/n
projectile kinetic energy. Note that the energy and momentum units used in all Figures
2 - 8 are GeV, and not GeV /n.

In Figures 2 - 8, the proton data from references [18, 29] is plotted in blue color,
while light ion data is plotted in black color. Clearly these two data sets look as though
they are completely un-related. The coalescence model is tested as follows: The proton
data is inserted into the right hand side of equation (4), to arrive at the left hand side
representing scaled proton data, represented in red color in Figures 2 - 8. One can see the
remarkable results of the coalescence idea; the scaled proton data (red) lies directly on top
of the experimental light ion data (black). This was first shown by Nagamiya et al. [18],
where plots for the C + C reaction were shown in Figure 31 of reference [18].

The remarkable results shown in Figures 2 - 8 give strong support to the coalescence
model. The aim of the present work is to calculate light ion cross sections for input
into transport codes. Therefore, if one has an accurate theoretical model calculation of
the proton cross sections, then using equation (4), one can scale these and immediately
obtain accurate theoretical calculations of the light ion spectra. Figures 2 - 8 convincingly
demonstrate that if a theoretical proton model accurately describes the proton data, then
the theoretical light ion coalescence model using equation (4) will automatically describe
the light ion data reasonably well.

Some of the experimental data for the Ar + KCI reactions have the same fragments
at the same angles compared to the C + C reactions. Such data [18] are shown in Figure
9, with both data sets showing similar shapes and the C + C data always significantly
lower than the Ar + KCI data.

3 Thermal particle production model

The general form of the thermal model [18] for emitting a particle fragment is now dis-
cussed. The emitted particle, for example, could be a pion, proton, neutron, light ion, or
any other type of fragment.

The thermal model expression for the Lorentz-invariant double-differential cross sec-



tion for production of a fragment particle is

3o

——=Ne1® 5

0 (5)
where T is the kinetic energy of the emitted fragment. The temperature © is given in
units of energy and N is a constant. Equation (5) seems very simple, but its practical
implementation is much more complicated, as seen later in equation (12).

3.1 Relativistic Lorentz-transformations

The cross section measured in the lab frame will contain contributions from the projectile,
the fireball and the target. 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 3 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 3 sources.

Typically 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.

3.1.1 Total 3-momentum and angle variables (p,, ;1)

Equation (5) is the general expression for a thermal model cross section evaluated in any
of the 3 source frames discussed previously. The thermal model for a particle j emitted
in the x frame (x = projectile or central fireball or target) is

3
[Efl];(pju@ﬂ)} = Ne 59 = N exp[~Tju(pje, 00)/0.] , (6)
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 % 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, use equation (1) to write
Tje = Eju — mj . (7)
The Lorentz-transformation of the total energy is [30]

Eje =% EjL — veL Ber PzjL (8)

where the longitudinal momentum is given as pz;; = pj cosb;, with p;;, = |p;z|- The
relativistic v, and B, factors refer to the speed of the * frame with respect to the lab
frame, L. That is, they are relations between different reference frames and have nothing
to do with particle j. Thus, the Lorentz-transformed total energy of particle j in terms
of (pjr,0;1) variables is

Ej = L \/p?L +m? — .1, Bir pjr cos b, (9)

which is simply substituted into equation (6) via equation (7) to give the final answer for
the thermal model Lorentz-invariant double-differential cross section in the * frame,

3
lEZ;(PjLa 9jL)] = N exp[—(vur /P +m? = Yar Bar pjr cos 05, —myr)/O.] . (10)
Once one has the right hand side of the Lorentz-invariant differential cross section of
equation (6) written explicitly in terms of the lab, L, variables (p;z,6;5), then one has
the final answer as equation (10), which is the * frame Lorentz-invariant differential cross
section in terms of particle j lab frame variables (p;,6;.). The left hand side of equation
(6) or (10) in terms of (p;r,0;) variables is the x frame Lorentz-invariant differential
cross section, which is equal to the lab frame Lorentz-invariant differential cross section
precisely because the quantity E % is a Lorentz-invariant differential cross section.
Cross sections for j particles from the 3 sources need to be added together as

o Ao Ao Ao
EdTog,(ij,@jL) = [Ew(ijyejL>]P + ECW,<ij>9jL)]C + [Edpg(ij,ejL)]T
_ N(e_ 5L/Op +e jL/Oc +e jL/eT) , (11)

which is the final model result to be compared to experiment. The cross sections can be
added in this simple way because they are all Lorentz-invariant. Each of the 3 terms in
equation (11) is calculated using equation (10), where * 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 vy, =1
and fr = 0, resulting in the identity E;7 = E;;.) Explicitly, equations (10) and (11)



give

Ao
Edeg(PjL, 0j0) = N{exp[—(vpL\/PiL +m? —ypL BpL pjrcosbtir, —m;L)/Op]

+ exp[— (e \/W — Yer. Ber, pjr cos b, —myr)/Oc]
+exp[—(vrL \/PiL +m? = vrL Brr pin cos 05, —my)/O7]}
(12)

This equation represents the thermal model with contributions from the projectile, target
and central sources, all Lorentz-transformed to the lab frame; equation (12) is the practical
implementation of the simple-looking form of the thermal model in equation (5).

3.1.2 Transverse and longitudinal momentum variables (pr;z,pz;r)

Cross sections are also often measured in terms of transverse and longitudinal momentum
variables, in which case equation (9) is replaced by

Ej. = v \/Pger + p%jL +m? — ver Bir PziL (13)
giving the final answer

Ao
[EW(ijvaZjL)] = N exp[—(7Vsr \/Pger + p%jL +m2 — v, Bur pzjr — min) /O,

(14)
Equation (12) becomes

pio
dp3

(Prjrspzir) = N{exp[—(vprL \/p2TjL + p%ir +m? —vpL Bpr pzjL — ML)/ Op)]

+exp[—(veL \/pgij + p%jL +m? — ver Ber Pz — myL)/Oc)

+expl—(yrr \/PRyr + PRy +m2 — 71 Brr pzir — min)/O7}
(15)

This equation replaces equation (12) if transverse and longitudinal momentum variables

(prjL, pzjr) are used instead of the total 3-momentum and angle variables (p;,0;.) of
the previous sub-section.
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3.2 Normalization
3.2.1 Single-source model normalization

The total cross section, o, is defined simply as the integral of the Lorentz-invariant dif-
ferential cross section,

a_/d3 ( >4w/ dp<E>—47r/ dwm( ) (16)

with the 47 factor arising from the assumption of isotropic emission of particles in the
reference frame in which they are produced. Inserting the thermal model of equation (5)

gives
=4 N/ AT/ T(T + 2 -T/e 17
o T ; VT( m) e (17)

Using the result

/0 AT JT(T + 2m) 7/ = mOe™O K, (m/0) | (18)

where K;(m/©) 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). (19)

Substituting into equation (5), 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 therefore becomes

d3o o
gl _ ~(T+m)/© | 20
dp3  4rmOK;(m/0O) c (20)

3.2.2 3-source model normalization

For the 3-source thermal model, the normalization is more complicated. The total cross
section is obtained by integrating all 3 sources. Using equation (11) and following equation
(16) gives

&P o
o= [T (%)

d*p d®o o dPo
/f { lEdB(ij,@jL) i - lEdpg,(PjL,@jL)L + [EM(ijaejL) T}
3o d*o
= 471/ dp {l i 3(pJL76]L) p+ lEdpg(PjL,ejL)LJr [Edp?,(PjLaejL) T} ,

(21)
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so that
= dr [T ar\ (T +2
o ) (T + 2m)
d3o d3o d3o
X\ B i, bn)| + |[E—5Wjr.0iL)| + |E—5Pjr.0ir)
dp o ap . ap .

= 4nN [T AT Tiu(Ty + 2m) (75007 + e T/0 4 o Tnfor)

= 47Nm [@pem/@PKl(m/@p) + Oce™OC K (m/Oc) + @Tem/eTKl(m/@T)} :
(22)

giving the normalization

o
~ 4rm [Opem/©P K (m/Op) + Oce™/Oc K1 (m/O¢) + Orem/OT K (m/OF)]

(23)

The full 3-source thermal model, correctly normalized so that the integral of the Lorentz-
invariant differential cross section gives the total cross section, therefore becomes

Ao Ao
EdT?g(ij,ejL) = [Edpg(ij,QjL)]P+

d*o d*o
Edpg(ijﬁjL)L + lEdpg(ij,@jL)L

U(B*TJL/@P + e Lin/®c 4 Q*TJL/@T)
 A4rm [Opem/OP K1 (m/Op) 4+ Ocem/Oc K\ (m/O¢) + O7em™/OT K (m/O7)]
(24)

In terms of total 3-momentum and angle variables (p,z,0;) the final thermal model is

Ao
EdT)?)(PjL, 9jL) =

g
1o {exp[—(vpL \/P}L +m2 — ypL BpL pjr cos B —m;L)/Op]

+ exp[—(veL W — e Ber vz cos b, —myr)/Oc]
+exp[—(y7r \/W — 1L Bro pjrcos O, —m;)/O7]}

X {@pem/GPKl(m/G)p) + Oce™ O K (m/O¢) + @Tem/eTKl(m/@T)}_l
(25)
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In terms of transverse and longitudinal momentum (prjz, pz;z) the final thermal model is

o o
Edeg(ijL,sz'L) = iem {exp[—(vpL \/p%jL + p%ir, +m? — vpL Bpr Pz;L — ML)/ Op)]

+exp[—(ver \/pQTjL + p%i +m? —ver Ber pzijr — ML)/ Oc]

+exp[—(y72 \/pger + D% +m? =71 Brr pzin — myn)/O7]}

x {@Pem/(%fﬁ(m/@?) + O™ K (m/Oc) + O7e™OT K, (m/@7'>}_1 :
(26)

3.3 Thermal proton production model

The coalescence model gives light ion production cross sections in terms of proton pro-
duction cross sections, as given by equation (4). Therefore, the key to the success of
the coalescence model is the ability to accurately calculate the proton production cross
section. Equations (5, 20) are general thermal model descriptions for production of any
type of fragment from a single source. Previous sub-sections have described how to prac-
tically implement this model when the fragments are being produced from the 3 different
sources of projectile, fireball or target, as given by equations (24, 25, 26). Now the general
thermal model will be implemented specifically for production of proton fragments.

3.3.1 Total cross section values

Equations (20, 24, 25, 26) give the Lorentz-invariant double differential cross section
for fragment production, with normalization such that the integral of the differential
cross section gives the total cross section, . Therefore, a separate model is needed to
calculate 0. The present work uses the NUCFRG3 [12] 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 2. For the Ar +KCI and C+C reactions,
the contributions from electromagnetic dissociation interactions are small [32, 33] and are
not included in the present work.

3.3.2 Adjustable 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 3.

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, as seen in Figure 1. From the center-of-momentum frame it makes
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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 3. The choices were guided from values listed
in the literature [18], and were based on best fits to the data. Note that the participant
temperature is about 3 times higher than the spectator temperatures. Future work will
involve using a detailed model for predicting these temperatures.

This work examines 47 different data sets, summarized in Table 4. The complete
number of data points is over 1,000. The proton production theory only has the two
temperature parameters, and the light ion coalescence model has no parameters. The
combined proton - thermal and light ion - coalescence models are able to approximately
predict over 1,000 data points based on only these two temperature parameters.

3.4 Proton thermal model validation

The proton production thermal model Lorentz-invariant double-differential cross sections
for Ar + KCI and C + C reactions are shown in Figures 10 and 11 respectively. Both
reactions have projectile kinetic energy of 800 MeV /n. Figures 10 and 11 show total (red)
and individual contributions from projectile (green), target (purple) and central fireball
(blue). The figures show protons being produced at various angles in the lab frame. The
total (red) result is the one that should be compared to the data.

The relative contributions of the projectile (green), target (purple) and central fireball
(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 Sy, = 0.

At small angles, Figures 10 and 11 show that the projectile protons contribute the
most at large proton momenta, with the 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. Nevertheless, 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 production 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
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protons contributing a large amount at large angles.

The contributions of protons from the projectile, target and central fireball give the
total (red) production cross section in Figures 10 and 11 according to equations (11)
and (12). These total results are to be compared to the experimental data. While pion
production cross sections show a smooth exponential fall-off with increasing momenta
[4, 34, 35], due to dominant production from the central fireball, the proton cross sections
show a significantly different behavior at small angles. The dominant small angle feature
is a flat region that can be seen at lower momenta. This is seen not only in the proton
spectra (Figures 9 - 11), but also the light ion spectra (Figures 2 - 9). This shoulder feature
was the main reason for introducing the 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 [4, 34, 35], whereas the shoulder region in the
proton and light ion data necessitated the development of the present 3-source model.

One of the main results of the present work is to show that the shoulder region of
Figures 10 and 11 can be reproduced by summing projectile and fireball contributions.
One of the first papers to develop this idea was by Auble et al. [17]. In summary, Figures
10 and 11 show that the proton spectral data can be reasonably reproduced with the
3-source thermal proton model developed herein.

4 Predicting light ion cross sections

The coalescence model of equation (4) is used to make predictions for light ion double-
differential cross sections using the thermal model for the proton double-differential cross
sections, as given by equations (12) or (15). That is, equations (12) or (15) are used as
input to the right hand side of equation (4), by summing each source and then raising
the entire sum to the power A. In terms of (p;r,6;1) variables, this becomes®

Aoy d3o
EAE =0y { [Edpg(pjb QjL)]P +

d3o d3o A

o
dp3

(pjb ejL)]
c

which is the model used in the present work. Equation (27) is the correct form consistent
with the coalescence model, and is physically motivated as follows: The coalescence scaling
of the experimental proton data provided excellent agreement with the experimental light
ion data. The scaled proton data relied simply on the overall proton cross sections - they
were not broken into individual pieces. All sources contributed to the experimental proton
cross sections. Therefore, equation (27) is consistent with the method of comparing the

4From a quantum mechanical point of view, the correct summing method is to add the quantum
mechanical amplitudes instead of the classical approximation of adding cross sections. Adding quantum
amplitudes will result in the model of equation (27) with additional interference terms appearing. The
model in the present work uses the classical approximation.
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scaled proton data with the light ion data. It is the overall scaled experimental proton
cross section, rather than each individual source piece, that is used to obtain the excellent
agreement with light ion experimental data. Also physically, equation (27) makes more
sense because a single coalesced light ion could receive contributions from several sources.
The model of equation (27) also produces better validation results compared to a model
in which each source term is summed separately.’

4.1 Coalescence coefficient

Observed [18] and calculated coalescence coefficients, C'4, are shown in Table 5. The
observed values are taken from Table VIII in the paper of Nagamiya et al. [18]. The
calculations also follow the method outlined by Nagamiya et al. [18] and proceed as
follows. The coalescence coefficient, Cy, is calculated as [18]

CA

CA:ﬁa

(28)
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 (28) is actually the
non-relativistic limit of the coefficient in reference [18]: This is sufficient due to the very
weak energy dependence of Cy, as seen in Table VIII of reference [18]. The interaction
volume is V = 3w R?, with the interaction radius R given by [18]

R=a(A>+ A 10, (29)

where a and b are constants from reference [18] listed in Table 6, and Ap and A are the
mass numbers of the projectile and target nuclei, respectively.

The calculated C4 values in equation (28) require the constant ¢4 values as input.
These c4 are constants, which vary only with A. That is, ¢4 takes three different values
(see Table 7) depending on whether the fragment is 2H, *H, *He, “He, with the value for
SH and ®He being the same because the A number (A = 3) is the same. The values of
ca are not discussed in reference [18], and therefore, in the present work, they have been
determined from the reaction Ar (800MeV /n) + KCI as follows,

cx = Czbs[Ar(BOOMeV/n)—i—KCl} VA_1 : (30)

5Summing each term separately results in a model of the form

d3c d3o
EAiA =Cy { |:Edp3(ij79jL):|

A A A
3o ] [ 3o ]

+ | E L pin,0,0)| + |EEZ(p;1,0; .

» |: dp3 (ij ]L) c dp3 (ij jL) -

This model was not used because it is not physically motivated and it was also found to give poorer
validation results.
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where CGIATEIMV/MFRAL 416 the observed Cy values (see Table 5) for the reaction of

Ar (800MeV/n) + KC1 [18]. The reason that a single reaction can be chosen to determine
cy is that cy 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 5). Values® for c4 are listed in Table 7,
showing that the only dependence is on the light ion fragment mass number A. Only the
three values in Table 7 are used for calculation of the entire set of reactions in Table 5,
and for all other light ion cross section predictions.

The calculated coalescence coefficients, C'4, and interaction radii, R, listed in Table
Table 5 are seen to be in reasonable agreement with the observed values. Note that both
of these calculated quantities are independent of projectile kinetic energy, as seen in Table
5. 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 5.

4.2 Light ion coalescence model validation

The light ion production coalescence model Lorentz-invariant double-differential cross sec-
tions for Ar + KCl and C + C reactions are shown in Figures 12 - 18. As with the proton
cross sections, the light ion figures show total (red) and individual contributions from
projectile (green), target (purple) and central fireball (blue), with the relative kinematic
contributions of the 3 sources showing similar angular behavior to the proton cross sec-
tions, discussed in sub-section 3.4. Similar conclusions regarding the relative contributions
of projectile and central fireball as a function of angle were also discussed by Auble et al.
[17]. See page 1556 of that reference. At small angles, the low-momentum, small-angle
shoulder region of the spectra is even more pronounced for light ions compared to protons,
and the addition of the 3 sources is essential to explain the light ion shoulders. Overall,
the light ion model provides a reasonable characterization of the experimental data.

5 Future work

The light ion model used in the present work consisted of the coalescence model which
used proton production cross sections as input. Using only experimental data, it was
shown that if one could obtain accurate proton cross sections then the coalescence model
accurately predicts light ion cross sections. Therefore, it is important that the proton
model provides an accurate description of experimental proton data. The most important
future work is to obtain a larger data set and develop predictable theories to replace the
adjustable parameters of Table 3. The following list of future work is in order of priority.

6 As 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 [18].
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10.

11.

12.

13.

. Develop a model that predicts projectile, target and fireball temperatures with the

correct dependence on Ap, A7 and projectile kinetic energy. Some useful references
are [17, 18], where reference [18] shows a rather strong energy dependence.

Investigate a temperature model either relating temperature to nucleon-nucleon
center of momentum kinetic energy or implementing the model of reference [45].

Develop a more accurate method for evaluating the central fireball speed.

Make predictions for light ion total cross sections, by integrating the Lorentz-
invariant double differential cross sections developed in the present work.

Implement models into the 3SDHZETRN space radiation transport code and update
the code. The models developed in the present work have all been written using
Mathematica. These need to be converted to FORTRAN.

Compare the updated 3DHZETRN code with measurements such as those obtained
with MSLRAD [5, 36, 37].

Develop a high energy proton and light ion production model. The thermal models
discussed in the present work are expected to be accurate in the intermediate energy
region, but not at high energy. A high energy model, perhaps based on Feynman
scaling, needs to be developed. Existing models [34, 38, 39] can be adapted.

Double-differential and single differential electromagnetic dissociation contributions
(32, 33] need to be added to the models developed herein. Existing models [32] can
be adapted.

Remove the non-relativistic limit approximation for the coalescence coefficient in
equation (28).

Compare cross section models to a wider set of experimental data, especially for
light ion projectiles. Some useful data are contained in references [18, 19, 29, 40,
41, 42, 43, 46, 47].

Some data [40] display peaks for proton production cross sections, whereas other
data display a flat shoulder region; the latter data have been analyzed in the present
work. Develop models to explain both types of data.

Compare cross section model predictions to other models, such as those used in the
Russian (ROSCOSMOS) SHIELD transport code [3, 4] and other transport codes.

Investigate alternative models [17] to calculate coalescence coefficients. The aim
would be to investigate models that promise higher accuracy.
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14. Re-evaluate ¢4 values from equations (28) and (30) and Table 7 by averaging with
the Ar + Pb reactions at the same energy. The Ar + Pb reaction listed in Table
VIII of reference [18] is useful because it has values for a particles. Note that in
principle, ¢4 only depends on the light ion fragment A, and should be the same
for all reactions. This needs to be investigated. Values for c4 could potentially be
obtained by averaging over all reactions listed in Table VIII of reference [18].

15. Investigate quantum mechanical corrections to the classical approximation used in
equation (27).

16. Implement uncertainty quantification methods to quantify differences between model
results and experimental data.

17. Make further recommendations for future cross section measurements.

6 Conclusions

Previous work [1, 2] has shown that neutrons and light ions provide the dominant contri-
bution 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. In fact, light ion production represents the largest physics uncer-
tainty in space radiation studies. Luckily, the largest discrepancies are in energy regions
that make only minor contributions to dose equivalent, and so model predictions 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 compared to heavy fragment production, neu-
trons and light ions are scattered at large angles when produced from high energy cosmic
ray interactions. Therefore, fully 3-dimensional transport methods [7, 8, 9, 10, 11] are re-
quired, 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 The coalescence formalism was tested using only experimental data and was found
to be highly accurate in predicting light ion cross sections using proton cross sections
as input. Consequently, one only needs to develop an accurate proton production
cross section model. This can then be scaled using the coalescence model to provide
accurate predictions of light ion cross sections.
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A thermal model for proton production was developed, with the important feature
that all 3 sources of projectile, central fireball and target production of protons was
included. This feature was able to explain the distinctive low-momentum, small-
angle shoulder region in the proton spectrum.

e The 3-source proton thermal model was used as input into the coalescence model”,
to arrive at a cross section model for light ion production, which necessarily also
includes 3 sources, which are seen to be essential in explaining the light ion shoulders,
which are even more pronounced than the proton shoulders.

e The final cross section model developed herein represents a very fast parameter-
ization of proton and light ion double-differential cross sections that can be used
efficiently in space radiation transport codes.

e Validation has been performed at 3 different levels. 1) Coalescence scaling has been
validated by showing that the coalescence-scaled proton data agrees with light ion
data to a remarkable degree of precision. 2) The thermal proton model has been
validated by comparing to 17 data sets. 3) The light ion coalescence model has been
validated by comparing to 30 data sets. The total 47 data sets contain over 1,000
data points.

e Future work will focus on physics calculations of the temperature parameters and
more extensive comparisons to experimental data.

7 Appendix: Relativistic v factors

Using equation (1), the relativistic v factor of the projectile frame relative to the lab
frame is
Tpy,

pL=1+—, (31)
where m,, is the nucleon mass and Tpy, is the kinetic energy of the projectile relative to
the lab in units of energy per nucleon. Note, that this is the only place where units of
GeV /n are used. This is simply the kinetic energy of the projectile and serves only to give
the values of the various v factors. As stated perviously, everything else in the present

"Because of the coalescence scaling model developed in the present work, the entire theoretical devel-
opment is in units of GeV, and not GeV/n. Also, the x-axis of all figures are plotted in units of GeV,
because the original experimental data is in these units. One of the keys to the success of the overlapping
plots in Figures 2 - 8 is the fact that the light ion cross sections are given in units of GeV, and not
GeV/n. Of course if GeV/n was used, then the scaled proton data would not overlap the light ion data.
Many transport codes use units of GeV/n, which of course is not a problem, because one simply makes
the trivial conversion to GeV /n, not affecting the successful coalescence model in any way.
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work is in units of GeV, not GeV /n; these GeV units refer to the energy and momentum
of the produced light ion fragments.

The v factor of the nucleus-nucleus center-of-momentum (AAcm) frame relative to
the lab frame is [44]

Ap(TpL + mn) + ATmn
YAAemL = .
\/mn [ma(Ap + A7)? + 2Ap A7 TpL)

(32)

The ~ factor of the nucleon-nucleon center-of-momentum (nnem) frame relative to the
lab frame is obtained by setting Ap = Ay =1 to give

TpL
nnemL — 1 ) 33
VnnemL + o, (33)
yielding the relation between the nncm and projectile v factors as
YL = Q’YrQLnCTnL —1. (34)
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TPL YPL BPL EPL = YPLMn | YnnemL BnncmL EnncmL = VnnemLMMn
(MeV /n) (MeV) (MeV)
0 1 0 938 1 0 938
100 1.1 ] 04 1038 1.0 0.22 962
500 1.5 | 0.8 1438 1.1 0.5 1056
1000 2.1 109 1938 1.2 0.6 1161
10,000 12 1 0.99 10,938 2.5 0.9 2360

Table 1: Projectile versus fireball kinematic quantities, assuming that the fireball moves
at the same speed as the nnem frame. Xpj is the X value of the projectile (P) frame
relative to the lab frame (L), where X represents T,7, 5 or E. X, nemr is the X value of
the nnem frame relative to the lab frame.

Reaction o (b)
Ar (800 MeV/n) + KCl - p + X | 16
C (800 MeV/n) + C - p+ X 3.5

Table 2: Total strong interaction cross sections calculated from NUCFRG3 [12].

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

Table 3: Adjustable temperature parameters.

’ 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 4: 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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’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 5: 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 [18], although many values for *He are missing. Calculations of Cy and
R use equations (28) and (29), respectively.
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’H SH 3He He
Kinetic | Reaction Cy R Cy R Cy R Cx R
Energy (fm) (fm) (fm) (fm)
(MeV /n)
800 | p+C 0.8x10- 1| 3.0 | 40x10°° | 2.7 | 2.0x10° | 3.1
0.2x107* | 2.8 | 0.2x107* 24 | 0.2x107° 24 19.3x107"% | 1.8
p+NaF 50x107° | 3.3 1.0x107? 3.2 1.0x107Y | 3.2
1.6x107° | 2.9 | 0.2x107? 2.5 | 0.2x107° 2.5 [ 54x107" | 1.9
p+KCl 3.0x10™° | 3.5 | 5.0x107'% | 3.2 | 2.0x1071 | 3.7
1.4x107° | 3.0 | 1.2x1071° | 2.6 | 1.2x10719 | 2.6 |2.9x107% | 2.0
p+Cu 2.0x107° | 3.7 | 3.0x1071° | 3.2 | 1.0x1071" | 3.8
1.2x107° | 3.2 | 0.8x10710 | 2.8 | 0.8x10719| 2.8 | 1.5x107 | 2.2
p+Pb 1.0x107° | 3.9 | 3.0x107*" | 4.0 | 3.0x107" | 3.7
0.8x107° | 3.7 | 3.3x107" | 3.3 | 3.3x107" | 3.3 |2.6x10716| 2.7
2100 p+C 1.0x107% | 2.8 | 5.0x107 2.6 | 3.0x107" 2.9
0.2x107* | 2.8 | 0.2x107* 24 | 0.2x107° 24 19.3x107"% | 1.8
p+NaF 6.0x107° | 3.1 1.0x107? 3.2 1.0x107Y | 3.2
1.6x107° | 2.9 | 0.2x107? | 2.5 | 0.2x1072 | 2.5 | 5.4x107*% | 1.9
p+KCl 3.0x107° | 3.5 | 6.0x107'9 | 3.1 |2.0x10710 | 3.7
1.4x107° | 3.0 | 1.2x1071° | 2.6 | 1.2x1071% | 2.6 | 2.9%x107'® | 2.0
p+Cu 2.0x107° | 3.7 | 3.0x1071° | 3.2 | 1.0x1071" | 3.8
1.2x1075 | 3.2 | 0.8x1071 | 2.8 | 0.8x10710| 2.8 | 1.5x1071% | 2.2
ptPb | LOX10° | 3.9 | 40x10- " | 3.8 | 2.0x10- 1| 4.0
0.8x107° | 3.7 | 3.3x107'* | 3.3 | 3.3x107' | 3.3 | 2.6x10716 | 2.7
Table 5 continued.
°H SH | *He | ‘He
a (fm) | 0.24 | 0.24 [ 0.24 | 0.24
b(fm) | 2.0 | 1.6 | 1.6 | L0

Table 6: Constants [18] used for calculation of the interaction radius given in equation

(29).

’H

°H

3He

‘He

CA

1.6 x 1073

6.9 x 10~

6.9 x 10~

1.3 x 10710

Table 7: Constant ¢4 determined from equation (30), and used for calculation of the
coalescence coeflicient, Cy, given in equation (28).
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Figure 1: Formation of the central fireball region within the abrasion-ablation model.
Figure reprinted from reference [16].
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Ar + KCl -> p,d, 0=10°

Ar + KCl —> p,d, 6=30°
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Figure 2: Deuteron (black) and proton production (blue) experimental [18] Lorentz-
invariant double-differential cross sections as a function of lab momentum for Ar + KCl
reactions at various production angles. The proton cross sections have been scaled (red)

using the coalescence model of equation (4).
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Ar + KCl —> p,t, 8=15°

Ar + KCI -> p,t, 6=30°
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Figure 3: Triton (black) and proton production (blue) experimental [18] Lorentz-invariant
double-differential cross sections as a function of lab momentum for Ar + KCI reactions
at various production angles. The proton cross sections have been scaled (red) using the

coalescence model of equation (4).
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Ar + KCl -=> p,h, §=15° Ar + KCIl -> p,h, 6=30°
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Figure 4: Helion (black) and proton production (blue) experimental [18] Lorentz-invariant
double-differential cross sections as a function of lab momentum for Ar + KCI reactions
at various production angles. The proton cross sections have been scaled (red) using the

coalescence model of equation (4).
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Ar + KCl -> p,a, 0=15° Ar + KCl -> p,a, 6=30°
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Figure 5: Alpha (black) and proton production (blue) experimental [18] Lorentz-invariant
double-differential cross sections as a function of lab momentum for Ar + KCI reactions
at various production angles. The proton cross sections have been scaled (red) using the

coalescence model of equation (4).
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C+C->pd, 6=15°

C+C->p,d, 0=45°
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Figure 6: Deuteron (black) and proton production (blue) experimental [18, 29] Lorentz-
invariant double-differential cross sections as a function of lab momentum for C + C
reactions at various production angles. The proton cross sections have been scaled (red)
using the coalescence model of equation (4).
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C+C->pt, 6=15°

C+C->pt, 0=45°
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Figure 7: Triton (black) and proton production (blue) experimental [18, 29] Lorentz-
invariant double-differential cross sections as a function of lab momentum for C + C
reactions at various production angles. The proton cross sections have been scaled (red)
using the coalescence model of equation (4).
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~C+C->ph, 9=‘15° ‘ C+C->p,h, 0=45°
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Figure 8: Helion (black) and proton production (blue) experimental [18, 29] Lorentz-
invariant double-differential cross sections as a function of lab momentum for C + C
reactions at various production angles. The proton cross sections have been scaled (red)
using the coalescence model of equation (4).
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C+C, Ar+KCl -=> p, 0=15°

C+C, Ar+KCl => p, 0=70°
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Figure 9: Proton, deuteron, triton and helion experimental data [18, 29] for Ar + KCl
(black) and C 4 C (blue) reactions at various production angles, showing how the two
sets of data compare to each other.
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Ar + KCl -> p, 6=10°

Ar + KCl -> p, 6=15°
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Figure 10: Proton thermal model cross sections at various production angles as a function
of lab momentum for Ar + KCI reactions compared to experimental data [18]. Total (red)
and individual contributions from projectile (green), target (purple) and central fireball

(blue) are shown. (Figure is continued on the next page.)
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Ar + KCl -> p, 6=60°
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Figure 10 continued from previous page. Figure is also continued on the next page.
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Ar + KCl -> p, 6=100°

Ar + KCl => p, 6=110°
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Figure 10 continued from previous page.
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Figure 11: Proton thermal model cross sections at various production angles as a function
of lab momentum for C 4+ C reactions compared to experimental data [29]. Total (red)
and individual contributions from projectile (green), target (purple) and central fireball
(blue) are shown.
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Figure 12: Deuteron coalescence model cross sections at various production angles as
a function of lab momentum for Ar 4+ KCI reactions compared to experimental data
[18]. Total (red) and individual contributions from projectile (green), target (purple) and
central fireball (blue) are shown.
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Figure 13: Triton coalescence model cross sections at various production angles as a func-
tion of lab momentum for Ar + KCI reactions compared to experimental data [18]. Total
(red) and individual contributions from projectile (green), target (purple) and central
fireball (blue) are shown.
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Figure 14: Helion coalescence model cross sections at various production angles as a func-
tion of lab momentum for Ar 4+ KCI reactions compared to experimental data [18]. Total
(red) and individual contributions from projectile (green), target (purple) and central
fireball (blue) are shown.
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Figure 15: Alpha coalescence model cross sections at various production angles as a func-
tion of lab momentum for Ar 4+ KCI reactions compared to experimental data [18]. Total
(red) and individual contributions from projectile (green), target (purple) and central
fireball (blue) are shown.
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Figure 16: Deuteron coalescence model cross sections at various production angles as a
function of lab momentum for C + C reactions compared to experimental data [18]. Total
(red) and individual contributions from projectile (green), target (purple) and central
fireball (blue) are shown.

42



C+C->t, 6=15° C+C->t, 0=45°

10% ] 10% —DATA
. . == FIREBALL
T 100¢ o 100¢ = PROJ
@ @ ) == TARGET
o o - | ]
I> I> 1t \\ !l!; == TOTAL
& & -\
Qo o) -
£ £ 001
o) | ® o) | ®
o o 10—4
L LLl
TARGET
TOTAL | 7 106}
0 1 2 3 4

4
10%+ - DATA
== FIREBALL
% 100+ = PROJ
~ — x == TARGET
| B iy
% 1L \ li == TOTAL
O
o
£

p[GeV]

Figure 17: Triton coalescence model cross sections at various production angles as a
function of lab momentum for C + C reactions compared to experimental data [18]. Total
(red) and individual contributions from projectile (green), target (purple) and central
fireball (blue) are shown.
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Figure 18: Helion coalescence model cross sections at various production angles as a
function of lab momentum for C + C reactions compared to experimental data [18]. Total
(red) and individual contributions from projectile (green), target (purple) and central
fireball (blue) are shown.
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