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Abstract

A new set of Double-Differential FRaGmentation (DDFRG) models for pro-
ton and light ton production from high energy nucleus-nucleus collisions, rel-
evant to space radiation, is introduced. The proton model employs thermal
production from the projectile, central fireball and target sources, as well as
quasi-elastic direct knockout production. The light ion model uses a hybrid
coalescence model. The data show a prominent quasi-elastic peak at small an-
gles which becomes highly suppressed at large angles. The models are able to
describe this wide range of experimental data with only a limited set of model
parameters. Closed-form analytic formulas for double-differential energy and
angle cross-sections as well as single-differential spectral cross-sections are de-
veloped. These analytic formulas enable highly efficient computation for space
radiation transport codes.

1 Introduction

Recent work [1, 2] has shown that neutrons and light ions' provide the dominant contribu-
tion to space radiation dose equivalent for realistic spacecraft shielding of about 20 g/cm?
or more. However, comparisons between radiation transport codes [3, 4] and measured
data [5] have shown that light ion production represents the largest physics uncertainty
in space radiation studies.

Light ions are scattered at both small and large angles, and therefore, double-differential
cross-sections for light ion production need to be used as input into three-dimensional
transport codes [6, 7, 8, 9, 10], which run most efficiently if simple model cross-section
parameterizations are available. Such parameterizations were recently developed [11, 12]
and compared very well to experimental cross-section data [13, 14]. However, the exper-
imental data that were used for model comparisons only included light ions scattered at
relatively large angles > 10°, as measured in the laboratory frame. It has been noted
that neutron [15] and light ion [16] production cross-sections behave quite differently at
very small angles near 0°, displaying a well pronounced quasi-elastic peak at the beam
rapidity.

The present work seeks to extend the previously developed models [11, 12] so that
they compare well to cross-section data measured at all angles. It will turn out that the
most challenging task is to extend the models to account for the quasi-elastic peak at the
beam rapidity.

!Light ions are defined to be isotopes of Hydrogen (H) and Helium (He); ions heavier than He are
called heavy ions. The proton (H) is a simple light ion. The most important composite light ions are
the deuteron (*H = d), triton (*H = t), helion (*He = h), and alpha (*He = «). Throughout the text,
the term light ion will refer to composite light ion, unless otherwise noted.



1.1 Review of previously developed models

The main features of the previously developed models [12] were the following:

1. Comparisons of double-differential cross-section data between proton production
and light ion production showed that the light ion data were very well represented
by scaling the proton data, assuming that light ions are produced via coalescence.
These comparisons were done only using experimental proton data versus light ion
data; there was no theoretical model used in comparing the proton data to the light
ion data, except for a simple scaling of proton data as

d3o 4 oy, 4 ) . .
Ea =Cy EPW , with ps = Ap, and E4 = AE,, (1)
p

where Ej, d*o, /dp} are experimental data® for the Lorentz-invariant double-differential
d;;:q,:‘ are experimental data for the
Lorentz-invariant double-differential cross-section for light ion production of mass
number A. Also, F and p = |p| are the energy and 3-momentum magnitude of
the emitted fragment, and p* is the momentum volume element [12]. Cj is the

coalescence model coefficient.

cross-section for proton production, and Ey

2. The empirical relation between proton and light ion data observed in equation (1)
implies that it is not necessary to develop a separate theoretical model for light
ion production. One only requires a model for proton production. If that proton
model compares well to data, then Item 1 implies that the scaled proton model will
automatically compare well to light ion data. In other words, the light ion model is
obtained simply by scaling the proton model, and this works for all composite light
ions. A separate light ion model is not required.

3. However, the light ion model is not obtained without some effort. To demonstrate
scaling of the experimental data, one typically uses a fitted coalescence coefficient,
Cy for each light ion. Therefore, in order to develop a fully predictive model, this
coefficient must be calculated with a theoretical model developed separately [12].

4. The only requirement is an accurate proton model: A thermal proton production
model was developed [12], with protons being produced from 3 separate sources of
projectile, target and central fireball. The thermal model for each source is

= Ne B/° (2)

2There are no models or fits to data used here. Only experimental data are used.



where T}, is the kinetic energy of the emitted proton®, © is the source temperature
and N is a constant. Adding contributions from the 3 sources, Lorentz transform-
ing to the laboratory frame, and inserting the relation between N and the total
proton production cross-section oy, gives a single formula for the complete proton
production cross-section,

dPo
+ [Ep 3 (ppLa epL)]
P dp;

p

d3
dp?
d3
3
dp T
= N3 {GXP[(mp —YPL \/pf)L +m2 +ypr Bpr pprcostyr)/Op]
+expl(mp — yer \/Pir + M2 4+ Yer Ber ppr cosbyr)/Oc]
+ expl(my — Y71 /P2 + M2+ V71 Bri, ppr cos0,1)/O7]

(3)

o
E J(ppLaepL) = [Ep

(p L79 L)
p dp% b p

c

+ [Ep (pva epL)

with

Ng = |:@7> 697’ K1 (

47rmp

)—i—@ce@c K (@C> b Oy T K, (gp)r. (@)

Op T

In the above equations, p,;, and 0,7 are the momentum and angle of the proton
(p) in the lab frame, L. The proton mass is m;. The notation (ppr,0,r) indicates
that the functions must be written as explicit functions of the lab frame L variables
ppr and 0,7, because these are the variables used for the experimental cross-sections,
with which the thermal model is to be compared. The projectile, target and central
fireball frames are denoted with the symbols P,7T,C respectively. The speed of
the projectile frame relative to the lab frame is Spr, and the relativistic v factor
is related to the speed via v = 1/4/1 — 2. Similar nomenclature is used for the
target and central fireball frames. The projectile, target and central fireball source
temperatures are denoted as ©p, 07, 0c. Also, K; (%) is the modified Bessel

function of the second kind [18] of order 1 as a function of g2

3The model of equation (2) is the thermal model evaluated in the frame being considered, namely
projectile, fireball or target. Therefore, T}, is the kinetic energy of the proton in that frame. The
temperatures can also be different in each frame. Each of the 3 expressions for the cross-section is
Lorentz-transformed to the lab (target) frame and added together to compare to lab data.



5. The light ion model is simply obtained upon insertion of equation (3) into the right
hand side of equation (1), as in*

3
d’op

+ [E —— (ppe, 0 L)]
P dpf) pL>Yp

Ao 4 d3o
E = C E,—2 0
A dpi A {l P dpg (ppLa pL)]P .

3
d’o,

A
5% ]
p dpg 1% P -
= COuNj' {exp[—(’YPL Do +m2 —ypr Bpr Ppr cos by — my,)/Op]
+exp[—(7er \/pf)L + m% — et Ber ppr cos Oy, — my,) /O]

A
+expl—(yrL \/Pir + M2 —v7L B por cos O — my,)/ @T]}
(5)

1.2 Display of Anderson et al. [16] small angle data

Most of the double-differential cross-section data obtained by Anderson et al. [16] gives
particle production as a function of transverse momentum instead of the more intuitive
angle variable. The reason for this is because transverse momentum is Lorentz invariant,
whereas angle is not. The use of transverse momentum presents significant complications
when trying to analyze and compare theoretical models written in terms of angle, and
a major effort was undertaken to transform the transverse momentum variables to angle
variables, as discussed in the Appendix of Section 7. Even though it is simple to produce
transverse momentum variables from theoretical models [12], the use of angle variables is
much more intuitive and gives much better insight into the behavior of both the data and
the models, at least as far as space radiation applications are concerned.

Transverse momentum, p*, is defined as p~ = psin 6, where p is the total momentum.
Inverting gives 6 = arcsin(p*/p), which is a double-valued function in the range 0° - 180°.
If p is fixed, then @ has two values (forward and backward) for a single value of p*. With p
varying, then a single value of transverse momentum contains a variety of different angles.
For example, a single transverse momentum value might contain all the angles 1°, 1.4°,
1.6°, 1.7°, 1.8°, 2.0°, 2.3°, 2.4°, 2.5°, 2.7°, 3.0°, 3.2°, 3.5°, 3.8°, etc. However, one wishes
to plot cross-sections as a function of angle, for all particles produced at 1° and at 2° and
3° and 4°, etc. The way this is done in the present work is as follows: Data labeled 1° will
actually include, for example, 1°, 1.4°, 1.6°, 1.7°, 1.8°. Data labeled 2° will include 2.0°,

4The physical interpretation of raising the proton cross-section to the power A is as follows: As with
the previous model [11, 12], the complete proton cross-section is raised to the power A, and so there will
be coalescence contributions coming not only from the various different sources, but also from “cross”
terms. Consider, for example, deuteron (i.e. bound state of a proton and neutron) coalescence formation.
Both the proton and neutron can come from the same central fireball source, for example. But due to the
cross terms, a proton could come from the central fireball and coalesce with a neutron from the projectile.
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2.3°, 2.4°, 2.5° 2.7°. Data labeled 3° will include 3.0°, 3.2°, 3.5°, 3.8°, etc. This is an
accurate representation, because variation of the data over one degree ranges is negligible.

Strictly speaking, it is not correct to convert the p data of Anderson et al. [16] to
angle. This is because, for a fixed value of p, there are two values of angle for each single
value of pt, as mentioned above. However, the Anderson et al. [16] data is restricted to
small values of p*, corresponding to small angle values in the range 0° - 10°. Therefore,
the second corresponding backward angles are 170° - 180°, and the Lorentz-invariant
double-differential cross-sections at these backward angles are so small as to be negligible,
for the range of p values reported by Anderson et al. [16]. Therefore, it is a very good
approximation to convert the p data of Anderson et al. [16] to angle, because only small
forward angles make significant contributions to the cross-sections.

2 Coalescence scaling of small angle data

The key to the success of the previously developed light ion model was due to the fact
that the light ion data could be very well reproduced simply by scaling proton data. This
meant that one only needed to develop a single proton model: The light ion model was
obtained simply by scaling the proton model, in the same way as the data scaled. Data
analyzed previously was limited to large angles. The key question is the following: Do
the proton and light ion data also exhibit simple scaling at small angles? The answer will
turn out to depend on the type of projectile.

Figures 1 - 7 (reproduced from reference [12]) show proton (blue) and light ion (black)
production cross-section data [13, 14] for large angles. The proton data is scaled according
to equation (1) and shown as the red points. As discussed previously [12], 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).

The overlap of scaled proton data (red) on top of light ion data (black) seems mirac-
ulous. The blue proton curves move to the right (becoming the red curves) comes about
because of the definitions in equation (1), namely that py = Ap, and E4 = AE,. But
this is really only a choice of units. In Figures 1 - 7, the light ion momentum p4 is in
units of GeV; because those are units in which data were originally given [13, 16].

Units of GeV /n are preferred, because they clearly show the similarity of the behavior
of the light ion and proton data. Later when examining the quasi-elastic peaks, it will be
seen that the peak of the light ion data is far removed from the proton peak using GeV
units. However, with GeV /n units, both peaks will lie on top of each other leading to much
better physical insight important for model development. Therefore, the experimental
proton and light ion data and also the scaled proton data from Figures 1 - 7 are re-
plotted using units of GeV/n and are shown in Figures 8 - 14. The units of the vertical
axes have also been modified to include GeV/n. Of course, the comparison of the scaled
proton data with the light ion data are just as accurate as before, but now, with GeV/n



units, the scaling behavior seems less miraculous because one observes that the shapes
of the proton and light ion data are similar and certainly have similar high momentum
fall-offs. Scaling the proton data by a single coalescence coefficient (and raising to a
power) to reproduce light ion data now seems more obvious. However, the use of a single
coalescence coefficient to describe all angles of a given light ion® remains remarkable.

The data [13, 14] discussed so far has been for relatively large angles > 10°. Now
examine the small angle data of Anderson et al. [16], which is plotted in Figures 15 - 17,
with units of GeV and in Figures 18 - 20, with units of GeV/n. For the moment, just
focus on the proton (blue) and light ion (black) data and ignore the scaled data (red).
The most obvious new feature of the data is the appearance of a large peak, especially at
the smallest angles. As the angle gets larger the shape of the Anderson et al. data [16]
becomes similar in shape to the Nagamiya data [13, 14]. Another obvious feature shown
in Figures 18 - 20, is that in units of GeV/n, the light ion and proton data have a peak at
the same momentum per nucleon. The small angle data has also been scaled according to
the coalescence scaling of equation (1). The scaled data appear as red points in Figures
15 - 20. It can be seen that coalescence scaling fails for small angles!

All data discussed so far has involved heavy ion projectiles producing light ions. An-
derson et al. [16] have also measured light ion fragments from light ion projectiles at the
very smallest angle of 0°. However, ‘He was the only light ion projectile used, but, for-
tunately this is the most important composite light ion projectile [17] for space radiation
applications. The data are shown in Figure 21 in units of GeV, and in Figure 22 in units
of GeV/n. Again, a large peak is observed at 0°, with both the light ion and proton data
showing the peak at the same momentum per nucleon. However, this time for light ion
projectiles, coalescence scaling works again!

The small angle Anderson data [16] that shows failure of coalescence scaling is shown
as a function of angle in Figures 15 - 20. However, as mentioned in Section 1.2, the data
were measured as a function of transverse momentum, and not angle. This will alter the
conclusions about the failure of coalescence scaling, and this is verified in Figures 23 - 25,
which are shown as a function of transverse momentum, instead of angle, in units of GeV,
and in Figures 26 - 28 in units of GeV/n. The a + C reactions shown in Figures 21 - 22
are at an angle of 0° corresponding exactly to a single value p = psin@ = 0, regardless
of the value of p, and thereby not requiring separate transverse momentum plots.

In summary, the small angle data [16] display the following four new features:

1. A large peak appears at the smallest angles.
2. The light ion and proton data have a peak at the same momentum per nucleon.
3. Coalescence scaling fails for small angle fragments with heavy ion projectiles.

4. Coalescence scaling is valid for small angle fragments with light ion projectiles.

5Each light ion has a different coefficient, which remains constant, independent of angle.



The previously developed thermal/coalescence model [11, 12] included a 3-source ther-
mal proton production model, which was then scaled according to coalescence to give the
light ion model. The thermal/coalescence model described the large angle data [13, 14]
very well. There are major difficulties in extending the previous model to the small angle
data set. Firstly, the 3-source thermal proton model cannot describe the quasi-elastic
peak observed at small angles. Secondly, even if the 3-source thermal proton model could
describe the peak, the model still cannot be scaled with coalescence, because the data, as
seen in Figures 15 - 20 and 23 - 28, show that coalescence scaling fails at small angles.
Thirdly, even if one could somehow devise a successful light ion model, which does not
rely on coalescence scaling, the model would fail for light ion projectiles, because coales-
cence scaling reverts to being mysteriously valid for light ion projectiles producing small
angle fragments. A major effort is required to extend the previous model [12] to describe
both small and large angle data for both light and heavy projectiles. The new model
must be capable of describing the four new small angle features discussed above, as well
as re-produce the previous [11, 12] successful description of the large angle data. That is
the subject of the present work.

3 New Models

What is the origin of the new peak seen at small angles, and how does one develop an
appropriate model to describe it? Figures 18 - 20 and 22, plotted in units of GeV/n give
the main clue. It can be seen that all the light ion peaks occur at the same lab momentum
per nucleon, and the value of that lab momentum per nucleon is the same as the proton
peak. The Einstein relations are

E=T+m=vym, (6)
and
B =pt 4t g

where F is the total energy, T is the kinetic energy, and m is the mass. A convention
in the present work is p = |p|. Units are chosen with the speed of light ¢ = 1; this
standard convention is used throughout this paper. A projectile kinetic energy 7" = 1.05
GeV/n, gives a lab momentum of p = 1.75 GeV/n, which is precisely the location of all
the peaks in Figures 18 - 20 and 22. Therefore, the small angle peaks must be due to
fragments knocked directly out of the projectile. An elastic process is one in which the
projectile undergoes no interactions and continues on with its original kinetic energy after
the reaction®. The direct knockout of fragments with the same” kinetic energy as the

6This assumes that no energy is transferred to the target, or equivalently represents the limit of an
infinitely massive target. In reality, some energy can be transferred.
7Again assume no energy transfer to the target.



original projectile is called quasi-elastic. Figures 18 - 20 and 22 show that the small angle
peaks are due to quasi-elastic direct knockout. This is in contrast to the large angle data,
where the fragments arise from a hot thermal source which decays after reaching thermal
equilibrium. As discussed previously, there are 3 thermal sources, namely a source in
the projectile, a source in the target and a much hotter fireball source near the center of
momentum.

3.1 New proton thermal plus direct knockout model
3.1.1 Maxwellian versus Gaussian distribution

The general form of a Gaussian distribution, also often called a Normal distribution, is

fl2) = — evr?, (s)

o\ 2w

where z is the variable value, f(z) is the probability distribution function, & is the stan-
dard deviation of x, and v is the mean value of z. In terms of a momentum distribution
p, where p is the magnitude of the 3-momentum p = |p|, with an average value v = 0,
the distribution is [19, 20, 21]
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The relativistic kinetic energy can be expanded as a power series in the momentum,
v p?
T=2X (1— 4o 10
2m( 4mj2- ) (10)
with the first term corresponding to the non-relativstic approximation
2
p
TNR ~ —. (].1)
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The thermal Maxwellian distribution is

fu(p) = Ne t/®, (12)

with normalization constant N, and temperature ©. Comparison of equations (9) and
(12) shows that a Gaussian (Normal) distribution is equivalent to a Mazwell distribution
in the non-relativistic approrimation. The Maxwell temperature is trivially related to
the Gaussian distribution width, or standard deviation, . One often sees Gaussian dis-
tributions [19, 20, 21, 22] used for the momentum distributions of fragments, including
direct knockout of neutrons [15, 22|, and Maxwell distributions [13, 22] used for thermal
decay of hot sources, but because these descriptions are equivalent at the non-relativistic
level, either formalism can be used. Therefore, the present work will use thermal Maxwell
distributions for all fragment production including both thermal sources and direct knock-
out sources. The temperature used for the direct knockout source can be regarded as an
“effective” temperature.



3.1.2 Thermal plus direct knockout proton model

A new thermal plus direct knockout model for proton production is now developed in
direct analogy to the previously developed model of reference [12]. The new model also
uses some of the methods developed to describe neutron production cross-sections [15, 22,
23, 24, 25, 26], where a total of 4 sources were used corresponding to 3 thermal sources of
projectile, target and fireball and an additional source due to direct (D) knockout from
the projectile. Cross-sections for protons from the 4 sources are added together as

Ao o d*o
Ly p<ppL79pL) = [Epp(PpL76pL)] + [Epp(ppLaepLﬂ
dpf; dpg P dpg C
dSUP (p) d30p
+ lEp dpg; (pvaepL) T+7~UD Ep@(ppLaepL) R

- N4 [e—TppL/@'P _I_ e_Tch/ec _I_ e_TpTL/eT + wf(Dp) e—Tp'PL/e‘D]’ (13)

where P, C, T, D symbols representing projectile, central fireball, target, and direct
knockout respectively, and w%’ ) is the direct knockout weighting value listed in Table 1.
The kinetic energy of the proton in the projectile frame relative to the lab frame is denoted
as Typr, and similarly for the other frames. Note that T,p; also appears in the direct
term because it originates from the projectile. Following the methods of reference [12]
and inserting Lorentz transformations gives

o
Epw;(ppm Opr) = Ny {eXP[(mp — ypr\/Pap + M2+ vpL Bpr Ppr cosOpr)/Op]
p

+ eXP[(mp —cL \/pf)L + mf, +Yer Ber ppr cos 9pL)/@c]
+exp[(mp — Y7L \/Par + M2+ y7L BrL Ppr cos Opr) /O7]
+ w exp[(my, — ypr \/m +vpL BpL PprcosOpr)/ @D]} :

(14)

In terms of the projectile kinetic energy, Tpy, the relativistic factors are

T T 1
YL =1+ PL, Yer =41+ PL, Yo =1, B:\/:' (15)
my, an Y

Equation (14) represents the thermal plus direct knockout model with contributions from
the projectile, target and central sources, all Lorentz-transformed to the lab frame.

The normalization coefficient N, is obtained from the requirement that the total proton
production cross-section oy, is the fully integrated differential cross-section. Using the




methods of reference [12], the new normalization becomes

Op

N4 = l:@p 697’ K1 (@P)—f-@c 690 Kl(@c>

4rmy,

m mp

—1
+ Or e®r K <@ > +uwl® 05 o K, (gbpﬂ . (16)
T D

Equations (14) and (16) represent the final 4-source thermal proton model in terms of lab
variables, and correctly normalized so that the integral of the Lorentz-invariant differential
cross-section gives the total cross-section.

3.2 New light ion hybrid coalescence model

The results of Section 2 clearly showed that fragment cross-sections produced at small
angles for heavy projectiles do not obey the simple scaling behavior as predicted in the co-
alescence model. Nevertheless, a hybrid scaling model can still be developed. Auble et al.
[27] were among the first to show that fragment cross-sections could be described by mul-
tiple sources, although they considered only the two fireball and projectile sources. They
also used scaling, but weighted each contribution to scaling differently, which required the
use of more adjustable parameters. Neutron production work [15, 22, 23, 24, 25, 26], also
made use of different adjustable parameter weight factors for each source.

3.2.1 (ppr,0,r) variables
The new hybrid scaling model is (with ps = Ap, and E4 = AE,)

d3o 4 dPo
+ We [ECW<ppL, epL)‘|

E4
dp?,

d*o
= (4 {wp [Edpg(ppL,epL)]

P c

3

d’c 3
+wr lEM(ppLa epL)]

d A
+ Wp lEdi’-(ppL’ epL)] } ) <17)
T P D

This equation is very similar to the coalescence scaling model in equations (1) and (5),
except that now adjustable weighting factors w are used for all sources. This is why it
is called a hybrid coalescence model. Substituting equation (14) into (17) gives the final
result for the light ion hybrid scaling model in terms of (ppr, 0,1) variables

3o
Ep——m- 4 = C’AN;4 {wp eXp[(mp — YPL \/pf)L + mf) +vpL BrL PprL €OS 9pL)/@P]

dpA
+ we exp[(my, — Yer \/Pia + M2 4 ver Ber o cosOpr)/Oc]
+ wr exp[(my — Yo \/Pir + M2 + 7L Bri pprcosbyr)/O7]
A
+ wpw® exp[(my, — pr VDPip + m2 +ypL Bpr Py cos 9pL)/@D]} . (18)
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3.2.2  (ppr,ppy) variables

As discussed in the Appendix, the transverse momentum, prL, is a double valued function
of angle 6,,,: Two different angles correspond to the same value of transverse momentum.
One angle is in the forward (4) direction and the other is in the backward (—) direction.
Let % be an arbitrary reference frame (either projectile, target, fireball). The proton
cross-sections in the * frame are added incoherently,

Ao + d30_
E e (Ppr-pp) = E e L (ppr.pyp) + E—=F e 2 (oL Por,)s (19)

to form the complete cross-section corresponding a specific value of prL.

Equation (17) contains cross terms, so that coalesced light ions can receive contribu-
tions, for example, not only from a single reference frame, but also different reference
frames. For example, a deuteron can be formed from two nucleons both originating in
the projectile, but also can be formed from a nucleon in the projectile coalescing with a
nucleon from the target. This makes sense physically. However, it does not make sense to
allow for cross terms from the forward and backward directions. Define the double valued
light ion cross-section

Ao+

d3 + N B N d3gi .
EAd 3 (pL?ppL> = OA wp ETpg(ppL7ppL> P+WC ETpg(ppLappL) c

Aot d3o* A
+wr E(ppL,plL)] + wp [E(pvapJ_L) :
dp? P - dp? oLl |
(20)
to give the light ion transverse momentum cross-section
d3 oA d3 + d3 —
EA dpA (pPL ppL) = EA d 3 (ppLappL)+EA d 3 (ppLappL)

d30'+ d30+
= (4 {wP lE(p LprL)] + we lE(P L7pLL)1
dp3 p p » dp3 p p c

d30_+ N d30.+ N A
—|_'l,U7‘ ETpg(ppL’ppL) T+WD lECW(ppL7ppL) 5
d3o~ N o~ N
+ Cy {UJP E(My)(ppL7ppL>‘|P+wc [ECW(pPL’ppL> .
d3 n L d30.7 1 A
+wr ETpg(Z)plnppL) T+wD lEdpg(pvappL) - )

(21)

which contains no unphysical cross terms relating forward and backward angles.

11



3.3 Verification

A variety of verification tests were undertaken to ensure that the computer codes and
mathematical formulas were correct. These tests are listed below.

4

e Computer codes were originally written in Mathematica. Independent codes were

also written in FORTRAN and both codes were verified to be giving the same results.

e As described perviously, all differential cross-sections were written in terms of two

independent sets of variables, namely momentum and angle, (p,f), and also mo-
mentum and transverse momentum, (p,p). Given that p = pcosf, values of ¢
can be chosen and the corresponding value of p* can be calculated. Because E %
is Lorentz invariant, the values should be the same in the different variable sets,
and this was verified for a variety of cases. These tests also verified that the double
valued cross-section functions introduced for transverse momentum variables (see
Appendix) were correct.

As described previously, there are three different reference frames used to implement
the theoretical models, namely projectile, central fireball, and target (lab) frames.
The thermal and coalescence models are calculated in each frame and then Lorentz-
transformed to the lab frame in which experimental measurements are available

. . . . . 3
and in which transport codes are evaluated. The differential cross-sections, F 37‘;,
. . 2 . . .
are Lorentz-invariant, but dC]l:?gQ and j—g are not Lorentz-invariant. How is one to

check that the complicated set of Lorentz-transformations to the lab frame have
been done correctly? This includes the complications of the two variable sets above.
The most powerful test is to fully integrate all differential cross-sections over en-
ergy and angle to obtain the total cross-section o, which is Lorentz-invariant. All
the various differential cross-sections should give the same answer o when they
are integrated. Extensive verification tests were done, giving high confidence that
all Lorentz-transformations and resulting formulas for differential cross-sections, in-
cluding the analytic formulas described in Sections 5, are correct.

Validation: Models compared to experimental data

The new theoretical models developed in this work will now be compared to both the large
angle data of Nagamiya et al. [13, 14], as well as the small angle data of Anderson et al.
[16]. All of the Nagamiya et al. data was examined previously [13, 14], but only with the
3-source model, which was found to be in good agreement. The challenge of the present
work is for the new models, which include the addition of a 4th direct knockout source,
to maintain the previously observed good agreement with Nagamiya et al. [13, 14], as
well as correctly predict the small angle Anderson et al. data [16], which has not yet been
analyzed with these models.
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The total cross-section, o, is calculated from the NUCFRG3 model [28] with values
listed in Table 2. Any other model, such as RAADFRG [29], could alternatively be used.
Values for the coalescence coeflicients are listed in Table 3.

4.1 Large angle data of Nagamiya et al. [13, 14]
4.1.1 Proton model compared to large angle data

The new proton thermal plus direct knockout 4-source model is now compared to the
large angle data of Nagamiya et al. [13, 14], which was analyzed previously [11, 12] with
the simpler 3-source thermal model.

Results for proton production are shown in Figures (29) - (30) for Ar + KCl and C
+ C, both with projectile kinetic energies of 800 MeV /n. The figures show contributions
from the 4 individual sources which add together to form the total (red curve) according
to equations (13) and (14). Comparisons with data are of the same good quality as
reported previously with the simpler 3-source model [11, 12]. The key observation is the
contribution of the direct knockout source, shown as the magenta curve in the figures.
Direct knockout only makes large contributions at very small angles and is visible only
at 10° for the Ar + KCI reaction, as the small magenta peak occurring at the projectile
momentum. The width of the peak is narrow because of the small temperature (2.8 MeV)
assigned to direct knockout discussed previously. For angles larger than 10° for Ar 4+ KCl
and for all angles for C + C, the direct knockout contribution is not visible because it
is so small at these large angles. All of this makes sense physically: Direct knockout
fragmentation products should continue in the forward direction at the same energy as
the incident projectile. Direct knockout is highly suppressed as the angle increases. Thus,
the new 4-source model is able to retain the success of the previous 3-source model for
large angle data because the addition of the new direct source is highly suppressed at
large angles.

4.1.2 Light ion model compared to large angle data

The new light ion hybrid coalescence 4-source model is now compared to the large angle
data of Nagamiya et al. [13], which was analyzed previously [11, 12] with the simpler
3-source coalescence model.

Results for light ion production are shown in Figures (31) - (37) for Ar + KCl and C +
C, both with projectile kinetic energies of 800 MeV /n. The figures show contributions from
the 4 individual sources which, rather than simple addition, add according to equations
(17) and (18) to form the total (red curve). As with the proton case, the direct knockout
term mainy contributes at very small angles and is highly suppressed at the large angles
represented by this data. In fact, it is so small as to not be visible in any of the light ion
large angle figures.
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For light ions, there are more parameters for the new 4-source model, as compared to
the previous 3-source model. These were discussed previously and the weighting factor
parameters are listed in Tables 4 and 5. With more parameters, better agreement with
data is expected and this is seen in several of the figures, especially for t, h, « light ion
production at 15° for both Ar + KCI (Figures 32, 33, 34) and C + C (Figures 36, 37),
which now show much better agreement with 15° data compared to previous work [11].
This improved agreement is useful in space radiation applications, where the larger cross-
sections at the smaller angles produce more contribution to dose. Of course, it is essential
at the very small angles to be discussed next.

4.2 Small angle data of Anderson et al. [16]

4.2.1 Proton model compared to small angle data

The new proton thermal plus direct knockout 4-source model is now compared to the
small angle data of Anderson et al. [16]. Although not shown graphically, the previously
developed simpler 3-source model [11, 12] completely fails to describe the small angle data
[16], which is why the new 4-source model was developed.

Results for proton production in C + C reactions at 1.05 GeV /n are shown in Figure
38 as a function of angle, and in Figure 39 as a function of transverse momentum. Results
for proton production in o + C reactions at 1.05 GeV /n are shown in Figure 40 (top left
panel) at an angle of 0°. The figures show contributions from the 4 individual sources
which add together to form the total (red curve) according to equations (13) and (14).

The direct knockout contribution of the 4-source model is now clearly evident as the
narrow magenta peak at the projectile momentum making a dominant contribution at
the smallest angles. Overall, the agreement with heavy ion projectile data as a function
of angle (Figure 38) and also as a function of transverse momentum (Figure 39) is very
good. The models clearly show the steep drop in cross-section magnitude and shape as
the angle gets larger. Also, even though the data is limited, the agreement with the light
ion « projectile data at 0° in Figure 40 (top left panel) is also very good.

4.2.2 Light ion model compared to small angle data

The new light ion hybrid coalescence 4-source model is now compared to small angle data
of Anderson et al. [16], which was not previously analyzed with these models. Although
not shown here, the previously developed simpler 3-source model [11, 12] completely fails
to describe the small angle data [16], which is why the new 4-source model was developed.

Results for light production in C + C reactions at 1.05 GeV/n are shown in Figures
41 - 43 as a function of angle, and again in Figures 44 - 46 as a function of transverse
momentum. Results for light production in o 4+ C reactions at 1.05 GeV/n are shown in
Figure 40 at an angle of 0°. The figures show contributions from the 4 individual sources
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which, rather than simple addition, add according to equation (17) and (18) to form the
total (red curve).

The quality of agreement between models and data is similar to the proton small angle
case, with overall very good agreement and a clear contribution of direct knockout at the
smallest angles, with increasing suppression as the angle increases. Of course, the overall
good agreement is not only due to the physical basis of the models, but also the choice
of parameters, which were adjusted to give the best agreement. Nevertheless, it is quite
remarkable that such a wide range of data, as shown in all the figures, agrees with the
4-source model and a limited parameter set.

5 Differential cross-sections for transport codes

The light ion differential cross-section models developed in the present work are in-
tended for use in the 3-dimensional, deterministic transport code called 3SDHZETRN
6, 7, 8,9, 10]. Consequently, special effort was made to develop highly efficient model
parameterizations capable of fast execution times on computers. Transport codes are eval-
uated in the lab frame and do not require Lorentz-invariant® differential cross-sections.
Instead, the non-invariant double-differential cross-section @0 and non-invariant single-

dEdQ

differential spectral j—g and angular g—g cross-sections are required. Expressions for dcggﬂ
and j—g will be derived below, while 52 will be left for future work.

5.1 Parameters

When using the equations in this section for transport codes, one needs to be careful to
use the correct weighting factor parameters from Tables 4 and 5 as follows:

o If the projectile is a light ion (such as He), then use weightings from Table 4.

— The weightings are the same for all light ion fragments. For example, wp = 0.2
for d, t, h, a.

e If the projectile is a heavy ion (such as C or Ar), then use weightings from Table 5.

— The weightings are different for each light ion fragment. For example, wp = 0.2
for d; wp = 0.2 for t and h; wp = 0.4 for a.

— The wp weightings are different depending on whether the projectile nucleon
number, Ap, is smaller or greater than 20. For example, wp = 2 for d; wp = 3
for t and h; wp = 3.5 for a, when Ap < 20. But wp =1 for d; wp = 2 for t
and h; wp = 3 for a, when Ap > 20.

8The models were developed in terms of Lorentz-invariant cross-sections because Lorentz-invariance
makes the mathematical transformations between different reference frames much simpler.
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5.2 Non-invariant double-differential cross-section
The non-invariant double-differential cross-section dcggg is related to the Lorentz-invariant
differential cross-section [30] for the outgoing fragment j via®

d?*c d*o d3o
dEdQ . dTd0 dpd/E =V Tu(T +2my) APE (22)

with dp® = p?dpdQ, and p = |p|. Also, using Ej, = Tj, + m; = \/p5, +m3, the
substitution |p| = pj;, = \/ T;1.(Tj, + 2m;) has been made in order to write cross-sections
as functions of the fragment kinetic energy 7Tj;, used in transport codes.

5.2.1 Proton double-differential cross-section

Writing equation (14) in terms of kinetic energy and substituting into (22) gives the final
form of the proton double-differential cross-section to be used in transport codes,

dedeL = NuyJTpr(Tpr +2my)
X {exp {[ —ypr(Tpr +my) + vprL 57%\/ Tor + 2m,,) cos 9pL]/97>]
+ exp [[ —Yer(Tpr +myp) + Yer Ber \/ Tor + 2my,) cos epL}/@c]
+exp [[mp —vrL (Tor, +my) + 7L BrL \/TpL(TpL + 2my,) cos GpL]/@T}
+w§§) exp {[ —vpL (Tor, +myp) + vprL BrL \/TpL(TpL + 2m,,) cos 9pL]/®Di| } 7
(23)

with the relativistic v and  factors given in equation (15).

9The solid angle is d) = sin 8dfd¢p = —dcosfd¢p = —2md cosd when integrated over d¢. Integrating
gives [dQ = [T dg [T sinfdd = 27 [ dcosd = 2r [1 dcos = 27 [1, dz = 47, with z = cos#.
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5.2.2 Light ion double-differential cross-section

Writing equation (18) in terms of kinetic energy and substituting into (22) gives the final
form of the light ion double-differential cross-section, in units of MeV/n, to be used in
transport codes,

d’o mb
= A2CuNATur(T 2
T d [Me\//n] CaNy \/ an(Tar + 2my)
X {wP exp {[ —vpr(Tor +myp) + pL 57%\/ pL(Tpr + 2my,) cos QpL]/@P}
+ we exp [[ —ver(Tpr +myp) + ver Ber \/ Tor + 2my,) cos 6)pL]/@C]

+ w7y exp |:[mp — 7L (Tor +myp) + 971 BrL \/ Tyr + 2my) cos epL]/@T}

(p) !
+ wpwp’ exp {[ —vpr (Tor +myp) +vpL Brr \/ Tor + 2my) cos epL]/@D} } )
(24)

where T4 is the kinetic energy of the light ion A, in units of MeV/n. The light ion
mass, my, in the term,'® \/TAL(TAL +2m4), leads to the equality \/TAL(TAL +2my) =

\/ Tar(Tar + 2my) when units of MeV/n are used. An overall multiplicative A? factor is
introduced to ensure units of MeV/n, as discussed in Section 5.6.

5.3 Non-invariant single-differential spectral cross-section

A spectral distribution for production of particle j, is obtained by integrating -2 “Edq, as in

do 1 d*o 1 o
dE T dEdQ ”/_1 OSViEd T ) P aEdn
1 Ao 1 Ao
= 27r|p|/ dcos@m = 27T|p|/ dz 7B
Ao
= 2m Ty (Tys + 2mj) / d g (25)

with z = cosf;, and assuming azimuthal symmetry. Examination of equation (14) for
the proton model and equation (18) for the light ion model shows that both models are
written explicitly as functions of the proton angle, z = cosf,r.

108¢rictly speaking, the nucleon mass should be used instead of the proton mass, but the slight difference
between the proton and nucleon mass leads to negligible differences in cross-section results.
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5.4 Proton spectral distribution

In order to obtain the proton spectral distribution, the proton Lorentz-invariant double-
differential cross-section of equation (14), must be inserted into the right hand side of
(25). Isolating only the z terms to be integrated, equations (14) and (23) can be written
in the general form

I o,

prg =N, (Vpe‘ZWP + Ve 4 VipePVT 4 VDeZWD> , (26)
p

and

2
d“o,

dT,dS,

= N\ Tor(Tor + 2my) (Vo + Veere 4 Vie™T 4+ Vpes?) | (27)

where V' and W are constants with respect to 2 = cos 1. In terms of kinetic energy,

Vp = exp{[my, —vpr (Tpr +m,)]/Op} = *7, (28)
Wo = [ps Ber /Ton(Tor +2my) | /Op, (29)
Ve = exp{[m, —yer (Tor +my)]/Oc} = €™, (30)
We = [yer Ber \/TpL(TpL +2m;) ]/Oc, (31)
Vi = exp{[my — v (Tor +mp)l/O7} = exp{-T,L/O7} = €7, (32)
Wr = [yre Bre y/Tou(Ton +2my) /67 =0, (33)
Vo = wp exp{lm, — i (Tor +mp)]/Op} = wie™™, (34)
Wp = [vpL Brr \/TpL(TpL +2my) ]/Op, (35)
where the following definitions have been used,

Xp [mp —vpr (TpL + mp)]/Op, (36)

Xe = [mp—ver (Tor +myp)l/Oc, (37)

X7 = [mp =71 (Tor +myp)]/O7} = —T,1/O7, (38)

Xp = [mp —ypr (Tpr +my)]/Op. (39)

Also, Wy = 0 because 7 = 0 (giving v = 1), due to the lab frame being defined as
the target frame. Using the result

1 2
/ dzexp[Wz| = — sinh W, (40)
~1 w
and define
: (p) B
A = I‘/[//: sinh W; = ;U;/Vi(ezj — %), (41)



where
ZF=X,+W;, (42)

andw()—l fori ="P,C, T, andw(p)—w = 30, for + = D. The Zsth term in
equation (41) contains multiplication of exponential functions, which can lead to overflow
or underflow problems in compllers such as F! ORTRAN It is better to multiply the ex-
ponential functions analytically, 2W (er — eZi), prior to numerical
evaluation. This will eliminate overflow or underflow problems.

Note that lim,_,q % =1, yields

v
Ar = =L sinh Wy = Vi, (43)
Wr
which needs to be implemented in equation (41) in order to avoid a numerical singularity
due to Wy = 0 mentioned previously.

The proton spectral distribution is obtained from equation (25) as

do
dT,L

= AaNy/Tor(Tyr +2my) (Ap + Ac + A7 + Ap) (44)

written entirely in terms of kinetic energy, 7,1, using equations (28) - (35). This is the final
form of the spectral distribution for proton production. It is a very simple and compact,
analytic equation involving no integrals, and is therefore a very efficient parameterization
of the proton production spectral distribution. No numerical techniques are required for
evaluation. Sample plots of the proton spectral distributions are provided in Figure 47.
Sample results are in Table 7.

5.5 Light ion spectral distributions

The light ion spectral distribution is more difficult to obtain from equation (17) or (18),
because of the fact that all of the contributing terms are summed and then raised to the
power A. Therefore, a general analytic expression for the spectral distribution, analogous
to equation (44) cannot be obtained. However, by definition, light ions only take the
values A = 2, 3,4 and so a separate analytic expression can be obtained for each value of
A, as discussed below.

In the following equations, units will be denoted in square brackets, as in [units], on
the left hand side of some equations. A full discussion of where these units come from is
included in section 5.6.

In order to obtain the light ion spectral distribution, the Lorentz-invariant double-
differential cross-section of equation (18), must be inserted into the right hand side of
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(25). Again, isolating only the z terms to be integrated, equations (18) and (24) can be
written

3o mb 2 A Wp We e oA
W E |(ev/me| — A CaNi (Yp e + Yz e V7 e 4 Yp eWP) " (45)
and
d?*o mb ) N
dT;dQ;y, [MeV/n] = ATCaN; \/TJL(TJL + 2m;)

A
X (Yp eVP LYo Ve 1 Y VT 4+ Yy eZWD) . (46)

with an overall multiplicative A factor being introduced to ensure units of MeV /n, and
with m; being given by the proton mass and 7, written in units of MeV/n, as discussed
in section 5.6. Also, Y and W are constants with respect to z = cos8;1,. Specifically,

Yp = wpVp =wp X7, (47)
Yo = we Ve = we ¢, (48)
Yr = wrVy=wre'T, (49)
Yo = wpVp=w® wp P, (50)

Substituting equation (45) into (25) gives the general light ion spectral distribution for
arbitrary A as

do mb 2 A

1 A
X / dz (Yp VP 4 Ye e 1 Y VT 1Y) eZWD) . (51)
-1

Although this equation is easily evaluated numerically, it cannot be analytically inte-
grated for arbitrary A. In the interests of providing results that can be efficiently used in
transport codes, the above equation will now be analytically integrated for the values of
A appropriate for light ions, namely A = 2,3, 4.
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5.5.1 Deuteron (A = 2) spectral distribution
Define

w; = w; for i=P,C,T, (52)

w; = wWwp for i=D, (53)

and make the additional definitions

Y7 w; 27+ 27
E = ﬁsinh(QWi) = 2{/{/(6 i —e*h), (54)
4Y;Y; 20,0, ot -
Fij = e sinh(W; 4+ W)) = ———L- (% T4 — %+ 55
; Wi—l—stm< + W) Wi+Wj(€ e ), (55)

where the exponential terms in the Y and sinh functions have been evaluated analytically,
in order to avoid overflow or underflow problems, as discussed previously. Note that
lim,_,q % = 2, yields

Y2
Er = —L sinh(2Wr) = 2V, (56)
Wr
which needs to be implemented in equation (54) in order to avoid a numerical singular-
ity. For A = 2, equation (51) is analytically integrated to give the deuteron spectral
distribution in closed form as

do mb
dT a1, lMeV/n] = 21A? CANf\/TAL(TAL +2m,) (Ep+ Ec + Er + Ep

+ Fpe + Fpr + Fpp + Fer + Fep + Frp), (57)

with m, being given by the proton mass and T4, in units of MeV /n. Sample plots of the
deuteron spectral distributions are provided in Figure 47. Sample results are in Table 7.
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5.5.2 Triton and Helion (A = 3) spectral distribution
Make the definitions

Y3 03 _
Gi = -smh(3W,) = (@ - ), (58)
9Y-2Y} 902w ; ot -
= e N A h QWZ W — s T N 2Zi +Zj _ QZ,L- +Zj 59
g oW, + W, Wi+ W) = 56w, +Wj)(e c ) (59)
18Y.Y,Y,
= W(W, + W, + W,
Jigh W1~+W]~+Wksm( =W+ W)
Qw010 e
= g A S, (60)
i J

Note that lim,_,g @ = 3, yields

YS
Gr = —L sinh(3Wy) = 3YZ, (61)
Wr
which needs to be implemented in equation (58) in order to avoid a numerical singularity.
For A = 3, equation (51) is analytically integrated to give the triton and helion spectral
distributions in closed form as

do mb ) 5 9
dTus [Me\//n] = 2wA*CyN; \/TAL(TAL +2m,,) X g(gp +Ge + G+ Gp + Hpe

+ Hpr +Hpp + Hep + Her + Hep + Hrp + Hre + Hop
+ Hpp + Hoe + Hor + Jerp + Tprp + Tpep + Tper),  (62)

with m, being given by the proton mass and 7’4, in units of MeV /n. Sample plots of the
triton spectral distributions are provided in Figure 47. Sample results are in Table 7.
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5.5.3 Alpha (A = 4) spectral distribution
Make the definitions

Y4 o _
Ki = gy sinh(4V;) = 8% (125 — A%, (63)
4Y3Y: 203w, P o
,CZ“ — LIS h 3m W) = et et BN OV —‘ij _ .37 +Zj 64
J 3I/I/Z + W] S ( + ]) 3W7, +W7(6 € )7 ( )
6Y2Y? 3w?w? +oogt — oy
Mo = gy A = g R
12Y2Y:Y,
Ny = U inh(2W; + W, + W,
S G SEh W Y+ W)
6w2ijk 27 47 42+ 27+ Z A7
_ i § T4 T, o4 T4 T 66
W+ W, 4+ 115 ‘ ) (66)
24Y;Y;Y,.Y, .
ik Wi+W/j+Wk+Wzsm( + Wi+ Wi+ W)
_ 12w, w1, Y Y e (P I I, (67)
Wi+ W; + W, + W,
Note that lim,_,g 5“14};4”6 =1, yields
Y4
Kr T sinh(4Wr) = Y7, (68)

T AWy

which needs to be implemented in equation (63) in order to avoid a numerical singularity.
For A =4, equation (51) is analytically integrated to give the alpha spectral distribution
in closed form as

do mb
dTAL [Mev/n] = 27TA2 CANZL\/TAL(TAL —+ 2mp) X Q(Kp + ’CC + ICT + ’CD

+ Lpc + Lpr + Lpp + Lep + LeT + Lep

+ Lrp + Lrc + Lyp + Lop + Loe + Lo

+ Mpc + Mpr + Mpp + Mcer + Mep + Mrp

+ Nper + Neep + Nprp + Nepr + Nepp + Nerp

+ Nrpe + Nrpp + Nrep + Nope + Nppr + Nper

+ Opcrp), (69)

with m,, being given by the proton mass and T4y, in units of MeV/n. Sample plots of the
alpha spectral distributions are provided in Figure 47. Sample results are in Table 7.
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5.6 Units

Unit analysis is very important when implementing the formulas of the present work into
transport codes. Therefore, a detailed discussion is now given. The symbol ~ will be used
to denote units. Also, angles in steradian (sr) are not written explicitly, because they are
not units in the normal sense. The system of units in the present work uses standard
particle physics units, with the speed of light ¢ = 1. The units of the Lorentz-invariant
double-differential cross-section are given by!!

dPo mb

&P~ MevE (70)

where ¢ ~ mb and £ ~ p ~ MeV. Also, note m ~ MeV. The coalescence model raises
these units to the power of A on the right hand side of equation (1), implying that C4
carries different units for each light ion, depending on the value of A. Therefore, the units

of Cy are
1-A
mb

Equation (2) implies that the units of the normalization constant are the same as the
Lorentz-invariant double-differential cross-section, namely

mb
MeV?2'

(72)

This is consistent with explicit formulas for N given in equations (4) and (16) where the
units are carried by the term

mb

o
— o0t~ — 73
mp MeV?2’ (73)
with temperature units © ~ MeV.
Consider now the units of spectral distribution,
do mb
R 74
dT" MeV’ (74)

and analyze the units in equation (51). Equations (28) - (35) show that the V and W
terms do not carry units. This is denoted as

VW~ (75)

HEnergy units of MeV are used for illustration. GeV can equally be used.
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Therefore, the units of j" in equation (51) are carried by the term C4 N;j! \/ T, + 2m;),
as in

do mb \'"* ( mb \* mb
a7~ CANiTial T+ 2my) ~ <Méﬁ> ()h%VNh%V (76)

arriving at the correct units for & il
Calculation of coalescence coefficients has been discussed previously [12], but impor-
tant details will be repeated here. The coalescence coefficient, Cy, is calculated as [13]

ca
C1A = W ) (77)

where ¢4 is constant for each value of A. The interaction volume is V = %WRB , with the
interaction radius R given by [13]

R=a(AY* + A+, (78)

where a and b are constants from reference [13] and listed in Table 6 of the present work.
Ap and Ay are the mass numbers of the projectile and target nuclei, respectively. The
units of R, a,b are all fm = 10~1°m,

R~an~b~fm, (79)
where
fm? = 10 mb. (80)

The calculated C4 values in equation (77) require the constant ¢4 values as input.
These ¢4 are constants, which vary only with A, and they have been determined [12] from
the reaction Ar (800MeV/n) + KCI as follows,

T Cobs[Ar 800MeV /n)+KCl] VA 1 (81)

where CATEIMV/MFRA 1 p6 the observed C4 values for the reaction of Ar (800MeV /n)

+ KCI [12, 13]. The units of ¢4 are

mb \ 4
ca~ | fm?)4~1 82
o~ (i) @0 52
Even though this can be simplified further using the relation between fm and mb in
equation (80), it will be left in this form because the calculation of the interaction radius in
equation (78), is naturally given in fm, and the units of the V4~! term in the denominator
of equation (77) cancels the (fm*)*~! units in equation (82), to give ({22, )'~* in equation
(77), as in

1-A
f () T
CEE T i T \Meve) (82)
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5.6.1 Units of MeV/n

Up to now, energy units of MeV have been discussed. However, HZETRN and many other
transport codes instead use units of MeV/n. Refer to equation (1), where A is the mass

of the emitted light ion. The energy units of E L% 6n the right hand side are MeV. With

P dp3
the definitions py = Ap, and E4 = AL, the energy units of F4 d;;@f‘ on the left hand side
A
are also obviously MeV and not MeV /n. Thus, the natural units of the coalescence model
are MeV, not MeV /n, because of the definitions of p4 and E 4 inherent in the coalescence

model. Nevertheless, the conversion factor is simple, namely

d3o 4 mb _2E Ao 4 mb
Ydp | (MeV /n)? Ydpd [ Mev? |’

(84)

with the square brackets denoting units. In other words, in units of MeV/n, the coales-
cence model is written

o mb Bo \?
E = A’C, | BE,—2 85
Y l(MeV/nvl < pdpg) ’ (85)

instead of equation (1).
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6 Summary, conclusions and future work

New models for proton and light ion production in nucleus-nucleus collisions have been
introduced in the present work. The models are collectively referred to as DDFRG
(Double-Differential FRaGmentation), which continues the set of nuclear physics models
previously developed at NASA, known as NUCFRG [28], RAADFRG [29], EMDFRG |[31]
and QMSFRG [32]. The DDFRG models are the first set of models devoted to differen-
tial cross-sections, whereas the previous models [28, 29, 31] calculated total cross-sections
only.

The goal has been to introduce parameterizations represented by analytic formulas
that can be used efficiently in space radiation transport codes. The model for proton
production represents three thermal sources produced in the projectile, central fireball,
and target rest frames. An additional direct production Gaussian source (equivalent
to a low temperature thermal source) has been introduced to account for quasi-elastic
direct knockout. The model for light ion production uses a hybrid coalescence model in
which particles from the four sources coalesce to form composite light ions. Weighting
parameters have been introduced that give different weights to the four sources.

The models have been compared to a variety of high energy experimental data for both
light and heavy ion projectiles, with the fragments being produced at both small and large
angles. Agreement of the models with data is very good, with the models showing the
large quasi-elastic peak at very small angles with suppression at large angles. The data
shows variations with angle and fragment energy of many orders of magnitude and the
models are able to capture this. In addition, the models have been developed to be valid
for both light and heavy projectiles.

The main conclusion of the present work is that a single set of models, with judicious
choice of a finite set of parameters, is able to describe a broad range of experimental data
for proton and light ion production in relativistic heavy ion collisions relevant to space
radiation.

The models were developed with emphasis on Lorentz-invariant double-differential
cross-sections, as these were the data measured. However, space radiation transport
codes generally use non-invariant double-differential cross-sections in energy and angle,
and a set of closed-form analytic formulas for these quantities has been developed, as well
as closed-form analytic formulas for fragment spectral distributions.

6.1 Future work

Further development of DDFRG is necessary for the following reasons:

1. Light ions and neutrons dominate dose-equivalent [1] for realistic shield thicknesses
(> 20 g/cm?). They are scattered at large angles and therefore require 3-dimensional
transport (3DHZETRN) and nuclear physics double-differential cross-sections.
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10.

. Transport code (GEANT, FLUKA, MCNP, PHITS, HZETRN, SHIELD) compar-

isons [3] show the largest differences for light ions. The disagreements are mainly
due to inaccurate light ion nuclear physics models and lack of experimental data.

. An experimental thick target program was recently completed at the NASA Space

Radiation Laboratory (NSRL), located at Brookhaven National Laboratory, using
unique combinations of double thick targets where incident beam particles scattered
from the first target and secondary fragments subsequently scattered from a back
target. This simulated the scattering geometry in a spacecraft, where fragments
are produced when GCR interact with a spacecraft wall and more scattered prod-
ucts are produced from the far, back and surrounding walls. These measurements
show significant discrepancies [33] compared to transport codes (MCNP, PHITS)
for light ions. Further cross-section measurements of light ion fragments have been
recommended to resolve these discrepancies.

Mars Science Laboratory Radiation Assessment Detector (MSL-RAD) light ion flux
measurements highlight the need for improved nuclear interaction models. Light
ion model results show moderate to large discrepancies [5, 34, 35] over the MSL-
RAD energy range, with model errors mainly attributed to inaccurate light ion
nuclear physics models. In this particular case, the observed discrepancies did not
contribute significantly to dose-equivalent, but improvements would yield better

agreement with MSL-RAD.

Calculations with the HZETRN transport code significantly under-predict dose mea-
surements from the International Space Station [36, 37], at high latitudes where
GCR contribute most. The cause of the discrepancy has yet to be fully clarified,
but improvements to the underlying cross-section models may help remove some
measure of uncertainty.

Recent measurements of light ion cross-section production at NSRL [38] show large
differences between measurements and the light ion cross-section models used in the
PHITS [39] transport code.

Light ion cross-section measurements [40] are needed to improve inaccurate light ion
nuclear physics models. Reviewers of thick target experiments also recommended
further cross-section measurements.

Light ion cross-sections represent the largest physics uncertainty in space radiation.

Light ion cross-section measurements represent the largest gap in the cross-section
database [40].

An experimental double-differential cross-section measurement program was also
recently completed at NSRL, using oxygen and iron beams on several targets, with
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production of light ion fragments. Large differences were seen between measure-
ments and the light ion cross-section models used in the PHITS [39] transport code.

The highest priority for future work is complete analysis of all experimental differen-
tial cross-section data that has been measured and is relevant for space radiation. The
parameters in the present work need to be fine-tuned to fit all available data. One of
the most time-consuming parts of the present work was correct treatment of the trans-
verse momentum variables in which the data were measured. Generally, it is not a simple
task to acquire the data and compare the theoretical models, especially for differential
cross-sections, and often a great deal of work is required. Neutron double-differential cross-
sections can be just as important as light ion cross-sections. DDFRG can be adapted to
provide models for neutron production. A list of prioritized future work is given below:

1.

10.

11.

Complete analysis of all existing experimental differential cross-section data relevant
to space radiation.

. Tune model parameters to obtain best fits to all data.

do

Develop analytic formulas for angular distributions, 2.

Improve RAADFRG predictions of light ion and neutron total cross-sections.

Make predictions for light ion total cross-sections, by integrating the Lorentz-invariant
double-differential cross-sections developed in the present work. Compare predic-
tions to the NUCFRG [28] and RAADFRG [29] codes.

. Adapt the proton production model to account for neutron production.

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 [41, 42, 43] can be adapted.

Double-differential and single-differential electromagnetic dissociation contributions
[31, 44] need to be added to the models developed herein. Existing models [44] can
be adapted.

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.

Make further recommendations for future cross-section measurements.

Compare the updated 3DHZETRN code with measurements, such as those obtained
with MSLRAD [5, 34, 35].
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7 Appendix: Transforming transverse momentum to
angle

Inclusive nuclear or particle reactions can be written in general form as
P+T—F+---| (86)

where P represents the projectile, T" represents the target and F' represents the fragment
of interest. The reaction is denoted as inclusive because final state reactions products,
other than F'| are not specified. If all final state particles are listed, then the reaction is
called exclusive. An inclusive reaction is the sum of all exclusive reactions that include F'
in the final state. The 3-dimensional volume element in momentum space is

dp® = p*dpdQ = p*dpsin 0dbdo, (87)

where p = |p| is the magnitude of the 3-momentum. Assuming azimuthal symmetry, the
momentum volume element becomes [30, 41, 44, 45, 46]

dp® = p’dpdQ) = 27p*dpsinfdf  (spherical coordinates), (88)
= 2mpllptdpt (cylindrical coordinates), (89)

with the longitudinal momentum, p!, and transverse momentum, p*, defined as

Pl = peosé, (90)

pt psin 6. (91)

The momentum and angle variables are used to construct double-differential cross-sections
for production of fragment, F'.

In spherical coordinates with azimuthal symmetry, the two fundamental fragment in-
dependent variables are momentum and angle, (p,#). In cylindrical coordinates with
azimuthal symmetry, the fundamental independent fragment variables are longitudinal
and transverse momentum, (p”, pt). The double-differential cross-sections will always be
written in terms of the fragment independent variables, and experimental and theoretical
plots of cross-sections can be made in three dimensions, with the vertical y axis represent-
ing the double-differential cross-section and the two horizontal x and z axes representing
the two independent variables. Usually, however, plots will be made in two dimensions
with the vertical y axis representing the double-differential cross-section, the horizontal
x axis representing momentum, p, and a family of curves plotted for various angles, 6.
Equivalently, the x axis can be pll, and a family of curves plotted for various values of p*.

A thermal/coalescence model for light ion fragment double-differential cross-sections
was presented in reference [12] and compared to a variety of experimental data [13]. The
data was given in terms of momentum and angle, (p,#), and all model and experimental
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cross-section plots were made in terms of these variables. Also, the theoretical models
were mainly presented in terms of momentum and angle, (p,0), but it was also shown
how to write the theoretical models in terms of longitudinal and transverse momentum,
(p!, ph).

Another important and extensive data set has been presented by Anderson and col-
laborators [16]. However, this data set was not analyzed in the previous work [12] and
the aim of the present paper is to compare the thermal/coalescence model developed in
reference [12] to the Anderson data set [16]. It will be seen that comparing theoretical
models to differential cross-section data is never straightforward, unlike the situation for
total cross-section data. Differential cross-section data is almost always reported in terms
of variables quite different to variables employed in a given theoretical model. The con-
version of the variable sets from experiment to theoretical models and vice versa is often
extremely cumbersome and very time consuming, as will be seen in the present work, and
as also illustrated in previous works [41, 42, 47, 48].

The Anderson data set [16] contains a complicated set of fragment variables. The
two independent variables are neither momentum and angle, (p,#), nor longitudinal and
transverse momentum, (p!l,pt), but rather involve a hybrid mixture of the dependent
variables, momentum and transverse momentum, (p, pt); a mixture of one spherical coor-
dinate variable, p, and one cylindrical coordinate variable, p*. It will now be shown how
to use these dependent hybrid variables.

7.1 Thermal proton production model

Equation (91) implies that
0 = arcsin(p*/p), (92)

so that the spherical coordinate set, (p, ), is replaced by (p,arcsin(p*/p)), which is a
function of the mixed variable set (p, pt).

7.1.1 (pjL,0;.) variables

The thermal model for a particle j emitted in the x frame (x = projectile or central fireball
or target) is [12]

Ao,

i
dp?

(pjr,0;0) = N e /9 = N exp[~Tj.(pjz, 0;1)/O.], (93)
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
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kinetic energy of particle j in the *x 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, use equation (6) to write

T = Ej — my. (94)
The Lorentz-transformation of the total energy is [30]
Ej. = vor EjL — ver Ber DziL (95)
where the longitudinal momentum is given as
PzjiL = PjL COS 9jL, (96)

with p;;, = |pjz|- The relativistic .., and S,y 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 (p;z,6;1,) variables is [12]

Ej* = VxL \/m — YxL /B*L bjrL COS QJL ) (97)

which is simply substituted into equation (93) via equation (94) to give the final answer
for the thermal model Lorentz-invariant double-differential cross-section in the * frame,

Ao,

ETﬁ(ij’ejL) = N exp[—(Vur ,/p?L + m? — Yar, Bir, DjL cos b, —m)/O,]. (98)

7.1.2  (pjL,p;;) variables
From equation (91), transverse momentum of particle j is
ijL = pjrsinb;p, (99)
giving the lab scattering angle of particle j as
0,1 = arcsin(ple/ij), (100)

which is a specific form of equation (92). However, 6, is a double valued function: The
same value of p* can give rise to two different values of ¢,z in the interval'? 0 < 0 <.
The two values of 0;;, are

9](1L) = arcsin(ij/ij), (101)
HJ(? = W—arcsin(ij/ij), (102)

I21f the interval is not restricted, then 0;r is a multivalued function.
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Substituting 6% 7 into (99), with the trigonometric [18] identity, sin(r — 6) = sin 6, gives'

ple(Q) = pj1 sin 9](2L) = pjpsin[m — arcsin(ij/ij)] (103)

= piL sin[arcsin(ij/ij)] = p,1 sin Qj(lL) = ij(l), (104)

showing that the two different angles, 9](12 and HJ(ZL), give the same value of ijL, as required.
The double valued function gives rise to double values of longitudinal momentum,

Pyl = pjrcostly, (105)

pe, = pipcosdly (106)

= pjLcos[m — arcsin(pr/ij)] = —DpjL cos[arcsin(p]*L/ij)] (107)

= —pjL COS QJL = —p(ZlJ)L, (108)

using cos(m —6) = — cos . The above result, that the longitudinal momenta are the same

in magnitude, but opposite in direction, is expected, and can be written in compact form,

1,2
p(ZjL) = p%jL = *[pz;L| , (109)
where |pz;.| = |ngL| |p(ZQ])L| Equation (109) shows p(Zl}L taking the positive sign in the

forward Z direction and p(ZQJ) ; taking the negative sign in the backward Z direction. The
double values of energy are

Ej(i) = L \/p]L T MG — YL ﬁ*L pZ]La (110>
Ej(i) = YL \/p]L +m5§ — Yar Bar ijL
= VxL \/ij+mj + ver Bir p(le?Lv (111)

N[ SN

<.

or, in compact form,

BV = B =y /02, +m2 £ yur Bur 2. (112)

The kinetic energy values are

0 = B —m,., (113)
T B (114)
or
7Y =TE = B —mj.. (115)
13The alternate possible solution, 0(L =7/2+ arcsm(ij/ij) is not used because it does not lead to
the required result, ij( ) = pj.‘L@).
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Note that

(05 = (7)) + ") = Wgin)® + (i) = (02", (116)

so that no (1,2) index is required for p?;, since p?, = (p;7)? = ( §1L))2 = ( 522)2

The behavior of the energy is very important. Equations (110) and (111) show that the
expressions for energy are the same except for a change in sign of the second term. This
is also see in equation (97), which also shows that the second term undergoes a change
in sign as 6 crosses over the value of w/2. The cross-section in equation (98) changes
smoothly as 6 varies across /2. The map from angle to cross-section is one-to-one, which
is typical of a well behaved function.

As a consequence of equations (101) - (114), the cross-section in (p;, pj7,) variables is
double valued,

d30>(k1) o
ETpS(ijaijL) =Ne T, /O«

= Nexp{[yer \/Pi +mF — Yur Ber pjr coslaresin(pyy /pjr)] —my]/€.},  (117)

and

2
B3 n

- -1t? /0.,
ETpg)(ijaij> = Ne ™

= N exp{[vuz /P2, + M2 — Yur Bar pjr coslm — arcsin(py, /pjr)] — m;.]/O.}
= N exp{[ysr /P2, + M3 4+ Yur Ber pjz coslarcsin(p;y /pjr)] — m;i]/©.}, (118)

representing a one-to-many (two) map from pt to cross-section, which is not a well be-
haved function. In compact form,

d3:|:

O-*
(ij,pr) = ETpg(ijapﬁ) ) (119)

Edgag’l)
dp3
with
oy i
ETpg(ijaij)
= Nexp{[yer \/P} +m3 £ vur Bur pjr coslaresin(pyy /p;r)] —my]/©.}. (120)

In spite of the fact that the differential cross-section function (120) is double valued
over the interval 6 : 0 < 0 < 7, it is actually a well behaved single valued function over
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the separate intervals 6 : 0 < 0 < 7/2 and 0 : 7/2 < § < w. Mathematically, this is
written

30.—
3 EddTS*(ij?ijL) , 0<0;p <7/2,
E%(ﬁjLﬁjL) = (121)

30.+
Eddp:? (pj,pjz)» 72 <0, <.

However, over the p* interval, the function cannot be written in such a concise form and
it remains double valued over any p' interval. Therefore, the double valued differential
cross-section (120) is impractical to deal with, especially when comparing cross-section
model calculations to experiment. A well behaved single valued function is required.
Experimentally, there will only be one measured differential cross-section value associated
to each ijL value: Nature is single valued. The fundamental question is how to deal
practically with the double valued differential cross-section (120), when performing cross-
section model calculations and comparing to experiment. The only practical solution is
to incoherently'* add the two values as in

d3o, n ddof n ddo; N
EdTﬁ(ij’ij> = ETp?,(ij,ij) + ETp?’(ij’ij)’ (122)

which now represents a well behaved single valued function! This makes perfect sense: A
single value of ple will receive a contribution from both 9§l1) and QJ(.ZQ). Equation (122) is
the final theoretical result to be compared to experiment.

7.1.3 Integrating the differential cross-section to form the total cross-section

The thermal model is expressed very simply in the rest frame of the nucleus in which
the fragments are being emitted, but is expressed in a complicated way after Lorentz
transformation to the lab frame. Compare equations (93) and (120).

An important check of the Lorentz transformation of differential cross-sections can
always be made. The total cross-section is obtained by integrating the differential cross-
sections. Because the total cross-section is a Lorentz scalar (meaning that it is Lorentz
invariant), it will have the same value in different reference frames. Therefore, integration
of the simple expression (93), should give the same value as the integral of the complicated
Lorentz transformed expression (120). Also, the integration variables will be different and
will be local to the appropriate reference frame. Such as test is always carried out in the
present and previous [12] work, and gives one complete confidence that the complicated
Lorentz transformations are being done correctly.

14Tn quantum mechanics, there are two types of addition. Coherent addition refers to the addition of
complex valued scattering amplitudes, whereas incoherent addition refers to the addition of real valued
cross-sections.

35



In the present work, the integration becomes much more complicated than previously
[12] because the differential cross-section is now double valued with the (p,pt) variable
set. Making the integrations even more complicated is the fact that the variables (p, p*)
are not completely independent, because p depends on p via equation (91).

This dependence will now seen to be important when the momentum volume element
is integrated to form a total cross-section, o, as in

123

/ E dp3 / E’ (123)

where the Lorentz-invariant differential cross-section is used as an integration example.

There are two pieces in any integral: One is the volume element, dp?, and the other is the

integrand, o L / . Bach of these will now be considered separately.
Equation (91) gives

dp*
do = . 124
pcos b (124)
Substituting into the volume element in equation (88) gives
dp® = 2mp*dpsin#df = 2mpdptandpt (125)
= 2mpdptan[arcsin(p/p)] dp™, (126)
which is the momentum volume element written in terms of spherical /cylindrical hybrid
variables, (p, p*). Integration of the volume element with spherical coordinates is
/dp3 = 27r/ dp/ df p?sinb, (127)
0 0
00 w/2 () ™
- 27r/ dp/ 0 p*sinf + 27r/ dp// 6 p?sin 6, (128)
0 0 0 /2

where the latter equation shows an equivalent way of writing the integral, but separated
into two angular regions. Integration with hybrid variables is somewhat subtle. Equation
(91) shows that the value of pt ranges from 0 to a maximum value of p, so that the
integration limits for p* appear as

/dp3 = 27?/p2dpsin 0do = 27T/pd]0tan€dpL (129)
# 27 /OO dp /p dp* ptan[arcsin(p*/p)). (130)
0 0

The symbol # is used instead of an = sign, because it is shown below that this equation
is actually incorrect. Note the complication of the hybrid variables: The two integrals,
[dp* and [ dp, are not independent. The upper limit of the [dp' integral depends on
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the value of p in the [ dp integral. A further complication is that the full range of € is not
covered in the above expression. With p* ranging from 0 to p, the value of § only ranges
from 0 to 7/2. Mathematically,

0:0—=7/2 = pt:0—p, (131)

as seen in equation (91). Thus, to capture the full range 6 : 0 — 7, one must cover the
interval pt : 0 — p for a second time in equation (130). Of course it is wrong to simply
multiply the integral by 2, because the values of p* are completely different in the two
angular regions on either side of 7/2. Adding 7/2, as in

3 > Pl 1
/dp =+ 27T/0 dp/o dp— ptan[arcsin(p~/p)]
+ 27 /OO dp /p dp*™ ptan(r/2 + arcsin(p*/p)], (132)
0 0

covers the full angular range, § : 0 — 7/2 — m = 0 — 7. However, p* is not covering
the range correctly. As the angle changes, 6 : 0 — 7/2 — 7, the transverse momentum
should change as p~:0 — p — 0 =0 — 0. Thus, the second p* integral should have the
limits interchanged, as in fz? dpt. But, to get the same angular variation, # : 0 — 7/2 —
7 =0 — 7, one must now use tan[r — arcsin(p*/p)]. Therefore, the correct simultaneous
variation of both # and p* occurs by writing the integral as

/dp3 = o /oO dp/p dp* ptanfarcsin(p®/p)]
0 0
0o 0
+ 27r/ dp/ dp* ptan[r — arcsin(p*/p)]. (133)
0 p

Equation (133) can be checked for correctness. One can take an expression [12] for the
Lorentz-invariant double-differential cross-section and integrate over the (p, §) variable set
to obtain the total cross-section, as in equation (123). Using equation (127), this is very
straightforward and non-problematic. One can then perform integration with the hybrid
variables, as given by equation (133). If the above mathematics is correct, then the value
of the total cross-section, o, obtained with either integration method should be the same.
This was confirmed for a variety of test cases.

It is now a straightforward procedure to insert the double valued differential cross-

section integrand (120), into the total cross-section integral (123), using the measure
(133). The result is

dp d3 :I:

1

3 _—

. d’o,
_ Qﬁ/ dp/ dpt %tan[arcsm(pl/p)]E e (ij,pr)

d?’aj
+ 27r/ dp/ dp* tanw—arcsm(p /p)|E P —(pjL,p;z).  (135)
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Using the identity [18], tan(m — #) = —tan 6, and fpo dpt = — [P dp*, gives

3 ++ 3

[e%¢) /4 p . d O, d 0*_
o= 2#/0 dp/o dp™ Etan[arcsm(pl/p)] {Edpg(pmpﬁ) + Edpg(ij,pﬁ)} , (136)

or simply,

d3a*
o= 27T/ dp/ dp™* tan [arcsin(p*/p)|E e (p]L,ij) (137)

with FL e “(pjL, p; L) from equation (122). Equation (137) makes perfect sense: If the
differential cross-section in equation (122) has truly become a well behaved single value
function, as claimed, then it’s integral should be a simple, straightforward expression
that one would obtain without even thinking about issues of double values, either in the
integrand or volume element; and that is precisely what equation (137) represents!
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Table 1: Proton thermal model temperatures and direct normalization parameters. The

Participant (Central Fireball) Temperature Oc¢ 110 MeV
Spectator (Projectile = Target) Temperature | Op = O | 35 MeV
Direct Knockout Effective Temperature Op 2.8 MeV
Direct Knockout Normalization wg) ) 30

temperatures, ¢ and ©p = O, are the same as previous work [12].

Table 2: Total strong interaction cross-sections calculated from NUCFRG3 [28].

Table 3:

Reaction o (b)
Ar (800 MeV/n) + KCl - p + X | 16
C(R00 MeV/n) + C 5 p+ X 35
C(1.05GeV/n) + C—-p+ X 3.6
a (1.05 GeV/n) + C - p+ X 0.65

Units ca(d) éa(t,h) ala)
I-A
(@)™ (m®)*" | 1.6 % 107 | 6.9x 1077 | 1.3 x 10710
(Mf€2)1 T A | 1.6x10° | 6.9x10° | 1.3 % 108

Constants ¢4 used for calculation of the coalescence coefficient, Cy, given in

equation (77). The first row is the same as Table 7 of previous work [12].
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wp 1
We 3.5
wT 1
Wp 2

Table 4: Light ion projectile weighting factors are the same for all fragments d, t, h, «.

d |th|a«
wp (Ap > 20) 1 2 3
we 1 1 1
wT 1 1
Wp 02(02]04

Table 5: Heavy ion projectile weighting factors for fragments d, t, h, a. The value of wp
depends on Ap, which denotes the mass number of the projectile.

d t,h «
a (fm) | 0.24 | 0.24 [ 0.24
b(fm) | 2.0 | 1.6 | 1.0

Table 6: Constants [13] used for calculation of the interaction radius in equation (78).
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do

Reaction | KEp;; o KEfyag 77
MeV/n | mb | MeV/n | mb (MeV/n)™!

Proton Deuteron Triton Helion Alpha
He + C 1050 650 100 | 8.02379 x 107! | 1.35996x 10~ | 4.30049x 10=3 | 3.90611x 10~*
300 6.84997x 1071 | 1.87102x 107! | 7.17934x 1073 | 7.84985x 10~*
1050 | 3.90334x 107t | 6.59672x 107t | 4.50339x 10~! | 8.88983x 107!
2000 | 9.64866x 1073 | 2.28412x 107° | 2.33210x 1078 | 7.05587x 1071}
C+C 800 3500 100 5.22544 4.82347x 1071 | 2.18052x 1072 | 2.48534x 1073
300 3.91629 3.88055x 1071 | 1.94943x 1072 | 2.52365x 1073

800 2.80294 7.57466x 107! | 3.89567x 1071 247779
2000 | 1.01938x 1072 | 2.72423x 107° | 8.24000x 10~° | 5.30612x 10~
Ar + KCI | 800 | 16000 100 2.38877x 101 6.31091 7.19047x 107! | 1.46325x 107!
300 1.79030x 10! 4.90425 5.98521x 1071 | 1.40162x 101
800 1.28134Ex 10! 5.56050 7.34324 1.22436x 107
2000 | 4.66003x 1072 | 1.08598x 10~ | 8.68460x 107 | 1.73140x 1078

Table 7: Sample results. KEp,o; = Kinetic energy of projectile. KEg,, = Kinetic energy
of fragment.
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T H]Iﬁ"""“%
k 1000 I’ffﬂ L8
S i
> 100 [ %
O
o) i
£ 10! i
g I
o 3]
%| s 1 Py
! i
o4, 1
1 2 3 4 5
p[GeV]
Ar + KCl —> p.d, 6=60°
T 1000!
7) !dll‘
N l!.!
> W
S 10 L
O T, I
o i1 !;1
€ if
S| 0.100 "
S| o 1
L 3
T
0.001 b
05 10 15 20 25 30
p.[GeV]
Ar + KCl => p,d, 6=110°
1000 *s
& 100! K
L b
3 10 f; E,
£ Pig
et 1, 1 .
D|m 1
™ _8— f
Sl 010! :
0.01 :

04 06 08 10 12 14
p[GeV]

Ar + KCl —> p,d, 6=30°

43‘!'::! ‘
_ 10 ls,,&!
5 1000 4
' g
> 100! !
° ‘;
o I qﬁ
E 10 Poowl
b|m £
™ Q. '
S| © 11 3
L 3
b
Ol bi e
0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
p[GeV]
Ar + KCI -> p,d, 6=80°
[T T ‘
B 1000 !ﬁ*s
I Ly
% 100 B
S s:&;!
o} 10 IIIIIi
Qo i !I!
E 1) Foe
[N Y z
[s2) Q I!
5L ° 010} 3
3
001 6081012141618 20
p.[GeV]
Ar + KCl -> p,d, 6=145°
1000; .
100! .
Nm Il
I> 107 ! II!
R} g
© 1 P,
£ 0.100! L
O|» ' z
%1 % 0010,
w : 't
o001t
04 06 08 10 12 1.4
p.[GeV]

Figure 1: Deuteron (black) and proton production (blue) experimental [13] Lorentz-
invariant double-differential cross-sections as a function of lab momentum for 800 MeV /n
Ar + KCI reactions at various production angles. The proton cross-sections have been
scaled (red) using the coalescence model of equation (1), with the coalescence coefficient
Ca = 8x 107° taken from experimental values listed in Table VIII of reference [13]. Axes

use units of GeV and plots are the same as reference [12].
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Ar + KCl -=> p,t, §=15° Ar + KCl —> p,t, 6=30°

104,‘ \\
? e 5 Y i"‘%
5 l&ﬁ;ﬁ L 100! :
3 10 : 3 a
o ' o 10! fm
E ‘: E i,
O E (o) 1t 3
- 0.100} : “’
S % I! S -8' !I:
L i i 0.10¢ 3
1 :
0.001 Lot .
0O 1 2 3 4 5 6 I T S S S~
p.[GeV] p[GeV]
Ar + KCl -=> p,t, =60° Ar + KCl => p,t, 6=80°
Exy T T T T T T T T T T T
— 1000} ] _
I < 100}
L — ¥l!
(\llw z 43 ‘\,‘m II:II!;
2 i 2 :
= L ' 1 3
o 0.100 . E ol .
o | [oX £ b mo_ !I
w” 0.001 E %Luv L
= ' | 1074 kS
05 1.0 1.5 2.0 25 3.0 35 0 10 15 20 25 530
p[GeV] p[GeV]
Ar + KCI -> p,t, #=110° _ Ar+KCl->p,t, 0=145°
— 100/ = "
I?) l*'h: Nt/) 1 %HI
o !I!!i !
S 1 i | > :
(0] 3 I o €
© ‘-, ©  0.001 ,
£ 001 . E .
b [sp] I
oY ) £ o
™ o L] mb © -6
bLu'O 1074t . 0 10 i .
3 3
108 S 06081.01.214161.82.0
0.5 1.0 1.5 2.0
p.[GeV]
p.[GeV]

Figure 2: Triton (black) and proton production (blue) experimental [13] Lorentz-invariant
double-differential cross-sections as a function of lab momentum for 800 MeV/n Ar +
KCl reactions at various production angles. The proton cross-sections have been scaled
(red) using the coalescence model of equation (1), with the coalescence coefficient C'y =
3.5x 107! taken from experimental values listed in Table VIII of reference [13]. Axes use

units of GeV and plots are the same as reference [12].
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Ar + KCl => p,h, 6=15°
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Figure 3: Helion (black) and proton production (blue) experimental [13] Lorentz-invariant
double-differential cross-sections as a function of lab momentum for 800 MeV/n Ar +
KCI reactions at various production angles. The proton cross-sections have been scaled
(red) using the coalescence model of equation (1), with the coalescence coefficient Cy =
3.5x 107! taken from experimental values listed in Table VIII of reference [13]. Axes use

units of GeV and plots are the same as reference [12].
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Ar + KCl -> p,a, 6=15°
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Figure 4: Alpha (black) and proton production (blue) experimental [13] Lorentz-invariant
double-differential cross-sections as a function of lab momentum for 800 MeV /n Ar + KCl
reactions at various production angles. The proton cross-sections have been scaled (red)
using the coalescence model of equation (1), with the coalescence coefficient C'y = 3x1071°
taken from experimental values listed in Table VIII of reference [13]. Axes use units of

GeV and plots are the same as reference [12].
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C+C->pd, 0=15° C+C->p,d, 0=45°
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Figure 5: Deuteron (black) and proton production (blue) experimental [13, 14] Lorentz-
invariant double-differential cross-sections as a function of lab momentum for 800 MeV /n
C + C reactions at various production angles. The proton cross-sections have been scaled
(red) using the coalescence model of equation (1), with the coalescence coefficient Cy =
3 x 107° taken from experimental values listed in Table VIII of reference [13]. Axes use

units of GeV and plots are the same as reference [12].
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C+C->pt, 6=15° C+C—->p,t, 6=45°
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Figure 6: Triton (black) and proton production (blue) experimental [13, 14] Lorentz-
invariant double-differential cross-sections as a function of lab momentum for 800 MeV /n
C + C reactions at various production angles. The proton cross-sections have been scaled
(red) using the coalescence model of equation (1), with the coalescence coefficient Cy =
6 x 1071% taken from experimental values listed in Table VIII of reference [13]. Axes use
units of GeV and plots are the same as reference [12].
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Ar + KCl -> p,d, 6=10°
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Figure 8: Same as Figure 1, except axes use units of GeV/n.
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Ar + KCl->pt, 0=15° Ar + KCl -> pjt, 0=30°
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Ar + KCl => p,h, §=15°
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Ar+KCI ->p,a, 9 =15°
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C+C->p,d, 6=0°
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Figure 15: Deuteron (black) and proton production (blue) experimental [16] Lorentz-
invariant double-differential cross-sections as a function of lab momentum for 1.05 GeV /n
C + C reactions at various production angles. The angular display of the Anderson et
al. [16] data, is obtained with the methods discussed in sections 1.2 and 7. The proton
cross-sections have been scaled (red) using the coalescence model of equation (1), with the
coalescence coefficient Cy = 3 x 107° taken from 800 MeV /n experimental values listed
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Figure 17:  Alpha (black) and proton production (blue) experimental [16] Lorentz-
invariant double-differential cross-sections as a function of lab momentum for 1.05 GeV /n
C + C reactions at various production angles. The angular display of the Anderson et
al. [16] data, is obtained with the methods discussed in sections 1.2 and 7. The proton
cross-sections have been scaled (red) using the coalescence model of equation (1), with
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Figure 18: Same as Figure 15, except axes use units of GeV /n.
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Figure 19: Same as Figure 16, except axes use units of GeV /n.
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Figure 21: Deuteron, triton, helion (black) and proton (blue) experimental [16] Lorentz-
invariant double-differential cross-sections as a function of lab momentum for 1.05 GeV /n
a + C reactions. Fragments are produced at an angle of 0°. The proton cross-sections
have been scaled (red) using the coalescence model of equation (1), with the coalescence
coefficients C'y = 3 x 107° (deuteron) and Cy = 6 x 107'° (triton, helion) taken from 800
MeV /n experimental values listed in Table VIII of reference [13]. Axes use units of GeV.
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Figure 22: Same as Figure 21, except axes use units of GeV/n.
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Figure 24: Same as Figure 16, except plot frames are ordered by transverse momentum,

p*, instead of angle.

65



C+C->p,a, pt=0.150 GeV C +C ->p,a, pt=0.300 GeV

— A * —_ 1000 ’-\\‘ : A
. 1000 3 : N 0 . \
o~ t, g o~ z
| !! T | I x l.'
S 10 Braf 3 0.100 "
0] . : 0] .
K] i " i) .
= f : € 0.001 .
e 0.100 oo
o) Q. x o) Q 10‘5 *
b © b © l'
w . w x
0.001} ] 107 L
0 2 4 6 8 10 2 4 6 8 10 12
p. [GeV] p. [GeV]
C+C->p,a, p'=0.440 GeV C+C->pa, p=0.590 GeV
~~ ~
100} * .
o E T T
7 1 &
S > 0.001
& 001 &
o o]
E 10 . E 406
Dl m» e e >
Q Q -6 x % ©
‘cLu'o 10 , 0 10-°
108 4 N
4 6 8 10 12

2 4 6 8 10 12
p. [GeV]
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Figure 26: Same as Figure 23, except axes use units of GeV /n.
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Figure 27: Same as Figure 24, except axes use units of GeV /n.
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Figure 28: Same as Figure 25, except axes use units of GeV/n.
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Figure 29: Thermal plus direct knockout model cross-sections for proton production at
various angles as a function of lab momentum for Ar 4+ KCI reactions compared to exper-
imental data [13]. Total (red) and individual contributions from central fireball (blue),
, direct knockout (magenta), and target (purple) are shown for the pa-
rameterized model. Direct knockout does not make any visible contribution for angles >
10°. The individual contributions simply add to give the total, as in equations (13) and
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(14). Figure is continued on the next page.

70

800 MeV/n Ar + KCl ->p, 6=15°

-
o
[

N
o
N

1000}

100:

-
o

0.1~

DATA

TOTAL

TARGET

CENTRAL

PROJ

DIRECT

0.0

1.0 15
pi[GeV]
800 MeV/n Ar + KCl -> p, 6=30°

0.5 20 25

10°
10*
1000

100

_
o

DATA

TOTAL

TARGET

CENTRAL
PROJ

it ]
i
;\

1.0 15
p.[GeV]

0.5

20 25

10°
10*
1000
100
10

1

800 MeV/n Ar + KCl -> p, 6 =50°

DATA

TOTAL

TARGET

CENTRAL

PROJ

DIRECT

0.10_0

10 15
pc[GeV]

0.5 20 25



800 MeV/n Ar + KCI -> p, 6=60°

105’ = DATA
— TOTAL
v'|_‘ 10 = TARGET ‘%_‘
5 -\ 5
o i \ m—CENTRAL | | ~
% 1000 \ PROJ %
o 100 \ DIRECT O
Qo E 3 Qo
E Y E
D|e 10k ]l B|em
S| 3 ! S| 3
w \ w
1t \ 3
\
01 L L 1 L L L
00 05 10 15 20 25
p.[GeV]
800 MeV/n Ar + KCl —> p, 0 =90°
m— DATA
m— TOTAL
= TARGET <
&
= CENTRAL ~
PROJ 3 %
= DIRECT O]
3 Ne]
E,
1 © o
S| o
L
01 L L 1 L L L
00 05 10 15 20 25
p[GeV]
800 MeV/n Ar + KCl —>p, 6=110°
m— DATA
— TOTAL
= TARGET “:—
@
= CENTRAL ~
PROJ ] %
= DIRECT O
3 Qo
E
1 © %
Sl o
L
20 25

105,
10*
1000

100

105,
10*
1000
100
10

1

0. gl

105,
10*
1000+

100

800 MeV/n Ar + KCl -> p, 6=80°
DATA
TOTAL

TARGET

CENTRAL

PROJ

DIRECT

1.0 15
p.[GeV]
800 MeV/n Ar + KCl ->p, 6=100°

20 25

mmm DATA
= TOTAL
= TARGET
mmm CENTRAL
PROJ

DIRECT

10 15
pi[GeV]

800 MeV/n Ar + KCl -> p, 6=145°

00 05 20 25

mmm DATA
= TOTAL
= TARGET
mmm  CENTRAL
PROJ

DIRECT

Figure 29 continued.
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Figure 30: Thermal plus direct knockout model cross-sections for proton production at
various angles as a function of lab momentum for C + C reactions compared to experi-
mental data [13]. Individual contribution labeling and addition is the same as Figure 29.
Direct knockout does not make any visible contribution for these large angles.
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Figure 31: Hybrid coalescence model cross-sections for deuteron production at various
angles as a function of lab momentum for Ar + KCI reactions compared to experimental
data [13]. Total (red) and individual contributions from central fireball (blue), projectile

, direct knockout (magenta), and target (purple) are shown for the parameterized
model. Direct knockout does not make any visible contribution for these large angles.
Rather than a simple addition, individual contributions add according to equations (17)
and (18).
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Figure 32: Hybrid coalescence model cross-sections for triton production at various angles
as a function of lab momentum for Ar + KCI reactions compared to experimental data
[13]. Individual contribution labeling and addition is the same as Figure 31. Direct
knockout does not make any visible contribution for these large angles.
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Figure 33: Hybrid coalescence model cross-sections for helion production at various angles
as a function of lab momentum for Ar + KCI reactions compared to experimental data
[13]. Individual contribution labeling and addition is the same as Figure 31. Direct
knockout does not make any visible contribution for these large angles.
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Figure 34: Hybrid coalescence model cross-sections for alpha production at various angles
as a function of lab momentum for Ar + KCI reactions compared to experimental data
[13]. Individual contribution labeling and addition is the same as Figure 31. Direct
knockout does not make any visible contribution for these large angles.
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Figure 35: Hybrid coalescence model cross-sections for deuteron production at various
angles as a function of lab momentum for C + C reactions compared to experimental
data [13]. Individual contribution labeling and addition is the same as Figure 35. Direct
knockout does not make any visible contribution for these large angles.
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Figure 36: Hybrid coalescence model cross-sections for triton production at various angles
as a function of lab momentum for C + C reactions compared to experimental data [13].
Individual contribution labeling and addition is the same as Figure 35. Direct knockout

does not make any visible contribution for these large angles.
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Figure 37: Hybrid coalescence model cross-sections for helion production at various angles
as a function of lab momentum for C + C reactions compared to experimental data [13].
Individual contribution labeling and addition is the same as Figure 35. Direct knockout
does not make any visible contribution for these large angles.
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Figure 38: Thermal plus direct knockout model cross-sections for proton production at
various angles as a function of lab momentum for C + C reactions compared to experi-
mental data [16]. Individual contribution labeling and addition is the same as Figure 29.
Figure is continued on the next page.
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Figure 38 continued.
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Figure 39: Same as Fig. 38, except that each frame represents a different value of trans-

verse momentum, p=, r
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Figure 40: Top Left: Thermal plus direct knockout model cross-sections for proton pro-
duction at an angle of 0° as a function of lab momentum for o 4+ C reactions compared
to experimental data [16]. Individual contribution labeling and addition is the same as
Figure 29. Top Right and Bottom: Hybrid coalescence model cross-sections for deuteron,
triton, and helion production at an angle of 0° as a function of lab momentum for C
+ C reactions compared to experimental data [16]. Individual contribution labeling and
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Figure 41: Hybrid coalescence model cross-sections for deuteron production at various
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data [13]. Individual contribution labeling and addition is the same as Figure 31.
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Figure 41 continued.
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Figure 42: Hybrid coalescence model cross-sections for triton or helion production at var-
ious angles as a function of lab momentum for C + C reactions compared to experimental
data [13]. Individual contribution labeling and addition is the same as Figure 31.
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Figure 43: Hybrid coalescence model cross-sections for alpha production at various angles
as a function of lab momentum for C + C reactions compared to experimental data [13].
Individual contribution labeling and addition is the same as Figure 31.
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Figure 43 continued.
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Figure 44: Same as Fig. 41, except that each frame represents a different value of trans-
verse momentum, p*, rather than angle.
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Figure 45: Same as Fig. 42, except that each frame represents a different value of trans-

verse momentum, p, rather than angle.
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Figure 45 continued.
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Figure 46: Same as Fig. 43, except that each frame represents a different value of trans-

1.05GeV/n C +C -> a, pt=0.150 GeV

w DATA

= TOTAL

== TARGET

= CENTRAL

PROJ

w== DIRECT

{

dPo
E_

I
i
I
[
I 1
I 1
Ve AS 1 1
2 4 6 8
p[GeV]

1.05GeV/n C+C —>a, p-=0.440 GeV

w DATA

= TOTAL

== TARGET

=== CENTRAL

PROJ

w== DIRECT

dPo
E_

p[GeV]

w DATA

w=m TOTAL

== TARGET

== CENTRAL

PROJ

ws= DIRECT

1.05 GeV/n C+C ->a, p-=0.890 GeV

Po
E_

pGeV]

verse momentum, p*, rather than angle.

[mb GeV? sr‘1]

dp®

[mb GeV? sr‘1]

dp®

[mb GeV? sr’1]

dp®

94

10°

N
o
S

1000

100

-
o

0.1 0

10°
10*
1000

100

-
o

1000

100

-
o

0.1

1.05GeV/n C + C -> a, p*~=0.300 GeV

w DATA

== TOTAL

== TARGET

== CENTRAL

PROJ

w== DIRECT

p[GeV]

1.05GeV/n C+C->a, p-=0.590 GeV

w DATA

= TOTAL

== TARGET

= CENTRAL

PROJ

== DIRECT

p[GeV]
1.05GeV/in C+C ->aq, pl=1 170 GeV
w DATA 3
w= TOTAL
== TARGET E|
= CENTRAL
PROJ ]
wes DIRECT
‘ 4
\
‘ i J
\ i
. 1 - N " .
0 2 4 6 8
p[GeV]



1.05GeV/in a+C->p,d, t, a 800MeV/n C+C >p, ta

8,
1.2t i
— 10/ _ 6l
< = |
% 0.8 % 7
=3 = 4
0.6
3 E |
3|5 04 35
2,
0.2 I
0.0 - 0’
0 500 1000 1500 2000 200 400 600 800 1000 1200
T, [MeV/n] T, [MeV/n]
1.05GeV/in a+C->p,d, t, a 800 MeV/n C+C ->p,d, t, a
1 ] 107\“‘\“‘\“‘\“‘\“‘\“‘
0.100
T 17
€ 0.010
>
()
2 0.001 0.100.
o)
£
|~ 107
ol© 0.010
107° \
L e 0.001 : : : : : :
107 500 1000 1500 2000 0 200 400 600 800 1000 1200
T, [MeV/n] T, [MeV/n]

Figure 47: Linear (upper panel) and logarithmic (lower panel) lab frame spectral distri-
butions for light ion production calculated for o + C reactions at 1.05 GeV/n and C +
C reactions at 800 MeV /n.
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