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Deuterons are the most abundant secondary cosmic ray species in the Galaxy, but their study has been
severely limited due to experimental challenges. In an era with new experiments and high-precision
measurements in cosmic rays, having a low-uncertainty deuteron flux in a wide energy range becomes
possible. The deuteron-over-helium ratio (d/*He) is important to understand the propagation of cosmic rays
in the Galaxy and in the heliosphere, complementing observations with heavier nuclei like the boron-to-
carbon ratio. In this work, the most up-to-date results of the deuteron flux and the d/*He ratio at the top of
the atmosphere have been obtained using GALPROP and a 3D solar modulation model. It was found that
the simulation describes the deuteron flux and d/*He data below 1 GeV/n within the uncertainties of the
model. However, the model underestimates the best-published measurements available at high energy. This
discrepancy suggests different effective diffusions have to be considered between secondary light species
like deuterons and heavier nuclei. Either this is a consequence of a break in the universality of propagation
between light and heavier nuclei or a lack of precision measurements, it is something AMS-02 will help to
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resolve in the near future.
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I. INTRODUCTION

Hydrogen (H) and helium (He) isotopes are the most
abundant species in cosmic ray (CR) nuclei. Protons (p)
represent nearly 90% of these charged particles, and it is
estimated that CR deuterons (d), the only other stable H
isotope, are approximately 2%-3% of the proton abun-
dance [1,2]. Since CR deuterons are known to be destroyed
in the nuclear processes that occur during stellar formation,
they are not expected to be accelerated in supernova
remnants like primary CRs such as protons, helium—4
(*He), carbon (C), and oxygen (O) do. Instead, they are
predicted to originate from fragmentation interactions
between “He, carbon (C), oxygen (O), and other heavier
nuclei with the interstellar medium (ISM), i.e., they are
considered secondary CRs [3]. Because of their identical
charge yet lower abundance compared to protons, deuter-
ons are challenging to detect in cosmic ray experiments.
However, the information obtained from their measurement
has important implications for our understanding of the
cosmic ray field.
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Secondary CRs such as d, helium-3 (*He), lithium (Li),
beryllium (Be), boron (B), etc., are probes to characterize
the propagation process of CRs in the Galaxy. Secondary-
to-primary CRs ratios are directly related to the amount of
material traversed by CRs. This quantity is known as
grammage (X), and is usually reported to have a value of
around 10 gem™ for particles with an energy of about
10 GeV per nucleon [4,5]. This value is typically obtained
from the more abundant boron-to-carbon ratio (B/C)
measurements, given the experimental advantage of sepa-
rating both elements by measuring the charge rather
than separating H or He isotopes by their masses. The
measured B/C ratios demonstrate the diffusive motion of
CRs in the Galaxy, and are a key component in con-
straining the diffusion parameters. In the standard propa-
gation scenario all CR species are driven by the same
diffusion parameters obtained with the B/C ratio, how-
ever, the lack of information about other secondary-to-
primary ratios, especially lighter nuclei like d/*He and
He/“He, has not allowed rigorous testing of this “uni-
versality in propagation” postulate.

Fortunately, in the last years new experiments with better
capabilities, like PAMELA [2] and AMS-02 [6], are able to
separate isotopes in a wide energy range. These experi-
ments have been measuring other secondary-to-primary
ratios and individual nuclei spectra successfully. This has
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Current status of deuteron measurements: Left plot shows deuteron flux measurements and right plot shows d/*He and

d/He(x) ratios taken in recent years. Figure has been adapted from [18,19].

revived a debate about a violation of the universality in
propagation [7-11], exploring new scenarios like a non-
homogenous propagation medium [12]. In this context,
precision measurements of d/*He or d/He in the region
above 1 GeV, where solar effects are less critical, will help
the cosmic ray community to probe the universality of
cosmic ray propagation through the Galaxy and clarify if
there is any difference in the transportation process between
light and heavy CR nuclei. On the other hand, more AMS-02
data at energies below 1 GeV will shed light on deuteron CR
propagation in the heliosphere, specifically by determining
if there are differences in the diffusion processes followed by
species with a similar mass number to charge ratio (A/Z).
This line of reasoning stems from the following: the AMS-
02 measurements show a time dependence in the proton-to-
helium ratio in the 1.92-2.15 GV rigidity bin that is not
present in higher rigidity bins. By varying the local inter-
stellar spectrum (LIS) while treating A/Z as a parameter set
to be the same between protons, helium-3, and helium-4, the
authors of [ 13] conclude that this time dependence cannot be
explained by a different LIS around 2 GV. A possible
resolution to this is based on the fact that particles with a
different A/Z have different velocities in the same rigidity
bin, as the diffusion coefficients have a velocity dependence.
Since the diffusion coefficients depend on rigidity and
velocity, particles with a different A/Z feel different dif-
fusion effects. Thus, time dependence in the proton-to-
helium ratio may be due to diffusion changing over time.
This can be tested by studying particle ratios of the same
A/Z, such as the deuteron-to-helium ratio, where a time
dependence could not be attributed to a difference in A/Z.
This is a strong motivating factor for precision deuteron-to-
helium ratio measurements. Furthermore, low-energy mea-
surements with balloon-borne experiments like GAPS [14],

where spectrometers such as PAMELA and AMS-02 have
no access, will help to improve solar modulation models and
the understanding of secondary light nuclei produced by
nuclear collisions in the upper atmosphere.

There are few but important recent studies in deuterons
and light nuclei CRs [8,9,15—17], where main components
such as the production cross sections, propagation param-
eters, as well as solar modulation effects, were reviewed
and updated. The goal of this work is to explicitly show the
impact of deuteron and deuteron-to-helium ratio measure-
ments on interpreting the cosmic ray theory with associated
uncertainties, using the most up-to-date high-precision data.
In Sec. II, a summary of the latest and most relevant
measurements in CR deuterons for this study is presented.
In Sec. III, the dynamics of the current understanding of
deuterons in cosmic ray propagation in the Galaxy and their
modulation by Solar influences are described, emphasizing
the role that this light nucleus plays in improving our
understanding of these processes. Section IV discusses
how deuterons and other light isotopes are produced in
cosmic rays, the available measurements in accelerator
experiments, and the most recent parametrization of cross
sections for these particular reactions. In Sec. V, the simulation
results of the cosmic ray deuteron flux and deuteron-over-
helium ratio are presented. These are based on comparisons to
the latest high-precision cosmic ray measurements, as well as
new cross section parametrizations for cosmic ray inter-
actions. In Sec. VI final remarks and conclusions are given.

II. CR DEUTERON MEASUREMENTS

Summaries of deuteron and deuteron-to-helium ratio
measurements from seven of the most up-to-date cosmic
ray experiments are presented in Fig. 1 [18,19]. Four of the
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results are the satellite-borne detectors PAMELA [2],
AMS-01 [20], VOYAGER 1 [21,22], and VOYAGER 2
[23], and three of them are the balloon-borne detectors
IMAX [24], BESS [1,25-28], and CAPRICE [29,30].
These experiments measure CR deuterons using two
different detection techniques. Magnetic spectrometers like
PAMELA, AMS-01, BESS, and CAPRICE identifty H
isotopes by their mass (m = RZe/yfc) using a direct
measurement of the rigidity (R = pc/Ze), charge (Ze)
and velocity (). On the other hand, the interstellar probes
VOYAGER 1 and VOYAGER 2 identify H and He isotopes
by measuring their energy loss per unit path length (dE/dx)
and their total kinetic energy.

From Fig. 1 it is evident that deuteron measurements
have, in general, high uncertainties at all energies (> 20%),
with the only exceptions being the results from PAMELA
with errors on the order of 10%—-15%, and AMS-01 with
flux errors below 10% and deuteron-to-helium ratio errors
on the order of 10%—-25%. Additionally, the energy region
above 1 GeV/n has not been explored entirely because of
the inherent difficulty of separating H isotopes at high
energies. For the case of d/*He, measurements are less
abundant than d/He considering again the challenge to
separate He isotopes. In both cases, data have high
uncertainties, especially above 1 GeV/n. Figure 1 also
shows that most measurements are below 1 GeV/n where
solar effects are important. Also, data were taken in reduced
time periods, not allowing for a detailed analysis of the
deuteron flux or d/*He(He) ratios as a function of time.
The combination of recent precision measurements by the
PAMELA experiment, upcoming high precision results by
the AMS-02 experiment [6], and future measurements by
balloon experiments like GAPS [14], will fill some of the
voids presented in Fig. 1, reduce the uncertainties, and
measure for longer periods providing the possibility for
time-dependent analysis.

An important source of uncertainty for experiments
flown as a balloon payload is the interaction of CRs with
the atmosphere above them. For a typical cosmic ray
balloon experiment, the Earth’s atmosphere provides a
residual grammage on the order of 5 g/cm? [1]. This layer
of propagation material is comparable to that experienced
by a typical cosmic ray during its propagation through the
Galaxy [31]. Therefore, cosmic ray balloon measurements
require the appropriate treatment of atmospheric effects to
produce meaningful top-of-the-atmosphere (TOA) spectra.
A typical atmospheric treatment for a balloon experiment
(e.g., BESS98 [27]) separates the corrections into attenu-
ation and production. Attenuation is due primarily to
ionization and nuclear interactions and has a typical frac-
tional deuteron reduction on the order of 8%, regardless of
energy. Atmospheric secondaries, dominated by production
from proton and He primaries, have a much stronger energy
dependence. The treatment of production in the literature is
more varied—even the terminology used to treat a given

process can vary significantly. In the BESS98 treatment, a
method was derived [26] to use the secondary deuteron
spectrum and the attenuation factor to calculate the TOA
spectrum as a function of energy. The uncertainties propa-
gated to the TOA spectra are on the order of 12% for
deuterons, and are due to the statistical uncertainty, the
attenuation and secondary production uncertainties, the
mass separation uncertainty, and the uncertainty due to
effective geometric detector effects. Thus, it is important
the uncertainty derived from atmospheric interactions be
reduced in future balloon experiment measurements.

III. THE PROPAGATION OF CR DEUTERONS IN
THE GALAXY AND THE SOLAR SYSTEM

A. Galactic propagation

CRs propagate in the interstellar medium through a
diffusive process attributed to interactions with the non-
uniform Galactic magnetic field [4]. The microscopic
interpretation of the CR diffusion is related to the ionized
gas and the magnetic field produced by the particles in this
plasma, which forms a magnetohydrodynamic (MHD)
fluid. CRs are scattered in the interaction with these MHD
waves, resulting in an effective diffusion movement [5].
The mathematical formulation of the interaction between
CRs and MHD waves results in the diffusion-reaccelera-
tion equation, an accepted model to describe CRs trans-
port in the Galaxy. The general propagation equation for a
particular CR species is [5,32]:

oy d Jd v
— = V- (D, Vy -V — | p?D,,~—
ot q(rv p) + ( x VY l//) + ap <p pp ap p2>
Jd | dp p vy
-——ly——= (V- V)y| - ———, 1
ap [V 3 )w] o (1)

where y is the CR density per unit of momentum at
position r, and q(r, p) is the source term (which includes
primary and secondary cosmic rays). The second term in
Eq. (1) represents the spatial diffusion process of CRs
with D, as the diffusion coefficient. D,, is, in general, a
function of position (r), velocity () and rigidity (R) of
the particle. From microscopic theory, it is found that the
diffusion coefficient is approximately 10285R(S cm? ™!
with a 1/3 exponent for a Kolgomorov-like turbulence
[5,33]. However, it is not clear which turbulence spectrum
dominates CR propagation or if a single spectrum
is enough to explain CR diffusion in the whole energy
range. Another type of turbulence spectrum, such as a
Kraichnan-style spectrum with exponent 1/2, also pro-
vides good results and may be present in MHD turbulence.
In general, the rigidity dependence of the diffusion
coefficient is extracted from measurements, leaving the
exponent as a parameter 0= 0.3-0.6. The third term
accounts for the convective movement carried by
Galactic winds transporting CRs with velocity V. The
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next term in Eq. (1) is the reacceleration term. This
expression describes the stochastic acceleration experi-
enced by CRs, with MHD waves being produced as a
consequence of the movement of the medium. This, in
turn, causes a change in the momentum of the particles.
As can be seen in Eq. (1), the reacceleration is interpreted
as diffusion in momentum space with a diffusion coef-
ficient D, (subscript pp means in momentum space).
The coefficient is estimated as D, = p*V2/9D,,, where
V, is the Alfvén velocity [5,32]. The fourth term (dp/dr)
represents continuous energy losses in the Galactic disk
from Coulomb collisions in an ionized medium and
ionization losses. The fifth term (V - V) describes adia-
batic energy gains or losses resulting from nonuniform
convection velocities whose inhomogeneities scatter CRs.
7y is the timescale for losses by fragmentation or other
processes like annihilation when antiparticles are propa-
gated. 7, is the timescale for radioactive decay [5,32].

B. Secondaries and the determination of
propagation parameters

The explicit role of secondary cosmic rays, including
deuterons, in extracting information about CR propagation
can be illustrated by using a simpler but meaningful
approximation of Eq. (1). In this approximation, energy
loss, reacceleration, and convection contributions are
neglected. The Galaxy is considered as a 2D system with
CRs moving along the z direction perpendicular to the
Galactic disk. Following [34,35], the solution for the
secondary-to-primary ratio is:

W,

Is/1p =

(2)
XP—>S XS

-1
#2287
where Iy and [p are the secondary and primary fluxes
respectively, and X(R) = uvH/2D(R) is the grammage of
the ISM as a function of rigidity R, expressed in terms of
the surface mass density of the Galactic disk y, the Galaxy
halo height H, the particle velocity v, and the diffusion
coefficient D(R). Xp_gs = m/op_.s represents the critical
grammage, i.e., the grammage necessary for a primary
nucleus P to break up into a secondary nucleus S when
interacting with the ISM, therefore, op_ ¢ represents the
fragmentation cross section from P to S and m the mean
mass of an interstellar particle. X¢ = m/oy is the critical
grammage necessary for the secondary nucleus S to
interact with the ISM. Equation (2) is independent of
any injection or primary component, allowing a direct
view of the propagation element. For high rigidities,
where X(R) < Xy, the secondary-to-primary ratio is
proportional to X(R), and the grammage as a function
of rigidity can be estimated directly from measurements,
i.e., the exponent & in the diffusion coefficient (D « R®)
can be extracted from a fit to data. This is the case for the
B/C ratio that can be well fitted by a power-law function

of rigidity above around 10 GV. However, the interesting
part to note for light nuclei is that the condition X(R) <«
X is also met when the secondary nucleus has a long
interaction mean free path or a low interaction cross
section in the ISM, as in the case of deuterons. This
implies that CR deuterons can provide access to propa-
gation information without the limitation of being in the
high-rigidity regime [36]. The fact that CR deuterons have
a larger mean free path compared to heavier nuclei (on the
order of twice larger), means they are less susceptible to
suffering losses due to nuclear interactions with the ISM
as in the case of heavier nuclei, and therefore they are
more sensitive to the actual grammage X(R) traversed by
CRs in the Galaxy. How relevant and accessible a d/He
ratio is in the light of new experiments and the impact this
ratio has on updated propagation models will be explored
in this work.

C. Solar modulation

As cosmic rays approach the solar system, they encoun-
ter the heliosphere [37]—a volume surrounding the
Sun which is continuously filled with solar plasma.
The boundary of this region is known as the heliopause.
The distribution of CRs is affected by interactions with the
heliospheric magnetic field (HMF). The dominant com-
ponent of the HMF is the so-called Parker spiral, gen-
erated by the rotation of the Sun. Irregularities in the HMF
result in the diffusion of cosmic rays as they scatter off
the irregularities [38]. A complete model of the helio-
sphere must therefore be capable of explaining the effects
on CR distributions—namely, diffusion, drift, convection,
and energy changes, described by the Parker transport
equation [39]:

T (V4 (V) VF +9-(Ky ) +5(T-V)

of
R’
(3)

where f = f(r, R, t) is a cosmic ray distribution function in
a spherical heliocentric coordinate system with the equa-
torial plane oriented at a zenith angle of 90°, V is the solar
wind velocity, (Vq) is the time-averaged particle drift
velocity, K is the diffusion tensor, and R is the particle
rigidity. The three terms on the right side of the equation
represent convection, diffusion, and adiabatic energy
changes, respectively. The solar modulation process over
CRs is observed to have 11-year and 22-year cycles, the
former being correlated to periods of extreme sunspot
activity and the latter being due to the reversal of the
heliospheric magnetic field at solar output extrema.

An approximate and widely-used solution to Eq. (3) is
the force-field approximation (FFA) [40]. The FFA is a
steady-state solution that relies on the assumptions of
heliospheric spherical symmetry, the noninclusion of drift

123008-4



CURRENT STATUS AND NEW PERSPECTIVES ON COSMIC RAY ...

PHYS. REV. D 107, 123008 (2023)

terms, a constant and radial solar velocity, and a boundary
(heliopause) beyond which particles cannot travel, giving
rise to the term “force-field.” The result of the approxi-
mation is a LIS multiplied (modulated) by an energy-
dependent term, and the energies of cosmic rays are shifted
down by a potential term known as the modulation
potential. The FFA is a particularly good approximation
for higher-energy cosmic rays. However, the noninclusion
of drift terms, which become much more important at low
energies and with increasing solar output, limits the
application of this model. In addition, since it is a static
solution, a single solution can typically only be applied
over a few weeks due to the 11 and 22-year solar
modulation cycles. These facts, combined with the modern
availability of extensive computational resources, have
resulted in the development of numerical solutions, like
the one used in this work (see Sec. III D), that give a better
description of the solar modulation process [41].

D. Simulation

Cosmic ray propagation in the Galaxy is treated in this
work using the GALPROP v56 [5,42] software package,
which solves Eq. (1) numerically. This analysis is based
on the parameters obtained by Boschini et al. [43], in which
AMS-02, HEAO-3-C2, VOYAGER 1, and ACE-CRIS data
were fit for nuclei ranging from H to Nickel (Ni) (not
including H or He isotopes), in an energy range from
1 MeV to 100 TeV. In this model, the Galaxy is considered
to be a cylinder with a halo height of z =4 kpc and a
20 kpc radius. Moreover, the model uses a diffusion
coefficient defined as D, = Dyf"(R/R,)°, where n = 0.7
is a fitting parameter that improves agreement at low
energies. This model also includes diffusive reacceleration,
with Alfvén velocity V,, and convection effects with a
velocity gradient dV /dz. The values of the parameters are
shown in Table I, which were obtained through calibration
with the most up-to-date data including the latest B/C
results from AMS-02 [43].

A full three-dimensional cosmic ray propagation model
for describing CR modulation throughout the heliosphere is
used to determine the differential intensity of cosmic ray
deuterons at Earth. The modulation volume is assumed to
be spherical with the heliopause position at 122 AU. This
steady-state model is based on the numerical solution of

TABLE I. Propagation parameter values and spectral parame-
ters obtained from Ref. [43].

Parameter Best value Units

Z 4.0+0.6 kpc
DO/IO28 434+0.7 cm? st

1) 0.415 £0.025 e

V, 30.0+£3.0 kms™!
dv/dz 9.8+0.8 kms~! kpc™!

Eq. (3) and has been extensively described, and applied to
interpreting observations of Galactic protons [44], electrons
[45], He [46], and positrons [47]. The deuteron LIS
obtained with GALPROP as described above is specified
as an initial condition in the numerical model. Other solar
activity parameters are used in the modeling as inputs, such
as the tilt angle a, i.e. the angle that the dipole axis of the
Sun forms with respect to the solar rotation axis, and the
magnitude of the heliospheric magnetic field B at the Earth,
which changes continuously over time. In order to set up
representative modulation conditions, appropriate moving
averages of @ and B are used. The diffusion coefficients are
tuned in order to reproduce a specific experimental dataset,
and as such they are time-dependent. In this work, the
diffusion coefficients used for the computation, as well as
all the other relevant heliospheric parameters were the same
as obtained for the PAMELA proton modeling described in
[44,48], that also reproduce AMS measurements of He
isotopes.

IV. DEUTERON FORMATION IN COSMIC RAYS

As mentioned before, CR deuterons are produced mainly
by the fragmentation of primary “He and secondary *He
interacting with the ISM. An additional contribution of
around 20% comes from the fragmentation of heavier
nuclei like C, N, and O [9]. Since the ISM is mostly
composed of H (~90%) with a small contribution of He
(~10%), the releveant reactions in this CR analysis are
“He + p(He), *He + p(He), and CNO + p(He). After a
fragmentation interaction, the produced deuterons carry
most of the projectile’s energy, showing a peaked Gaussian
distribution around it. Thus, as an acceptable approxima-
tion, the final deuteron kinetic energy per nucleon is
considered to be similar in magnitude to the incoming
He kinetic energy per nucleon [9,49]. Consequently,
deuterons produced by fragmentation are dominant in
the GeV region. Another important deuteron production
process is the fusion of two protons through the reaction
p+p—d+ " [9,50]. Although the pp fusion reaction
cross section is smaller than the one from He fragmenta-
tion, the proton flux is ten times more abundant than the He
flux, making this contribution a large component of the
final deuteron spectrum. Deuterons generated in the pp
fusion reaction contribute to the region below 1 GeV,
especially in the region between 80 and 250 MeV/n [50].

Measurements of the reactions mentioned above are
essential to model deuteron production cross sections at
different energies and, therefore, to predict the deuteron
flux correctly. An updated summary of these measurements
from accelerator experiments as of 2008 is presented in
Coste et al. [9] (see Appendix B in [9]) and revised in this
paper (see Fig. 2). In the work by Coste et al., an improved
parametrization of the cross sections based on the works by
Cucinotta et al. [49] and Meyer [50] is shown. This
parametrization is the result of two contributions: a pickup

123008-5



DIEGO MAURICIO GOMEZ-CORAL et al.

PHYS. REV. D 107, 123008 (2023)

70 [ T T T T TTTIT T T TTTTT II T T LU I_
N 4He+p —d+X ]
601~ — Coste et al. ]
2 — Galprop ]
.§. 50 —»— Data Breakup
s C -=- Data Stripping 7
‘g B ]
3 40 .
o C ]
@\ L i
S o .
c B A
<] L 3
o 20—
] C | ]
- a :
o £ E % ]
10— -
0_ ’l/ylrl IIIII| !\4 n_ IIlIII k L 1 lIlII—
102 107 1 10

Kinetic Energy per nucleon [GeV/n]

90_ T IIIIIIII T T T T TTTIT T T T T TT1TT
0L SHe+p — d+X
=5 - —Coste et al.

L » Data

60

50

40

30

20

Deuteron cross-section [mb]

10

TITT [T I [ TT T T[T T TT[TT

vl 1

! vl 1

10" 1 10
Kinetic Energy per nucleon [GeV/n]

[N

-
qQ
)

FIG. 2. Deuteron production cross sections: From “He fragmentation (left plot) and from >He fragmentation (right plot).
Parameterizations from Coste er al. and GALPROP are compared to measurements (squares and circles) [S0-57]. More details are

in the text.

process dominating below 0.1 GeV/n, where the incident
proton tears a neutron or proton off the He nuclei, and a
break-up process ruling above 0.1 GeV/n, where the
energy is enough to dissociate the incoming He in nucleons
that can form new light nuclei by coalescence. In Fig. 2, the
data samples [50-57] and parametrizations used by Coste
et al. are presented for *He + p and *He + p fragmentation
reactions as a function of kinetic energy per nucleon. In the
case of the “He + p reaction (Fig. 2 left panel), the
parametrizations for pickup and break-up contributions
are shown as green and blue dashed lines respectively.
Likewise, green squares and blue circles data points
represent measurements for these two processes accord-
ingly. The sum of these two contributions results in the
total production cross section shown as a solid black line.
For the *He + p reaction (Fig. 2 right panel), only the total
deuteron production cross section is shown along with
available measurements.

To obtain a correct prediction of deuteron CRs in the
Galaxy, all cross sections from reactions related to deuteron
production must be included in Eq. (1). The model used in
GALPROP for deuteron production cross section in “He + p
interactions can be seen in the left panel of Fig. 2 (solid red
line). GALPROP’s parametrization of the cross section is
based only on the most recent data by [51] for energies
above 0.2 GeV/n. Furthermore, GALPROP does not include
a deuteron production cross section from the 3He + p
reaction. Therefore, the first goal of this work was to
implement updated parametrizations of the deuteron pro-
duction cross sections developed by Coste et al. in
GALPROP (a similar study was made by [58]). From
differences between the red and black solid lines in
Fig. 2, it is foreseeable that there will be differences in

the final deuteron flux when these cross sections are
replaced. For example, an increase at low energies due
to the inclusion of the stripping component in the cross
section and an increase at energies above 1 GeV/n due to
the inclusion of the *He fragmentation. Parametrizations for
“He + He and ’He + He reactions were also included in
GALPROP based on Coste er al. results. The pp fusion
reaction was added to GALPROP v56 taking the implemen-
tation made by [58] to a previous version of the official
code. This implementation was based on the work by
Meyer [50]. Heavier nuclei fragmentation cross sections
resulting in deuterons were also updated for this study. The
contribution from the groups CNO, MgAlSi, and FeNi
were implemented in GALPROP using results from Coste
et al. (see Appendix A 1).

An essential component in calculating the deuteron
production in CRs is the uncertainty related to the pro-
duction cross section. This uncertainty can be seen in Fig. 2
as a gray band in both reactions, and it was estimated based
on residuals between parametrization and available data,
weighted by the errors reported and considering an
approximated systematic error of 5% for the most accurate
dataset [51]. Due to an asymmetric distribution of mea-
surements above and below the parametrization, the calcu-
lated uncertainty is also asymmetric. In this work, as in the
previous work by [8] this uncertainty is introduced in the
propagation process for deuterons. Note that the measure-
ment at the highest energy (~3 GeV/n) in the “He + p
reaction (Fig. 2 left panel) is below measurements by the
same experiment at lower energies (0.5-2 GeV/n). This
can be a consequence of undercounting some of the
reactions producing deuterons as final states [9,51,57],
therefore, a higher error band has been estimated. Since this
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FIG. 3. Deuteron total inelastic cross sections: The parametri-
zation by Tripathi et al. [59], used in this work, is compared to the
parametrization generally used with GALPROP [61], for d 4+ H and
d + He interactions.

measurement is important to define the cross section for
energies above 3 GeV/n, an alternative scenario without
this point is analyzed in Sec. V.

After production, deuterons undergo a series of inelas-
tic interactions with the ISM, reducing the number that
arrives at Earth. Total inelastic cross sections of light
nuclei with H and He targets are described by Tripathi
et al. [59] using a parametric model from the MeV to
GeV energy range. Tripathi’s parametrization has been
successful in describing measurements and is used
widely in different areas related to the transportation
of ions in matter [60]. Differences between the model
considered in GALPROP and Tripathi’s prediction for
d+He and d+ p interactions are shown in Fig. 3.
The reason for these differences is that GALPROP uses
a general parametrization for p -+ A reactions by
Barashenkov and Polanski [61], while Tripathi’s para-
metrization is specific for light-nuclei interactions.
Hence, in this work, Tripathi’s parametrization was
implemented in GALPROP for a better description of
the deuteron total inelastic cross sections. All these
improvements to the deuteron flux prediction become
crucial when comparing to present and future high-
precision measurements.

V. RESULTS FOR COSMIC RAY DEUTERONS

After introducing the updated deuteron production cross
sections described in Sec. IV into the GALPROP propagation
model, and using the propagation parameters listed in
Table I, the LIS deuteron flux was calculated [see solid
black line in Fig. 4(a)]. The effect of the solar activity over

this new deuteron LIS flux was modeled as described in
Sec. III. The modulated deuteron spectrum averaged over a
period of one year was obtained for three different periods
of time. The three modulated spectra are representative of
different periods of solar activity: 2007 (dotted red line),
which was a period in between a maximum and a minimum
of solar activity, 2009 (continuous red line), which was the
minimum of the solar cycle 23, and 2014 (dashed red line),
which corresponds to the period of the maximum of solar
cycle 24. [62]. The results from these simulations are
compared to the available data as shown in Fig. 4(a). In
Fig. 4(b), the data are compared to the model by calculating
the ratio for every data sample to the predicted flux in 2007
(dashed red line). The model results in 2009 (solid red line)
and 2014 (long dashed red line) were also divided by the
flux from 2007. In this figure, shadow bands with different
colors have been plotted to represent uncertainties from
cross section (gray), propagation (green), and solar modu-
lation (blue). The cross section uncertainty was derived
from the study in Sec. IV, estimating the deviation between
the best-fit model and accelerator data (see Fig. 2). This
asymmetric uncertainty was propagated to the flux calcu-
lation with GALPROP, obtaining a deviation of around 10%
below the mean value of the parametrization for most of the
energy range. In the low-energy region (< 0.1 GeV/n)
where the cross section is dominated by the stripping
process the uncertainty increases in the flux as a conse-
quence of the higher errors in accelerator measurements.
The propagation uncertainty was obtained by varying the
best-fit values of the propagation parameters between the
minimum and maximum errors reported in Table I, and
calculating the deviation of the fluxes associated with those
parameters. As observed in Fig. 4(b), the propagation
uncertainty is around 10% below 1 GeV/n, but increases
to 20% around 3 GeV/n, and decreases to about 10%
above 10 GeV/n. The bump at 3 GeV/n is mostly due to
the variation of the normalization parameter in the spatial
diffusion coefficient D, and the Alfvén velocity as part of
the reacceleration process. When the diffusion coefficient
decreases or the Alfvén velocity increases, the deuteron
flux is redistributed in energy, increasing its value in the
energy region above 3 GeV/n and reducing its value below
this energy. An opposite result is obtained when the
diffusion coefficient increases or the Alfvén velocity
decreases. The uncertainty associated with the solar modu-
lation model was derived by calculating the deviation
between the model and PAMELA measurements for He
in similar periods. An approximate 10% difference is
observed below 1 GeV/n, with a decreasing effect at
higher energies, as expected.

The first important observation in Fig. 4(b) is the good
agreement between the simulation result for 2007 (dashed
red line) and PAMELA data. As can be seen, measurements
are well within model uncertainties. The theoretical
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FIG. 4. Deuteron results: Plot (a) shows the deuteron LIS obtained with GALPROP along with the deuteron spectra for three solar
modulation periods obtained with the 3D numerical model corresponding to 2007, 2009, and 2014. Plot (b) shows the flux ratio between
data and simulation for the 2007 solar period. Uncertainties derived from production cross section, propagation, and solar modulation
are included. Plot (c) shows the deuteron over *He ratio simulation for the 2007 solar period compared to d/*He and d/He(*)

measurements.

prediction for this period of medium solar activity is also
close to AMS-01, BESS93, and BESS94, consistent
with low-medium solar activity periods between solar
cycles 22 and 23. The result for the 2014 period (long
dashed red line) is close to BESSO00 data and is compatible
with a high solar activity time in cycle 23. In the case of
2014 prediction, the overproduction by the model could be
explained by a lower intensity in solar cycle 24 (2009) than
in cycle 23 (2000). However, a dedicated analysis is outside
the scope of this work. Additionally, the flux in 2009 (solid
red line) corresponding to the solar minimum between
cycles 23 and 24 is close to the BESS95 and BESS97

measurements taken during a solar minimum activity
between cycles 22 and 23. This result in 2009 is also
close to the data from VOYAGER 1 and 2 taken during
solar minimum in cycles 20, 21, and 22. It is essential to
clarify that since solar cycles have different intensities, it is
not expected that the simulation calculated in this work for
cycle 24 entirely matches measurements taken in different
solar cycles.

In Fig. 4(c), the simulation result for deuterons over
“He is presented in comparison to d/*He and d/He
measurements. As can be seen, the model describes
PAMELA, BESS93, and BESS94 data within the model
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uncertainties (although it tends to overestimate PAMELA
measurements). The result is also close to AMS-01 data
and other BESS results that have uncertainties on the
order of 20%. This result is remarkably satisfactory,
considering none of the data shown in the plot were
used to tune the model, and that the prediction is based
entirely on B/C, p, and He flux data. At energies below
0.1 GeV/n, the model underpredicts VOYAGER 1 meas-
urement by around 30%—as expected from what was
observed in the deuteron flux. For the case of VOYAGER
2, measurements are closer to the LIS prediction, which is
explained by an anomalously large “He measurement
[23]. At higher energies, the result from this work is well
below CAPRICE98 measurements, for example, the
difference between the lower error limit for the data
point at 17.8 GeV/n and the model at that energy is
around 30% [see Fig. 4(c)], with an uncertainty in
the model from cross section on the order of 6%. If
the data point at 3 GeV/n in the left panel of Fig. 2 is not
included due to its large error, the predicted value of
the model for the d/*He ratio could increase to about 10%
to 15%, still below the lower limit measured by
CAPRICE98. This could indicate a discrepancy in the
diffusion model for light nuclei compared to B/C.
However, given the magnitude of the uncertainties of
these measurements (order of 30%—-40%), it is difficult to
reach a conclusion.

In general, it is observed that in d/*He there is a crucial
energy region from 1 to 20 GeV/n which lacks precision
measurements. Here, the influence of solar modulation is
diminished, and the slope of d/*He is influenced by two
main propagation processes: diffusion and reacceleration.
To illustrate their effects, the exponent index & in the
diffusion coefficient (D, = Dyf"(R/Ry)?), and the Alvén
velocity V, in the reacceleration term are perturbed
separately in the model when the flux is calculated.
Then, the resulting flux is compared to the initial one,
as shown in Fig. 5. A similar calculation has been made for
B/C. As can be seen, reacceleration strongly affects d/*He
and B/C ratios, redistributing the flux from lower energy
regions, where cosmic rays spend more time traveling in
the Galaxy and interacting with MHD waves, to a higher
energy region above 1 GeV/n. The reduction of the
reacceleration intensity at high energies (~10 GeV/n)
and the asymmetry observed at the tail is a consequence
of the coupling between diffusion and reacceleration
(D,, = p*V2/9D,,). At high energies, diffusion increases,
making the reacceleration energy-gaining process less
efficient. Moreover, reacceleration and diffusion have a
more significant effect on d/*He than B/C for high
energies, which is a direct consequence of light nuclei
having a lower interaction cross sections with the ISM than
heavier nuclei. As seen in Fig. 5, the diffusion in d/*He
increases with energy, it starts to rise above 1 GeV/n and
dominates over reacceleration above 10 GeV/n. Such
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FIG. 5. d/*He compared to B/C: The ratio between results
before and after perturbation of the reacceleration and diffusion
parameters for d/*He and B/C.

characteristics highlight the significance of d/*He mea-
surements above 1 GeV/n to constrain model parameters,
such as the exponent in the diffusion coefficient. under-
estimating some accelerator measurements that possibly
did not account for all reactions producing these light
nuclei Additionally, as a test of consistency, the He flux
and the He/*He ratio were calculated following a similar
approximation as for deuterons. The results are compared
to measurements and presented in Fig. 6. The *He flux for
2007 agrees with PAMELA data, the description is better
for the calorimeter part of the data than for TOF, but
measurements are within model uncertainties in most of the
energy range. The dominant uncertainty in the prediction is
from cross sections, particularly in the region from 0.1 to
1.0 GeV/n, where discrepancies from different data sam-
ples in accelerator experiments and important uncertainties
in the measurements affect the parametrization (see
Appendix A 2). The agreement between simulation and
AMS-02 data for the 2014 period is good for energies
below ~3-4 GeV/n, but the model starts underpredicting
the He flux above these energies. However, the deviation
between model and data does not exceed the model
uncertainty. The *He/*He ratio in Fig. 6(c) shows that
the model describes PAMELA and AMS-02 data within
cross section uncertainties for most of their energy ranges.
Nevertheless, the model under-predicts AMS-02 data
above ~5-6 GeV/n by less than 10%, and again as for
the case of deuterons, the result is well below CAPRICE98
measurements. Results for “He flux can be seen in
Appendix B.
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FIG. 6.

3He results: Plot (a) shows flux measurements and simulation results for LIS and three different periods using GALPROP and the

3D solar modulation model. Plot (b) shows the data-over-model ratio, including uncertainties in the model from cross sections,
propagation parameters, and solar modulation. Plot (c) shows the *He/“He ratio simulation result with uncertainties compared to data.

VI. CONCLUSIONS

In this work, CR deuterons have been reviewed by
studying the mechanisms for their production in CRs
interactions, their propagation in the Galaxy, and the effect
of solar modulation on them, highlighting the important
role they play in deciphering cosmic ray diffusion proper-
ties in the Galaxy.

A state-of-the-art calculation of the deuteron flux and
d/*He was performed using GALPROP v56 as a propagation
modeling tool, and considering a diffusion-reacceleration
model with the Boschini et al. [43] parameters obtained by
fitting AMS-02, HEAO-3-C2, VOYAGER 1, and ACE-
CRIS data for nuclei from H to nickel and the B/C ratio.

Deuteron and *He production cross sections were updated
in GALPROP by using the latest parametrizations from
accelerator experiments [9], and the related uncertainties
were included in the calculations. It was found that this
uncertainty is less than 10% for deuterons and below 20%
for *He in most of the energy range. These uncertainties
result from underestimating some accelerator measure-
ments that possibly did not account for all reactions
producing these light nuclei. Especial attention has been
paid to cross-section uncertainties at ~3 GeV/n that have
an impact on the model prediction for the energy region
where AMS-02 measurements are expected. Additionally,
cross-section uncertainties associated to Boron and other
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secondary species, also introduce uncertainties in the
propagation parameters [63]. This stresses the need for
better measurements of nuclear reactions in energy regions
of interest for galactic CRs.

It was also found that the simulation results describe the
deuteron flux and d/*He data below 1 GeV/n within the
uncertainties of the model, and show consistency with
3He/“*He ratio. This result shows the good prediction power
of GALPROP and Boschini er al., propagation parameters
after introducing all necessary deuteron and *He cross
sections. However, the simulation underestimates the only
measurements available at high energy by CAPRICE9S for
d/*He and 3He/*He ratios, characterized by their large
uncertainties. To accommodate such a difference between
the model and data, it would be necessary to modify the
parameters related to diffusion and reacceleration for
deuterons and *He (secondary light species) with respect
to those obtained with heavier nuclei (B/C). If such a
difference is corroborated by future high-precision mea-
surements in CRs, and reduced uncertainties in the model,
a general calibration of the propagation parameters using
B/C ratio would no longer be valid, and could imply a
break in the universality of cosmic ray propagation. Further
studies and high-precision measurements of d/*He for
energies above 1 GeV/n are essential to arrive at a definite
conclusion.

The above results further demonstrate that the observed
reacceleration, generally considered necessary to explain
B/C around 1 GeV/n, has a higher impact on d/*He and
He/*He over the energy region between 1 and 10 GeV/n,
and this effect decreases rapidly above that energy. This is
expected because of the lower interaction cross section for
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light nuclei. This result is in agreement with other works
[16,17] where diffusion-reacceleration models produced
the best fits to data when *He or d/*He measurements were
included, despite estimating different parameter values.
Therefore, both the effects of reacceleration and diffusion
would be strongly constrained by new high-precision
deuteron and d/*He measurements in the energy range
from 1 to 10 GeV/n.

A new version of GALPROP (v57) was recently released
[64] during the preparation of this work, and it includes
some of the improvements in cross sections presented in
Sec. I'V. The implementations of these cross sections in this
work are in agreement with those in GALPROP v57.
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APPENDIX A: CROSS SECTIONS

1. CNO, MgAlISi, and FeNi fragmentation
cross sections

In Fig. 7, parametrizations from Coste et al. [9]
describing the production cross section of deuterons from
heavier nuclei colliding with a proton target are presented.
Based on an extended set of measurements in the energy
range below 10 GeV/n, these parametrizations are sepa-
rated into three groups of projectile nuclei: CNO, MgAlSi,
and FeNi which have similar cross sections. The models
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FIG. 7. Deuteron production cross sections: Parametrizations by Coste ef al. and GALPROP for projectiles with A > 4 interacting on

proton target.
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FIG. 8.
fragmentation.

for deuteron production from C, O, and Fe fragmentation
followed originally by GALPROP are included for
comparison in the same plot. GALPROP v56 does not
include deuteron production cross sections from N, Mg,
Al, Si, or Ni.

2. 3He cross sections

CR *He is also created mainly from “He fragmentation
with the ISM, as in the case of deuterons. However, He is
also produced through the decay of tritium created from
“He spallation. The top-left panel in Fig. 8 shows a
compilation of 3He production measurements collected
by Coste et al. [9], based on data samples by [S0-57]. As

3He cross sections: Production cross section from “He fragmentation (left). Right: Tritium production cross section from “He

in deuteron formation, two main processes are involved in
He production from “He, stripping at low energy and
break-up at higher energies. Additionally, the improved
parametrization developed by Coste et al. is included with
an estimation of the uncertainty based on errors from the
data points presented. A comparison to the GALPROP
model shows it agrees with the new parametrization above
0.1 GeV/c, since both are based on the same measure-
ments. Still, it also shows the limitation of GALPROP to
describe the stripping contribution below 0.1 GeV/c. The
top-right panel in Fig. 8 shows the production of triton
from “He interaction with protons. In this case, only the
break-up process is present, and measurements from
different experiments, including those based on n-*He
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“He results: Plot (a) shows flux measurements and simulation results using GALPROP for the LIS and three solar periods. Plot

(b) shows the data-over-model ratio, including uncertainties from propagation, and solar modulation.

reactions, are compared to the model. The uncertainty has
been estimated based on the prediction by the paramet-
rization and measurement errors. The figure also shows
the GALPROP model, which differs at lower energies
because it is based on recent data by [51], without
including all measurements in the plot. Another critical
component that was changed in GALPROP was the total
inelastic cross sections of *He when interacting with
protons and He. The bottom panel in Fig. 8§ shows the
parametrizations by Tripathi et al. [59], which are based
on measurements and have been explicitly calculated for
light nuclei, in comparison to the original GALPROP
parametrizations. It is important to note the significant
difference in cross sections for *He concerning a He target
affects *He fluxes.

APPENDIX B: “He RESULTS

In Fig. 9 “He LIS result (solid black line) along with
modulated fluxes for the same three periods used in
deuteron analysis (red lines) are compared to AMS-02
[65], PAMELA [2], BESS [1,25-28], AMS-01 [20], IMAX
[24], and Voyager [21,23] data. As can be observed in the
figure, the simulation for the period 2007 corresponding to
the time when PAMELA data were measured, agrees
satisfactorily with these measurements. Furthermore,
the simulation for the 2014 period also agrees well with
AMS-02 data for that period and converges to measure-
ments in other periods when solar effects decrease. This
level of description is expected since the propagation
parameters and the solar modulation model were tuned
to He data from these two experiments.
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