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Precision measurements of the cosmic ray D flux are presented as function of rigidity from 1.9 to
21 GV, based on 21 million D nuclei. We observed that over the entire rigidity range D exhibits
nearly identical time variations with p, 3He, and 4He fluxes. Above 4.5 GV, the D/4He flux ratio
is time independent and its rigidity dependence is well described by a single power law ∼ 𝑅Δ

with Δ𝐷/4𝐻𝑒 = -0.108 ± 0.005. This is in contrast with the 3He/4He flux ratio for which we find
Δ3𝐻𝑒/4𝐻𝑒= -0.289 ± 0.003. The significance of Δ𝐷/4𝐻𝑒 > Δ3𝐻𝑒/4𝐻𝑒 exceeds 10𝜎. In addition,
we found that above ∼ 13 GV the rigidity dependence of D and p fluxes is identical with a D/p
flux ratio of 0.027 ± 0.001. These unexpected observations show that, contrary to expectations,
cosmic deuterons have a sizeable primary component.
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1. Introduction

Hydrogen nuclei are the most common species in cosmic rays.These nuclei include two stable
isotopes: protons (p) and deuterons (D). Big Bang nucleosynthesis predicts minimal deuterium
production, and over time, the abundance of D decreases from its primordial level. The observed
D/p ratio in the interstellar medium is approximately 2×10−5 [1]. Unlike primary cosmic rays such
as p and 4He, which are accelerated in supernova remnants, deuterons are mainly produced by He
interactions with the interstellar medium. Deuterons, along with 3He, are classified as secondary
cosmic rays, and previous research has shown that these cosmic rays, including Li, Be, and B, share
a similar rigidity dependence [2–4].

The interaction cross sections of deuterons and He with the interstellar medium are significantly
lower than those of heavier nuclei [5]. Specifically, the D/4He and 3He/4He flux ratios provide
insight into diffusion properties at larger distances than those probed by heavier nuclei. These
measurements are crucial for refining cosmic ray propagation models [6–11].

2. AMS Detector

The layout of the detector is shown in Fig. 1 (left). The key elements are the permanent
magnet [12], the silicon tracker [13], four planes of time of flight (TOF) scintillation counters [14],
the array of anticoncidence counters (ACCs) [15], the transition radiation detector (TRD) [16], the
ring imaging Čerenkov detector (RICH) [17], and the electromagnetic calorimeter (ECAL) [18].
The AMS coordinate system is concentric with the magnet. The x axis is parallel to the main
component of the magnetic field. The (y-z) plane is the bending plane. Above, below, and
downward- going refer to the AMS coordinate system. The central field of the magnet is 1.4 kG.
On orbit, the magnet temperature varies from −3 to +20◦C. The field strength is corrected with a
measured temperature dependence of −0.09%/◦C.

The tracker has nine layers, the first (L1) at the top of the detector, the second (L2) just above
the magnet, six (L3 to L8) within the bore of the magnet, and the last (L9) just above the ECAL.
L2 to L8 constitute the inner tracker.The tracker accurately determines the trajectory of cosmic rays
by multiple measurements of the coordinates with a resolution in each layer of 5–10 𝜇m in the
bending (𝑦) direction for different nuclei [19]. Together, the tracker and the magnet measure the
rigidity 𝑅 of charged cosmic rays, with a maximum detectable rigidity of up to 3.5 TV.Each layer
of the tracker provides an independent measurement of the charge 𝑍 with a resolution.Overall, the
inner tracker has a resolution of 0.05 < 𝜎𝑍 < 0.3 for Z=1...28 [20].

As seen from Fig. 1 (left), two of the TOF planes are located above the magnet (upper TOF)
and two planes are below the magnet (lower TOF). The overall velocity (𝛽 = 𝑣/𝑐) resolution has
been measured to be 𝜎(1/𝛽) = 0.01 − 0.04 for different nuclei.The pulse heights of the upper and
lower planes each provide independent charge measurements with an accuracy of 𝜎𝑍/𝑍 ∼ 2

The RICH is located below the two lower TOF planes. Its radiator is located at its top, which
is made of two non-overlapping dielectric materials. The radiator consists of tiles of silica aerogel
with a refraction index of 1.05 and, in the central part, of tiles of sodium fluoride with a refraction
index of 1.33. Its velocity resolution has been measured to be 𝜎(𝛽)/𝛽 = 1.3 × 10−3 for charge 1
particles crossing the aerogel radiator, and 𝜎(𝛽)/𝛽 = 3.2 × 10−3 for the sodium fluoride one.
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Figure 1: (left) The AMS detector showing the main elements and their functions. (right) The AMS D (red
points), 3He (blue points), 4He (white curves), and p (magenta curves) fluxes as functions of time for three
characteristic rigidity bins.

Monte Carlo (MC) simulated events were produced using a dedicated program developed by
the collaboration based on the geant4-10.3 package [21]. The program simulates electromagnetic
and hadronic interactions [22] of particles and nuclei in the material of AMS and generates detector
responses.The simulated events then undergo the same reconstruction as used for the data.

3. Results

The deuteron (D) fluxes were measured as a function of rigidity from May 2011 to April 2021.
To facilitate a comparison of the temporal and rigidity dependence of the D fluxes with those of
3He and 4He, the 3He and 4He measurements from Ref.[23] were extended to April 2021 and to the
rigidity range of 1.9 to 21 GV.

Figure 1 (right) shows the AMS D flux as a function of time for three characteristic rigidity
bins, compared with the AMS p, 3He, and 4He fluxes. The p fluxes were extracted from Ref. [24],
with the D fluxes subtracted. All these spectra exhibit nearly identical variations with time and the
relative magnitude of the variations decreases with increasing rigidity. To study the time variation
of the D flux in detail, we fit a linear relation between the relative variations of ΦD/Φ4He and of
Φ4He for each rigidity bin 𝑖, as of:

Φ𝑖
D/Φ

𝑖
4He − ⟨Φ𝑖

D/Φ
𝑖
4He⟩

⟨Φ𝑖
D/Φ

𝑖
4He⟩

= 𝑘 𝑖D

Φ𝑖
4He − ⟨Φ𝑖

4He⟩
⟨Φ𝑖

4He⟩
(1)

where 𝑘 𝑖D is the slope of the linear dependence for the rigidity bin 𝑖. Figure 2 shows that the slope
𝑘D, as a function of the rigidity from 1.9 to 7.8 GV, is compatible with zero above 4.5 GV.
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Figure 2: (left) The slope of the linear fit of ΦD/Φ4He versus rigidity. The shaded area indicates the rigidity
range where the slope is statistically consistent with zero. (right) The time-averaged flux ratios, D/4He (red
circles) and 3He/4He (blue squares), are plotted as a function of rigidity with total errors. The red and blue
lines represent power-law fits for 𝑅 > 4.5 GV.

The time-averaged flux ratios of D/4He and 3He/4He as functions of rigidity are presented
in Fig. 2 (right). For rigidities above 4.5 GV, these ratios follow a power law of the form
𝐶, (𝑅/4.5,GV)Δ. For the D/4He flux ratio, a fit to the data yields: ΔD/4He = −0.108 ± 0.005.
For the 3He/4He flux ratio, the fit results in Δ3He/4He = −0.289 ± 0.003. The spectral index for
the D/4He flux ratio differs from that of 3He/4He. The condition ΔD/4He > Δ3He/4He is confirmed
with a significance greater than 10𝜎. This suggests that cosmic deuterons contain a substantial
component with a primary-like spectrum.

We estimate the primary (Φ𝑃
D) and secondary (Φ𝑆

D) components of the deuterium flux (ΦD)
by fitting ΦD = Φ𝑃

D + Φ𝑆
D to a weighted combination of a typical primary cosmic ray flux (Φ4He)

and a typical secondary cosmic ray flux (Φ3He) above 4.5 GV. The fitting results in Φ𝑃
D = (0.094 ±

0.005) ×Φ4He and Φ𝑆
D = (0.58 ± 0.05) ×Φ3He as displayed in Fig. 3.

Figure 3: The time-averaged ΦD (red circles) multiplied by 𝑅̃2.7 as a function of rigidity with total errors
above 4.5 GV together with the fit to the weighted sum of Φ4He and Φ3He(yellow curve). The contributions
of the primary and secondary components are indicated by the blue and green shadings, respectively.
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4. Discussion

We reported the precision measurements of the cosmic ray deuteron (D) flux in the rigidity
range from 1.9 to 21 GV. Across this range, the D flux exhibits time variations nearly identical
to those of the proton, 3He, and 4He fluxes. Above 4.5 GV, the rigidity dependence of the flux
ratio D/4He follows a single power law, ∝ 𝑅Δ, with ΔD/4He = −0.108 ± 0.005, different from the
3He/4He ratio, where Δ3He/4He = −0.289 ± 0.003. The difference between ΔD/4He and Δ3He/4He
is statistically significant, exceeding 10 𝜎. These findings suggest the presence of a primary-like
component in cosmic deuterons, contrary to prior expectations. Using a method independent of
cosmic ray propagation models, we estimate the primary component of the D flux to be 9.4± 0.5%
of the 4He flux, and the secondary component to be 58 ± 5% of the 3He flux.
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