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Abstract
Despite the advances in discovering new nuclei, modeling microscopic nuclear structure, nuclear
reactors, and stellar nucleosynthesis, we stilllack a systemic tool, such as a network approach, to
understand the structure and dynamics of over 70 thousands reactions compiled in JINA
REACLIB. To this end, we develop an analysis framework, under which it is simple to know which
reactions generally are possible and which are not, by counting neutrons and protons incoming to
and outgoing from any target nucleus. Speci“cally, we assemble here a nuclear reaction network in
which a node represents a nuclide, and a link represents a direct reaction between nuclides.
Interestingly, the degree distribution of nuclear network exhibits a bimodal distribution that
signi“cantly deviates from the common power-law distribution of scale-free networks and Poisson
distribution of random networks. Based on the dynamics from the cross section parameterizations
in REACLIB, we surprisingly “nd that the distribution is universal for reactions with a rate below
the threshold,� < eŠT�

, whereT is the temperature and� � 1.05. Moreover, we discover three
rules that govern the structure pattern of nuclear reaction network: (i) reaction-type is determined
by linking choices, (ii) network distances between the reacting nuclides on 2D grid ofZ vsN of
nuclides are short, and (iii) each node in- and out-degrees are close to each other. By incorporating
these three rules, our model universally unveils the underlying nuclear reaction patterns hidden in
a large and dense nuclear reaction network regardless of nuclide chart expansions. It enables us to
predict missing links that represent possible new nuclear reactions not yet discovered.

1. Introduction

Since the birth of the Universe in the Big Bang about 15 billion years ago, its evolution was accompanied
and often driven by nuclear reactions. The birth, lifeand death of stars, Earth and their occupants, either
animate or inanimate are all the products of these processes, evolved from the nucleosynthesis of the lightest
elements (hydrogen, helium and lithium) [1, 2]. Furthermore, the discoveries in nuclear science have also
led to modern innovation and technology advances that have improved our lives by enabling, for example,
the sustainable clean energy [3, 4], the introduction and use of radioisotopes for medical diagnosis and
therapeutic purposes [5…8], and advances in material science [9, 10] by use of the nuclear reaction
microanalysis.

Nuclear reaction network is important to describe the nuclear energy generation or the evolution of
entire composition of nuclei in different astrophysical scenarios [11…20]. An important tool to understand
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the nucleosynthesis mechanism in various astrophysical environments, e.g. supernovae [13], core-collapse
supernovae [16, 17], novae [11, 12, 19], or x-ray bursts [14, 15, 18, 20]. Despite some pioneering
conceptual work in both nuclear physics [21…27] and network science [28], it is still unclear we still lack a
systematic network framework for understanding the complex reaction patterns and nuclei stability. The
theoretical gap is that there is no computational model for nuclear reaction networks, similar as
Barábsi…Albert (BA) model with the preferential attachment for scale-free networks [28] applied in
Internet, biology, and social science. Here, for the“rst time, we apply network tools into nuclear physics
and develop a framework, which enables modeling the global structure of the nuclear reaction network
without considering their dynamical equations.This approach opens novel ways to understand the
structure of nuclear reaction network and nuclei stability.

We “nd some intriguing regularities, such as binomial degree distribution, the symmetry of in and out
degrees, which are not yet explained by the current theory of nucleus dynamics and stability. We also show
that our nuclei network framework guided by machine learning techniques and network science enable us
to model the properties of isotopes as dependent on their positions in the network. Our main contribution
is the discovery of hidden patterns in a large and dense nuclear reaction network by applying the network
framework approach. After a close examination ofthese factors on their impacts on the network•s
topological structure, we con“rmed that the nuclei exhibit communities across different scales and some
physical implication related properties, prompting usto propose three fundamental rules to reconstruct the
reaction network. The rules are proved to be capable of depicting the expansion of the nuclide chart
accurately, enabling us to search for ef“cient and low-cost routes to yield rare isotopes. Our network-based
framework allows us to discover some interesting patterns in nuclear reactions, the degree models on spatial
information in embedding space, and the fundamental rules to reconstruct the nuclear reaction network.
We hope, in future work, to address the open questions that arise from our current framework, like what
physical properties of nuclei can cause the existence of the discovered patterns.

2. Results

2.1. Spatially embedded nuclear reaction network
Many complex systems, such as transportation networks, power grids, internet, and brain networks, are
organized as spatial networks with nodes and edges embedded in some kind of geometric space [29]. In
these networks, there is a transport distance or wiring cost associated with the length of edges that, in turn,
dramatically affects the topology of these networks [30, 31]. Therefore, we embed the nuclear reaction
network into a spatial space, and study how the spatialinformation impacts the topological structure of the
reaction network. As shown in “gure1(b), the reaction network de“nes an af“nity relation from one
nuclide to another, such that a pair of nuclides are connected if there is a direct nuclear reaction (see
“gure 1(a)). The reaction network, in essence, is analogous to a spatially embedded grid network in a
two-dimensional Euclidean space. As demonstrated in “gures1(c) and (d), each nuclide is characterized by
its neutron and proton numbers, that can be represented as a lattice grid point in the nuclear chart, where
thex coordinate value is de“ned by the number of neuronsN, and they coordinate value is de“ned by the
number of protonsZ. All isotopes of an element are placed on the same row in the lattice. The spatial
network brings stability into our consideration, andprovides another bene“t to distinguish the nearest
neighbors according to the statisticsN andZ. Figure1(a) illustrates a reaction chain from63

29Cu to 60
28Ni. It

shows two primary direct nuclear reactions: (i)n+ 63
29Cu� 4

2He+ 60
27Co, which is an� decay, and (ii)

p+ 60
27Co � n+ 60

28Ni, which is a charge exchange reaction (p,n). These three nuclides (63
29Cu, 60

27Co and60
28Ni)

and two reactions form a network shown in “gure1(d), which is part of a large network (“gure1(b)) with
8042 nuclei and 77 293 direct nuclear reactions from JINA REACLIB [32] (see section S1 (https://stacks.iop.
org/NJP/23/083035/mmedia) B for detailed description). Figure1(c) illustrates a sub-network of235

92 U,
showing all the possible direct reactions from and to235

92 U. In network science, the number of inbound links
to a node of interest is de“ned as the in-degree of the node, the number of outbound links from the node is
de“ned as its out-degree. In the nuclear reaction network, the number of different types of nuclear reactions
that produce a nuclide of interest is the nuclide•s in-degree. As shown in “gure1(e), the in-degree of235

92 U is
5, including two charge exchange reactions of the type (n,p) and (p,n), two photon-disintegration reactions
of the type (� , n) and (� , � ), and one neutron capture (n, � ) reaction. Also, the reaction network exhibits
strong in-out degree correlations (“gure1(f)), which provides an effective measure of the network
symmetry in studying the evolution and controllability of directed networks [33…35]. As expected, many
nuclear reactions have a reverse reaction. The pattern underlines rule (ii) for reconstructing the nuclear
reaction network (see nuclear network model).

The node degree distribution is an essential characteristics of theoretical model networks and real-world
networks [36, 37], determining their robustness [38], controllability [39] and resilience [25, 40, 41]. Many
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Figure 1. Nuclear reaction network. (a) Neutron (n) bombardment of the nucleus Cu63 with the subsequent emission of the
alpha particles (He4) and the nucleus Co60, which itself is then bombarded by protons (p) and produces the neutrons and Ni60.
(b)…(d) Force-directed drawing of the nuclear reaction network from JINA REACLIB database. (b) The full reaction network
contains 8042 nodes and 77 293 directed edges. The nodes can be roughly separated into two categories, one ((d), edges in gray)
has much more connections than another (c). (d) A mapping from a set of reactions shown in (a) to a tiny nuclear reaction
network of size 3. Each node represents a nuclide, and each edge is a nuclear reaction associated with two nuclides (excludingthe
subatomic particles and� rays). If the nuclear reaction between two nuclei is reversible, the corresponding edge becomes
bidirectional. (e) Bimodal degree distribution of the reaction network with the largest degree being 16. (f) Positive correlation
between the in- and out-degrees. For most nuclides the numbers of in-coming and out-going edges are close to each other.

complex networks, including communication networks [42, 43], transportation networks [44, 45], internet
[46], social networks [36] and biological networks [47…49] are characterized by a power-law degree
distribution. They are scale-free [46, 50…53], greatly vary in size and structural complexity. Random
networks, e.g. Erd̈os…Ŕenyi (ER) networks [54, 55], on the other hand, follow a bell-shaped Poisson degree
distribution, in which most of the nodes have approximately similar number of links. In striking contrast to
the common power-law or Poisson distribution, as demonstrated in “gure1(e), the nuclear reaction
network exhibits an interesting bimodal degree distribution. Because of the nuclear force and other factors,
there is an implicit limit onN andZ numbers that a nuclide can hold, forming the nuclear chart•s
boundaries, where the nuclei tend to have fewer direct nuclear reactions. Theboundaries of the nuclide
chart are also known as the drip lines [56]. Take the valley of stability as the reference, which consists of 253
stable nuclides [57], the nuclide chart is divided into the neutron-rich and the proton-rich regions. The
neutron-rich region consists of all nuclides between the valley of stability and the neutron drip line,
similarly for the proton-rich area. Such spatial distribution of nuclei strongly affect the degree distribution,
deserve close attention. For the nuclides containing the same number of protons (i.e. associated to the same
element) in one row of the nuclide chart, we notice that the degree generally reaches a peak between the
stable nuclides and the ones on the boundaries (i.e. nuclides with minimum or maximum number of
protons), as shown in “gure S1(d). For different elements, the degree also presents a signi“cant difference
between the heavy elements withZ > 82 denoted asupper regionand the light ones withZ � 82 denoted as
lower region. Despite the vast differences in degrees exhibited in different regions of the spatial space, we still
observe a strong correlation between the in- and out-degree of the individual nuclides as shown in
“gure 1(f). For the nuclides with degrees between 7 and 10, such correlation is not as strong as for other
nuclides, as indicated by the circle•s size. The observed pattern emerges due to the physical properties of
nuclides and nuclear reactions, and the technical challenges in measurements. Most of the nuclides in this
region are short-lived, and therefore dif“cult to measure. The situation is even worse to measure nuclear
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reactions that have these reactants involved, which should be of suf“cient quantities. Nuclear reactions often
occur at high temperatures and densities, because a large amount of energy is required to overcome the
Coulomb repulsion between positively charged nuclei [20]. But, the conditions are very dif“cult to achieve.
To understand how these conditions affect the topological properties of the nuclear reaction network, it is
necessary to study the impacts of temperatures and reaction rates.

2.2. Impacts of temperatures and reaction rates
The nuclear reaction network in astrophysics is a stiff system of ordinary differential equations [20] over a
set of nuclides, where each variable represents the abundance of one nuclide species. To integrate the
network, the rates of all reactions in the network, representing the interactions between nuclides are
required [15]. We need to measure the reaction rates involving both stable and unstable nuclides across the
nuclide chart. It is experimentally accessible for the stable nuclides but not for unstable nuclides. Therefore,
a theoretical model is necessary to compute the required reaction rates. The Hauser…Feshbach model has
been extensively used to compute reaction rates for a wide of nuclides and temperatures [20, 32, 58]. Based
on the statistical model, JINA REACLIB stores reaction rates� s as a seven-parameter function of
temperatureT. Speci“cally, we have [32]

� = exp

�

a0 +
5�

i= 1

aiT
2iŠ5

3 + a6 ln T

�

, (1)

where{ a0,a1, . . . , a6} is the parameter set. Note that we correct the inverse reaction rates for the
astrophysical context using partition functions (see section S6). Thus, equation (1) enables us to construct a
weighted nuclear reaction network at a given temperature. As shown in “gure S6, the reaction rate
distributions vary with temperature, promoting us to explore the topology of the nuclear reaction network
response to the temperature.

To investigate the nuclear reaction network•s connectivity, we analyze the scaled-down networks by
tuning temperatures and reaction rates. Adopt a similar approach used in reference [59], at a given
temperature and a reaction rate threshold� � , we remove all edges whose reaction rates are below� � from
the original reaction network. When� � = 0, we always observe an entire nuclear reaction network without
a single reaction removed at any given temperature. However, as we increase the threshold, more and more
links with low rates disappear from the system. Both the temperature and the rate threshold,� � , determine
the network•s connectivity, see “gure2(a). As the temperature increases from left to right horizontally, and
� � stays the same, the nuclear reaction network increases its connectivity. Because, at higherT, the
probability of penetrating the Coulomb barrier increases. In contrast, for a “xed temperature, as� �

increases (from bottom to top vertically), reactions disappear, making the nuclear reaction network sparser.
In complex networks, a giant connected component (GCC) is a group of connected nodes that accounts

for a signi“cant portion of the entire network [60, 61]. The GCC provides crucial information about the
entire system, and its associated properties (e.g. the sizes or the degree distribution) which are relevant to
the robustness of networks [62, 63]. For the reaction network, we discover that the size of the GCC
increases with temperature and decreases with� � . At high temperatures and low thresholds, the system
develops the richest community structures, and we illustrate these communities with different colors both
in the scaled-down reaction networks and the nuclide chart (see the inset in “gures2 and S7). From the
right and bottom of “gure2(a), we note that two disjoint communities emerge, one is located on the
neutron-rich side, another one is in the proton-rich region. The stable nuclides in the valley of stability
(shown in black in the nuclide chart), thanks to their stability, are more abundant and play the role of
stepping stones between groups of nuclei. They provide the only way to connect one community to another.
The communities, once connected via a few edges (i.e. nuclear reactions), become disconnected when these
edges are removed. In many complex networks, some edges may play a crucial role in preserving the
connectivity of networks [64, 65]. Similarly, some reactions in the nuclear reaction network also are
necessary for the global connectivity, and may further affect the relative abundance of nuclear species as
well, which in turn in”uences the reaction rates. The edge removal approach, i.e. the edge percolation [64]
is often used to measure the importance of edges in the network. From this, we can observe how the
structure of the network evolves. As shown in “gure S10, many types reactions experiences a phase
transition. Because of the almost uniform distribution of the reaction modes at different levels of� � , no
single speci“c reaction mode abruptly fails from the connected network. For example, even after around
50% of the reactions are removed in an ascending order (i.e. from reactions with low reaction rates weights
to those with high reaction rates), we can still observe all 15 reaction modes. To some extent, the reaction
network is very robust in the diversity of reaction modes. Furthermore, we observe the modality of the
degree distribution of the subnetworks (“gures2(b)…(d)) based on Gaussian kernel density estimation
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Figure 2. Temperatures, reaction rates and topologies of reaction networks. (a) Subnetworks of reactions� � , n� with reaction
rates exceeding the thresholds log� � � [Š100,Š10] (y-axis) at certain temperaturesT � [0.1, 1.0] (x-axis).N andL represent
the number of nodes and the number of edges in the corresponding subnetwork. For large values ofT, communities appear and
are illustrated with different colors in both reaction networks and the nuclide chart (inset). (b) Degree distributions and their
Gaussian density estimations (red regions) for the reaction networks corresponding to position of the threshold before, at and
above the critical point� c. (c) and (d) Modality curves of the degree distribution affected by� � at (c)T = 0.1 and (d)T = 1.0.
Red line shows the large, and green line depicts the low degrees in the bimodal degree distribution. After exceeding� c (dashed
line), the two merge into a blue line, and the bimodality disappears. (e) Critical points of the degree modality versus temperature.

(KDE) and peak detection (see methods). The degree distribution exhibits a modality shift from a bimodal
degree distribution (left sub“gure in “gure2(b)) as observed in the full reaction network to a unimodal
degree distribution as the reaction rate exceeds the critical point� c (right two sub“gures in “gure2(b)). In
“gures2(c) and (d), we demonstrate that such modality shifts with the detected most frequent degrees. The
red and blue bars in “gure2(b) divide the degrees into two distinct clusters, each of which has a
characteristic degree. Finally, we “ndthe critical reaction rate threshold� c of the modality shift and it
shows a universal law as a function of the temperature (see “gure2(e))

� c = exp[ŠT� ] . (2)

Empirically, we get� �= 1.05 for reaction networks at temperatures 0.1 � T � 1.5 (in Gigakelvins).

2.3. Nuclear network model
In spatial network models, such as random geometric graphs, two nodes are connected with high
probability if their Euclidean distance is short, usually modeled as undirected networks with bidirectional
links. However, the bidirectional topology does not hold (“gure S1) in the nuclear network because not all
reactions are reversible. Instead, it prompts us to consider a directed spatially embedded model [66].

On the two-dimensional spatial grid described in the section on spatially embedded nuclear reaction
network, we “nd that the spatial distribution strongly associates with the nuclides• position on the grid and
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Figure 3. Degree distributions of the reconstructed networks. (a)…(c) Degree distributions of three networks reconstructed
based onmin, prod andrand. (d)…(i) Real degrees versus reconstructed degrees of the three reconstructed networks. Bothmin
(a), (d) and (g) andprod (b), (e) and (h) agree very well with the ground truth degree distribution (see “gure1(e)), but therand
model (c), (f) and (i) fails to reproduce the real network. In (a) and (b), the small error bars illustrate the stability in the
reconstruction performance of bothmin andprod. In (d)…(i), the boxes show the lower quartileQ1, the medianQ2 (blue line),
and the top quartileQ3, and the lower bars showQ1 Š 1.5(Q3 Š Q1) while the upper bars showQ3 + 1.5(Q3 Š Q1).

the reaction modes. The drip lines of the nuclide chartlimit the possible nuclear reactions. The nuclides
lying close to the drip lines are short-lived radioactive nuclides having small degrees in the reaction
network. The radioactive nuclei tend to decay to stable nuclei, while the radioactivity of reaction products
always decreases. However, fewer reactions occur on short-lived radioactive nuclei than the stable or
long-lived ones, which involve an abundant number ofnuclear reactions. There is a clear separation line
between the high and low degrees nuclides for nuclides of different elements (i.e. containing other numbers
of protons). It also delineates the limit of the valley of stability. Up to lead isotopes (Z = 82), each element
has at least one stable isotope; no stable isotopes exist for the elements above the lead. These heavy
elements, owning to strong nuclear force in the isotopes• nuclei, have few edges compared to elements with
stable or long-lived radionuclides.

Motivated by the fact that the degree of a nuclide depends on its spatial location in the nuclide chart, we
incorporate both the stability valley and the boundaries, that is the distanceds to the nearest stable nuclide
and the distancedb to the nearest chart boundary, and propose a simple degree modelK(db,ds; � ), where�
is a vector of parameters. The nuclide degree for the given element increases for both largeds anddb. Note
that there are various forms ofK(db,ds; � ), and we consider two speci“c implementations in our analysis,
see methods and section S2 for their explicit forms and the approach to learn the parameters.

Our model predicts the degree of each nuclide, i.e. the number of possible reaction modes, as shown in
the supplementary movie. With these predictions, we reconstruct the nuclear reaction network. Instead of
randomly connecting a pair of stubs as presented in the con“guration network model [67…70], we
reconstruct the network based on three rules: (i)reaction type is determined by linking choices(table S2), (ii)
distances between the reacting nuclides are shortand (iii) each node in- and out-degrees are close to each other.
For details of these assumptions, and the detailed reconstruction procedure, see methods.

We compare the reconstructed networks with the real network from different perspectives, including the
global degree distribution and the local degree differences between elements and different regions. This
comparison demonstrates that our network model cancapture the essential characteristics of nuclear
reactions, especially the bimodal degree distribution. Moreover, it is theoretically proved that the bimodality
can be captured with the proposed network model on an approximated triangular nuclear chart (see section
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Figure 4. Reconstruction performance ofmin, prod and rand. (a) and (d) Precision, (b) and (e) recall, (c) and (f) Jaccard
index, and (g) clustering coef“cient. (h) Similarities between the reconstructed networks and the real nuclear reaction network in
the valley region between the two degree peaks. The left three bars show the distributions ofdb, the following three bars show the
number of protons. (i) Average performance over the entire network in terms of Precision, Recall, Jaccard index and Clustering
coef“cient.

S4 for detailed derivation). We choose a random network model as a baseline, which considers the
constraint ofreaction-type being determined by linking choicesand each edge is assigned to one of the 15
reaction modes.

Letmin andprod be two implementations of our proposed parametric degree model,rand be the
random baseline model (see methods for detailed description). As shown in “gure3, both min andprod
models reproduce the degree distribution of the real nuclear network accurately, much beyond preserving
only the overall bimodality. Most importantly, the locally relative ordering of degrees is preserved. Also, the
error bars in “gure3 indicate the robust performance of our model. Overall, themin implementation
achieves better agreement with the real degree distribution. In marked contrast, the baseline random model
produces a Poisson degree distribution, deviating signi“cantly from the real bimodal degree distribution,
and show high variance from the real network. These indicate the importance of restricting reacting
nuclides distances and strong correlation of in- and out-degrees for generating the bimodal distribution
characteristic of nuclear reaction network degree distribution. As shown in “gures1(e) and (f) with this
distribution, only a tiny fraction of nuclides have degreekout = { 0, 7, 8, 10, 11, 16} , and therefore the
predicted degrees have large ”uctuations due to limited data points. Meanwhile, a remarkably close
agreement between the reconstructed degrees and the ground truth can be found forkout = 12, which
contains nearly 25% of the nuclides, and forkout = 15 with 17% of the nuclides, further validating the
outstanding performance of our model.

Next, we employ four metrics to evaluate the performance of our model„precision, recall, and Jaccard
index for both in-degree and out-degree of each nuclide, and the clustering coef“cient (see methods for
speci“c de“nitions). As shown in “gure4, we consider the directions of edges and obtain the average
performance on the element level (“gures4(a)…(g)) and network level (“gure4(i)). For the degree
distribution, one can see a valley between the two peaks, which is eroded by nuclides with 8 to 11 reactions.
Their geographic positions relative to the boundaries and their number of protons are shown in “gure
S1(b). As demonstrated in “gure4(h), the reconstructed models identify the patterns indb with remarkable
80% similarity to the original network, but less than 60% similarity w.r.t. the distribution of the number of
protons. Yet, therand implementation is very far from the other two, except for recalls (see “gures4(b) and
(e)) in the upper regionZ > 82. The reason is that nuclides in this region have only 3 to 6 edges and the
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Figure 5. Predict the theoretically obtained reactions using the discovered reactions. (a) Boundary of the spatial expansions
describing the evolution of the nuclide chart. (b) Degree distributions of the evolved nuclide charts with 3196, 4196, 5196, 6196,
7196 and 8042 nuclei, respectively. The currently discovered 3196 nuclides are the seed from which the nuclide chart experiences
“ve expansions. Four expansions of the “ve added 1000 nuclideseach, and the “fth expansion includes additional 846 nuclides
included. Each expansion starts from the boundaries of the nuclide chart in preceding expansion, and the “ve expansions shape
the chart of 8042 nuclides. During the evolution, the overall bimodality in the degree distribution is preserved. (c) Reconstruc-
tion performance of the reaction networks based on the degree model derived from the base nuclide chart in dark red presented
in (a).

rand implementation gives predictions of at least 8, which increases the recall values. In summary, our
network model, described by the three mechanisms, retains the essential real properties of the nuclear
reactions, and captures the spatial attributes, offering a better and new understanding of the nuclear
reaction network.

2.4. Nuclide chart expansions
Scientists still continue to discover new elements and nuclides [56], and thus the boundaries of the nuclide
chart are expanding as well. To examine the predictive power of our model, we ask the fundamental
question: can we predict new reactions across the entire network extracted from the JINA REACLIB
database using the experimentallyvalidated subnetwork? Until the end of 2017, scientists have discovered
3196 nuclides and 32 184 reactions in nature or in the laboratories [57, 71], forming a validated subnetwork
(the red region in “gure5(a)). Based on this subnetwork, we use our parametric degree model to predict
the probability of occurrence of directed reactions between 4846 new nuclides. Our approach is signi“cantly
different from the current state-of-the-art models for nuclear reaction discovery. These models primarily
probe the microscopic physical or chemical properties of isotopes, e.g. energetic possibilities [71]. There
exists evidence [71…73] that the newly discovered nuclides are always close to the existing nuclides in the
nuclide chart.

Our network approach can precisely predict novel reactions that have not yet been discovered in nature
or in the laboratories as shown in “gure5. As the size of the nuclide chart increases, the overall quality of
agreement with the ground truth (i.e. the real reaction network) does not ”uctuate too much except for the
last expansion, which shows a decline on each measure relative to other steps (“gure5). The nuclides
discovered during previous expansions are densely connected, but the ones included in the “fth expansion,
especially the heavy radioactive nuclides that lately join the network, have much fewer connections.
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