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Abstract— The landscape of particle accelerator physics in South
America has been the subject of a systematic review that analyses the
regional contribution and collaborative networks in this field. The
research focuses on the role South American countries play in the
development and research of particle accelerators, highlighting both
the achievements and challenges facing the region. The review
highlights the importance of international collaboration in particle
accelerator physics, evidencing how South American scientists and
institutions have established connections and alliances with research
centers around the world. These collaborations have not only
enabled access to advanced technologies and knowledge but have
also contributed to the exchange of ideas and the development of
scientific capacities in the region. This systematic review
comprehensively examines the state of particle accelerator physics in
South America, assessing regional contributions, collaborations,
and challenges through the analysis of 797 articles collected from
the Scopus (716 articles) and Web of Science (230 articles)
databases. The study highlights the leadership of Brazil and
Argentina as major players in the region, emphasizing their
significant contributions to advancement and research in this field.
The research reveals how international collaboration has been
instrumental, in allowing South American scientists and institutions
to forge strategic alliances with global research centers. These
synergies have facilitated access to cutting-edge technologies and the
exchange of knowledge, significantly boosting regional scientific
development. Emblematic projects and key technological advances
are highlighted, underscoring South America's potential in particle
Pphysics. Finally, critical challenges are identified, such as the need
to increase investment in infrastructure and talent training. The
study suggests strengthening intra-regional and international
collaboration networks to overcome these barriers. In conclusion,
this review provides a comprehensive perspective on particle
accelerator physics in South America, highlighting the
achievements, challenges, and the vital importance of international
collaboration in advancing this essential scientific field.
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|. INTRODUCTION

Particle accelerator physics has emerged as one of the most
fascinating and dynamic scientific fields of the 21st century,
driving human knowledge about the fundamental particles that
make up our universe and the forces that govern them [1, 2, 3].
In the South American context, this scientific landscape takes
on a particular relevance, marked by growing international
collaboration and a shared commitment to borderless research
[4-11].

South America is emerging as a vibrant scene in the study
of particle physics, characterized by a network of research
institutions and universities that have consolidated their
presence in the global scientific community [4, 11-17]. It began
in the 1960s with the first linear accelerators brought to Brazil
for the CBPF (Centro Brasileiro de Pesquisas Fisicas), which
led to the modest goals of research with accelerated particles
taking off in the region from that point on [18-21]. Through the
construction and operation of state-of-the-art particle
accelerators, significant strides have been made toward
understanding fundamental phenomena, from the structure of
the atomic nucleus to the nature of dark matter and dark energy
that make up the cosmos [12, 22-27].

From the construction of the first particle accelerator to the
more ambitious projects underway, South America has
emerged as a major player in high-energy physics, contributing
significantly to advancing human knowledge in this crucial area
of science [12, 28-31]. This overview provides a panoramic
view of this exciting scientific field in the South American
region, highlighting its importance in the global context of
particle physics research [5, 17, 31, 32].

This diverse and ever-evolving landscape encompasses a
wide range of projects and facilities, from the legendary
Synchrotron Electron Accelerator (UVX) in Brazil to the Pierre
Auger Project in Argentina, which investigates ultra-high-
energy cosmic rays [4, 10-12, 19, 33, 34]. In addition, the region
has been a place of international collaboration, where scientists
from different countries and continents come together to carry
out borderless research and innovative projects [11, 31, 35].

The need to carry out a bibliometric review focuses on the
state of knowledge looking at the advances and active fields of
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research [36, 37], as well as the areas little explored; identifying
emerging trends and issues within the region, collaborations,
and research networks, analyzing scientific production to
observe patterns of collaboration between institutions in the
region; identify available resources and existing capacities to
strengthen research in the region; global impact and increase
the visibility of research in the region [38, 39]. This will
contribute to advancing scientific and technological knowledge
in this important and constantly evolving field.

For this bibliometric analysis, bibliographic databases such
as Scopus and WoS will be used, as well as the tools
VOSviewer [40-42] and Bibliometrix (in R) [43-45], the R
software and RStudio [46, 47]. All these tools allow us to
perform an exhaustive bibliometric analysis that leads us to
identify research trends, evaluate scientific productivity,
identify leading institutions, analyze scientific collaboration,
explore emerging research areas, evaluate impact and visibility,
identify challenges facing particle accelerator physics research
in South America, and opportunities for the future development
of physics in the region.

In this bibliometric analysis, we explore the rich scientific
fabric that defines the landscape of particle accelerator physics
in South America, highlighting the outstanding achievements,
current challenges, and promising prospects that shape the
advancement of this exciting field in the region.

Il. METHODOLOGY

The strategies used to perform a bibliometric analysis on
particle accelerator physics in South America are based on
statistical techniques. This analysis seeks to evaluate scientific
contributions and the scope of publications in various research
areas. Documents were gathered from recognized databases
such as SCOPUS and WoS, which were subjected to detailed
analysis and graphically represented through tables, charts, and
figures to understand the intellectual and conceptual evolution
in this field. This process involved studying elements such as
citations, keywords, and authorship [48]. Additionally, metrics
such as citations per article, author, and/or institution
contributions by country were used to determine the influence
of published literature on research, as well as to evaluate the
specific impact of authors, journals, and institutions within each
study area [49-51].

Considering the remarkable scientific and technological
advancements of the 21st century, particularly in the field of
particle accelerator physics, we have chosen to restrict our
focus to publications between the years 1969 and 2023 [52].
This period was selected due to its historical relevance and
statistical significance, encompassing the most contemporary
and relevant trends in this study. Regarding exclusion criteria,
works in languages other than those specified for inclusion were
discarded, as well as publications predating 1969, as detailed in
Figure 1 and Table 1.

Figure 1 represents the research plan of this study, which
involves a search strategy in Scopus and WoS, incorporating

the keywords mentioned in Table 1. A search comprising titles,
abstracts, and keywords was conducted to identify relevant
articles. This search yielded 716 articles published in Scopus-
indexed journals and 230 in WoS. A manual verification of the
relevance of each article was performed, resulting in the
exclusion of 149 duplicate articles, leaving a total of 797
articles for bibliometric analysis.

The analysis was carried out in two main phases: in the first
phase, contributions were identified using the Scopus and WoS
databases, while in the second phase, a bibliometric analysis
was conducted using bibliometric software in RStudio, and the
tools Biblioshiny and VOSviewer.

TABLEI
SEARCH STRATEGY COMPONENTS FOR BIBLIOMETRIC ANALYSIS

Component | Description Terms / Operators
"Particle Accelerator", "Particle Detector",
Terms relates "Particle Collider”, “Particle Physics",
to Different | High Energy Physics", "Linac", "Linear
Keywords Detectors and Accelerator”, "Cyclotron”, "Sirius",
Group 1 Other “Hadron Collider". "Svnchrotron®
Detectors in adron Collider", "Synchrotron*,
South America "Electron Accelerator", "Proton
Accelerator”, "Atom Smasher"
Terms relates "South America", “Brazil”, “Peru”,
Keywords to South “Argentina”, “Chile”, “Ecuador”,
Group 2 America and “Bolivia”, “Uruguay”, “Paraguay”,
its Countries “Venezuela”, “Colombia”
Excluded Terms to " "o "
Keywords Excluded Other Languages", "Other Years
Boolean Cocr;?ﬁg}ﬁ;; for OR (within each group), AND (between
Operators terms 9 groups), AND NOT (to exclude terms)
. Specific areas | Title, Abstract, Keywords (TITLE-ABS-
Search Fields of the database KEY)

SCOPUS N =716
and
WoS N = 230

Cyclotron

> English, Chinese
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Fig. 1 - Search Process flowchart for the Bibliometric Review.

I11. ANALYSIS AND DISCUSSION

A. Annual scientific production

Figure 2 presents an analysis of the annual production in the
field of particle physics in South America, which allows us to
have a detailed view of the number of articles published in each
year starting from 1969 and extending until 2023. The graph
shows an initial pattern of relatively stationary or non-existent
research activity, with a marginal number of articles up to the
1990s. This period could represent the dawn of the countryside
in the region, marked by an incipient infrastructure and research
capacity. There is a piece of information that marks the
beginning of this study in 1969 when only one article was
produced by the United States, this work had to do with two
projects carried out in Bolivia, when a set of particle detectors
was operated for studies of "Atmospheric Cerenkov Light
(CL)" and "Bolivian Air Shower Joint Experiment (BASJE)",
allowing Bolivia to be seen as one of the first South American
countries to be linked to this field.

The figure also shows us a production drought for more than
10 years in the region, this does not mean that particle
accelerator physics stagnated, the large scientific communities
were in a period of construction and research and emerging
countries such as South America countries were waiting for
them to give continuity and collaboration in this field. Let's
keep in mind that in 1983 the TEVATRON accelerator at
FERMILAB had just been built and the construction of the LEP
accelerator at CERN had just begun, the largest particle
accelerator in the world.

A notable change occurred in the mid-1990s, where an
upward trend in scientific production was observed, reaching
what seems to be the first phase of significant growth around
the turn of the millennium. This growth could be attributed to
the consolidation of research in the region, an increase in
institutional and financial support, or the maturation of
scientific collaboration within the South American accelerator
physics community. Observing that since 1985 there has been
an increase in the production of articles as can be seen in Figure
2, this boom goes hand in hand with the great discoveries that
were due to particle accelerators in the world, one of these is
the discovery of the famous "Higgs boson™ in 2013, responding
to the great theories about the universe and South American
countries were getting more and more involved, mainly Brazil
and Argentina, who extended their collaborative networks for
their high scientific production. Scientific production reached
its peak in the period between 2010 and 2015, with a maximum
of approximately 50 articles published annually, reflecting a
stage of maturity and high activity in research. However, this
peak is followed by a noticeable fluctuation indicating periods
of increase and decrease in the production of items. These
fluctuations could be due to funding cycles, the impact of large-
scale research projects coming to an end, or changes in policy
and scientific priorities at the regional or global level.

Since 2020 this production has been declining as can be seen
in the graph, in recent years it has become worrying. While

caution should be exercised when interpreting the past few
years due to the provisional nature of the most recent data, this
decline could be influenced by factors such as the COVID-19
pandemic, which began in 2020, and had a significant impact
on scientific research worldwide. Many laboratories and
research centers temporarily closed or reduced their operational
capacity, which affected the conduct of experiments and the
progress of research projects in particle physics, including those
related to particle accelerators, as well as the decrease in
research funding, economic challenges, or the evolution of
scientific interests towards other emerging fields.

Annual Scientific Production

1965 1968 19711974 1977 1980 1983 1986 1989 1992 1995 1998 2001 2004 2007 2010 2013 2016 2019 2022 2025

Years

Fig. 2 - Annual production of articles.

B. Countries with the highest scientific production.

Figure 3 displays a bar graph illustrating the distribution of
scientific publications according to the countries of
corresponding authors, distinguishing between single-country
publications (SCP) and multiple-country publications (MCP),
representing international collaborations. As observed in Figure
3, Brazil significantly leads in the number of published
documents, with a notable quantity of SCPs and a minimal
proportion of MCPs. This indicates a strong national research
production in Brazil, as well as active international
collaboration. Argentina and the United States follow,
exhibiting a balance between the number of SCPs and MCPs
compared to Brazil, indicating research activities at both
national and international levels for each of these countries. On
the other hand, Colombia, Chile, and Ecuador contribute fewer
documents, with a tendency towards SCPs, suggesting that
these countries are still largely focused on national contribution
and present limited participation at the international level.

Figure 3 also presents a comparison with nations from other
continents, such as Germany, Italy, and France, which exhibit
prominent scientific production, with more SCP publications
than MCP. On the other hand, Australia shows a more balanced
distribution between SCP and MCP, as well as South Africa and
Austria, albeit with relatively low figures. This phenomenon
could indicate different research focuses or the dynamics of
international collaborations in these countries. These variations
could be due to various factors, such as the global nature of
certain research topics or the pursuit of knowledge and
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resources among multiple nations. Spain and the United
Kingdom present a mix of SCP and MCP, with a greater
presence of SCP, suggesting strong national collaboration.

Corresponding Author's Countries

Countries

ARGENTINA =
Usa-
GERMAMY -
ITALY -
FRANGE -
CHINA-
AUSTRALIA -
CANADA =
JAPAN -

SPAIN-

UNITED KINGDOM -
POLAND -
COLOMBIA-
CHILE-
ECUADOR -
SOUTH AFRICA =

SWEDEN=

AUSTRIA-

. 0

Collabaration $outh
America Counlries

B scr

WGP
Collaboration

M sce

MCP

=)

100
N. of Documents

SCP: Single Country Publications, MCP: iultiple Country Publioations

Fig. 3 - Distribution of scientific publications by country.

Conversely, China, Canada, Japan, Poland, and Sweden
contribute fewer documents, with a bias towards SCP,
indicating that these countries still primarily focus on national
contributions and have limited international involvement.

Figure 3 shows the different quantities of scientific
production and collaboration trends among countries in the
field of particle accelerator physics in South America. By
analyzing how scientific production and collaborations among
multiple countries are distributed, we can obtain information
about collaboration dynamics and the research capacity of each
country in this scientific field.

The data presented in Figure 4 reveal a notable
concentration of research production in certain areas, especially
in Brazil, identifiable by darker shades. This country leads in
the number of contributions, reflecting a solid national research
infrastructure and significant investment in the scientific study
of particle accelerator physics in South America. Additionally,
North America and Argentina show considerable scientific
production, suggesting active research communities and
financial support for these efforts. In contrast, countries
represented by lighter shades, including various countries from
the continent and other regions such as much of Europe, Africa,
and Asia, show lower levels of scientific production. This
distribution may be attributed to differences in resource
allocation, research priorities, or the availability of advanced
technological infrastructure necessary to conduct high-level
research in particle accelerator physics in South America.

Additionally, this map suggests an inclination towards
collaboration at the national level. However, South American
nations still exhibit a relatively modest level of scientific
production, limiting their capacity to play a prominent role in
promoting research partnerships and, consequently, in the

potential advancement of the field through the exchange of
knowledge and resources. On the other hand, Brazil stands out
for its dynamic research activity, positioning it as a potential
facilitator of these collaborative efforts. As a result, there is the
possibility of enhancing the scientific contribution of other
nations and their integration into the global research community
through this connection.

Country Scientific Production

H

Fig. 4 - Country scientific production.
C. Most frequent keyword.

The graphical representation of the network in Figure 5
offers an abstract view of the analyzed literature. This
visualization highlights the main discoveries through
interconnected nodes and connections, providing insights into
the primary and secondary themes and the overall evolution
within the considered time. One of the notable findings is the
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predominance of the theme of "synchrotron radiation”, which
stands out as the main node on the network map. Additionally,

related nodes such as "X-ray fluorescence", "synchrotron”, "X-

imrt
radiotherapy
linear accelerator

radiatioptherapy bigil

ray diffraction”, and "trace elements" are identified,
underscoring the significant application of particle accelerators
in particle physics and high-energy physics. Particle physics
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Fig. 5 - Thematic network visualization of keywords

and particle accelerators find various applications in X-ray
studies, imaging, radiotherapy, biological samples, cancer, and
minerals, among others. "Synchrotron radiation™ represents a
specialized application of particle accelerators, offering a
technological pathway for the study of charged particles and
emitted radiation.

Considering that the color scale represents the period of
highest occurrence of the keywords, the keyword "synchrotron
radiation" is the most significant among all, connecting with 16
other words in its network, and this pattern was notably
prominent mainly during the period from 2007 to 2012.
Another relevant keyword is "synchrotron," which is associated
with 12 words in its network and is prominent in the period from
2010 to 2020. This finding indicates that among the various
applications of particle accelerators is the synchrotron
accelerator, used to investigate a variety of topics.

Additionally, geographical nuances can be observed by
including nodes such as "Brazil", "Argentina”, "Chile" and
"Bolivia" on the map. The appearance of these terms suggests
localized research efforts or significant contributions from these
regions, which may influence the direction or focus of the field.
These geographical references among emerging terms indicate
specific research in a particular region, suggesting unique
challenges related to the study or construction of accelerators in

these places, as well as the evolution of specialized applications
to meet local or regional needs.

Figure 5 also reveals a temporal color gradient on the
network map, indicating the evolution of research focus over
time. Although a precise temporal delineation for each color is
not provided, the spectrum of colors reflects changes in
research concentration from 2000 to 2023. This visual feature
illustrates the progression of the field, the potential emergence
of new trends, or the decline in previous areas of interest. The
strength of the links within the network indicates the intensity
of association between thematic terms. Thicker lines suggest
terms that frequently appear together, highlighting well-
established connections in the research corpus, especially about
the "synchrotron accelerator." These strong associations imply
a cohesive research dialogue within the field.

D. Authors and their collaborative networks.

The visual representation of collaborative networks within
the research community is illustrated in Figure 6. This
authorship network graph provides clarity on collaborations and
publication output among scholars in this field. The nodes in
the figure, varying in size, represent individual researchers and
their scientific contributions. Larger nodes, such as those
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associated with 'Lopes, R. T." and 'Anjos, M. J.", both of
Brazilian origin and collaborating with over 20 authors each on
this map, suggest that these authors exert considerable influence
in the field, either through a higher number of publications or
their central roles in collaborative research networks. Their
prominence on the map indicates a strong presence in the
literature related to particle accelerator physics in South
America. Followed in size by nodes associated with 'Moreira,
S.', 'De Jesus, E. F. O.', '‘Barroso, R. C.", and 'Pereira, G. R.',

these researchers demonstrate significant influence in this
domain, collaborating with around 10 authors each.

The density and breadth of the lines connecting these nodes
provide insight into the strength and frequency of collaborative
links between researchers. A highly interconnected group
centered on 'Lopes, R. T." and 'Anjos, M. J." signals a strong
collaborative network, underscoring the importance of these
authors in promoting collaborative research efforts. The various
groups identified in the network map reveal sets of authors who
are frequent co-authors of articles or share thematic research
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Fig. 6 - Map of authors with the greatest scientific production and their collaborative networks.

interests. These groups, represented by authors such as
'‘Moreira, S.', 'De Jesus, E. F. O.", 'Barroso, R. C." and 'Pereira,
G. R., denote a cohesive research community, with shared
methodologies or convergent approaches in similar thematic
areas within the vast field of particle accelerator physics in
South America.

Figure 6 also incorporates a temporal dimension into the
visual representation using a color gradient applied to the

nodes, indicating the periods of activity of the authors from
2000 to 2023. These colors tell us that these authors were active
during that period. Nodes with cooler or lighter shades denote
years with higher frequencies of author appearances, such as

"Canellas, C.G.L.", "Nasciutti, 1.", "Palumbo, A.", and
"Leitao, R.G.", denote more recent activity in the timeline.
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E. Thematic map.

Figure 7 illustrates a strategy diagram that categorizes
various research topics according to their importance in the
field and the impact of their progress. This analytical approach

galaxies: active

bl lacertae objects: general
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ft-icr ms
petroleomics

Development degree
(Density)

cosmic rays

robotic telescopes

radiation mechanisms: non-thermal

helps to identify mature, emerging, and fundamental areas in
particle accelerator physics in South America. The colors in the
topics provide a visual way to understand the spatial
distribution, characteristics, etc., which allows us to identify
important patterns or trends in this study, such as the relevance
of these topics in the last 20 years.

synchrotron
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copper

synchrotron radiation
x-ray fluorescence
trace elements

I
Relevance degree

(Centrality)

Fig. 7 - Strategic diagram of research theme

The diagram is divided into four quadrants, each
representing a distinct typology of research topics. The vertical
axis assesses the density or degree of progress of the topics,
signaling the depth of research and the interconnectedness of
studies within each area. While the horizontal axis considers
centrality, indicating the prominence and influence of topics
within the wider research network.

Specialized topics in the upper left quadrant, such as
"Galaxies: Active", "Radiation Mechanisms: Non-Thermal”
and "BL Lacertae Objects: General", among others, show a high
degree of development. Despite their active research, these
topics have less centrality in the big picture, indicating that they
are highly specialized areas that may be of interest to specific
segments within the scientific community. In contrast, the key
topics in the upper right quadrant, such as "Synchrotron,"”
"Zinc," and "Copper," represent central and well-developed
areas of research. These topics are essential as they often drive
the field forward and point to areas of significant scholarly
engagement and interdisciplinary relevance. Of equal
importance to the field are the fundamental topics, such as
"Synchrotron Radiation”, "X-ray Fluorescence" and "Trace
Elements”, located in the lower right quadrant. Despite their
fundamental importance and high centrality, these areas have
yet to reach the same degree of thematic development as the key

themes, suggesting potential for further exploration and
expansion.

Emerging or declining topics are found in the lower left
quadrant, such as "Cosmic Rays" and "Robotic Telescopes”,
both of which are characterized by less centrality and
development. In the case of "Cosmic Rays", it is an emerging
topic because it is gaining relevance in the study while "Robotic
Telescopes™ is in decline because it is losing interest compared
to previous years. These areas represent nascent domains that
are ripe for growth or that are experiencing a decline in interest
within the current research landscape.

IV. CONCLUSIONS

The systematic review of the regional contribution and
collaborative networks in the field of particle accelerator
physics in South America has revealed a significant
international effort in scientific production. Brazil and
Argentina have emerged as leaders in this field in the region,
showing strong research output both nationally and through
international collaborations. The balanced mix of individual
and collaborative publications across multiple countries is an
additional indicator of this global effort. The analysis of
scientific production by country has revealed a geographical
distribution of scientific production and different levels of

22" LACCEI International Multi-Conference for Engineering, Education, and Technology: Sustainable Engineering for a Diverse, Equitable, and Inclusive Future at the Service
of Education, Research, and Industry for a Society 5.0. Hybrid Event, San Jose — COSTA RICA, July 17 - 19, 2024. 7



collaboration trends. Countries with significant scientific
output, such as Brazil, have established strong international
collaboration links, while others, such as Argentina and the
United States, are actively seeking international research
partnerships. The analysis of the most recurrent keywords and
themes has revealed that "Synchrotron Radiation"”,
"Synchrotron”, "Radiotherapy”, "X-ray Diffraction" and "X-ray
Fluorescence" are central elements in the literature. These
keywords encapsulate the core of the field's focus areas and the
integration of various focus areas in which particle accelerator
physics is applied. The analysis of authors and collaborative
networks has highlighted the presence of influential researchers
and the relevance of scholarly communication for progress in
the field. This analysis has revealed a landscape characterized
by nodes of various sizes, which represent the magnitude of the
contributions of individual authors and their importance within
the collaborative network. The strategic thematic map classifies
research topics into consolidated, emerging, and specialized
areas. Fundamental topics such as "Synchrotron Radiation”,
"X-ray Fluorescence™ and "Trace Elements” show high
centrality but a variable level of development, suggesting areas
ripe for further exploration. Ultimately, we conclude that the
field of particle accelerator physics in South America is
characterized by dynamic research activity, innovative
methodological approaches, and a clear trend toward
international collaboration. These findings provide a solid
foundation to guide future research directions and promote an
inclusive global research community for the advancement of
high-energy physics in this region of the continent.
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