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Abstract
Heavy-ion collisions (HICs) is a unique experimental tool for investigating
properties of nuclear matter under extreme conditions in the laboratory. At
HIRFL-CSR energies, HICs can create nuclear matter with 2-3 times the
saturation density (𝜌0). HIRFL-CSR External-target Experiment (CEE)
is a large-acceptance spectrometer designed for exploring frontier topics of
high-energy nuclear physics, such as QCD phase structure, nuclear matter
equation of state and so on. In this letter, simulation and analysis software for
the CEE experiment (CeeROOT) is introduced. Based on the CEE conceptual
design and the CeeROOT software, configurations of its sub-detectors are
optimized with considering foreseeable physical constrains. The final detector
layout of the CEE spectrometer and its acceptances are validated through
simulations of U+U collision at 500 MeV/u and pp collisions at 2.8 GeV,
which demonstrates that the CEE experiment will serve as a detector with
wide acceptance and multi-particle identification capabilities for studying
high-energy nuclear physics topics at HIRFL-CSR energies with pp, pA and
AA collisions.
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Heavy-ion collisions (HICs) represent a unique experimental tool for investigat-
ing the properties of nuclear matter under extreme conditions in the laboratory.
At HIRFL-CSR energies, HICs can create nuclear matter with densities 2–3
times the saturation density (�0). The HIRFL-CSR External-target Experiment
(CEE) is a large-acceptance spectrometer designed to explore frontier topics in
high-energy nuclear physics, such as QCD phase structure and the nuclear mat-
ter equation of state. In this paper, we introduce the simulation and analysis
software for the CEE experiment (CeeROOT). Based on the CEE conceptual
design and the CeeROOT software, we optimize the configurations of its sub-
detectors while considering foreseeable physical constraints. The final detector
layout of the CEE spectrometer and its acceptances are validated through sim-
ulations of U+U collisions at 500 MeV/u and pp collisions at 2.8 GeV, demon-
strating that the CEE experiment will serve as a detector with wide acceptance
and multi-particle identification capabilities for studying high-energy nuclear
physics topics at HIRFL-CSR energies through pp, pA, and AA collisions.

Keywords: CEE Experiment, Simulation Software, Optimization, HIRFL-
CSR

Introduction
Heavy-ion collisions (HICs) provide a unique tool to create hot and dense nuclear
matter in the laboratory [1], enabling the study of bulk properties of nuclear
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matter under extreme conditions, such as Quantum Chromodynamics (QCD)
phase structure [2–6] and the equation of state (EoS) [7–9]. The Heavy Ion
Research Facility at Lanzhou–Cooling Storage Ring (HIRFL-CSR) can provide
heavy-ion beams with kinetic energies up to 1.1 GeV/u for 12C beams, while
the maximum kinetic energy is 500 MeV/u for 238U74+ beams and 2.8 GeV for
proton beams [10].

In HICs at HIRFL-CSR energies, nuclear matter with densities of 2–3 �0 and
temperatures of �40 MeV can be created [11, 12], forming what is known as
a “fireball.”The CSR External-target Experiment (CEE) is a large-acceptance
spectrometer [13] designed to explore the properties of nuclear matter using
heavy-ion and proton beams provided by the HIRFL-CSR accelerator [14].

Net-baryon high-order cumulants are predicted to be sensitive observables for
probing QCD critical points [15, 16]. The CEE experiment will precisely mea-
sure proton high-order cumulants in 500 MeV/u U+U collisions corresponding
to √s_{NN} = 2.14 GeV, which will provide strong constraints on fluctuation
behavior in the pure hadronic phase. As indicated by recent STAR flow measure-
ments, nuclear matter created at √s_{NN} ≤ 3 GeV is dominated by hadronic
matter [17]. Currently, the lowest collision energy proton high-order cumulants
at √s_{NN} = 2.4 GeV were provided by the HADES experiment in Au+Au
collisions with relatively large uncertainties [18].

Properties of the EoS in the high-density region � > 2�0, particularly the sym-
metry energy E_{sym} related to isospin asymmetry 𝛿 = (�_n − �_p)/(�_n
+ �_p) (where �_p is proton density and �_n is neutron density), are crucial
for understanding QCD theory and other important phenomena such as the in-
ner structure of neutron stars, neutron star mergers, HIC dynamics, and more
[19–21]. Since 238U is the naturally occurring nucleus with the largest isospin
asymmetry, the fireball created in 238U+238U collisions at HIRFL-CSR ener-
gies is predicted to be an ideal environment for investigating the behavior of
E_{sym} in the density region � > 2�0 [20]. Other topics in the high-baryon
density region, such as sub-threshold strangeness production [22], cluster forma-
tion mechanisms [23], short-range correlations [24], and hypernuclear physics
[25], can also be investigated by the CEE experiment.

The CEE conceptual design was described in Ref. [13], including a supercon-
ducting dipole magnet, a time projection chamber (TPC) [26], an inner time-
of-flight detector (iTOF) [27], a multi-wire drift chamber array (MWDC) [28–
30], an external time-of-flight detector (eTOF) [31], a zero-degree calorimeter
(ZDC) [32], and a beam monitoring detector [33]. The TPC and MWDC are
tracking detectors covering the backward and forward regions, respectively, de-
signed to measure trajectories and energy loss (dE/dx) of charged particles. By
correlating reconstructed momentum and dE/dx, light charged particles such
as 𝜋±, p, d, t, 3He, and 4He can be identified. The iTOF covers the left, right,
and bottom sides of the TPC, while the eTOF can accept charged particles that
pass through the MWDC. By combining momentum measured by the TPC (or
MWDC) and time-of-flight measured by the iTOF (or eTOF), charged parti-
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cles can be further identified, especially those with high momenta. The ZDC
is designed to determine the reaction plane of heavy-ion collision events on an
event-by-event basis [34].

In transitioning from conceptual design to technical design of the CEE spectrom-
eter, foreseeable physical constraints existing in actual experiments must be ad-
dressed to ensure fair performance of the CEE detection system. For instance,
background and side effects from the primary beam on the CEE sub-detectors
require careful consideration. Reactions between the beam and detector frames
should be avoided. The sub-detectors’acceptance should be optimized to its
theoretical limit without increasing the budget. Such constraints need to be
considered in the final design of the CEE spectrometer.

This paper is organized as follows: In Sec. II, we introduce a simulation and
analysis software package for the CEE experiment called CeeROOT. In Sec.
III, we describe the CEE layout optimization for each sub-detector and their
acceptances after optimization. In Sec. IV, we discuss the acceptance for the re-
action pp→pK++Λ at 2.8 GeV. The final part provides a summary including the
current construction status and future physics program of the CEE experiment.

II. Simulation and Analysis Software of the CEE Experi-
ment
Simulation software is an essential component of modern particle and nuclear
physics experiments for detector configuration optimization, physics feasibility
studies, efficiency evaluation, and more. The CeeROOT package is established
based on the FairSoft package and the FairROOT platform [35]. FairSoft is a
collection of open-source software with well-tested compatibility across various
operating systems. FairROOT is a general simulation and analysis framework
for nuclear and particle physics experiments, which defines general rules for
detector geometry, particle definition, interfaces for various particle propagation
engines, input/output (I/O) rules, event display interface, runtime database,
and more. With the same detector configuration, detector responses can be
simulated with Geant3 [36] or Geant4 [37], which are widely used Monte Carlo
(MC) packages for simulating interactions between particles and materials.

The CeeROOT is a FairROOT realization for the CEE experiment. In general,
CeeROOT includes detector geometry for all CEE sub-detectors, event gener-
ators, magnetic field, digitization, calibration software, tracking software, and
event reconstruction software. In the simulation, interactions of particles gener-
ated by various event generators (see Section II A) and detectors are simulated
by the Geant package. Information left by particles inside the sensitive volume
of detectors is further digitized according to their specific detection mechanisms.
After digitization, MC data are stored in a predefined format that is also used
for experimental data. This enables the software to handle both MC data and
experimental data in subsequent steps of calibration, reconstruction, and anal-
ysis. The flow chart of CEE simulation and data analysis is illustrated in Fig.
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1 [Figure 1: see original paper]. In the CeeROOT package, a fast simulation is
also developed for evaluating detector performance and physics feasibility stud-
ies by parameterizing the performance of all sub-detectors. In the following
subsections, basic components of the CeeROOT package are introduced briefly.

A. Event Generator

The event generator, as illustrated in Fig. 1, is a basic component for defining
input particle species and their initial coordinate and momentum distributions.
Besides simple event generators like the box generator (flat phase space distri-
bution), simulation data from several transport models such as UrQMD [38],
GiBUU [39], PHSD [40], AMD [41], IQMD [42], JAM [43], LQMD [44], and
PLUTO [45] are also supported. Table 1 shows the currently supported event
generators in CeeROOT. Besides particles listed in the particle data book [46],
ions with different charge states can also be defined, which allows one to simu-
late trajectories and responses of ions with different charge states in the CEE
spectrometer.

B. Magnetic Field

The CEE spectrometer employs a superconducting dipole magnet for deflecting
charged particles. By measuring trajectories of charged particles in a magnetic
field, their momenta can be reconstructed. The height, width, and length of
the available space inside the magnet are 1.6 m, 3.2 m, and 3.4 m, respectively.
The coordinate origin of the CEE spectrometer is defined at the center of the
magnet, with the TPC center placed at this location. The designed magnetic
field strength is 0.5 T with uniformity better than $±$2.5% in the sensitive
volume of the TPC. Since it is a dipole magnet, the magnetic field varies toward
both entrances. The magnetic field of the CEE magnet is described by grid
data including six variables: (x, y, z, Bx, By, Bz), where (x, y, z) are spatial
coordinates and (Bx, By, Bz) is the corresponding magnetic field vector. The
positive Z-axis direction represents the beam direction, while the X and Y axes
complete a right-handed Cartesian coordinate system. The By field map at the y
= 0 cm plane is shown in Fig. 2 Figure 2: see original paper. Fig. 2(b) shows the
absolute value of By along the Z-axis; the shielding region indicates a magnetic
field shield pipe, and the dip around z = -320 cm corresponds to a regulation
dipole magnet. The reasons for needing these two additional components are
discussed in Sec. III B. In Geant simulation, charged particles are propagated in
fine steps, where magnetic field data is required for propagating the particle to
the next spatial point. The magnetic field vector at any spatial point is obtained
through linear extrapolation using the grid data.

In the simulation, magnetic field data were provided by magnet design software.
The magnetic field of the CEE magnet will be measured when the magnet
reaches its working condition, after which the measured grid data will be used
for simulation as well as track reconstruction of experimental data.
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III. Layout Optimization of the CEE Spectrometer
In the CEE detector layout optimization, the detector components and types
adopted in the conceptual design are retained. Physical constraints for each sub-
detector are discussed. To avoid foreseeable drawbacks, the optimized detector
configuration and optimization results are presented in the following subsections.

A. TPC Layout Optimization

The TPC of the CEE spectrometer is designed to measure energy loss and
trajectories of light charged particles such as 𝜋±, K±, p, d, t, 3He, and 4He.
In the conceptual design, heavy-ion beams such as 238U were allowed to pass
through the TPC drift volume. It was expected that tremendous ionization
would be induced by the heavy-ion beam in the drift volume of the TPC, causing
two major issues: (1) TPC electronics would be continuously saturated along
the beam path, and (2) ionization left by the beam would cause huge space
charge accumulation, which could distort the drifting electric field of the TPC.
These effects not only create difficulties for tracking charged particles in the
region along the beam path but could also potentially damage the TPC readout
electronics. To avoid these effects, the TPC is divided into two parts, with a
vertical gap left between them to exclude the spatial region where the beam
passes through. Obviously, the width of the gap is related to the deflection
distance of the beam in the x-direction, which depends on the ion type, energy,
and charge state of the beam particle. The narrower the air gap, the greater
the acceptance of the detector.

To reduce the deflection effect of the beam, a magnetic shielding pipe and a
small regulation magnet are added in front of the TPC, as shown in Fig. 2.
Eventually, it proves that a gap with a width of $±$7.5 cm is sufficient for
all types of beams provided by HIRFL-CSR. The active volumes of the two
TPCs cover the range 10 cm < |x| < 60 cm, height -40 cm < y < 40 cm, and
length in the z direction -45 cm < z < 45 cm. Based on this TPC geometry
configuration, TPC acceptances at different emission positions along the beam
axis are evaluated using U+U collisions generated by the JAM model. It turns
out that TPC acceptance for 𝜋± reaches its maximum when the initial emission
position is at (0, 0, -35) cm. Consequently, this position has been designated
as the target position of the CEE experiment. Fig. 3 [Figure 3: see original
paper] shows the transverse momentum (p_T) and rapidity (y) acceptance of
the TPC for protons (left panel) and 𝜋+ (right panel) in U+U collisions at 500
MeV/u simulated by the JAM model in most central collisions. The criterion
for accepting a charged particle in the TPC is that its track length in the TPC
active volume should exceed 15 cm. The TPC covers a polar angle range of 5° to
120° in the laboratory frame. However, the TPC has an acceptance deficiency
in the azimuthal � direction around 90° and 270° due to the existence of the
vertical gap. For the future CEE experiment, this coverage loss needs to be
corrected according to the TPC acceptance for each particle species.
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Fig. 4 [Figure 4: see original paper] (a), (b), and (c) show simulated beam paths
of 12C6+ at 400 and 1000 MeV/u, and 238U90+ at 500 MeV/u in the x-z plane,
respectively. In each panel, the solid line with vertical bars presents the center
of the simulated beam, vertical bars represent 𝜎 of the beam spatial spread in
the x-axis, and dashed lines mark the 5𝜎 position spread of the beam along the
x-axis. The TPC detector frame and the target are also depicted in the figure.
Under the current design, all these considered beams can pass through the gap
without hitting the TPC detector frame. To accommodate different beams,
downstream sub-detectors (i.e., eTOF, ZDC) are installed on rails parallel to
the x-axis, respectively.

B. Beam Path Simulation and Magnetic Shield Pipe

To prevent the beam from hitting the detector frame, the beam path serves as a
major geometrical reference for optimizing the air gap of the TPC and placing
downstream detectors such as the third MWDC, eTOF, and ZDC. The typical
beams to be used in the CEE experiment are 12C6+ at 400/1000 MeV/u and
238U74+ at 500 MeV/u. Before the heavy-ion beam reaches the target, it passes
through a Ti foil with a thickness of 30 µm for sealing the vacuum pipe and
then propagates through air for more than 1 m. The charge state of light ion
beams such as 12C6+ would not change, but the heavy-ion beam 238U74+ would
transform to uranium ions with charge states around 90, i.e., 238U90+, according
to calculations using the ETACHA4 code [47]. Thus, 238U90+ ions are used for
beam path simulation instead of the original 238U74+ beam ions.

As discussed in the previous subsection, minimizing the deflection effect for
beams is crucial for narrowing the gap width of the TPC, thereby increasing
its geometrical acceptance. To achieve this goal, a small dipole magnet and
a magnetic shield pipe have been added upstream. The polarity of the small
dipole magnet is opposite to that of the CEE magnet, as illustrated in Fig. 2.
This configuration induces a position offset for the beam, which partially coun-
teracts the deflection effect caused by the CEE magnet. The shielding pipe
spans from -290 cm to -80 cm, as illustrated in Fig. 2. Beam paths for 12C6+

at 400 and 1000 MeV, and 238U90+ at 500 MeV/u are simulated including the
regulation magnet, shield pipe, and CEE magnet. To account for energy loss
of the beam in air, the medium in the simulation is set to air. Initial spatial
and momentum distributions at the plane z = -400 cm are set to Gaussian
distributions with position divergence 𝜎_x = 𝜎_y = 0.15 cm and relative mo-
mentum divergence ΔP_x/y/P = 0.1%, respectively, which are typical spatial
and momentum spreads of heavy beams at the CEE experimental hall.

C. MWDC and eTOF Layout Optimization

In the conceptual design, MWDC and eTOF are placed outside the magnet in a
two-arm detector configuration, meaning that charged particles emitted in the
forward region cannot be fully covered by the MWDC-eTOF sub-detectors. To
increase forward angle acceptance, two MWDCs are placed inside the magnet
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after the TPC, while the third MWDC is placed outside the magnet, covering
the downstream entrance of the magnet almost fully. The eTOF is placed after
the third MWDC. The active area of eTOF is designed to contain all charged
particles that pass through all three MWDCs. To prevent the beam from hitting
the detector frames of MWDC and eTOF, both have inactive regions in the
middle. Fig. 5 [Figure 5: see original paper] shows the acceptance of MWDC
and eTOF in polar angle (�) and azimuthal angle (�) for protons in U+U collisions
at 500 MeV/u simulated by the JAM model. The MWDC-eTOF system covers
a polar angle range of 5° < � < 15° and azimuthal angle of 0° < � < 360°. Due
to the rectangular shape of the MWDCs and eTOF detectors, particles emitted
at large polar angles can also be contained. The TPC acceptance for protons
in the same collision system is also shown in Fig. 5, depicted by contour lines.
One can see that there are overlapping acceptance regions between TPC and
MWDC, which can be used for cross-calibration of the tracking detectors.

D. ZDC Detector Optimization

The ZDC is primarily designed to measure the event plane of HICs, and its hit
multiplicity also helps determine the collision centrality [34, 48]. In the con-
ceptual design, the ZDC was designed as a calorimetric-type detector placed
downstream for measuring the energy and position of heavy fragments emit-
ted at small polar angles. Considering that the energy resolution of hadronic
calorimeters at HIRFL-CSR energies is difficult to achieve with high precision,
the ZDC has been redesigned to measure energy loss and hit position of particles
emitted in the forward region. This design has been successfully used by other
experiments such as the FOPI experiment [49] and the STAR experiment [50].

In the new design, the ZDC is a plastic scintillator disc with inner and outer
radii of 5 cm and 100 cm, respectively. The ZDC is divided into 8 rings, with
each ring containing 24 sectors, for a total of 192 plastic scintillator modules.
The ZDC is placed just after the eTOF. As mentioned above, to accommodate
different beams, the ZDC is installed on a horizontal rail, and its position along
the x-axis can be adjusted. An event plane reconstruction algorithm based on
the ZDC has been developed, and it shows excellent reaction plane resolution
based on simulated data [34].

E. Final Detector Configuration and Technical Design

Finally, the optimized detector configuration of the CEE experiment is ac-
complished, as shown in Fig. 6 [Figure 6: see original paper]. Based on
this optimized configuration, the technical design of the CEE spectrometer is
achieved, considering realistic detector frames and their geometry compatibili-
ties, as shown in Fig. 7 [Figure 7: see original paper]. As mentioned above, (0,
0, -35) cm is the nominal target position of the CEE experiment, located in the
TPC air gap. The designed reaction rate of the CEE experiment reaches up to
10 kHz for heavy-ion collisions such as U+U collisions.
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Typical momentum resolution and TOF time resolution of the CEE experiment
are 5% and < 80 ps, respectively. According to fast simulation [14], charged
particles such as 𝜋±, p, d, t, 3He, and 4He can be well identified. By combining
TPC and MWDC, the CEE spectrometer can cover >80% of produced protons
in 500 MeV/u U+U collisions simulated by the JAM model. These features make
the CEE an ideal spectrometer for studying frontier topics discussed in Sec. I in
the high-baryon density region. More detailed performance characteristics are
described in Ref. [14].

IV. Acceptance for pp→pK++Λ Reaction
HIRFL-CSR can provide proton beams with a maximum energy of 2.8 GeV
according to its design, enabling us to perform pp and pA reactions to investigate
topics related to hadron physics [51], hypernuclei [25, 52], and more. Studying
the feasibility of conducting hadron physics studies through pp and pA reactions
using the CEE spectrometer is crucial for expanding the physics scope of the
CEE spectrometer and maximizing its scientific value.

The reaction pp→pK++Λ is a typical channel for verifying detector performance.
The Λ hyperon is a short-lived particle with a lifetime of about 263 ps and has a
charged decay channel Λ→p + 𝜋− with a branching ratio of about 64% [46]. If
the four-momenta of its two daughter particles can be measured, the Λ hyperon
can be identified by reconstructing its invariant mass.

The phase space of pp→pK++Λ at 2.8 GeV is simulated with the PLUTO
generator. The polar angle (�) distributions of final products—p, K+, Λ, as well
as p and 𝜋− from Λ hyperon decay—are shown by solid lines in Fig. 8 [Figure
8: see original paper] (a)-(e), respectively. In this simulation, a charged particle
is considered measurable if its track length in the TPC exceeds 15 cm or if
it can pass through all three MWDCs. The fraction detectable by the CEE
spectrometer is shown by the shaded distribution in each panel. A Λ hyperon
with two detectable daughter particles is treated as a detectable candidate, and
it turns out that about 37% of Λ hyperons are within the acceptance of the
CEE spectrometer. Since the designed performance of the CEE spectrometer
for charged particles is comparable to that of existing experiments such as FOPI,
HADES, and STAR, it is expected that the CEE spectrometer will play a crucial
role in experimentally investigating the aforementioned topics within pp, pA,
and AA reactions at HIRFL-CSR energies.

V. Summary
In this paper, we introduced the analysis and simulation software package (Cee-
ROOT) for the CEE experiment. Based on the CEE conceptual design and
the CeeROOT package, we presented optimization procedures, physical con-
siderations, and optimization results for the CEE detector configuration. The
final optimized detector configuration serves as a blueprint for the final techni-
cal design of the CEE experiment. The acceptance of the CEE spectrometer
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for charged particles in U+U collisions at 500 MeV/u and for pp→pK++Λ at
2.8 GeV demonstrates that the CEE experiment is an ideal spectrometer for
studying frontier physics topics at HIRFL-CSR energies through pp, pA, and
AA collisions. Currently, components of the CEE experiment are in the mass
production stage, and the CEE spectrometer is expected to be commissioned in
2025.
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