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A R T I C L E I N F O A B S T R A C T

Editor: B. Blank The accuracy of reaction theories used to extract properties of exotic nuclei from scattering experiments is often 
unknown or not quantified, but of utmost importance when, e.g., constraining the equation of state of asymmetric 
nuclear matter from observables as the neutron-skin thickness. In order to test the Glauber multiple-scattering 
model, the total interaction cross section of 12C on carbon targets was measured at initial beam energies of 400, 
550, 650, 800, and 1000 MeV/nucleon. The measurements were performed during the first experiment of the 
newly constructed R3B (Reaction with Relativistic Radioactive Beams) experiment after the start of FAIR Phase-0 
at the GSI/FAIR facility with beam energies of 400, 550, 650, 800, and 1000 MeV/nucleon. The combination 
of the large-acceptance dipole magnet GLAD and a newly designed and highly efficient Time-of-Flight detector 
enabled a precise transmission measurement with several target thicknesses for each initial beam energy with 
an experimental uncertainty of ±0.4%. A comparison with the Glauber model revealed a discrepancy of around 
3.1% at higher beam energies, which will serve as a crucial baseline for the model-dependent uncertainty in 
future fragmentation experiments.
1. Introduction

A precise measurement of the neutron-skin thickness of exotic nuclei 
could provide experimental constraints on the symmetry energy at sat-

uration density and thus on the equation of state (EOS) of asymmetric 
nuclear matter [1–3]. The EOS describes the physics of nuclear matter 
as a function of density and is thus essential to interpret astrophysical 
observations of neutron stars and to reproduce their properties such as 
mass-radius relation and gravitational-wave signatures in stellar mod-

eling [4–6]. So far, the symmetry energy (Esym) and especially its slope 
parameter L = 3𝜌0𝛿Esym(𝜌)∕𝛿𝜌|𝜌0 at saturation energy are experimen-

tally only weakly constrained and vary over a wide range for different 
interactions in non-relativistic or relativistic mean-field models [3]. In 
this context, there is a strong experimental interest in measuring the 
neutron skin of exotic nuclei with high precision as proposed by various 
experiments employing different mechanisms [3,7–10]. The neutron 
skin of a nucleus is defined as the difference between the rms radii 
of its neutron and proton density distributions. The proton or charge 
distribution, especially of stable isotopes, is measured via electron scat-

tering [11] and isotopic shift experiments [12] whereas the neutron 
or matter distribution, especially for neutron-rich and exotic nuclei, is 
very challenging to access since hadronic probes have to be employed 
to access the matter radii, which needs the use of nuclear-reaction mod-

els with quantified theoretical uncertainties. One of the experimentally 
simplest methods applicable to low-intensity radioactive beams is the 
measurement of the total interaction cross section. In the pioneering 
work of Tanihata et al. [13], reaction cross-section measurements have 
been established as a common technique to study the total nucleon 
density distribution of light neutron-rich nuclei. The highly spatially ex-

tended neutron density distribution was later interpreted as a neutron 
halo by Hansen and Jonson [14]. Since that time, reaction cross-section 
measurements have been widely carried out to investigate the density 
distribution of stable and exotic nuclei at radioactive-ion-beam facili-

ties at intermediate [15–17] or at relativistic energies, e.g., at the GSI 
facility [18–20].

Since the total interaction cross section is dominated by the charge-

changing cross section, where at least one proton was involved in a 
nucleon-nucleon (NN) scattering process, its sensitivity to the neutron-

skin thickness is rather limited. In contrast, the total neutron-removal 
cross section probes the neutron density distribution [7,21]. A well-

established method to describe integrated cross sections of nuclear re-
2

actions at high energies is the Glauber multiple scattering model [22]. 
Fig. 1. Schematic view of R3B experimental setup. Sizes are not to scale.

In such a realistic model, the only inputs are the experimental nucleon-

nucleon cross sections and the proton and neutron density distributions. 
The later ones can be derived from density functional theories.

For a precise determination of the neutron-skin thickness, it is essential 
to quantify the uncertainty of the reaction model. The measurement of 
the total interaction cross sections of 12C+12C at relativistic energies 
represents the ideal case for a direct comparison with results based on a 
realistic reaction model, as presented in [23], since the charge density 
distribution is well known. In the energy regime between 400 and 1000 
MeV/nucleon, there are currently just three experimental data points 
available [24–26]. Here we present a precise measurement of the to-

tal interaction cross section of 12C+12C at initial beam energies of 400, 
550, 650, 800, and 1000 MeV/nucleon. The new data allows for a sys-

tematic comparison to state-of-the-art model calculations to test their 
level of accuracy and hence the predictive power.

2. Experiment

The S444 commissioning experiment of R3B was the first experiment 
of the FAIR Phase-0 campaign in Cave-C at GSI. A stable 12C beam was 
delivered from synchrotron SIS18 into Cave-C with an average intensity 
of 4 × 104 particles per second and chosen energies of 400, 550, 650, 
800, and 1000 MeV/nucleon.

Fig. 1 shows a schematic view of the main systems of the R3B setup 
used during this experiment. The start detector (LOS [27]) is followed 
by a veto detector (ROLU [27]), which excludes particles with a larger 
spatial offset to the beamline than its adjustable aperture. A set of three 
double-sided position-sensitive pin diode detectors (PSP) was installed 
in the setup in order to make a charge and position identification be-

fore and after the target. PSP 1 was installed 0.8m upstream of the 

fixed target/reaction point. PSP 2 was mounted 0.8m after the target 
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Table 1

Target thickness d, number of scattering centers per unit 
area Nt and corresponding uncertainties for all carbon 
targets.

12C targets d [cm] Nt [cm−2] ΔNt[%]

thin 0.5451(4) 5.059005 × 1022 0.0648

medium 1.0793(15) 1.001685 × 1023 0.2620

thick 2.1928(5) 2.035110 × 1023 0.0322

and PSP 3 with a displacement of 0.2m further downstream. GLAD is a 
zero-degree superconducting dipole magnet with a large angular accep-

tance (±80mrad for neutrons) and an adjustable integrated magnetic 
field of at most 5 Tm [28]. The GLAD current and thus the magnetic 
field strength was adjusted for each beam energy individually to de-

flect the 12C beam onto the 18-degree line with respect to the incoming 
beam. In order to cover an extensive program of more than 40 differ-

ent beam/target combinations, the magnet setting was not changed to 
compensate for different energy losses in different targets. For the parti-

cle tracking after the magnetic field of GLAD, four fiber detectors were 
used. All four have an active area of 50 × 50 cm2 consisting of 1024 
square-shaped fibers with a thickness of 500 μm. Two of them - Fibers 
1 and 2 - were placed inside the detector chamber perpendicular to the 
18-degree line with a relative distance of 1.5m. Fiber 3 and Fiber 4 were 
mounted right after the exit window of the vacuum pipe, with Fiber 4 
rotated by 90 degrees to measure the vertical position. At the very end 
of the setup, perpendicular to the 18-degree line, a time-of-flight wall 
(TOFD) [29] was installed. In the used configuration, TOFD consisted 
of 4 planes with 44 vertical scintillator paddles each (1000 × 27 × 5 
mm3). Planes were shifted with respect to the adjacent plane by half a 
paddle. To minimize multiple scattering, the particles were propagated 
in vacuum from the beam entry of the cave to the magnet, its detec-

tor chamber and the connected vacuum pipe with a diameter of 60 cm
on the fragment arm. About 1.5m after the beam exit window, only the 
last two fiber detectors and the TOFD scintillator wall were operated in 
air.

The interaction cross section was determined via the conventional trans-

mission method [30] where 𝜎I is expressed by:

𝜎I = − 1
Nt

ln

(
Ni
2∕N

i
1

No
2∕N

o
1

)
= − 1

Nt
ln
(
Ri
Ro

)
, (1)

where Ri∕o are the ratios of the number of non-interacted nuclei after 
the target Ni∕o

2 and the number of incoming nuclei Ni∕o
1 , for a target-in 

(i) and a target-out (o) run. The target-out run takes into account reac-

tions within the setup material. Nt is the number of scattering centers 
per unit area which is defined as Nt = 𝜌 ⋅ d ⋅NA∕M, where NA is the 
Avogadro constant, d is the target thickness in beam direction and M 
is the molar mass of natural carbon (12.0107 u), where we assumed a 
1.07$ contribution of 13C. Due to the relatively small difference in the 
reaction cross section of 13C+12C and 12C+12C [26], this contributes a 
maximum deviation of 0.02% between our results and theoretical cal-

culations, considering the significant error bars reported in [26]. The 
volume density (𝜌) of the carbon target material, manufactured by “SGL 
Carbon SE” [31] and specified by the GSI target lab, is 1.851(2) g cm−3 . 
Table 1 lists the values for d, Nt and corresponding statistical uncer-

tainties based on the measured inhomogeneities of the target thickness 
(ΔNt ).

The number of incoming nuclei (N1) was measured with detectors 
upstream of the target, namely LOS, ROLU, and PSP 1. A strict event se-

lection was done using these systems by measuring the charge, position 
on the target and the time difference between consecutive particles.

The strategy to measure the number of non-interacting nuclei (N2) in 
the present analysis is to minimize the systematic uncertainties by re-

ducing the number of utilized detectors. In first order, just one detector, 
3

the TOFD time-of-flight wall was used to identify all carbon isotopes 
Physics Letters B 855 (2024) 138780

Fig. 2. Measured charge in TOFD plane 1 versus plane 2 for a 400 MeV/nucleon 
12C beam and the medium carbon target.

within the acceptance at the end of the setup NTOFD
Q=6 . Fig. 2 shows the 

identified charge in plane 1 vs plane 2 for a run with the medium 12C

target. The condition for an identified carbon isotope with the TOFD 
detector (NTOFD

Q=6 ) is fulfilled if either plane 1 or plane 2 has measured 
a particle with charge 6 ± 0.5. By this, the dependency on the local 
gap size between paddles and the effect of different incident angles is 
avoided. Additionally, with this condition, even the tails of the Gaus-

sian distributed carbon spot are considered within the cut, while the 
influence of the detector resolution on the result is minimized.

To validate the efficiency of the carbon identification, TOFD can be vir-

tually divided into two identical separate detectors (detector 1 = plane 
1 and 2, detector 2 = plane 3 and 4). The efficiency for the carbon 
identification 𝜖TOFD

Q=6 was determined for each run individually to avoid 
position- or energy-dependent uncertainties.

By measuring only the nuclear charge in the first step, this number 
also includes other carbon isotopes than 12C. In a second step, the ra-

tio of 12C isotopes compared to all identified carbon isotopes within the 
geometrical acceptance of TOFD (R12C) was determined for each run 
separately. For the separation of carbon isotopes, the residual velocity 
of projectiles after the target can be considered constant due to the ap-

proximately same energy loss within the setup material. Additionally, 
in the case of light nuclei like 11C and 12C, the mass-to-charge ratio 
difference is around 10%. Therefore, to identify the mass of a carbon 
particle entering the magnetic field of GLAD, it is sufficient to measure 
the horizontal position in front of and after GLAD. This was done using 
the PSP detectors after the target and the fiber detectors in the detector 
chamber after GLAD. The left panel of Fig. 3 shows both horizontal po-

sition measurements. The two diagonal distributions represent the 12C

and 11C isotopes, respectively. The horizontal band indicates particles 
scattered in the setup material between PSP 3 and Fiber 1. By applying 
the condition that TOFD has registered a particle with charge 6 ± 0.5, 
this background is removed in the right panel of Fig. 3, where it is also 
visible that most of the 11C distribution is bent to larger angles due to 
their lower mass. Thus, most 11C are not reaching the geometrical ac-

ceptance window of the TOFD detector at the very end of the setup. The 
ratio of 12C isotopes within the carbon data of TOFD is defined as

R12C =
N12C ⋅ 𝜖TOFD,PSP,Fib

NQ6 ⋅ 𝜖TOFD,PSP,Fib

=
N12C
NQ6

, (2)

where NQ6 is the total number of events in the right panel of Fig. 3. 
Two subsets of the same data are divided, where both depend on ex-

actly the same efficiencies. Therefore, R12C is independent of the rate-

and time-dependent efficiency of the detectors.

An important correction factor for the geometrical acceptance AC of 

the TOFD detector for 12C isotopes needs to be determined. The effect 
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Fig. 3. Horizontal position of carbon ions at the PSP 3 in front of GLAD versus the horizontal position from Fiber 1 after the magnetic field of GLAD. The right panel 
shows the correlated positions under the additional conditions that TOFD registered a particle with charge 6 ± 0.5 in the same event.

Fig. 4. Full (left) and peak region (right) of the 12C distributions in the Fiber 1 horizontal plane. The blue graph - f(x) - is the distribution with just the PSP-Q=6 
condition, whereas the red graph - g(x) - is the same data set with the additional TOFD-Q=6 condition.
of the limited geometrical acceptance of the experimental setup is illus-

trated in Fig. 3. After applying the TOFD-charge-condition on the data 
set, the edges of the 12C distribution are cut off in the right panel.

Using the number of particles which are lost due to the limited geomet-

rical acceptance N12C,mis., it is possible to define the ratio of all identi-

fied carbon isotopes with TOFD (NTOFD
Q6 ) and the full/reconstructed 12C

distribution as the following:

AC =
NTOFD
Q6,𝜖(Fib,PSP)

N12C,mis.,𝜖(Fib,PSP) +NTOFD
Q6,𝜖(Fib,PSP)

, (3)

where the indices 𝜖(Fib,PSP) indicate that all quantities depend on the 
same rate- and time-dependent efficiency of the fiber and PSP detectors.

The left panel in Fig. 4 compares the 12C distribution (as illustrated 
in Fig. 3) with just the PSP-Q=6 condition in blue and the additional 
TOFD Q=6 condition in red. By zooming into the peak region (right 
panel), it can be seen that besides the hard cut-off of the distribution 
tails, the statistics also decrease in the central region after applying the 
TOFD condition. This effect is related to reactions within the remaining 
setup material between Fiber 1 and the TOFD detector. Reactions within 
the setup material are excluded by dividing a target-run by an empty-

run (see Eq. (1)) and should not be corrected in this step. To use the 
blue “full-acceptance” distribution f(x) as a template for the limited-

acceptance 12C distribution g(x) in red, it has to be scaled down to 
compensate for the reactions in the remaining setup material.
4

The following relation defines the scaling factor:
S =

xmax∫
xmin

g𝜖(Fib,PSP)(x) dx

xmax∫
xmin

f𝜖(Fib,PSP)(x) dx
(4)

xmin and xmax are a lower and upper limit for the central region (see 
Fig. 4), where the drop of statistics is not affected by the limited ge-

ometrical acceptance but just by reactions in the setup material. This 
factor has to be defined for each beam energy and target individually. 
Since g(x) is a subset of f(x), the time- and rate-dependent efficiencies 
of Fiber 1 and PSP 3 (𝜖(Fib,PSP)) are the same and cancel out. There-

fore, the scaling factor S is not efficiency dependent.

The derived scaling factor is used to compensate for the statistical dif-

ference between g(x) and f(x) caused by reactions within the setup 
material. The number of 12C isotopes that are lost due to the geometri-

cal acceptance can be calculated as:

N12C,mis. =

Fibmax

∫
Fibmin

f(x) ⋅ Sdx −

Fibmax

∫
Fibmin

g(x) dx , (5)

where Fibmax and Fibmin indicate the area of the one-dimensional 12C

distribution in Fig. 4 which is affected by the limited geometrical ac-

ceptance. Eqs. (3) to (5) are used to define the factor AC, which is the 
ratio of identified carbon isotopes with TOFD compared to the fully re-

constructed 12C distribution.

The final expression for the number of non-reacted 12C particles 

reads:
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Table 2

The measured total interaction cross sections (𝜎I) for all differ-

ent beam and target combinations together with the indepen-

dent statistical (Δ𝜎stat.) and systematic contributions (Δ𝜎sys.).

Beam Energy 12C targets
𝜎I Δ𝜎stat. Δ𝜎sys.

[MeV∕nucleon] [mb] [mb] [mb]

400 thin 760.7(71) 5.38 4.62

medium 764.6(44) 3.73 2.40

thick 758.6(26) 1.84 1.87

550 thin 791.9(90) 8.10 4.07

medium 795.8(53) 4.71 2.54

thick 797.0(27) 2.46 1.23

650 thin 813.1(73) 6.20 3.78

medium 811.5(57) 5.32 2.23

thick 815.0(26) 2.28 1.35

800 medium 831.9(59) 5.23 2.74

thick 834.6(33) 2.96 1.52

1000 thin 837.5(82) 7.40 3.49

medium 836.1(56) 5.10 2.27

thick 838.1(25) 2.25 1.14

Fig. 5. Total interaction cross sections of 12C+12C versus beam energy. Exper-

imental data for all target beam combinations (green symbols) are compared 
with calculations based on a reaction model - with (red symbols) and without 
in-medium corrections (black symbols) - and data from previous experiments 
(blue symbols) by Takechi et al. [25], Tanihata et al. [24], and Ozawa et al. 
[26].

Ni∕o
2 =

NTOFD
Q=6

𝜖TOFD
Q=6

⋅
(
1 − (1 − R12C) +

(
1
AC

− 1
))

. (6)

3. Discussion

Table 2 and Fig. 5 show the measured cross sections for all target and 
beam energy combinations (green symbols). The independent statistical 
(Δ𝜎stat.) and systematic contribution (Δ𝜎sys.) are also listed in Table 2. 
All results are in agreement with the corresponding measurements with 
targets of different thicknesses within the given uncertainties and were 
used to challenge the nuclear reaction model.

We have used the Glauber theory method, described in Ref. [23] to 
obtain the reaction cross sections for 12C+12C collisions. The model in-

cludes (a) Pauli blocking, (b) Fermi motion, (c) higher-order eikonal 
corrections, (d) Coulomb repulsion, (e) relativistic corrections, and (f) 
nuclear excitation of giant resonances. In the case of 12C+12C, it has 
been shown that Pauli-blocking in nucleon-nucleon scattering is the 
main source of corrections to the Glauber model, see Ref. [23] for 
more details of the theory. The black circles in Fig. 5 represent calcula-
5

tions without in-medium corrections. Calculations, including Coulomb 
Physics Letters B 855 (2024) 138780

repulsion and Pauli blocking, are represented by the red diamonds. The 
blue circles denote results from previous experiments by Takechi et al. 
[25] (370 MeV/nucleon), Tanihata et al. [24] (790 MeV/nucleon), and 
Ozawa et al. [26] (950 MeV/nucleon).

The present measurements agree with the in-medium corrected Glauber 
model up to 550 MeV/nucleon. Our data indicate a softer rise of the 
cross section for higher energies and are 3.1% smaller than the model 
calculations including in-medium corrections at maximum energy.

4. Summary and conclusions

The presented total interaction cross sections of 12C+12C collisions 
with a total experimental uncertainty of down to ±0.4% represent the 
most precise currently available data in this energy range. The en-

hanced transparency of the 12C nucleus at higher energies could not 
be explained in the Glauber reaction model so far and can be further 
studied with this precise data systematically. The increasing discrep-

ancy between the presented experimental data and theory with the 
beam energy indicates an in-medium suppression of reaction processes. 
A further investigation of this effect is essential to reveal the origin and 
understand how it scales with the mass number or isospin asymmetry. 
As a conclusion of the presented analysis, a model-dependent uncer-

tainty of at least 3.1% has to be considered for the determination of the 
neutron-skin thickness using a Glauber reaction model without any ad-

ditional or free parameters. Assuming an experimental uncertainty of 
1% for the measurement of total neutron-removal cross sections along 
the tin isotopic chain, the L parameter can be constrained to around ±
16MeV for 124Sn and ± 10MeV for 132Sn [7]. However, precise data on 
heavier systems would be very valuable to test the mass- and isospin 
dependence of the deviations before concluding on the model depen-

dence for extracting a neutron-skin thickness and L-value range from 
the neutron-removal cross sections.
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