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3. Overall design of EXL

In this chapter we will explain briefly the future experimental facility at GSI1 com-
plex. We will then focus on the EXL project and introduce the corresponding ex-
perimental setup. An overview of the relevant two-body kinematics alongside with
some simulations for the recoil detector setup will round up this chapter.

3.1 The FAIR facility

The Facility for Antiproton and Ion Research, FAIR (Fig. 3.1), provides, along with
research activities in other fields of physics, unique opportunities to study nuclei far
off stability, exploring new regions in the chart of nuclides which are of paramount
interest in the fields of nuclear structure and astrophysics [9]. The concept of the
FAIR accelerator facility aims for a multifaceted forefront science program, beams
of stable and unstable nuclei as well as antiprotons in a wide range of intensities and
energies, with optimum beam qualities. An important feature of the FAIR facility
is that, due to the intrinsic cycle times of the accelerator and storage-cooler rings,
up to four research programs can be run in a parallel mode. This allows a rich and
multidisciplinary research program, covering the fields: QCD studies with beams
of antiprotons, nucleus-nucleus collisions at high baryon density, nuclear structure
and nuclear astrophysics investigations with nuclei far from stability, atomic and
material science studies, etcetera.

3.2 The EXL setup

The investigations of direct reactions with exotic beams in inverse kinematics give
access to a wide field of nuclear-structure studies in the region far off stability. The
objective of the EXL project (EXotic nuclei studied in Light-ion induced reactions
at the NESR storage ring) is to capitalize on light-ion induced direct reactions in
inverse kinematics by using novel storage-ring techniques and a universal detector
system [10]. Light-ion induced direct reactions have been applied within the last two
decades for the investigation of light exotic nuclei with radioactive beams in inverse
kinematics [35]. The essential nuclear-structure information is often deduced from
high-resolution measurements at low-momentum transfer. It is exactly the kine-
matical conditions of inverse kinematics that make low-momentum transfer, high
precision measurements an exclusive domain in storage-ring experiments for study-
ing the unstable nuclei. This way, one can benefit from the luminosities provided

1 Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany

25
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Figure 3.1: Schematic view of the present facility (left side of the HESR ring) as well as

future FAIR project at GSI. The present facility includes the linear accelerator UNILAC,

the heavy-ion synchrotron SIS18, the fragment separator FRS and the experimental stor-

age ring ESR. The new project will comprise the double-ring synchrotron SIS100/300, the

high-energy storage ring HESR, the collector ring CR, the new experimental storage ring

NESR, the super-conducting fragment separator Super-FRS, and several experimental sta-

tions. The present UNILAC/SIS18 complex will serve as injector for the new double-ring

synchrotron.

in the ring experiments which are superior by orders of magnitude as compared to
experiments with external targets.

Detection of low-energy recoil particles is especially important to study the halo
or skin structure of exotic nuclei. For example, one of the most outstanding discov-
eries was the finding that nuclei may appear under certain conditions with a qualita-
tively new type of nuclear structure, so-called “halo” structure [36, 37]. Compared
to stable nuclei and nuclei close to stability, in which all the protons and neutrons
are essentially distributed uniformly over the nuclear volume, it was found that some
light neutron-rich nuclei located at or near the neutron drip line exhibit a widely
extended low-density distribution. The low-density distribution outside the core
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is due to nothing else than loosely bound valence neutrons (the halo) surrounding
a compact distribution of the majority of nucleons (the core). This phenomenon
was a signature of the unusual matter distribution in neutron-rich nuclei near the
neutron drip line. It magnifies i) the importance of studying such systems in the
limits of very low-momentum transfer, ii) aspects like the in-medium interactions in
proton-neutron asymmetric nuclear matter, iii) giant resonances with strength dis-
tributions totally different from those known in stable nuclei, v) the shell structure
in nuclei of extreme proton-to-neutron asymmetry leading to disappearance of the
known magic numbers and, in turn, to the appearance of new shell gaps, etcetera.
These were the motivations to start with the design of a new detection system for
future investigations. Various types of light-ion induced direct reactions serve in
these investigations like: elastic scattering of type (p, p), (α, α); inelastic scattering
of type (p, p′), (α, α′); charge exchange reactions of type (p, n), (d, 2He); quasi-free
reactions of type (p, 2p), (p, pn), (p, p+cluster); and transfer reactions of type (p, t),
(p, 3He), (p, d), (d, p).

Since the domain of low momentum transfer is of interest, extremely thin tar-
gets are requested, resulting in low luminosities if external targets would be used.
Likewise, due to their production mechanism, a large momentum spread and large
emittance are inherent to the secondary ion beams, which would deteriorate a mea-
surement of the target-recoil momenta and kinetic energies if not counteracted [10].
These problems can be overcome using stored and cooled secondary beams of un-
stable nuclei in a ring interacting with thin internal gas-jet targets. This way, we
would expect:

• high luminosities due to the continuous beam accumulation and beam recir-
culation,

• high-resolution detection of low-energy recoil particles due to beam cooling
and thin targets, and

• low-background conditions due to pure, windowless targets of H, He, etcetera.

In the EXL Technical Proposal, the design of a complex detection setup has been
investigated with the aim of providing a highly efficient universal detection system.
This universal detector system is applicable to a wide class of reactions and would
provide high resolution and large solid-angle coverage in kinematically complete
measurements. The apparatus, foreseen to be installed at the internal target of the
NESR storage cooler ring, is shown schematically in Fig. 3.2. The setup includes:

• a Si-strip and Si(Li) detector array for recoiling target-like reaction products,
completed by slow-neutron detectors, and a scintillator array of high granu-
larity for gamma rays and for the total-energy measurement of more energetic
target recoils;

• detectors in forward direction for fast ejectiles from the excited projectiles,
i.e., for neutrons and light charged particles; and
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Figure 3.2: The EXL detection setup. Right: New Experimental Storage Ring (NESR).

Middle: schematic view of the three main parts of EXL. Left: recoil detector setup sur-

rounding the gas-jet target, showing the silicon-detector elements which are covered by the

calorimeter crystals. The silicon-detector system consists of five regions covering different

angular ranges. These regions are known as A, B, C, D, and E which are colored here as

red, green, blue, yellow, and brown, respectively. Except for the region E which covers

the scattering angles of θLAB > 90◦, the other four regions are spread over the region with

θLAB < 90◦.

• heavy-ion detectors for the detection of beam-like reaction products.

All detector components will practically cover the full relevant phase space and have
detection efficiencies close to unity.

3.2.1 Overall design of the recoil detector system

In order to detect very low-energy recoil particles, UHV (ultrahigh vacuum) require-
ments imposed by the NESR operation need to be fulfilled. The overall vacuum in
the NESR beam-line should be better than 10−11 mbar. The overall design for the
recoil and gamma-ray detector for EXL consists of two major parts:

1. the EXL Silicon Particle Array (ESPA), which is assigned to detect light
charged particles emerging from the target,
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Figure 3.3: Mechanical design of various elements of the EXL recoil-detector setup [38].

(a) grid structure for holding the Si-detector elements; (b) Si-detector elements installed on

the grid structure and surrounded by the conflat flange; (c) a profile view showing various

detection layers. The outermost green layer represents the calorimeter scintillators which

are separated from the Si-detectors by a metallic shell holding the ultrahigh vacuum; (d)

the outlook of the completed design of the whole recoil-detector setup, installed on a

supporting structure. The design has been performed at KVI.



30 Chapter 3: Overall design of EXL

2. the EXL Gamma and Particle Array (EGPA), which covers the whole ESPA
solid angle by a scintillator hodoscope and detects the punch-through charged
particles as well as the gamma rays.

The whole ensemble will be referred to as ERGA (EXL Recoil and Gamma Array).
Optionally, low-energy neutrons from (p, n) reactions are detected by the EXL Low-
Energy Neutron Array (ELENA).

Fig. 3.3 shows some views of the mechanical design (using UGS NX 5) for the
EXL recoil-detector setup. In the realized EXL recoil-detector setup, one has to
deal with difficulties like gluing the Si-detector elements to the frame (grid structure)
shown in Fig. 3.3a. The gluing should be performed with great care, in order to leave
a completely sealless spherical structure covered by the Si-detector elements. This
structure will experience pressure differences of the order of 10−5 mbar; it should be
sealed enough to hold a relative vacuum of 10−11 mbar for the interior pressure as
compared to 10−5 mbar for the pressure outside the spherical structure. In contrast,
it is the thick spherical shell (connected to the “conflat flange” in Fig. 3.3) that
withstands the high pressure differences of the order of one bar. This shell would
separate the calorimeter from the Si-detector elements. More design aspects are
outlined in the conceptual design report of EXL [10].

3.2.2 Kinematical regions of interest

The detector components need to fulfill strong demands concerning angular and
energy resolutions, energy threshold, dynamic range, granularity, vacuum compati-
bility, etcetera. The kinematical conditions and the resulting constraints on energy
resolutions are summarized in Figs. 3.4, 3.5, and 3.6 and are listed in Tables 3.1
and 3.2 for a few selected typical reactions at different incident energies.

The region of interest for most reactions is concentrated in the CM angular
range 0◦ < θCM < 30◦. Target-like recoil particles are to be detected in an energy
range from about 100 keV up to several hundred MeV, and in an angular region
of 30◦ < θLAB < 120◦ (except for transfer reactions, see Fig. 3.4). This defines the
constraints concerning detection angle, energy threshold, and dynamic range of the
individual detectors. Fig. 3.7 shows the recoil energy as a function of the scattering
angle for some selected reactions (shown in Fig. 3.4) which are representative of
elastic, inelastic, charge-exchange, and transfer reactions. The dotted curves show
the ±σ boundaries for the probability distribution of the kinematical curves when
we have a center-of-mass energy resolution of σ = 300 keV for the recoil particle.

In Tables 3.1 and 3.2, results of the simulations are listed for the expected res-
olution (σ = ∆E∗). In the simulations for the overall resolution of the detector
setup, we follow the same approach as will be explained in subsection 4.3.2. Here,
we exploit the generalized form of Eq. 4.25 which reads as

Histo → Fill
(

(E
(tot)
sil − µsil) + (E

(tot)
cal − µcal)

)

, (3.1)
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Figure 3.4: Kinetic energy of the recoil particle versus its scattering angle, as calculated

in inverse kinematics by using Eq. A.16. Some representative center-of-mass angles for

the recoil particle (θCM = 1◦, 5◦, 10◦, 20◦) are marked on the kinematical curves. The

four points on each curve are plotted in the same sequence, with respect to the Erecoil,

as those shown for the two labeled curves. The CM scattering angles are defined to be

supplementary to the ones obtained using A.20. Here, E∗ is the excitation energy of the

beam particle having undergone inelastic scattering.

with E
(tot)
sil = ΣiE

(i)
sil and E

(tot)
cal = ΣjE

(j)
cal , in which i and j run over all the silicon-

detector elements and calorimeter crystals that detect energy deposition Esil and
Ecal, respectively. On the other hand, µsil and µcal are taken as the means of the
Gaussian fits to ΣkE

(tot)
sil and ΣkE

(tot)
cal when no detector resolution is folded into

silicon-detector elements and calorimeter crystals. Here, k runs over all the events.
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Figure 3.5: Same as Fig. 3.4 (top panel) but for θCM instead of kinetic energy. The

calculations are based on A.20.

In the simulations, an intrinsic resolution of FWHM = 50 keV was assumed for the
Si-detector elements. The resolution of CsI crystals was estimated from Fig. 4.27 as
a function of the deposited energy by the recoil protons in the individual crystals.
For other recoil particles (d, t, α), a resolution of 1% (FWHM) was assumed. In

addition, in order to calculate σ
(detected)
Erecoil

, we used a Gaussian interaction profile of
σx = σy = σz = 1 mm as an extended region around the target point within which
the recoil particles were generated in the simulations.

For five examples in Tables 3.1 and 3.2, we expect the recoil particles to punch
through the recoil-detector setup, namely, silicon-detector elements plus calorimeter
crystals. For the two reactions 18C(p, p′) and 136Xe(p, p′) with recoil-particle energies
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Figure 3.6: Same as Fig. 3.5 but for different reaction channels.

of ELAB
recoil = 304.3 MeV and 314.6 MeV, respectively, the simulation results for res-

olution was performed based on the energy deposition of those non-punch-through
events (respectively, ≈ 3.5% and 0.5% of the total events). On the other hand, we
expect all the events to punch through for the reactions 196Pb(3He, t), 196Pb(α, α′),
and 12Be(3He, t) with recoil-particle energies of ELAB = 1094.3 MeV, 1429.1 MeV,

and 802.1 MeV, respectively. In these cases, the numbers appearing under σ
(detected)
Erecoil

(= 3970 keV, 4300 keV, and 2650 keV, respectively) show the resolutions expected if
the kinetic energy of the particles would be measured with a 1% resolution by a de-
tector after punching through the calorimeter, i.e., if one places a thick detector right
after the calorimeter to stop these particles with a 1% resolution. In Table 3.1, the
simulation of the expected resolution σ

(detected)
Erecoil

for those cases in which θLAB ≥ 90◦
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Table 3.1: Required and expected resolutions for a few selected reactions with E∗ being

the excitation energy of the nucleus (projectile). The required resolution is calculated con-

sidering a resolution of 300 keV for the center-of-mass recoil energy. Here, σ
(detected)
Erecoil

is the

overall energy resolution calculated through simulations for the recoil detector geometry

of Fig. 4.2 without having the UHV shell in the geometry. The superscript (P) is shown

for those cases where the majority of the recoil particles punch through the calorimeter.

Calculation of σ
(detected)
Erecoil

for the three cases in which θLAB ≥ 90◦ are yet to be performed

after the implementation of the silicon-detector elements of region E (see Fig. 3.2) in the

simulations (see the text).

Resolution Resolution
Reaction θCM ELAB

recoil imposed for expected for
(θLAB) [MeV] σECM

recoil
= 300 keV EXL setup

E [MeV/u]
(

σELAB
recoil

[keV]
) (

σ
(detected)
Erecoil

[keV]
)

E∗ [MeV] [deg]
0.5 − 5 0.09 − 6.3 6 − 220 −

12Be(3He, t) (120 − 91)
5 − 18 6.3 − 81 220 − 440 40

400 (91 − 80)
0 18 − 25 81 − 155 440 − 460 40 − 550

(80 − 75)
25 − 59 155 − 802.1 460 − 530 550 − 2650(P)

(75 − 55)
132Sn(d , p) 3 − 22 2.8 − 5.9 90 − 160 −

(170 − 120)
15 22 − 45 5.9 − 15.3 160 − 290 −
0 (120 − 90)

1.5 − 14.6 0.3 − 26.5 250 − 440 130 − 30
136Xe(p, p) (89 − 80)

14.6 − 22.1 26.5 − 60.3 440 − 450 30 − 140
350 (80 − 75)
0 22.1 − 37.6 60.3 − 170.6 450 − 470 140 − 230

(75 − 65)
a)5.3 − 2.5 3.6 − 0.9 210 − 40 20

136Xe(p, p′) b)16.9 − 35.1 34.7 − 145.8 650 − 510 80 − 220
(75 − 65)

350 a)2.5 − 1.6 0.9 − 0.4 40 − 20 20
15 b)35.1 − 52.6 145.8 − 314.6 510 − 530 220 − 420(P)

(65 − 55)
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Table 3.2: Continued from Table 3.1.

Resolution Resolution
Reaction θCM ELAB

recoil imposed for expected for
(θLAB) [MeV] σECM

recoil
= 300 keV EXL setup

E [MeV/u]

E∗ [MeV] [deg]
(

σELAB
recoil

[keV]
) (

σ
(detected)
Erecoil

[keV]
)

1.1 − 11.3 0.4 − 39.3 220 − 340 130 − 180
132Sn(p, p) (89 − 80)

11.3 − 17.1 39.3 − 89.7 340 − 350 30 − 180
740 (80 − 75)
0 17.1 − 29.4 89.7 − 261.3 350 − 380 180 − 270

(75 − 65)
1.6 − 15.8 0.9 − 87.1 360 − 470 10 − 30

18C(α, α) (89 − 80)
15.8 − 23.8 87.1 − 196.1 470 − 480 30 − 370

400 (80 − 75)
0 23.8 − 40.3 196.1 − 547.2 480 − 500 370 − 2200

(75 − 65)
a)10 − 2.5 12.6 − 1.1 1050 − 30 150 − 20

18C(p, p′) b)12.8 − 51.4 20.4 − 304.3 1650 − 340 160 − 300(P)

(74 − 55)
400 a) 2.5 − 1 1.1 − 0.5 30 − 12 20
25 (55 − 30)

a)1.5 − 0.9 1.3 − 0.5 60 − 20 20
196Pb(α, α′) b)12.8 − 20.6 90.8 − 233.6 480 − 460 30 − 600

(80 − 75)
400 a)0.9 − 0.3 0.5 − 0.08 20 − 3 20
15 b)20.6 − 52.5 233.6 − 1429 460 − 520 600 − 4300(P)

(75 − 55)
a)0.9 − 0.6 0.4 − 0.16 30 − 14 20

196Pb(3He, t) b)13.3 − 20.9 75 − 184 460 − 450 40 − 690
(80 − 75)

400 a)0.6 − 0.2 0.16 − 0.03 14 − 2 20
0 b)20.9 − 52.5 184 − 1094 450 − 510 690 − 3970(P)

(75 − 55)
22C(p, d) a)25 − 4 5.9 − 2.3 460 − 120 30 − 10

15 b)74 − 156 30.9 − 78 1050 − 730 40 − 330
0 (40 − 10)
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Figure 3.7: Same as Fig. 3.4 for some representative reactions. The two dotted

curves correspond to the choice of the center-of-mass energy of the recoil particle as

ECM = ECM0 ± 300 keV, in which ECM0 is the center-of-mass energy of the recoil particle

according to the corresponding kinematical curves in Fig. 3.4. Here, the kinematical curve

of only 136Xe(p, p) is shown (solid line); for the other four reactions, only the σ = 300 keV

boundaries for the probability distribution of the kinematical curves around ECM0 are

shown.

needs to be performed after the implementation of the Si-detector elements of re-
gion E (shown schematically in Fig. 3.2) in the simulations. These three cases are
12Be(3He, t) with 91◦ ≤ θLAB ≤ 120◦ and 132Sn(d, p) with 120◦ ≤ θLAB ≤ 170◦ and
90◦ ≤ θLAB ≤ 120◦. Considering the range of energies of the corresponding recoil
particles (≤ 15.3 MeV, see Table 3.1), most probably we will have them stopped
in the silicon layers (a thickness of 1.6 mm for the Si-detector elements can stop
protons of 15.3 MeV). In this case the overall resolution will be the same as the
resolution of the silicon elements. As can be seen from the tables, for most reactions
of interest, the energy resolution requirements are well met with the proposed setup.




