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6. Future experiments for EXL

In this chapter we will discuss investigations based on simulations performed for an
EXL physics program with 56Ni as beam. In the proposed experiment, 3He and 4He
are considered to be used as target inside the ESR storage ring. In conjunction with
appendix C, it provides a basic understanding of the kinematics and expected cross
sections of interest.

6.1 Proposal for upcoming experiments with

ESR

The EXL physics program aims to study nuclei outside the valley of stability for
their matter distribution, new collective modes and the behavior of well-known
collective modes for these nuclei, etcetera. It will address these questions with elastic
and inelastic proton and alpha scattering as well as charge-exchange and transfer
reactions, all performed at relatively low-momentum transfers. To start the EXL
program, the collaboration aims to study the Ni isotopes. Measurements have been
performed or are being performed on the stable isotope 58Ni and on neutron-rich
isotopes. One of the interesting nuclei in this isotopic chain is the self-conjugate 56Ni.
The 56Ni nucleus is very important for two reasons. First, it is an unstable doubly
magic nucleus. Second, it plays an important role in the stellar nucleosynthesis [63].
With its first excited state at 2.7 MeV, a clear separation of elastic and inelastic
scattering channels is expected. The high production rate and the long half-life
(around 6 days) of this nucleus makes it an ideal candidate for reaction studies
with a stored and cooled exotic beam at ESR. In the past, a lot of work has been
performed on the 58Ni nucleus. What is interesting now is to investigate the elastic
scattering and to study the giant monopole and dipole resonances and the Gamow-
Teller Resonance (GTR) in 56Ni nucleus. Fig. 6.1 shows the predicted kinematical
curves for various reaction channels of 56Ni in inverse kinematics. It shows the effect
of the variation of the beam energy as well as the excitation energy on the relation
between Erecoil versus θLAB.

6.1.1 Isoscalar giant monopole and dipole resonances

Having the 56Ni nucleus as the beam, the elastic scattering is best performed with
a hydrogen target. In order to investigate the ISGMR and ISGDR, it is most
suitable to use a 4He target. Fig. 6.2 shows the expected kinematics of the two
channels with their centroids at 19.5 and 30.0 MeV, respectively. The corresponding
widths were considered to be 5.2 ± 0.5 [64] and 10.8 ± 1.9 MeV [65], respectively.

127



128 Chapter 6: Future experiments for EXL

 [deg]LABθ

 [M
eV

]
re

co
il

E

0 20 40 60 80 100 120

-110

1

10

210

310

°=1CMθ
°=5CMθ

°=10CMθ
°=20CMθ

Ni(p,p)          E = 50    MeV/u56

Ni(p,p)          E = 200  MeV/u56

Ni(p,p)          E = 400  MeV/u56

  - - - - - -         E* = 10 MeV

0 20 40 60 80 100 120

-110

1

10

210

310 )         E = 50    MeV/uα,αNi(56

)         E = 200  MeV/uα,αNi(56

)         E = 400  MeV/uα,αNi(56

  - - - - - -         E* = 10 MeV

0 20 40 60 80 100 120

-110

1

10

210

310 He,t)     E = 50    MeV/u3Ni(56

He,t)     E = 200  MeV/u3Ni(56

He,t)     E = 400  MeV/u3Ni(56

  - - - - - -         E* = 10 MeV

Figure 6.1: Kinematics curves for the reactions 56Ni(p, p), 56Ni(α, α), and 56Ni(3He, t)

with beam energies of 50, 200, and 400 MeV/nucleon. The dotted curves show the kine-

matics, corresponding to the same-color solid curves with no excitation, but considering

an excitation energy of E∗ = 10 MeV for the projectile(-like) nucleus. The turning points

of the curves separate, by definition, the regions of low- and high-energy branches.

Fig. 6.3 (bottom panel) shows theoretical estimates of the ISGMR and ISGDR
differential cross sections as a function of the center-of-mass angle [66]. In the top
panel, the corresponding cross sections in the laboratory frame are presented. These
were obtained from the bottom panel, exploiting Eq. A.26. The simulated data are
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Figure 6.2: Kinetic energy of the recoil α-particle versus its scattering angle in the lab-

oratory frame for the giant resonances ISGMR and ISGDR and for a beam energy of

200 MeV/nucleon in an inverse kinematics reaction with 56Ni nucleus. The resonance cen-

troids are considered to be at 19.5 and 30.0 MeV, respectively. The corresponding widths

were considered to be 5.2 ± 0.5 [64] and 10.8 ± 1.9 MeV [65], respectively.

obtained from these cross sections at a luminosity of 1025 cm−2s−1 in a period of 15
days of running. The error bars were estimated considering a recoil detector setup
covering the range of scattering angles in the upper panel, using DSSD detector
elements like in Fig. 6.7.

6.1.2 Gamow-Teller resonance

Using the simulations, one can calculate the acceptance of different detector elements
for various reaction channels. In practice, one can exploit this idea in order to design
a detector setup optimized for a specific reaction channel. In the optimization pro-
cess, one would find the best position for the various detector elements to maximize
the acceptance of individual detectors. As an example, we consider the proposed
experiment with 56Ni nuclei as beam and 3He nuclei as target, in order to find an
optimized geometry for the recoil and heavy-ion detectors and derive the respective
single and coincidence reaction rates. In the procedure of predicting the reaction
rates we would rely on theoretical calculations for the cross section of the channels
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Figure 6.3: Theoretical predictions for cross sections, as a function of the LAB angle (top

panel) and CM angle (bottom panel), for excitation of ISGDR (E∗ = 30 MeV, dotted line)

and ISGMR (E∗ = 19.5 MeV, solid line) in inelastic scattering of 56Ni nucleus on alpha

particles at 200 MeV/nucleon. The simulated data are obtained from these cross sections

at a luminosity of 1025 cm−2s−1 in a period of 15 days of running. The error bars were

estimated considering a recoil detector setup spanning over the range of scattering angles

in the upper panel, using detector elements like DSSD elements in Fig. 6.7.

of interest. Fig. 6.4 shows the theoretical prediction for the cross section of the
56Ni(p, n) reaction, with beam energies of 50 and 200 MeV/nucleon, as a function of
projectile-like excitation energy [67, 68]. It shows that the charge-exchange cross sec-
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Figure 6.4: Theoretical predictions for the differential cross section of the 56Ni(p, n) re-

action, with beam energies of 50 (dotted curve) and 200 MeV/nucleon (solid curve), as

a function of projectile-like excitation energy [67]. The calculation is performed for the

normal kinematics with a light-ion scattering angle of 0.1◦ in the laboratory frame.

tion has a maximum probability at excitation energies around 4 MeV. Fig. 6.5 shows
the relation between various kinematical variables of the light ejectile and heavy pro-
jectile for a projectile-like excitation energy of 4 MeV for (p, n) and (3He, t) reaction
channels. Since it is difficult to measure the (p, n) reaction with the EXL setup, we
will discuss further the reaction channel 56Ni(3He, t)56Cu for the beam energies 50,
200, and 400 MeV/nucleon. The 3He gas-jet target will use the same setup as the
hydrogen and deuterium jet targets, except for the addition of the 3He gas recovery
system.

Consider a detector setup in which we have a silicon detector with an area of
45 × 45 mm2 and a thickness of 300 µm for the heavy ions (the same dimensions
as the p-i-n diode detector in the feasibility experiment, subsection 5.3), installed
inside the ESR storage ring in possible locations after the dipole magnets. Based on
the simulations, the heavy-ion detector would have the highest acceptance for fully-
stripped 56Cu ions, when it is installed right after the last dipole magnet before
the quadrupole magnet (see Fig. 5.2 for the geometry of the ESR storage ring).
The position optimization for the heavy-ion detector was achieved by moving the
detector along (and on both sides of) the beam line as well as changing its distance
to the center of the beam pipe. Now consider the low-energy branch of the light-ion
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Figure 6.5: Top panel: center-of-mass scattering angle of the light ejectile versus its

scattering angle in the laboratory frame (LAB) for the reaction channels 56Ni(3He, t)

and 56Ni(p, n), for beam energies of 50, 200, and 400 MeV/nucleon and an excitation

energy of 4 MeV for 56Cu ions. The angles are measured with respect to the heavy-ion

beam direction. Second panel: the same as above but zoomed in for a small region of

center-of-mass angles. Here, the region close to 180◦ corresponds to small center-of-mass

scattering angles in normal kinematics. Third panel: kinetic energy of the light ejectile

versus its laboratory scattering angle. Bottom panel: laboratory scattering angle of the

excited 56Cu versus the laboratory scattering angle of light ejectile.
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kinematics in Fig. 6.5 (recoil energies less than about 17.5, 15.5, and 13 MeV in the
56Ni(3He, t) reaction channel for the beam energies of 50, 200, and 400 MeV/nucleon,
respectively). Based on this convention, the low- and high-energy branches meet at

the turning point of θ
(light ion)
LAB . Having the kinematics of the low-energy branch,

it makes not much difference where the detector is exactly placed in the available
space of 70 cm length right after the last dipole magnet. This is the case when
we put the detector on the left side with respect to the beam direction, since on
the right side the acceptance drops drastically. For the three beam energies, the
detector position was fixed at 60 cm after the last dipole magnet perpendicular to
the beam direction with its closest edge 5 mm away from the center of the beam
pipe. The acceptance of this detector (labeled as D1 in Fig. 6.7) for 50, 200, and
400 MeV/nucleon beam energies was obtained to be about 86%, 99%, and 100%
for singles, respectively, over the range of scattering angles shown in the middle
panel of Fig. 6.6. For the interaction region, a Gaussian-type extended profile of
FWHMz = 7.4 mm, FWHMx = 9.0 mm, and FWHMy = 5.0 mm was considered.
We took the size of the extended interaction profile to be the same as what we had
in the feasibility experiment, though it can, in principle, be different.

The next stage would be to find the optimized position for the recoil detec-
tor setup. For the recoil detector we will have double-sided silicon-strip detectors
(DSSD) of 300 µm thickness and 65× 65 mm2 area. Based on the simulations with
the kinematics of low-energy branch, there is no significant difference in the coinci-
dence acceptance of the DSSD detector, whether it is positioned on the right or left
side of the beam line inside the target chamber. Using the cross section correspond-
ing to the low-energy branch of the light-ejectile kinematics (Fig. 6.6, middle panel),
we optimized the position of a single DSSD detector in terms of having the maxi-
mum amount of coincidence events with the heavy-ion detector. The optimization
was dictated only by the best angular position for the recoil detector (DSSD (1) in
Fig. 6.7) on the left side of the beam line, while the distance of the detector to the
center of the interaction profile was set to be 15 cm. This distance is sufficient to
cover a range of about 24◦ for the polar scattering angle, when we have a point-like
target. The optimized (in terms of giving the maximum coincidence rate) installa-
tion angle for this DSSD detector element was found to be about 53◦ and 64◦, for
the beam energies of 50 and 200 MeV/nucleon, respectively. Here, we define the

installation angle to be the angle between
−→
OR and ẑ in Fig. 6.7.

Due to the probable limitations in changing the position of detectors inside the
interaction chamber for different beam energies, it is more suitable to work with
a common detector geometry for various beam energies. Thus, from now on we

will proceed with a common geometry in which
−→
OR makes an angle of 53◦ with ẑ.

Having this geometry, the coincidence acceptance of DSSD (1) with the heavy-ion
detector was found to be 2.9%, 3.6%, and 1.2% for the beam energies of 50, 200,
and 400 MeV/nucleon, respectively.

Apart from DSSD (1) we included six other DSSD elements in the geometry;
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Figure 6.6: Top: cross section of the reaction channel 56Ni(3He, t) in normal kinematics

for the 3He energies of 50 (triangles), 200 (squares), and 400 MeV/nucleon (stars) as

a function of triton scattering angle in LAB. The calculation is performed for a 56Cu

excitation energy of 4 MeV and the data points were derived through normalization to

the experimental data of Fig. A.2 (Gaussian fit). The normalization was performed at

0.1◦ for the beam energies of 50 and 200 MeV/nucleon, and 0.31◦ for the beam energy of

400 MeV/nucleon [69]. Middle: equivalent cross sections in inverse kinematics obtained

from the top panel using Eq. A.30. Bottom: equivalent cross sections in inverse kinematics

obtained from the middle panel using Eq. A.26.

DSSD (4) has the mirror position of DSSD (1) with respect to the beam direc-
tion, DSSD (2) and (3), to be used in combination with DSSD (1), are considered
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Figure 6.7: Schematic view of the ESR recoil Si-detector setup (seven DSSD elements)

for the proposed experiment with a beam of 56Ni and a gas-jet target of 3He. The box

represents the target chamber which is connected to the beam pipe. The recoil detectors

DSSD (1) and (4) are placed symmetric with respect to the beam direction. Their mid-

points are 15 cm away from the center of the interaction profile (O). The detector surfaces

are perpendicular to the lines connecting O and their midpoints (OR and OR′). DSSD (2)

and (3) are placed next to each other with the same orientation as DSSD (1) in space,

but with a distance of 15 cm between their surfaces and the surface of DSSD (1). In the

simulations, OR and OR′ make an angle of 37◦ with respect to x̂ and −x̂, respectively.

The detectors DSSD (5), (6), and (7) have the same positions with respect to each other

as DSSD (1), (2), and (3) do; OR′′ makes an angle of 19◦ with respect to ẑ. The smallest

edge-distance of the heavy-ion detectors D1 and D2 to the center of the beam pipe are 5

and 60 mm, respectively. D1 is approximately 17 m away from O. The center of all the

detector elements have the position (azimuthal angle) of 0◦ or, in case of DSSD (4), 180◦

in the spherical coordinate system.
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for tracking the light ejectiles, and DSSD (5), (6), and (7) play the same role as
DSSD (1), (2), and (3) do, while covering the region of small scattering angles. In
order to prevent the deflected heavy ions to hit the DSSD (5) and (7), we ended
up with a setup in which OR′′ makes an angle of about 19◦ with the beam direc-
tion. Even with these “safe” distances, one might have to move the detectors out of
position when injecting the beam into the ring.
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Figure 6.8: Top: Energy of the emitted photon in the decay 56Cu∗ → γ + 56Cu accord-

ing to the phase space versus its scattering angle in LAB, considering 4 MeV excitation

energy for the daughter nucleus in the reaction channel 56Ni(3He, t) with a beam energy

of 50 MeV/nucleon. Bottom: scattering angle of the de-excited 56Cu nuclei versus the

scattering angle of the emitted γ rays. The calculation is done for the kinematics of the

low-energy branch (see Fig. 6.5). Different shades in the lower panel refer to different

intensities.

In order to obtain the shape of the cross section of a specific reaction channel as
a function of scattering angle from the experiment (or simulations), we need to find
the respective acceptance as a function of scattering angle. Practically, we need to
choose a finite bin size for the scattering angle (∆θ). However, ∆θ should be small
enough to show the interesting features of the cross section pattern. Consecutively,
we would be able to calculate the corresponding detector count rates for each bin of
∆θ. In practice, it is the obtained count rates for the consecutive ∆θ bins (regions)
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that would reveal the “measured” shape of the underlying cross section. Dividing
the angular range of interest into ∆θ regions of 4◦ width, we can derive the singles
acceptance of a DSSD detector, the singles acceptance of the heavy-ion detector,
and the coincidence acceptance of the two detectors for every ∆θ region. Tables 6.1

Table 6.1: Acceptance of DSSD (5), the heavy-ion detector D1 in Fig. 6.7, and the co-

incidence acceptance of the two detectors (a5, b1, and acoinc.(5), respectively). The results

are from simulations for a detector setup to be installed at the ESR storage ring and for

the beam energy of 50 (200) [400] MeV/nucleon. The calculation is for the low-energy

branch of the reaction channel 56Ni(3He, t) with an excitation energy of 4 MeV for the

projectile-like particle (see Fig. 6.5), using the theoretical cross sections of Fig. 6.6, mid-

dle panel. The de-excited 56Cu nuclei were generated (and tracked down) according to

the phase-space kinematics of an excited nucleus emitting a photon at the center of the

interaction region. “θLAB-range” represents the triton scattering angle in the laboratory

frame.

θLAB-range a5 b1 acoinc.(5)

[deg] [%] [%] [%]
1 − 5 0.3 (0.3) [0.3] 100 (100) [100] 0.3 (0.3) [0.3]
5 − 9 10.7 (10.5) [11.3] 100 (100) [100] 10.7 (10.5) [11.3]
9 − 13 28.1 (28.1) [29.2] 100 (100) [100] 28.1 (28.1) [29.2]
13 − 17 29.3 (29.0) [28.7] 100 (100) [100] 29.3 (29.0) [28.7]
17 − 21 22.6 (22.4) [22.6] 100 (100) [100] 22.6 (22.4) [22.6]
21 − 25 18.2 (18.0) [18.9] 100 (100) [100] 18.2 (18.0) [18.9]
25 − 29 15.4 (15.2) [15.6] 100 (100) [100] 15.4 (15.2) [15.6]
29 − 33 9.2 (8.8) [8.6] 99.9 (100) [100] 9.2 (8.8) [8.6]
33 − 37 0.6 (0.5) [0.6] 99.1 (100) [100] 0.6 (0.5) [0.6]
37 − 41 0 (0) [0] 93.0 (100) [100] 0 (0) [0]
41 − 45 0 (0) [0] 76.5 (100) [100] 0 (0) [0]
45 − 49 0 (0) [0] 59.1 (100) [100] 0 (0) [0]
49 − 53 0 (0) [0] 47.5 (100) [100] 0 (0) [0]
53 − 57 0 (0) [0] 40.8 (100) [100] 0 (0) [0]
57 − 61 0 (0) [0] - (100) [100] 0 (0) [0]
61 − 65 0 (0) [0] - (100) [100] 0 (0) [0]
65 − 69 0 (0) [0] - (99.9) [100] 0 (0) [0]

and 6.2 summarize the results. In all the tables presented here, the acceptance
of the heavy-ion detector implies the acceptance for 56Cu ions in a phase space
that is determined by the de-excitation of the mother nucleus at the beam-target
interaction point by photon emission. Fig. 6.8 shows the relation between various
kinematical variables of the de-excited nuclei and the emitted photons for the low-
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energy-branch kinematics and 50 MeV/nucleon beam energy. The results presented

Table 6.2: Same as Table 6.1 for DSSD (1) and DSSD (4). For the case of the beam

energy of 400 MeV/nucleon, only the acceptances related to DSSD (1) are presented,

since the ones related to DSSD (4) have the same values.

θLAB-range a1 a4 acoinc.(1) acoinc.(4)

[deg] [%] [%] [%] [%]
1 − 5 0 (0) [0] 0 (0) 0 (0) [0] 0 (0)
5 − 9 0 (0) [0] 0 (0) 0 (0) [0] 0 (0)
9 − 13 0 (0) [0] 0 (0) 0 (0) [0] 0 (0)
13 − 17 0 (0) [0] 0 (0) 0 (0) [0] 0 (0)
17 − 21 0 (0) [0] 0 (0) 0 (0) [0] 0 (0)
21 − 25 0 (0) [0] 0 (0) 0 (0) [0] 0 (0)
25 − 29 0 (0) [0] 0 (0) 0 (0) [0] 0 (0)
29 − 33 0 (0) [0] 0 (0) 0 (0) [0] 0 (0)
33 − 37 0 (0) [0] 0 (0) 0 (0) [0] 0 (0)
37 − 41 1.2 (1.2) [1.1] 1.1 (1.2) 1.2 (1.2) [1.1] 1.1 (1.2)
41 − 45 8.2 (8.2) [8.5] 8.3 (8.3) 8.2 (8.2) [8.5] 8.3 (8.3)
45 − 49 9.3 (9.2) [9.3] 9.4 (9.4) 9.3 (9.2) [9.3] 9.4 (9.4)
49 − 53 8.7 (8.7) [8.7] 8.8 (8.8) 8.7 (8.7) [8.7] 8.8 (8.8)
53 − 57 8.4 (8.3) [8.2] 8.4 (8.4) 8.4 (8.3) [8.2] 8.4 (8.4)
57 − 61 - (7.9) [8.0] - (7.9) - (7.9) [8.0] - (7.9)
61 − 65 - (6.9) [6.8] - (6.9) - (6.9) [6.8] - (6.9)
65 − 69 - (1.2) [1.1] - (1.2) - (1.2) [1.1] - (1.2)

in Tables 6.1 and 6.2 can, in turn, be used to derive the corresponding reaction rates
by making use of C.5. Figs. 6.9 and 6.10 (top panel) show the singles reaction rates
of DSSD (1), (4), and (5), taking a luminosity of 1025 cm−2s−1 and beam energies
of 50, 200, and 400 MeV/nucleon.

In order to have a thorough investigation of the reaction rates of a specific reac-
tion channel registered by a detector element, one needs to have an estimation of the
rates of other reaction channels in the real experiment. In our case, we need to work
out the reaction rates of the high-energy branch as well as the elastic scattering (as
a potentially dominant channel and background) rates. It was shown by simulations
that the acceptance of the designed recoil detector setup is approximately zero for
the elastic events. It is worth mentioning that for the kinematics of the high-energy
branch, the acceptance of the heavy-ion detector is significantly reduced. This re-
quires having a second heavy-ion detector installed at a more appropriate location,
in order to detect heavy ions originating from the high-energy branch. The opti-
mized location for this detector (labeled as D2 in Fig. 6.7) was obtained to be at
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Figure 6.9: Top: simulation results showing the reaction rates as a function of triton scat-

tering angle in the reaction 56Ni(3He, t) for 50 MeV/nucleon beam energy, corresponding

to the kinematics of the low-energy branch, as observed by DSSD (1) (triangles), DSSD (4)

(circles), and DSSD (5) (stars). A luminosity of 1025 cm−2s−1 is used in the calculations.

Bottom: same as top panel but for the high-energy branch. For the high-energy branch,

we considered a uniform distribution for the cross section equal to 0.9 mb/sr (see the text).

The effect of the acceptance can be seen in the dropping behavior of data points at posi-

tions close to the edges of individual detectors. Here, the solid stars are the coincidence

rates registered by DSSD (5) and the heavy-ion detector D2.

the same 60 cm after the last dipole magnet, but with an edge distance of 60 mm
to the center of the beam pipe (as compared to 5 mm in the case of the heavy-ion
detector D1). Although the position of this detector is now optimized to detect
the heavy ions, there will be few or no tritons detected in coincidence by various
DSSD elements. The corresponding reaction rates are shown in the bottom panel of
Fig. 6.9 for the beam energy of 50 MeV/nucleon. For the other two beam energies,
no coincidence was detected. In order to calculate the reaction rates corresponding
to the high-energy branch, we considered a uniform distribution for the cross sec-
tion equal to 0.9 mb/sr for the beam energy of 50 MeV/nucleon, respectively (see
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Figure 6.10: Same as top panel of Fig. 6.9 for the beam energies of 200 (top panel) and

400 MeV/nucleon (bottom panel).

Fig. 6.6, middle panel). This way, we would have an overestimation of the reaction
rates corresponding to the high-energy branch; the actual cross sections are much
smaller than these values. This overestimation allows us to investigate the ratio of
the reaction rates corresponding to the low- and high-energy branches. In principle,
one should expect a better discrimination of the low-energy-branch events over the
high-energy-branch ones in the real experiment. This is possible, for instance, by
requiring coincidence between D1 and DSSD elements, since we do not expect to de-
tect 56Cu nuclei corresponding to the high-energy branch by the heavy-ion detector
D1.

Based on the derived reaction rates from simulations we can have an estimation
of the relative errors in determining the cross section. Fig. 6.11 shows the results
for the three beam energies and a luminosity of 1025 cm−2s−1, with fifteen days run-
time. For the estimation of the error bars, we have made use of the reaction rates
of DSSD (1) and (5). The relative error of measurement is obtained to be less than
7%, 24%, and 49% for the beam energies of 50 (over [11◦, 53◦]), 200 (over [11◦, 65◦]),
and 400 MeV/nucleon (over [11◦, 65◦]), respectively. The numbers were obtained



6.1. Proposal for upcoming experiments with ESR 141

 [deg]
(triton)
LABθ

0 10 20 30 40 50 60 70

 [m
b/

sr
]

Ω
/dσd

-210

-110

1

°
0.25

°
0.25

°
0.75

°
0.75

°
1.25

°
1.25

°
1.75

°
2.25

°
0.25

°
1.25

°
2.25

°
3.25

°
4.25

°
5.25

 [deg]CMθ
0 1 2 3 4 5

 [m
b/

sr
]

Ω
/dσd 10

210

50 MeV/u

200 MeV/u

400 MeV/u

Figure 6.11: The cross sections and extracted statistical error bars for the low-energy

branch of the reaction channel 56Ni(3He, t), based on the reaction rates of Figs. 6.9 (top

panel) and 6.10 for the beam energies of 50 (solid thin curves), 200 (solid thick curves),

and 400 MeV/nucleon (dashed curves). The error bars are estimated to be attainable

after 15 days of running the experiment, with the assumption of having a luminosity of

1025 cm−2s−1. The error-bar estimation was done exploiting the singles reaction rates of

DSSD (1) and (5). The numbers in the top panel show the center-of-mass scattering angles

at the positions of the arrows. For the sake of clarity, the three error bars corresponding

to the beam energy of 400 MeV/nucleon in the bottom panel are shifted a bit to the left.
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over the mentioned angular ranges except for the interval [31◦, 41◦] where the error
bars are larger. Performing the experiment at 400 MeV/nucleon seems to be rather
difficult unless the luminosities are increased by an order of magnitude.

Obeying the kinematics of the low-energy branch shown in Fig. 6.5, tritons can
hardly punch through DSSD (1), making it impossible to track them by DSSD (2)
or DSSD (3). Whereas, having the kinematics of the high-energy branch, tritons can
be tracked exploiting the latter two recoil detectors (see Fig. 6.7). Fig. 6.12 shows
the reconstructed triton scattering angle for the events that are detected by two
consecutive DSSD elements (like DSSD (1) and DSSD (2)), as obtained from the
simulations. The linear diagonal pattern that shows the relation between the thrown
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Figure 6.12: The real scattering angle of tritons, as generated in the simulations, ver-

sus the reconstructed one by the combination of DSSD (1) and DSSD (2), DSSD (1)

and DSSD (3), DSSD (5) and DSSD (6), or DSSD (5) and DSSD (7). The results are

for the high-energy branch of the reaction channel 56Ni(3He, t) with a beam energy of

50 MeV/nucleon.

scattering angle and the reconstructed one indicates how good the reconstruction
can be performed. In the simulations, a pixel size of 1× 1 mm2 was assumed for the
DSSD detectors. The position of the hit pixel is reconstructed from the real position
of the hit. The real x- and y-positions of the hit are extracted from the entrance and
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exit windows of each DSSD detector. If the particle stops in the detector element,
the x- and y-positions of the hit would be retrieved from the entrance window of
the DSSD detector element. The extracted x- or y-position then gets replaced with
the x- or y-position of the closest pixel center, which would be registered as the
reconstructed hit point. The line that connects two reconstructed hit points on
two consecutive DSSD detectors (like DSSD (1) and DSSD (2)) would eventually
represent the reconstructed scattering direction. From this figure, one can conclude
that tracking is quite feasible once particles have enough energy to reach the second
layer.
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