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Abstract: Experimental and theoretical investigation of the fragmentation reaction in the Fermi-energy domain is
currently of particular importance for not only nuclear physics but also some interdisciplinary fields. In the present
study, neutron-rich '*C and '°C ion beams at 27.5 MeV/nucleon were used to bombard carbon and polyethylene
(CD,),, targets. Energy and angular distributions of the produced fragments were measured. Background events ori-
ginating from the carbon content in (CD,),, target were efficiently excluded using an extended E-P plot method. Ex-
perimental results are systematically analyzed using the HIPSE-SIMON dynamic model. The comparison reveals
that, for the carbon target, the HIPSE-SIMON calculation overestimates the yields of the beam-velocity component
for fragments near the projectile and also the energy phase space for fragments far away from the projectile, suggest-
ing that fine tuning of the overall interaction profile adopted in the model is required. In contrast, for reactions with
the deuteron target, the model calculation can reasonably reproduce the experimental data. The implication of the
fragmentation mechanism on the validity of the invariant mass method, as frequently used to reconstruct the cluster-

ing resonant structures in light nuclei, is also discussed.
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I. INTRODUCTION

Understanding the reaction mechanism has always
been a crucial task when looking at the behavior of inter-
acting nuclear systems [1—3]. At low energies (around the
Coulomb barrier), the reaction mechanisms are relatively
simple, classified mainly into the direct reaction (such as
inelastic scattering and transfer reaction) and fusion reac-
tion, for peripheral and central collisions, respectively [4,
5]. At very high energies (beyond ~100 MeV/nucleon),
the collision is dominated by the nucleon-nucleon interac-
tions and can essentially be described by fully microscop-
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ic models [6]. Between of these two extremes is the
Fermi-energy region (approximately 20 to 100 MeV/nuc-
leon), where the movements of nucleons inside the pro-
jectile and those of nucleons in the target nucleus can be
interwound to create much more complex processes [7,
8]. The typical reaction mechanisms in the Fermi-energy
range and for heavier nuclei include deep inelastic scat-
tering, incomplete fusion, and multi-fragmentation [4, §].

In recent years, more attention has been paid to the
nuclear fragmentation reaction, owing mostly to the in-
creasing needs for radioactive ion-beam production in
many laboratories world wide [9] and for cancer therapy
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using high-energy heavy-ion (HI) beams [10]. When us-
ing high energy carbon-ion beams to treat tumors, it is
known that approximately 50% of the primary ions un-
dergo nuclear fragmentation and thus may create some
unexpected secondary biological effects ([10, 11] and ref-
erences therein). Similar studies have also been required
for space science, where the galactic cosmic ray radi-
ation is in question [12]. Therefore, well validated reac-
tion models for a wide energy range are essential to reli-
ably simulate practical complex processes. In addition,
the breakup (fragmentation) of projectiles in the Fermi-
energy range has frequently been used to investigate
exotic clustering structures, such as chain-like or BEC-
like structures, via the invariant mass (IM) reconstruction
method [13—23]. It is also important to clarify the reac-
tion-decay mechanism to avoid misinterpretation of the
resonant peaks.

In terms of theoretical description of the fragmenta-
tion reaction, the most simple approach is to use empiric-
al (parameterized) formulas. Typical examples include
the EPAX series [24], which are adopted in LISE++ code
[25], and FRACS series with extension to cover very
neutron-rich fragments [11, 26, 27]. However, to under-
stand the underlying physics associated with the ob-
served phenomena and to clearly establish the prediction
power, it is indispensable to build a dynamic model cap-
able of describing the spatial and timing dependence of
the reaction processes. The first idea regarding the frag-
mentation mechanism came from Serber's supposition
[7]. He compared the velocity of the relatively high-en-
ergy projectile with that of the nucleons inside the target
nucleus and the possibly transferred nucleons and suspec-
ted a two-step scenario. The primary step (abrasion step)
features the fast direct interaction creating an interaction
zone and forming the possibly excited clustering species.
The secondary step (ablation step) is characterized by the
much slower particle evaporation from the remnants of
the primary step. This abrasion-ablation (AA) approach
certainly depends on the corresponding impact parameter
and hence is a real dynamic treatment. The AA approach
was later implemented into calculation codes, such as
NUCFRG3 [12] and HIPSE-SIMON [8]. The latter is a
well validated semi-microscopic dynamic model [28—30],
which will be introduced in more detail in the following
section and used in the present work to interpret the ex-
perimental results. Indeed, there exist some fully micro-
scopic models, of which the most representative is the an-
tisymmetrized molecular dynamics (AMD) approach
([31] and references therein). This model grounds the
time dependent nucleus-nucleus collision on the nucleon
degree of freedom and can therefore be used to assess the
direct interaction processes handled in other models.
However, the formation of heavier clusters (fragments),
particularly the fusion remnants, in the AMD model is
still in a trial stage [30, 32].

In this article, we report on the experimental results of
the fragmentation induced by '°C and '“C beams at 27.5
MeV/nucleon on carbon and deuterium targets. These
results contribute to the rather sparse fragmentation-reac-
tion data in the Fermi-energy domain and for relatively
light systems, including the typical neutron-rich pro-
jectiles [30, 33]. Energy and angular distributions of the
detected fragments are compared to the dynamic model
calculations using the HIPSE-SIMON code. The under-
standing of the reaction mechanisms and the implication
for the reconstruction of the clustering resonant states are
discussed. Possible improvements of the dynamic model
are also suggested.

II. DESCRIPTION OF THE EXPERIMENT AND
THEORETICAL MODEL

A. Experimental setup and performance

The experiment was performed at the Radioactive lon
Beam Line at the Heavy Ion Research Facility in Lan-
zhou (HIRFL-RIBLL1) [34]. The radioactive ion beam
(RIB) composed primarily of '*C or '*C isotope was pro-
duced from a 60 MeV/nucleon '80% primary beam
impinging on a 3500-um-thick °Be primary target and
separated by the RIBLLI beam line using the standard
technique [15, 16, 18, 19]. The RIB at an energy of ap-
proximately 27.5 MeV/nucleon and with an average in-
tensity of approximately 3x10* particles per second (pps)
was tracked by three parallel plate avalanche chambers
(PPACs) before impinging on a 31.53-mg/cm’ "™C or
9.53-mg/cm?* (CD,), target. The fragments produced from
the reaction were detected by a state-of-the-art charged
particle telescope (TO0) composed of three layers of
double sided silicon-strip detectors (DSSDs, labeled D1,
D2, and D3) plus three layers of large size silicon detect-
ors (SSDs, labeled S1, S2, and S3) backed by an array of
2 x 2 CsI(T1) scintillator array (Fig. 1). The angular cov-
erage of TO is approximately 0 to 20 degrees. Another ar-
ray of Annular Double-sided Silicon Strip Detectors
(ADSSDs) was installed around TO, covering the scatter-
ing angle of approximately 26.4 to 56.3 degrees and to be
used to detect the recoil light charged particles [35]. The
details of the detector configurations and performances
can be found in Refs. [19, 36, 37]. In this experiment, a
combination of the traditional VME system and the XIA
digital system was adopted for the data acquisition, which
allows up to 600 signal channels to be accepted [38].

Note that a problem occurred during the measure-
ment related to the '*C beam. The application of the 0-de-
gree telescope gives the special advantage of detecting
the reaction products at very small angles with respect to
the beam direction, which is of particular importance for
reactions in inverse kinematics and for the study of clus-
tering resonant states close to the corresponding cluster-
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Fig. 1.  (color online) Schematic view of the experimental
setup. The beam is tracked by PPACs onto the target. Reac-
tion fragments are detected by the TO telescope, consisting of
DSSDs and SSDs, and the surrounding TAF array. See text
for details.

separation thresholds [16, 18, 21]. However, detection in
this manner may lead to strong damage to the silicon de-
tector layer, which stops the incident beam with high in-
tensity. During the present experiment, this type of dam-
age evidently occurred to the TO-D2 detector when the
4C beam was impinged. Fortunately, the damage was
concentrated at the central area within a radius of approx-
imately 20 mm of the D2 detector, whereas the outer area
(more than half of the detector's active size) could still be
used at least for the heavier fragments (beyond
beryllium). The effect of this cutoff on the D2 layer, and
consequently on the TO telescope, will be discussed in the
following sections.

Using the self-uniform calibration method [39], en-
ergy match for different strips in one DSSD was
achieved. Then, the energy-loss matching between the
hits on both sides of one DSSD and the tracking match-
ing between hits from different layers of DSSDs were
employed to assign hits to certain particles traveling the
multilayer DSSDs in the TO telescope. Finally, it was re-
quired that the assigned particle must belong to one of the
particle identification (PID) bands defined by the energy
loss (AE) in one silicon layer versus the remaining en-
ergy (E) measured by the subsequent detector layer [16,
18, 19]. Fig. 2 shows one example of the PID spectra,
which exhibits clear discrimination of the detected iso-
topes. The absolute energy calibration of the detectors
was realized using the radioactive a-particle sources and
also by comparing the experimental PID curve with those
calculated using energy-loss tables [40]. This method was
validated using the two- and three-a coincident events to
reconstruct the known ¥Be and '>C resonant states [18,
41].
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Fig. 2.
(PID) spectra defined by the energy loss (AE) and remaining

(color online) Example of particle identification

energy (E), as measured by TO-D1 and T0-D2 detectors, re-
spectively, for the '°C + C reaction at 27.5 MeV/nucleon.
Each band corresponds to a specific isotope, demonstrating
clear particle identification. For each element, mass numbers
of the isotopes are labeled, with the higher number corres-
ponding to the upper band.

B. Dynamic reaction model HIPSE-SIMON

The heavy ion phase space exploration (HIPSE) mod-
el [8] was implemented to bridge the gap between the
empirical parameterized models, such as EPAX [24] and
FRACS [26], and fully microscopic models, such as
QMD [9] and AMD [31]. The overall movement of the
colliding partners and fragments must be handled macro-
scopically, but the reaction participants and cluster form-
ation require a microscopic view. It also provides a real-
istic allocation of the excited energies for the established
fragments, which then go through the secondary decay
step according to the statistical method.

The HIPSE model was essentially configured into
three phases [8].

(a) Approaching phase of the collision. This phase
follows the classical two-body dynamics of the center of
masses. The interaction potential is essentially the Cou-
lomb barrier at large distance, while the nuclear potential
becomes effective at small relative distance, which can be
tuned by a phenomenological parameter («,). At the min-
imal distance of approach, nucleons in colliding nuclei
are sampled based on a zero-temperature Thomas-Fermi
distribution, corresponding to the frozen density limit.
Then, the participant region is defined by a geometric
evaluation of the overlapped nucleons. Nucleons outside
the overlap region give the quasi-projectile (QP) and
quasi-target (QT) spectators. Here, two local physical
processes, namely, direct nucleon-nucleon collisions and
nucleon exchange, are treated by hand. At higher ener-
gies, direct nucleon-nucleon (NN) collisions become in-
creasingly important, which are handled by assuming a
fraction, defined by the parameter x, of the nucleons in
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the overlap region undergo in-medium NN collisions.
Another local process is to take a fraction, defined by the
parameter x., of the nucleons that are within the overlap
region and originally linked with one spectator and trans-
fer them into another spectator. These two local pro-
cesses relax the pure participant-spectator picture and
form more sophisticated partitions (see below).

(b) Partition formation phase. This corresponds to the
rearrangement of the nucleons into fragments, including
clusters and light particles, according to the impact para-
meter of the reaction. The fragments are built following a
coalescence algorithm based on the evaluation of the rel-
ative kinetic and potential energies among all nucleons.
The highly fragmented species from this stage will keep a
strong memory of the entrance channel. At this point,
time ¢ = 0 fm/c is set for the forthcoming dynamics.

c) Final state interaction and reaggregation phase. To
account for the final state interactions (FSIs) between the
initial fragments, which is particularly significant in the
dense matter environment, the clusters are propagated ac-
cording to a classical Hamiltonian by using the same nuc-
leus-nucleus potential as in the approaching phase. The
reaggregation is incorporated in this phase to allow for
combination of some of the initial fragments according to
the final state interaction, including fusion processes. At
the end of this stage, the clusters can no longer exchange
particles and a chemical freeze-out is reached. The total
excitation energy is then determined from the energy con-
servation and assigned to each cluster.

Together, the above three phases constitute the
primary step of the reaction, which normally last for ap-
proximately 50 fm/c. This time period is set to allow the
reaction-produced fragments to flight away from the nuc-
lear interaction zone and reach a chemical freeze-out be-
fore getting into the much slower decay process. The
phase space generated by HIPSE can then be feed into
another code that handles the secondary in-flight decay
according to the well established statistical method. We
adopt the SIMON [42] code, which is usually combined
with HIPSE. The HIPSE+SIMON model has long been
used to describe fragmentation reactions in the Fermi en-
ergy domain and often been compared with AMD calcu-
lations [28—30]. It has advantages of fast running and can
provide reasonable insight into the timing and spacial de-
pendence of the dynamic processes. It was demonstrated
to be able to give comparable results to those from AMD
calculations for most QP or QT products and even better
for largely altered products, such as the fusion remnants
[30].

III. EXPERIMENTAL RESULTS AND ANALYSIS

Here, we present the energy spectra for fragments
produced in the present experiment, which are compared
with the corresponding HIPSE-SIMON model calcula-

tions. The main purpose is to evaluate the applicability of
the model to neutron-rich projectiles interacting with light
targets.

A. Fragment-energy spectra for '414C + C reactions

Although a natural carbon target (~99% '2C and
~ 1% '3C) was employed, the effect of the *C constitu-
ent can be ignored due to its tiny proportion and non-pe-
culiar target property compared to >C [10]. Even for the
BC fragment, the detection at forward angles selects es-
sentially the projectile-like component, while the recoil
target component would predominantly deviate to very
large angles or even be stopped in the target material.
Therefore, in the present study, we simply consider ™C
as a pure '2C target. Fig. 3 shows the energy spectra for
fragments produced in the '°C + C reaction at an incident
beam energy of 27.5 MeV/nucleon. As depicted in the
PID spectrum (Fig. 2), the well-identified fragments in-
clude the C, B, Be, and He isotopes. To reduce the back-
ground in the PID spectrum induced by the extremely in-
tense beam particles (namely, '°C), a requirement was ap-
plied to reject particles with scattering angle smaller than
3.6 degrees, as selected from the scattering angle spec-
trum. Even with this requirement, it is still difficult to ob-
tain a clear '°C energy spectrum due to some contamina-
tion at its higher energy tail. Thus, in Fig. 3, we plot the
experimental data starting from the '*C fragment. Similar
to carbon isotopes, boron fragments were also stopped by
the first two layers (D1 and D2) of the TO telescope, and
the energy spectra can be directly extracted, as depicted
in Fig. 3 (>'2!1198 in 2nd row). For beryllium fragments,
the penetration to the third layer (D3) of the TO telescope
happens for some higher energy species, as can be seen
from the back-bending behavior of the Be-PID bands.
Due to the existence of a thin dead film at each surface of
the silicon detector, the energy spectrum may show some
discontinuities (kinks) at the corresponding energies, as
exhibited in '>!1%°Be energy spectra (3rd row in Fig. 3)
around 28 MeV/nucleon. For lithium fragments, the pen-
etration into the fourth layer becomes possible, and the
same kind of discontinuities appear in the spectra (4th
row in Fig. 3). The helium isotopes may further penetrate
into all six layers of silicon detectors and even into the
CsI(Tl) crystals of the telescope. In this case, only the
“He energy spectrum was practically extracted, as dis-
played in the upper-right panel of Fig. 3. We note that the
data points at the lower energy side of some spectra, such
as those for ®B and °3Li, may have larger uncertainty
due to the stronger background for signals produced near
the front surface of the D2 detector, as shown in Fig. 2.
From all panels in Fig. 3, we see a clear trend of expand-
ing the energy phase space from heavier fragments
(closer to the projectile) to lighter isotopes (further away
from the projectile), being reminiscent of the transition
from quasi-direct reaction processes to more dissipative
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(color online) Experimental energy spectra (black-solid points) in comparison to the corresponding HIPSE-SIMON model cal-

culations (red-solid lines) for fragments produced in the '°C + C reaction at 27.5 MeV/nucleon [30, 33]. Each spectrum is normalized to
its integral for a better shape comparison. The arrow in each panel indicates the incident beam energy per nucleon ("Epeam/nucleon").
The fragment (isotope) names are labeled in the respective panels. The error bars are mostly small compared with the data-point size in

the current logarithmic presentation and hence omitted in the figure.

(violent) reaction processes [30, 33]. In particular, for
light lithium and helium isotopes, the energy per nucleon
may largely excess the beam energy per nucleon.

Similar experimental results were also obtained for
the C + C reaction and the fragment-energy spectra are
given in Fig. 4. As noted in the previous section, the cent-
ral part of the TO telescope must be excluded from the
14C-beam related data analysis; hence, the extracted spec-
tra correspond to larger angle emission associated with
more violent reaction processes. Moreover, we did not
accept the spectra for lithium and helium isotopes here
because of the contamination of the PID spectrum, asso-
ciated with the intense a-particles hitting the damaged D2

detector. Again, the expansion of the energy phase space
from heavier fragments to lighter isotopes is exhibited in
the spectra (Fig. 4).

In Fig. 3 and 4, we also present the HIPSE+SIMON
model calculations for comparison. The conventional
model-parameter values suitable for the present energy
range [8], namely, ap=0.1, X, =0.45, and X,y = 0.01,
are adopted. Some changes to these values were tested,
but no visible effect was found regarding the investigated
spectrum shapes. Indeed, the model generated fragments,
together with their energy and momentum, must be pro-
cessed according to the realistically simulated detector
configurations and data-analysis conditions [18, 19] be-
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Fig. 4. (color online) Similar to Fig. 3 but for '“C + C reaction at 27.5 MeV/nucleon.

fore being used in comparison with experimental data.
From Fig. 3 and 4, we see that the model calculations re-
produce the general form of the experimental spectra rel-
atively well for both '°C and '*C projectiles. However,
two systematic discrepancies between the calculations
and data appear in the figures. One is the model overes-
timation of the beam-velocity ( Eye,m/nucleon) component
for fragments close to the projectile in mass, such as “C
and '>'’B isotopes from the '°C + C reaction (Fig. 3) and
13C and '*!’B isotopes from the *C + C reaction (Fig. 4).
Another is the model overestimation of the higher energy
tail for fragments far away from the projectile, such as
876Li from the '°C + C reaction (Fig. 3) and '>!"1°B and
109Be isotopes from the “C + C reaction (Fig. 4). We
note that in the case of the '*C beam, the displayed exper-
imental or calculated spectra are in favor of the more dis-
sipative processes due to the cut off of the central part of
the TO telescope, as remarked above. These two discrep-
ancies will be further addressed in the following discus-
sion section.

B. Fragment-energy spectra for '%'*C + d reaction

In recent years, there is an increasing tendency to use
simple-structured light targets, such as proton and deuter-
on, to probe the exotic structure of unstable nuclei being
provided as the incident beam particle [16—19, 43—48].
However, composite materials, namely (CD,), or (CH,),,
are often used instead of pure proton or deuteron targets.
Because the fragment counting rate resulting from the
deuteron component of the target is much lower than that
from the carbon component, it would be difficult to ex-
tract results for a deuteron target by a direct subtraction
method [10]. In the present work, we apply an extended
“E — P plot” method, which allows the selection of reac-
tion products primarily associated with the deuteron com-

ponent of the target through the kinematic conditions.

1. Extended E — P plot method to select the target com-

ponent

For a reaction-decay process in inverse kinematics,
namely A(a,b)B* — ¢ +d with “A” the projectile, “a” the
target nucleus, “b” the recoil target-like particle, and “B*”
the reaction produced nucleus in a resonant state. By sim-
ultaneously measuring the decay fragments “c” and “d”
and by applying the energy-momentum conservation, the
mass of the target nucleus can be determined from the
slope of a band in the “E—P plot” spectrum [2, 49].
Now, if we measure the recoil particle “b” (deuteron in
the present case) at large angles in coincidence with one
of the decay fragments (“c” for instance), the energy-mo-
mentum conservation leads to

Pd = PA — Pc — Pv>
Ty=Tx-T.-T,+Q. (1
Define
X:pﬁ/Zuo,
X
Y=Td—Q=X—Q ()
d

with uy the nucleon mass. The two dimensional plot of X
versus Y (“E - P plot”) may exhibit a band with a slope
1/A4 if “d” represents a well defined nucleus that must
uniquely relate to the mass of the actual target compon-
ent [2].

Taking our case as an example (Fig. 5), by measuring
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(color online) Example of applying the extended E — P plot method, using data for coincidentally measured '°Be fragment and
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recoil deuteron, produced in the reaction induced by "“C beam at 27.5 MeV/nucleon on (CD,), and carbon targets. The upper two pan-
els show two-dimensional spectra for ¥ versus X, while the lower two panels present their projections, respectively, along the direction

of the 1/A4 slope. X, Y, and A4 are defined in Eq. (2).

the emitted recoil deuteron and one of the beryllium frag-
ments ('°Be for instance) induced by the *C beam on
deuteron target, the extracted band-slope parameter
should correspond to the “He isotope (see the spectrum in
the upper left panel of Fig. 5). However, if the reaction
occurs on the carbon target, the same measurement would
result in much different slope parameter or even scattered
distribution in the E—P plot spectrum (see upper right
panel of Fig. 5). We note that even for the '*!®C + C reac-
tion, deuteron can still be emitted and detected from pro-
cesses such as projectile breakup or fusion-evaporation
and could therefore contaminate the intended process
with the deuteron target. By applying a gate on the relev-
ant peak in the projected one-dimensional spectrum (see
an example in the lower left panel of Fig. 5), the actual
extended E — P plot method can eliminate most of C-tar-
get contamination for the heavier fragments (Be, B, and
C) because of the possibly well formed particle “d.” The
validation of the extended E-P plot method was
checked by comparing to the results for pure C-target
(such as the spectrum in the lower right panel of Fig. 5).
In the following analysis, a contamination from C-target
of less than ~ 10% was required.

2.  Experimental results for deuteron target

As explained above, we now need to measure one of
the breakup fragments detected by the TO telescope in co-
incidence with the recoil deuteron detected by the large-
angle array of ADSSDs. According to the reaction kin-
ematics and experimental setup, only the higher energy

branch of deuterons can be detected. The angular cover-
age of the deuteron detectors (ADSSDs) also leads to a
reduced number of detected fragments at small angles
and, hence, the effect of the direct beam. In Fig. 6, we
present the fragment-energy spectra for the reaction '°C +
d. Here, PC fragments can be extracted, in addition to
Y-12C, owing to less beam contamination. However, all
spectra for Li and He isotopes and some spectra for B and
Be isotopes are not presented due to higher contamina-
tion from the carbon target. Similar results are presented
in Fig. 7 for the reaction "*C + d.

HIPSE + SIMON calculations are also compared to
the data. Here, we see much better agreement between the
data and calculations, as well as much less expanded en-
ergy phase space of the fragments, in comparison to the
cases for a carbon target. These could be attributed to the
weaker interaction (dissipation) induced by the deuteron
target (refer to further discussion below).

IV. DISCUSSION

In the previous section, we saw some systematic dis-
crepancies between the experimental data and model cal-
culations for the overall shape of the fragment-energy
spectra. Because HIPSE-SIMON is a dynamic model in-
corporating space (impact parameter) and time (multi-
step) dependent processes, it would be possible to infer
the dynamic reason for these discrepancies and to sug-
gest possible improvements of the model. The impact of
the reaction mechanism on the extraction of the structure
information could also be investigated within the model
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Fig. 6. (color online) Similar to Fig. 3 but for '°C + d reaction at 27.5 MeV/nucleon.
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Fig. 7. (color online) Similar to Fig. 3 but for 'C + d reaction at 27.5 MeV/nucleon.

capabilities.

A. Kinetic-energy spectrum shape

As indicated above, the model overestimates the
beam-velocity component for fragments close to the pro-
jectile. In Fig. 8, a few representative isotopes produced
from the '°C + C reaction are used to illustrate the origin
of this component. In the top two panels of Fig. 8, the cal-
culated spectra for *C and '?C fragments are divided in-
to contributions belonging to different impact parameter
(b) zones. From '“C to '2C (3C not shown), the contribu-
tion of the secondary decay process quickly increases rel-
ative to that of the primary reaction process. For the '“C
fragment, the primary process is still very significant;
hence, its dependence on impact parameters can be exhib-
ited. It is evident that both primary and secondary pro-

cesses contribute to the beam-velocity component, with
the former providing even higher energy per nucleon. In
the middle two panels for *°B and !'B fragments, the
spectra can be attributed mainly to the secondary decay
process summed over contributions from different im-
pact parameter zones. For 1*B, we see almost equal con-
tributions from the outer most zone (5.2 < b < 6.0 fm) and
inner zone (4.2 < b < 5.2 fm), whereas for !'B, the inner-
zone contribution dominates. This change of relative im-
portance of the inner zone can also be seen for the
primary process in the top two panels. This tendency is
reasonable because the more dissipative inner processes
should be in favor of removing more nucleons from the
projectile, either in the primary or secondary step. More
dissipation for lighter fragments (further away from the
projectile) should also be reflected in angular distribution,
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Fig. 8.  (color online) Fragment-energy spectra for selected

isotopes produced in '°C + C reaction. In each panel, the cal-
culated spectra are normalized to the integral of the “all” spec-
trum while, data points are presented relative the data integral
(error bars are statistical only) [30, 33]. Top panels for "“C and
12C isotopes: Experimental data in comparison to HIPSE-SI-
MON model calculations characterized by primary reaction
processes within different impact parameter (b, in units of fm)
zones having equal zone-area. Middle panels for B and ''B:
Comparisons characterized by secondary decay processes
within different impact parameter zones. Bottom panels for
"B and '""B: Calculated secondary decay processes character-
ized by mother nuclei that decay to the actual final fragment.
Panels in the same row share the same label inset.

as displayed in Fig. 9. It would also be interesting to see
the mother nuclei that decay (secondary step) to the actu-
al final isotope. In the bottom two panels, we see that the
3B fragment come basically from the same elemental (Z
= 5) but heavier isotopes, whereas ''B come mostly from
higher elemental (Z = 7) isotopes. Less contribution from
Z = 6 isotopes may be ascribed to the pairing effect,
which has been included in the model [8]. The same ana-
lyses have also been performed for the *C + C reaction,
and similar phenomena were also identified. In any case,
the overestimation of the beam-velocity component for
close-projectile fragments, such as '*C and '’B here, may
be attributed to the insufficient dissipation (overall inter-
action) in the peripheral area of the reacting nuclei, for
both primary and secondary processes. This was casually
evidenced in some previous work using stable nucleus

@ —— Exp. data
c r 13 [ 11 = HIPSE all
=l B B - - secondary
el — primary
30.15' r
S f i *
3 of . LB, F ! !y
s} B 4
g f ! :
> 0.05F F K
© t 1
L — s L . 5
0 S L S T 05
cos(6)
Fig. 9. (color online) Angular distributions of fragments '°B

and "B produced in '°C + C reaction (refer to Fig. 8 for the
normalized presentation). 6 is the azimuthal angle of the frag-
ment defined in the beam-particle system and with the zero-
degree axis pointing to the beam direction. Note that experi-
mental or calculated fragments are filtered by the detection
system. Error bars are statistical only. Panels in the same row
share the same label inset.

beam [33] but is systematically demonstrated here for un-
stable nucleus beam.

Another problem of the model predictions is the over-
estimation of the higher energy tails for fragments far
away from the projectile. In Fig. 10, we show a typical
example for an "Li fragment produced mostly from the
secondary decay processes induced by the °C + C colli-
sion, together with the dynamic analyses associated with
impact parameters (left panel) and original mother nuclei
(right panel). From the left panel, it can be seen that the
high energy tail is related to more central collisions
(0 < b <5.2 fm). The right panel shows that the actual "Li
fragments originated mainly from the decay of nitrogen
isotopes (Z = 7) and even from fusion remnant (Z = 12),
again associated most with the more central collisions.
The overestimation of the energy phase space here could
then be attributed to too strong an overall interaction
within the relatively central part of the collision.

Similar dynamic analyses related to impact paramet-
ers and two-step processes were also conducted for reac-
tions on a deuteron target. Here, most of the detected

dY/dE(arb. Units)

30 o
E ,/nucleon (MeV/u)

Fig. 10. (color online) Fragment-energy spectra for "Li pro-
duced in '®C + C reaction (refer to Fig. 8 for the normalized
presentation). Left panel: Experimental data with statistical er-
ror bars are compared with calculations characterized by sec-
ondary decay processes within different impact parameter (b,
in unit of fm) zones. Right panel: Calculated secondary decay
processes characterized by mother nuclei that decay to 'Li fi-
nal fragment.
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fragments come from the secondary decay processes, and
the model calculations reasonably reproduce the experi-
mental data. The above investigated problems in model
calculations for carbon target seem not to be evident for a
deuteron target. This might be attributed to much weaker
overall interaction and smaller participation zone during
the collision.

B. Probabilities of fragment production and nuclear
clustering

The yields of fragments depend on the corresponding
production cross sections. In the HIPSE-SIMON model,
the cross sections are taken from phenomenological for-
mulas that may not be applicable to the present light neut-
ron-rich projectile and light targets. We aim to evaluate
this by comparing the present experimental data. Be-
cause the detector system covers the major part of the
fragment angular distribution and the calculated results
can be filtered by the realistically simulated detection and
data analysis systems, it is meaningful to use just the
measured (or filtered) results.

A direct comparison between theoretically calculated
and experimentally measured absolute yields is not prac-
tical here because it requires the precise handling of the
target thickness, beam-particle tracking, and so on, which
may have large uncertainties. To avoid the absolute nor-
malization problem, we may select one isotope very close
to the projectile as the reference by assuming that its ab-
solute cross section can easily be determined from some
experiments and can also easily be reproduced by the
model calculation. Then, we just need to evaluate the ac-
tually measured or calculated fragment-yields relative to
those of the reference isotope. In the case of the '°C pro-
jectile, we choose the “C-fragment as the reference iso-
tope, and the results are listed in Table 1. For a carbon
target, the experimental data (first row in Table 1) show
very large production probability for quasi-stable nuclei
1B, 19Be, 7Li, and *He in comparison to that of *C. This
is consistent with previous measurements using similar
beams but at much higher beam energy (e.g., 240
MeV/nucleon '“C beam impinging on a carbon target)
[11]. In terms of model calculation (2nd row in Table 1),
there is a clear trend of overestimation of the yields for

Table 1.

heavier fragments but an opposite trend for fragments far
away from the projectile, as also visually exhibited in Fig.
11. This trend is consistent with the above view about the
overall interaction adopted in the HIPSE model, which
seems insufficient for peripheral collision, leading to
more survivals of the beam-like nuclei, but too strong for
more central collision, leading to stronger energy spread
as well as easier breakup of the fragments. In the case of
a deuteron target (last two rows in Table 1), the experi-
mentally extracted fragment yields are all smaller than
that of '*C and are mostly similar to those from model
calculations, being consistent with the weaker interaction
effects, as discussed above.

The general applicability of the HIPSE-SIMON mod-
el offers a reasonable insight into the IM method used to
reconstruct the clustering resonant states in mother nuc-
lei, as reported in many previous works and summarized
in Ref. [2]. Once adopting the two-step scenario for the
HI reaction at the Fermi-energy range (a few tens of
MeV/nucleon), with the primary step sustaining a short
time period of approximately 50 fm/c [8], the energy
spread for any structured source of the primary frag-
ments must be larger than a few MeV according to the
uncertainty principal. If these fragments were used to re-
construct the IM of the mother nuclei, the spectrum must
look like a continuum or very broad configuration. In
contrast, if the observed peak in the IM spectrum has suf-
ficient significance and a physical width (excluding the
effect of the detection resolution) smaller than approxim-
ately 1 MeV (FWHM), it should come from the second-
ary decay process with relatively long life-time, reflect-
ing a resonant state. In previous works aimed at studying

10

'8C+C reaction

imhﬁimmﬂnﬁ
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Fig. 11.
the measured ones, produced in '°C + C reaction. The yield

(color online) Ratio of calculated fragment yields to

values are taken from Table 1.

Fragment-yields measured in the present experiment for 'C + C (Exp-C) and '°C + d (Exp-d) reactions, relative to the yield

of the “C isotope. Corresponding HIPSE-SIMON model predictions (Cal-C and Cal-d, respectively), filtered by the simulated detec-

tion and data analysis system, are also listed for comparison.

Frag.  4c Bc ¢ Bp B I 1B Be !"Be "MBe Be °Li Li Li °Li  “He
ExpC 1 056 022 067 079 173 029 015 027 18 110 033 075 28 100 221
Cal-C 1 100 025 179 369 062 006 004 007 063 010 002 010 122 052 199
Expd 1 052 009 0.2 003 005 026
Cal-d 1 048 001 033 004 008 025
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the clustering resonant states via the IM reconstruction
using the emitted fragments [2, 15, 16, 18, 19], most re-
ported resonance peaks satisfy this width requirement. It
was found that care should be taken when identifying a
very broad structure as a resonant state becuase it might
be contributed from the primary breakup process, not
from the secondary decay.

V. SUMMARY

A fragmentation reaction experiment was performed
at the HIRFL-RIBLL1 facility using neutron-rich '*C and
14C beams at 27.5 MeV/nucleon impinging on carbon and
deuterium targets. A state-of-the-art zero degree tele-
scope composed of multi-layer silicon-strip detectors al-
lowed the measurement of emitted particles at small
angles. Numerous types of fragments were clearly identi-
fied together with their energy and angular distributions
being measured, providing a good base for systematic
analysis. The energy and angular spectra were compared
with HIPSE-SIMON dynamic model calculations. In the
case of a carbon target, it is recognized that the model
overpredicts the beam-velocity component for fragments
close to the projectile, likely due to the weakening of the
overall interaction at the surface of the colliding nuclei,
as used in the model. Meanwhile, the calculated energy
phase space for fragments far away from the projectile,
produced from inner areas of the colliding nuclei, seems

too expanded compared with the experimental data. This
might be attributed to too strong an overall interaction in
the central region of the collision. These discrepancies
seem much less evident for the deuteron target, due pos-
sibly to relatively weak overall interactions. The dynam-
ic analysis also provides credit to the IM method already
frequently used to reconstruct the clustering resonant
structures from the decay fragments. The present study
suggests possible fine tuning of the overall interaction
profile used in HIPSE model, particularly for unstable
nuclei. One possible way to implement this tuning would
be to use more flexible initial nucleon-density distribu-
tions of the colliding nuclei. Considering the dynamic
feature and realistic cluster-formation mechanism imple-
mented in HIPSE code, its application to more complic-
ated reaction processes, such as the multi-nucleon trans-
fer reaction, could be expected. On the experimental side,
more measurements with heavier unstable nucleus beams
at Fermi energies are needed to fully understand the nuc-
lear fragmentation mechanism and support its mul-
tidisciplinary applications.
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