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200 and 300 MeV/nucleon nuclear reactions responsible for single-event effects in microelectronics
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An experimental study of nuclear reactions between 28Si nuclei at 200 and 300 MeV/nucleon and hydrogen or
deuterium target nuclei was performed at the CELSIUS storage ring in Uppsala, Sweden, to collect information
about the reactions responsible for single-event effects in microelectronics. Inclusive data on 28Si fragmentation,
as well as data on correlations between recoils and spectator protons or α particles are compared to predictions
from the Dubna cascade model and the Japan Atomic Energy Research Institute version of the quantum molecular
dynamics model. The comparison shows satisfactory agreement for inclusive data except for He fragments where
low-energy sub-barrier fragments and recoiling fragments with very large momenta are produced much more
frequently than predicted. The yield of exclusive data are also severely underestimated by the models whereas
the charge distributions of recoils in these correlations compare well. The observed enhancement in He emission,
which may well be important for the description of single-event effects, is most likely to be attributed to
α clustering in 28Si nuclei.
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I. INTRODUCTION

In this article we present the results of an experimen-
tal study of 28Si+1H and 28Si+2H reactions at 200 and
300 MeV/nucleon in inverse kinematics. The experiments
were carried out at the CELSIUS storage ring of The
Svedberg Laboratory, Uppsala, Sweden. The aim was twofold:
to measure useful cross sections for the description of the
single-event effects (SEEs) reactions and to describe such
reactions with up-to-date models for p-nucleus collisions. The
most prominent of all SEEs, the single-event upset (SEU)
effect is manifested by the functional upsets of microelectronic
memory devices primarily in space missions but also in
aviation and even, to a lesser extent, at sea level [1,2].

Nuclear fragmentation of light nuclei induced by cosmic
rays is related to the SEEs and other important applications,
like optimizing microdosimetry for human tissue in radiation
therapy. Theoretical “toolkits” have been developed but they
are based on standard reaction models for heavy nuclei and
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may wash out important details in the topology of light nucleus
fragmentation. The strong α clustering that we report on in this
work may in fact be evidence for nuclear structure effects
that are ignored in (multi-)fragmentation models. Another
complication arises from the fact that in the energy domain of
50–500 MeV/nucleon, most interesting for the applications,
the basic assumptions of the models are not valid. These
energies are well above the Coulomb barrier but not high
enough to assure that the quasi-classical approximation is fully
satisfied or that all quantum effects can be neglected.

Theoretical models for intermediate energy p-nucleus and
nucleus-nucleus collisions have been developed over the past
four decades [3–5]. The uncertainties in the models and the
lack of detailed experimental data motivated this experiment.
At low altitudes the source of nuclear reactions producing
upsets in chips made of Si is the neutron component of
atmospheric cosmic rays. These neutrons have a broad energy
range [6] that spreads from about 50 to 1000 MeV. The n+Si
reaction is difficult to study and therefore measurements of
the inverse kinematics, 28Si+1H, 2H reactions are investigated
in this work. In fact it is believed that the recoils, i.e.,
reaction products with charge 2 < Z � 14, are to a large degree
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responsible for SEEs and therefore comprehensive data on
light nucleus fragmentation at medium energy in general is
important to collect. Typical ranges for these recoils are only a
few microns in the detector. This is the major reason why there
are so few recoil measurements. After pioneering work [7]
on light ion production in p-nucleus reactions, one single
experiment [8], bombarding 180-MeV protons on aluminum,
reports on recoil production. The results of Ref. [9] are rather
a good example of the crucial limitations in experiments on
spallation of light target nuclei in normal kinematics. The basic
idea of this project was to study fragmentation of silicon nuclei
induced by medium-energy protons in the inverse kinematics
scheme that gives much more favorable conditions to measure
the heavy recoils with standard techniques [8–10].

Because it was not expected that one single model is able
to describe the detailed data from this experiment, we choose
to compare it with two well-known microscopic descriptions,
the intranuclear cascade (INC) model and the quantum molec-
ular dynamics (QMD) model. The mathematical formulation
offered by the Dubna cascade model (DCM) [3,4] was utilized
for the INC calculations. For calculations within the QMD
framework, we used the model developed at the Japan Atomic
Energy Research Institute (JAERI) in Japan (JQMD) [5].
DCM and JQMD are briefly described below. Both models
are well known and have been reported to yield successful
comparisons with experimental data on inclusive production
of light particles (n, p, He) in hadron-nucleus and nucleus-
nucleus collisions at intermediate energies [11], as well as
at energies of several GeV. Both models are widely used for
various practical applications [12–18]. The two approaches
differ in their view of the recoils, where INC interprets them
as the remnants of a long chain of individual emission of light
nuclei from the highly excited source, whereas QMD generates
recoils instantly through the cracking of an almost cold initial
source with subsequent evaporative emission of light particles.

It is not at all obvious a priori that significant discrepancies
between the recoil distributions from the two models should
appear, especially because evaporation tends to smear out
possible, initial differences. We will come back to this question
in Sec. IV.

II. THE LAYOUT OF THE EXPERIMENT

The experiment was carried out at the cluster-jet target and
the following quadrant of the CELSIUS ring. The experimental
setup has been described in detail in Ref. [19] and only a brief
description is given below. The layout of the experiment is
shown in Fig. 1. The luminosity in the 28Si+1H reaction with
an accelerated and cooled beam interacting with the hydrogen
jet target was ∼5 × 1027 cm−2 s−1.

Secondary particles were registered simultaneously by four
detector systems, the small angle detector (SAD), the forward
wall detector (FWD), the zero angle detector (ZAD), and the
spectator tagging detector (STD). FWD and STD (CHICSi)
had been used in previous experiments at CELSIUS and
are described elsewhere [20–25]. SAD and ZAD play a key
role because they detect the product recoils, which are most
important for the SEEs.

FIG. 1. Overview of the experimental setup.

SAD detects fragments from the 28Si beam nuclei emitted at
angles 0.6◦–1.1◦. It consists of two quadrants with 16 circular
and 16 radial 300-µm Si strip detectors in front of an 8-mm
plastic scintillator. Here, the unique properties of the cooled
beam are fully exploited. During the injection and acceleration
phases of the cycle, the beam occupies a large volume of
the CELSIUS vacuum chamber but after the beam has been
cooled, it shrinks to a diameter of 2 mm. To prevent the SAD
detectors from radiation damage, they were moved out during
injection/acceleration and returned to working position only
after the beam reached maximum energy. The design of SAD
is described in Ref. [19].

FWD [20] was used mainly for detection of light (A � 4)
fragments emitted in the 3.9◦–11.7◦ angular bin. In this
experiment it consisted of twenty-four 750-µm Si detectors
followed by 1-mm fast plastic scintillators glued on top of
80-mm-long CsI crystals. The main task for the FWD was to
register He fragments in coincidence with recoils registered
by SAD.

One Grand Motherboard (GMB) of the CHICSi detector
[21–23] with 12 Si and 6 Si+GSO �E-�E-E telescopes
mounted inside the ultrahigh vacuum chamber was used to
tag events by spectator particles. Protons from the angular
region 60◦–120◦ identified as knocked-out free protons in the
28Si+1H and bound protons in the 28Si+2H reaction allowed
us to extract Si+n data that represent the dominating source
of SEEs in the atmosphere.

The ZAD is a telescope comprising two SSDs and a plastic
scintillator similar to the one used in SAD. Here we make use
of a technique developed at TSL [24,25] where the CELSIUS
quadrant after the cluster-jet target is used as a magnetic
spectrometer. ZAD is positioned at the focal plane of the
spectrometer at a 22757-mm flight distance from the target.
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In ZAD the strips make up a 32×32 rectangular net with a
60×60 mm2 area. Vertical and horizontal strips of SSDs are
used to detect projectile fragments, identify their charge, and
determine the position of the hit point with respect to the
nominal beam centerline. The electronic schemes of SAD and
ZAD are identical [19].

At high recoil energy in the laboratory system the efficiency
of the detectors approaches 100%. However, with the absence
of detectors in the angular interval 1.1◦–3.9◦ a significant
fraction of the recoils, and especially the lighter ones, are
not detected, which makes it impossible to measure the total
cross sections directly.

III. THEORETICAL TOOLS

The basic idea of Serber [26], formulated in 1947,
that p-nucleus (and heavy-ion) reactions at energies above
150 MeV/nucleon could be described as a superposition of
binary nucleon-nucleon collisions, well separated in time
and space, is still a common starting point for all models.
The motivation for such a view is that the de Broglie
wavelength of the bombarding nucleon(s) is getting smaller
than the average intra nucleon distance. All INC models
contain nucleon-nucleon collision chains as a first stage of
the reaction, during which fast nucleons are ejected from the
heavy nucleus. The INC is a rapid process that develops fully
in approximately 10−22 s. It must, however, be supplemented
with a statistical “after-burner” to describe the large yields
of low-energy nucleons and light fragments observed in the
experiments. Often evaporation from the excited remnants is
introduced and this is a relatively slow process (10−21–10−17 s)
and it can therefore be regarded as the second stage of the
reaction. The recoils are then considered as the “leftovers” of
the two-stage process. Even if Serber’s assumption is strictly
not valid for collisions at lower energies, INC models have
been reported to work well also for proton-induced reactions
at energies as low as 60 MeV [15].

Several attempts to generalize the cascade-evaporation
description have been made. Pre-equilibrium emission of
particles between the first and the second stage of the reaction
has been described within the Harp-Miller-Berne model [27],
the Griffin exciton model [28], and its various later versions
[29]. The Feshbach-Kerman-Koonin theory [30] was the first
attempt to introduce quantum mechanics in the description of
reactions at reasonably low energies. All these approaches have
in fact mostly been used to describe low-energy reactions (20–
150) MeV but even at much higher energies they do contain
all necessary ingredients important for the description of
the rescattered moderate-energy nucleons within the cascade.
The modern INC models are in fact essentially based on the
same ideas for building a three-stage sequence, i.e., INC,
pre-equilibrium, and equilibrium evaporation as the driving
mechanism of nuclear fragmentation.

QMD models appeared two decades ago to describe
nuclear reactions. They consider the equations-of-motion of
the nucleons in a concept borrowed from molecular physics.
The molecular and nuclear versions differ in their most general
formulation due to the difference of space and time scales.

Nevertheless, in both cases QMD is the method to numerically
solve the time-dependent Schrödinger equations for nucleons
moving in a realistic potential and with a collision term similar
to that used in transport theory [31]. A strong feature of the
QMD approach is its natural inclusion of dynamics, which
allows studies of collisions of large systems in real time.

QMD was first used for medium energy nucleus-nucleus
collisions [32] and immediately a whole set of models [33,34]
was developed to exploit the QMD method for all kinds of
reactions. Often assumptions and parameters are borrowed in
these models from the INC model to such an extent that final
results from the models of the two types discussed also come
out similarly and it is difficult to refine the differences between
the two conceptually different theoretical approaches. In this
work we confronted our experimental data with versions of the
two models, each representing the two different approaches to
the problem. Microscopic calculations have been performed
within the time-dependent version of the Dubna intranuclear
cascade model (DCM) (see Refs. [3,4] and references therein).
The QMD model that we use, JQMD, has been developed at
JAERI in Japan [5].

DCM divides the collision into three stages, well separated
in time. During the first initial stage INC develops, primary
particles can scatter and secondary particles can re-scatter sev-
eral times prior to their absorption or escape from the nucleus.
At the end of this step the coalescence model is used to localize
d, t,3He, and 4He particles from nucleons found inside spheres
with well-defined radii in configuration space and momentum
space. The emission of cascade particles determines a particle-
hole configuration, i.e., Z,A, and excitation energy that is
taken as the starting point for the second, pre-equilibrium stage
of the reaction, described according to the standard Gudima-
Toneev prescription, CEM [3] in its latest version CEM03.01
[35]. Some pre-equilibrium particles may be emitted and this
leads to a lower excitation of the thermalized residual nuclei.
In the third, final evaporation/fission stage of the reaction, the
de-excitation of the residue is described with the generalized
evaporation model (GEM) of Furihata [36]. All components
contribute normally to the final spectra of particles and light
fragments. If, however, the residual nuclei after the INC have
atomic numbers A < 12, the Fermi breakup model [37] is used
instead to describe their further disintegration instead of GEM.
For relativistic energies the INC part of DCM is replaced by the
refined cascade model, which is a version of the quark-gluon
string model (QGSM) developed in Ref. [38] and extended to
intermediate energies in Ref. [39].

The description of the mean-field evolution is simplified in
the DCM in the sense that the scalar nuclear potential, defined
by the local Thomas-Fermi approximation, remains the same
throughout the collision. Only the potential depth changes
in time according to the number of knocked-out nucleons.
This “frozen mean-field” approximation allows us to take into
account the nuclear binding energies and the Pauli exclusion
principle, as well as to estimate the excitation energy of the
residual nucleus by counting the excited particle-hole states
(excitons). This approximation is usually considered to work
particularly well for hadron-nucleus collisions.

The well-documented JQMD code in its standard version
[5] is our second choice of model. This is also a hybrid
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model with a first QMD step and the statistical decay
model (SDM) [40] as second step. This code introduces
relativistic kinematics and relativistic corrections for the
interaction term, the Lorentz boost of the initial and final states,
realistic momentum distributions in the ground state, and a
comprehensive nucleon-nucleon collision term [5]. The model
works well for pre-equilibrium emission of particles in proton
induced collisions [4,5]. In medium-energy nucleus-nucleus
collisions [41] the emission of light fragments requires some
minor refinements in the code. For reactions close to those
studied in this work, JQMD successfully describes fragment
production in p+56Fe and 27Al [42] in a wide energy range,
from 50 MeV to 5 GeV. It could also be mentioned that JQMD
has recently been used for generating a nuclear database on
neutron-induced fragmentation of Si [43].

IV. EXPERIMENTAL RESULTS CONFRONTED WITH
DCM AND JQMD MODELS

In this experiment the charge (Z), azimuthal (φ), and
polar (θ ) angles of the recoils were measured, whereas no
energy was determined because the detector systems did not
stop the recoils. By calculating the flight trajectories in the
magnetic field of the CELSIUS fourth quadrant from the
collision point to ZAD [19], the momenta could be obtained
for 0◦ recoils with A/Z = 2. Whereas all recoils with Z � 6
registered in SAD provide good statistics, only a small number
of heavier fragments was observed and measured by the FWD.
This allows only the determination of inclusive production
rates for FWD recoils, whereas recoil-He correlations can be
exploited.

The technique to use inverse kinematics reactions in
storage rings has the advantages of high luminosity, reduced
background, etc., but leads to difficulty in measuring absolute
cross sections. Because we used Monte Carlo simulations
with complete experimental filters, we chose to normalize the
experimental data on He fragments registered in the first ring
of FWD at an angle of 4.9◦ by the corresponding predictions
of the DCM model. Table I shows the value of differential
cross section used for the normalization. This is justified, first
because DCM is quite well established for the emission of He
with energies 5–40 MeV and angles 30◦–160◦, corresponding
to the region of phase space explored with FWD when the
kinematics are reversed. Second, such an approach provides
high statistics for He fragments in FWD and this minimizes
the statistical uncertainties of the procedure. The results of
the JQMD calculations were taken as they came out but
they were not used for the normalization of the experimental

TABLE I. The differential cross section for He at
4.9◦ used for the normalization.

Reaction Energy (MeV/nucleon) dσ

d�
(b/sr)

28Si+1H 200 2.9
28Si+1H 300 2.3
28Si+2H 200 5.9
28Si+2H 300 4.9
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FIG. 2. Angular distribution of He fragments observed with FWD
and SAD (open points) for 200 and 300 MeV/nucleon 28Si+1H(2H)
reactions confronted to the prescription of DCM (solid curves) and
JQMD (dashed curves). Statistical error bars fall within the point size.

data. DCM shows a better agreement of the shape of the
angular distribution in Fig. 2 that justifies the choice of DCM
for normalization. We estimate the accuracy of the absolute
normalization of the experimental data to be within 20–25%
[19].

A. Inclusive production of α particles and recoils

Figure 2 shows the angular distributions of He nuclei
registered by SAD, the very first point, and by FWD with
four points corresponding to polar angles of the four FWD
rings. DCM reproduces the shape of the angular distributions
for all reactions in the region of FWD but fails quite
severely to predict the yield in SAD. The JQMD version of
Ref. [5], however, does not reproduce the overall shape of the
distributions at all until the improvements, discussed below,
are introduced.

Two improvements of the standard JQMD version have
been proposed [44,45]. The first one introduces GEM [36] in-
stead of SDM as the evaporation stage. This allows evaporation
of heavy fragments. The second improvement is connected
with the assumption of coalescence of light particles on the
surface of the excited nucleus. This was first introduced to
explain the high-energy part of the He particles measured
in Ref. [46]. Introducing these two improvements may very
well improve the agreement in Fig. 2 for JQMD. However,
it is important to remember that the QMD approach meets
principal difficulties in describing α particles [47] due to their
specific properties. With this in mind, the better agreement
between JQMD and the experimental values for He registered
by SAD in Fig. 2 could be accidental and therefore should be
taken with caution.

The systematic failure of DCM to describe the production of
He nuclei within the SAD angular region is unexpected. These
He fragments are almost at rest in the frame of the fragmenting
source, which may be the reason why they have never been
measured before in conventional experiments with stationary
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FIG. 3. Angular distribution of re-
coils in 200 MeV/nucleon 28Si+1H
reactions (open points) compared with
predictions of DCM (solid curves) and
JQMD (dashed curves).

targets. Here, we demonstrate that there is an additional
process that is strongly populating the very edge of the phase
space of the statistical after-burner. Quasi-elastic scattering of
α clusters preformed in the 28Si nucleus could be the origin of
the observed deviation from theory.

The DCM model was originally constructed for the inter-
pretation of inclusive production of light particles and it was
consequently tuned mostly by data of this kind. Therefore,
it is especially interesting to check the consistency of this
model for both light and heavy fragment production, measured
in the same experiment. Figures 3 and 4 show the angular
distributions of all recoils for 28Si+1H reactions at 200 and
300 MeV/nucleon. The corresponding angular distributions of
recoils in 28Si+2H reactions, not shown for brevity, are very
similar.

The experimental data are again shown together with the
results of computer simulations based on the prescriptions
of DCM (solid curves) and JQMD (dashed curves). Both
models predict the general trend in the evolution of the
shape with recoil charge rather well. These distributions are

quite broad and structureless. The general tendencies to have
broader distributions with decreasing fragment charge and
with increasing beam energy are noticeable. Such behavior
is qualitatively understood by simple phase-space arguments.
The increase of the number of nucleons that are not tied up in
the recoil opens up the available phase space of the recoil and
so does the increased energy of the beam nucleus.

Yet, it appears from Figs. 3 and 4 that the predicting
power of both models is limited to the qualitative angular
dependences. The proper absolute levels are achieved only
for few fragments without systematic trends. In general the
DCM depicts a slightly better predictive power than JQMD
for the shape of the angular distributions of the heaviest
recoils. The absolute values of cross sections for production
of lighter fragments, i.e., O, F, and Na, seem to be grossly
overestimated by the JQMD, even if one takes into account
the above mentioned uncertainties in absolute normalization
of the data.

As mentioned above the experimental information on
production of recoils from medium-energy reactions with light
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FIG. 4. Angular distribution of re-
coils in 200 MeV/nucleon 28Si+1H
reactions (open points) compared with
predictions of DCM (solid curves) and
JQMD (dashed curves).

nuclei is quite scarce. Since the 1960s a vast amount of
experimental data has been accumulated for the production
of radioactive recoils, e.g., 18F, 22Na, and 24Na in interactions
of medium-energy protons with light nuclei [48]. The unique
results of Ref. [8] report on mass, energy, and angular
distributions of all products in the p+Al reaction at 180 MeV.
No similar data exist for other reactions for energies below
500 MeV/nucleon. Figure 5 summarizes the cross sections
of recoils detected by SAD in 200- and 300-MeV/nucleon
28Si+1H and 28Si+2H reactions. The results are again con-
fronted with the DCM and JQMD theoretical cross sections
filtered through the constraints of the experimental setup. The
following remarks can be made.

The predictions from the two models follow in general the
experimental distributions. In particular the DCM predictions
are impressive with absolute yields within 10% of the mea-
sured ones with some exceptions, an overestimation of the Mg
production in 200-MeV/nucleon 28Si+2H reactions by 20%
and underestimation of Al by 20% in the 300-MeV/nucleon
reactions.

The production cross sections of fragments emitted at
angles close to 0◦, capable of reaching ZAD, show a different
behavior (Fig. 6). Although both models predict correctly the
increase of the yields with increasing Z except for Z = 14,
they both overestimate considerably the yields for all Z at
angles close to 0◦ by factors of 5 to 10. However, a systematic
difference is seen between the DCM and JQMD, especially
for high Z values. This will be discussed below.

Figure 7 shows the experimental fragment momentum
distributions of A/Z = 2 fragments emitted close to 0◦ from
the 300-MeV/nucleon 28Si+2H reaction compared with the
predictions from DCM. It should be noted that the theoretical
distributions have been divided by 50 to get the same order
of magnitude of the spectra. The model cannot reproduce the
shape of the distributions at least for the heavy fragments (Al,
Mg, Na, and Ne). If the model overestimates, the low- or
high-momentum part is indeterminable because of the large
difference in the absolute values. For the lighter fragments
it is not that evident due to poor statistics in the theoretical
distributions.
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FIG. 5. The cross section for recoils of dif-
ferent charge detected by SAD (open points)
compared with the predictions of DCM (solid
histograms) and JQMD (dashed histograms).

B. Recoil-He correlations

Reactions producing Z = 6–13 recoils within the angular
interval 0.6◦–1.1◦, accompanied by He nuclei, emitted at
angles between 3.9◦ and 11.7◦ were analyzed through the
events with coincidences between SAD and FWD. Figure 8
shows the coincidence yield as a function of the rela-
tive azimuthal angle, �φ = φrecoil − φHe, between the re-
coil and the He fragment. The experimental data are
compared with theoretical prescriptions from JQMD and
DCM.

The observed distributions are rather broad with centers
located around �φ values close to 180◦. These registered
recoils are the heaviest fragments emitted in each collision
and normally carry away a substantial part of the total
momentum of the decaying system. Momentum conservation
in the decaying system prefers that the transverse-momentum
components of the two most important fragments are directed
back to back. All particles not registered in the setup smear
out such an ideal picture. The overall power of the theory to

predict these features could be confirmed only by the shapes
of the distributions, whereas the yields are overestimated. The
analysis of the rates for the recoil-He correlations registered
by SAD and FWD for all reactions is depicted in Fig. 9. Points
at Z = 13 and 14 are kept to demonstrate the level of the
background for this experiment.

A closer look into the experimental data shows that both
theories fail to explain correlations of recoils and He in cases
of large relative momentum. This is shown in Fig. 10, which
demonstrates the dependence of the cross sections for the
discussed correlations on the scattering angle of He fragment
registered in different rings of the FWD.

The intensity of He-recoil coincidences measured for larger
scattering angles of He is considerably higher than that
predicted by DCM and JQMD. Again, as in case of low-energy
inclusive emission (Fig. 2) a possibility of direct knock-out
of α clusters from the 28Si nuclei could be discussed with
regard to the observed discrepancies between theory and
experiment.
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FIG. 7. Momentum distributions of re-
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300 MeV/nucleon 28Si+2H (open points)
reactions compared to DCM predictions (his-
tograms). The cross sections for DCM have
been divided by 50 to make the comparison
of the shapes easier.

C. Recoil-spectator proton correlations in 28Si+2H reactions

The relative cross section for the reaction channel where
a recoil in SAD is registered in coincidence with a targetlike
spectator, mostly protons, in STD with emission angle between
60◦ and 120◦ is shown in Fig. 11. The total cross section for
this reaction channel is overestimated in JQMD, whereas it is
better reproduced by DCM. The Z dependence is also better
described by DCM although discrepancies still exist. Si and
Al are underestimated, whereas O and Ne are overestimated.

The coincidence cross sections show many similarities with
the inclusive cross sections in Fig. 5, such as the maximum of
the recoil cross sections at Z = 12 and the local minimum
for Z = 9. DCM also shows the same underestimation in
producing the heaviest recoils. The increase of the cross section
with increasing Z up to 13 (Al), predicted by JQMD, is
observed neither in the data nor in the same model without
coincidence. However, it would be dangerous to state that
the depicted distributions are tagged by spectator-like protons
only. The observed angular distributions of the tagging protons
are broad and a large admixture of coincidence events where
the registered proton is coming from another source than the
target deuteron is possible. This possibly explains the depicted
failure of JQMD to describe the experimental data and in any
case it calls for additional experimental refinement.

V. DISCUSSION AND ANALYSIS

The experimental inclusive data on recoil production
exhibit a satisfactory overall agreement with both DCM and

JQMD models. This may, however, reflect the ability of both
models to describe well the phase space that is available for
the products. Both models also predict the Z dependence quite
well of the fragmentation cross section in semiexclusive events
with recoil-He correlations. The absolute yields of such events
are overestimated by as much as 50–75%.

The two models differ, particularly in their predictions of
the yields of the heaviest recoils in favor of DCM, but it
should be mentioned that further development of the standard
JQMD is already undertaken [44,45]. It is important to note
that the situation is quite the opposite when reaction channels
with small momentum transfer are addressed. The obvious
preference of JQMD, with its built-in ability to describe the
dynamical features of reactions, is revealed very distinctly.
Figure 6 illustrates also the failure of the DCM to describe
the yields of recoils emitted at very small angles due to the
dynamical effects that that model totally ignores. Although
not influencing the predictive power of the DCM, this reflects
the limitation of the “frozen mean-field” approximation of
that model. On the contrary, the ability of JQMD to describe
the same data better than DCM could be explained by its
ability, at least qualitatively, to describe collective “bounce-
off” attributed to the dynamics of the reaction.

The ability of any of these theories to prescribe the
reaction channels generating He seems questionable. An
overall agreement between theory and experiment on inclusive
production of He is observed only for the DCM and only
if the deep sub-barrier component is not considered. JQMD
fails to prescribe the slopes of the He spectra and the
QMD approach is known to meet principle difficulties in
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tween recoils and He fragments registered
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on 300 MeV/nucleon 28Si+2H reactions
(open points) are compared with predic-
tions from DCM (solid lines) and JQMD
(dashed lines).

describing α particles [47] due to their specific properties.
The improvements of JQMD discussed in Sec. IV A could
improve the inclusive angular distribution of He but we believe
that these improvements will not alter our basic conclusions.

The experiment revealed two specific features of the
reactions that neither DCM nor JQMD can handle. Both
features are of greatest importance for the further development
of the models and they could probably lead to substantial

b
)

µ
 (

S
A

D
-F

W
D

σ

100

200

300

400 H1Si+28200 MeV/nucleon 

b
)

µ
 (

S
A

D
-F

W
D

σ 100

200

300 H1Si+28300 MeV/nucleon 

Z
6 7 8 9 10 11 12 13 14

b
)

µ
 (

S
A

D
-F

W
D

σ 200

400

600
H2Si+28200 MeV/nucleon 

Z
6 7 8 9 10 11 12 13 14

b
)

µ
 (

S
A

D
-F

W
D

σ

100

200

300

400
H2Si+28300 MeV/nucleon 

FIG. 9. Charge dependence of the cross sec-
tion for correlations between recoils measured by
SAD and He fragments registered by FWD (open
points) compared with predictions of DCM (solid
histograms) and JQMD (dashed histograms).
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improvement of their prediction power. First, although the
total cross section for the recoil-He correlation is described
well by both models the cross section for such correlations
at larger scattering angle (relative momentum) is much larger
in the experiment. There exists a number of predictions of
preformed α clustering in light nuclei [49]. It seems obvious
that future modifications of models like DCM and JQMD
should address this problem specifically for light nuclei.
Second, a considerable excess of He products within the
acceptance of SAD has been observed for which DCM seems
to have no definite explanation. SAD has an extremely low
detection threshold of 100 keV for He fragments in their
production system. These He nuclei could not be measured in
conventional experiments. A reasonable explanation is again
to be found in α clustering in 28Si.

The apparent difference between the cross sections for
production of recoils from the data of Figs. 5 and 6 and the
results reported in Ref. [8] is misleading due to the following
reasons. First, no direct comparison is possible for the data of
this article to that previously reported for the 180-MeV p+Al

reaction summarized in Ref. [8], our article focused on charge
distributions, whereas that of the authors of Ref. [8] focused
on mass distributions. To link the two sets of data, one needs to
know the isotopic distributions of the reaction products, which,
in fact, turn out to be strongly model dependent. Second,
one should be aware that, due to the experimental setup, the
recoil charge distributions demonstrated in Figs. 5 and 6 refer
to recoil yields integrated within the angular acceptance of
SAD or ZAD and essentially differ from the total recoil cross
sections, especially in case of lighter recoils.

The similarity in the differential cross sections in Figs. 3
and 4 for all recoils except Si might indicate that saturation
of the fragmentation cross sections has been reached at
200 MeV/nucleon. However, data in Fig. 6 show that this
statement is not valid for recoils emitted at very small angles.
As mentioned above, our experimental setup covered only
a part of the available phase space and therefore, direct
measurements of the total cross sections are needed before
definite conclusions on the energy threshold for limiting
fragmentation of Si can be made.
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low-energy proton in STD. Notations are the same as described in the caption to Fig. 10.
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VI. SUMMARY

We measured the relative production cross sections of
recoils from 200- and 300-MeV/nucleon proton and deuteron-
induced reactions with 28Si nuclei. The data, obtained in the
inverse kinematics scheme, were compared with predictions
from the hybrid DCM and JQMD models.

It was found that in general both models describe reasonably
well the overall charge and angular distributions of the
fragmentation cross sections but the absolute yields differ by as
much as 50–75%. The number of recoils emitted at very small
angles is described reasonably well only within the frame of
the JQMD model, which we attributed to the “bounce-off” of
the source of recoils, which cannot be described by the DCM.
These experimental observations call for improvements of the
models before using them for SEEs predictions.

Two features of the studied reactions are not described at
all by the models: first, the growing excess of the experimental
cross sections for the recoil-He correlation over standard
theory with increasing scattering angle between the recoil and
He. This may be linked to the knock-out process of He from

28Si, usually explained in terms of preformed α clustering.
Second, we observe a large excess of low-energy He fragments
that could also be explained qualitatively by α clustering in 28Si
nuclei.

These observations call for additional experimental and
theoretical study of fragmenting nuclear systems with large
initial admixture of α clusters that in turn could lead to a
considerable improvement of the reaction models of primary
importance for the SEEs application.
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