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Abstract. The fragmentation of 95 MeV /u '2C and 75 MeV /u *C projectiles, interacting with natural tar-
gets of different elements (°Be, "**Cu and *°7Au for **>C, and ?Be, "**Ni, and '®'Ta for *C) and of various
thicknesses has been investigated at GANIL, using the doubly achromatic magnetic spectrometer LISE.
The projectile-like fragments transmitted at 0° have been analysed using a silicon AE-FE telescope and
the AFE-time-of-flight method. The results obtained with the thinnest targets are discussed in the scope
of radioactive nuclear beam production. The fragment momentum distributions can be fitted by Gaus-
sian peaks associated with exponential tails towards low momentum values. The experimental production
yields are compared with the results of the simulation code LISE. It appears that this code reproduces
satisfactorily the yields of nuclei close to the stability line, but strongly overestimates the production of
very neutron-deficient nuclei.

PACS. 25.70.Mn Projectile and target fragmentation — 29.90.4+r Other topics in elementary-particle and

nuclear physics experimental methods and instrumentation

1 Introduction

Heavy-ion reactions leading to the observation of frag-
ments of mass and velocity close to those of the projectile
have now been observed for more than 20 years [1-3]. At
relativistic energies, they are interpreted as “cold” projec-
tile fragmentation [4,5]. In the energy domain concerned
by this work (50-100 MeV /u), the situation is less clear,
and many experiments have shown that the production of
such fragments may occur through several competing pro-
cesses ranging from elastic or inelastic transfer to projec-
tile fragmentation followed by particle evaporation [6,7].
These reactions are interesting for understanding the
mechanism of heavy-ion collisions, but also because they
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are currently used for producing secondary beams of ra-
dioactive isotopes. Such radioactive nuclear beams are
produced and purified using in-flight spectrometers, both
at relativistic energies (e.g., at GSI Darmstadt) and at en-
ergies lower than 100 MeV /u (e.g., at GANIL, MSU and
RIKEN). Simulation codes have been elaborated to pre-
dict the experimental conditions for obtaining the highest
intensity for a given secondary beam. However, precise
measurements of projectile fragment production at zero
degrees are scarce, and systematic measurements do not
exist. The present work is part of a study which aims at
collecting basic data concerning these fragmentation reac-
tions induced by various projectiles from C to Ni in various
targets (from Be to Au). Experimental momentum distri-
butions and production yields for a series of radioactive
beams have been obtained using a magnetic spectrome-
ter with a large Bp acceptance. These data, which have
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Table 1. Projectile-target combinations used for the present
experiment. The symbol ¢ refers to the target thickness, AE/FE
is the relative energy loss in the target, and Fmia the beam
energy in the mid-plane of the target.

12C beam
Targets t (mg/cm?®) AE/E (%) Emia (MeV/u)
Be 44.5 0.9 94.6
Cu 47.2 0.8 94.6
Au 97 1.2 94.4
Be 764 16 87.4
Cu 785 13 88.7
Au 1141 14 88.2
Be 1710 40 76.1
Cu 2064 38 76.8
Au 2845 40 76.1
13C beam
Targets ¢ (mg/cm?) AE/E (%) FEmia (MeV/u)

Be 44.5 1.2 74.5
Ni 32 0.8 4.7
Ta 133 2.3 74.1
Be - - -

Ni 451 11 70.9
Ta 578 10 71.2
Be 1441 50 56.4
Ni 868 22 66.7
Ta 1173 21.4 67

been presented in internal publications [8-12] will be use-
ful to improve the existing parametrisations. They may
also serve as a basis for comparison with future models,
as the fragmentation process at such energies is not com-
pletely understood.

The present paper concerns the results obtained with
95 MeV/u 2C and 75 MeV/u '3C. These projectiles
present an additional interest as it is now well established
that carbon beams are among the best tools for hadron-
therapy, i.e. radiotherapy with beams of particles heav-
ier than electrons [13]. It is therefore important to know
the production rates and momenta of secondary fragments
emitted around zero degrees by carbon ions travelling
through matter. Indeed, such fragments may perturb the
treatment, as their range is often higher than that of the
primary beam. On the other hand, among them, the 3+-
emitters can be used for visualizing the Bragg peak posi-
tion, using a special version of the PET camera. This last
technique requires the knowledge of the production rates
for such fragments, and of their momentum distributions,
particularly along the beam direction, in order to compare
their range with that of the primary beam.
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Fig. 1. Sketch of the LISE spectrometer at GANIL. The sym-
bols Q refer to quadrupoles. The dipoles are denoted by D and
the achromatic focal points by F.

2 Experimental procedure
2.1 Primary beams and targets

The experiments were performed at GANIL, according to
a method initiated in refs. [14,15]. Beams of 12C and 13C
were used as projectiles. Their fragmentation was induced
by collisions with targets of several elements and of sev-
eral thicknesses. The characteristics of the beams and tar-
gets used are given in table 1. The target thickness corre-
sponded to energy losses of the primary beams approxi-
mately equal to 1%, 15% and 40% of the incident energy.

The primary-beam intensity was measured using a sec-
ondary emission probe, monitored for each experiment by
comparison with a Faraday cup. In this work, primary-
beam intensities were varied from 0.1 to 100 nAe.

2.2 Secondary-beam selection

The secondary nuclei from projectile fragmentation were
separated and transported over 18 meters by the doubly
achromatic spectrometer LISE [16]. Then, they were de-
tected at the achromatic focal point of the spectrome-
ter, using a telescope made of two silicon detectors, AE
(300 um) and E (1000 pm).

A sketch of the LISE spectrometer is given in fig. 1.
The preparation of secondary beams using this device is
performed according to the following principles:

The first section of LISE, composed of the dipole Dy
and of the quadrupoles Q; to Q4 is used to select the nu-
clei produced in the target T according to their magnetic
rigidity:

B-p=0.1438 A/q [E/A(1 + E/24uc®)]"?, (1)

in which B (T) is the magnetic field in the dipole Dy, p (m)
the average curvature radius of the trajectories in Dy,
A (u) the mass of the selected ion, ¢ its ionic charge (prac-
tically always equal to the atomic number Z in the present
experiment), E (MeV) its kinetic energy, and uc? = 931.5
is the mass unit, expressed in MeV.

The reaction products emitted around 0°, within the
spectrometer angular acceptance, are dispersed as A/q
(i.e. A/Z in this experiment) in the focal plane F; of the
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Fig. 2. Example of bidimensional plot used for isotope identi-
fication. The crosses indicate the missing nuclei *He, °Li, ®Be
and ?B. The horizontal line is produced with an electronic pulse
generator, the amplitude of which is set here to simulate the
calculated energy loss of °Li. These pulses are used to check
the electronic stability, and to verify the isotope identification.

dipole D1, where a slit S is used to select them according to
their momentum. The momentum acceptance is given by

Ap/p(%) = a/D,

where a (mm) is the slit aperture and D (mm/%) the
dispersion, which depends on the tuning up of the spec-
trometer elements. In the present work, the choice of the
experimental parameters ¢« = 20 mm, D = 16.74 mm/%
led to a total momentum acceptance of 1.2%.

The second section of LISE is composed of the dipole
D5 and of the quadrupoles Qs to Qqq. Its first part (Do,
Q5 and Qg) compensates the dispersion of the first section
and insures a double achromatism, in angle and position.
Finally, the quadrupole lenses Q7 to Q19 are used to fo-
cus the products at the final focal point Fo where they
are identified and counted with a telescope of silicon de-
tectors. In order to preserve the detector resolution, the
counting rate in the telescope is limited to less than a few
thousand per second. The secondary-beam position, size
and intensity can be monitored in various points of inter-
est along the spectrometer line using a set of secondary
emission probes, ionisation profilers, and Faraday cups.

2.3 Data analysis and identification

The identification of the isotopes present in the secondary
beam selected by the spectrometer is obtained by using
a bidimensional plot of the energy loss (AFE) versus the
time of flight (TOF) of the fragment. An example of AE-
TOF plot is given in fig. 2. The line of constant TOF,
observed in the centre of the bidimensional representation
AFE vs. TOF, corresponds to isotopes with A/Z = 1/2, i.e.
with the isospin projection Tz = 0. Lines corresponding
to other values of Tz are no more vertical, but they are
clearly visible. For example, the line Tz = 1/2 goes from
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PN to “Li. The existence of such lines, combined with
the absence of the well-known unbound nuclei, such as
8Be (Tz = 0) and B (Tz = —1/2) permits the absolute
calibration of Z and A to be readily established.

3 Results and discussion

This part will mainly focus on the results obtained using
thin targets, as they are not significantly influenced by the
subsequent fragment interaction with the target. After a
general presentation showing that these data are coherent
with previous results, they will be discussed in the scope of
parametrizing the production yields and momentum dis-
tributions. Finally, these data will be used for testing the
last version of the simulation code LISE.

3.1 General presentation of the data

For a given setting of the spectrometer, and in particular
for a given value of the magnetic field B, the individ-
ual production yields are obtained by dividing the inten-
sity I counted in the telescope for each isotope by the
primary-beam intensity Iy. For each of the beam-target
couples used in this experiment, and for each isotope pro-
duced, the individual production rate I/I; can thus be
plotted wversus the magnetic rigidity Bp. The Bp values
covered by these experiments range from 1.4 to 3.2 Tm.
The complete set of results concerning the individual pro-
duction rates of all observed isotopes from the interaction
of 95 MeV/u 12C and 75 MeV/u 3C with the targets
listed in table 1 are presented in ref. [§8]. Only a few typ-
ical examples will be given here. The first ones concern
a 44.5 mg/cm? Be target bombarded by both ions. The
corresponding individual production yields I/Iy are pre-
sented as a function of Bp in figs. 3 and 4. In order to
make the comparisons easier, these values have also been
plotted versus B/ By, By denoting the magnetic-field value
which corresponds to the transmission, through the spec-
trometer, of the primary beam exiting the target. In figs. 3
and 4, the left scale of the ordinates corresponds to the
differential cross-sections d%c/[d£2(dp/p)], which are pro-
portional to the I/Iy values (right side of the ordinate
scales) through the following equation:

d?o A1 DI
= 166-1000 — 2 2
df2dp/p 66-10 t A2 a I 2)

In eq. (2), A (in u) and ¢ (in mg/cm?) are the atomic
mass and thickness of the target, Af2 = 1 msr is the LISE
solid angle, D and a have been already defined. The co-
efficient 1.66 - 10 is the inverse of the Avogadro num-
ber multiplied by a factor 10'® for adjusting the units to
mb/(msr %).

From the observation of figs. 3 and 4, it is clear that
the production cross-sections are the highest for the sta-
ble nuclei close to the projectile. The production yields are
much smaller for projectile fragments lying far from the
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Fig. 3. Fragment production from the interaction of 95 MeV/u '2C ions with a 44.5 mg/cm? target of “Be. The individual
production yields I /I and the corresponding double differential cross-sections are plotted versus the magnetic rigidity Bp. The
lower abscissa scale is relative to the ratio B/By (see text for the definition of By). The symbols represent the experimental
results obtained for the production of the indicated nuclei. The error bars are statistical and are generally smaller than these

symbols. The solid lines are drawn to guide the eye.
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Fig. 4. Same as fig. 3 for the interaction of 75 MeV /u **C ions with a 44.5 mg/cm? target of *Be.

stability such as 8B and ?C. Moreover, even for fragments
near the stability line, a lower differential cross-section is
observed when their mass Ay is close to Ap /2, the term Ap
denoting the projectile mass. By comparing figs. 3 and 4,
it is also clear that more species are observed when the
projectile is 3C than when it is 2C. A detailed compari-
son between the results obtained with these two projectiles
will be presented in section 3.3.

3.2 Momentum distributions

As the Bp distributions shown in figs. 3, 4 have been mea-
sured at 0° relative to the beam direction, they can be
easily converted into the parallel momentum distributions
of the fragments. Such distributions are presented in fig. 5
for 12C- and 3C-induced reactions in the thinnest Be tar-
get. They exhibit an asymmetric shape with a maximum
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Fig. 5. Parallel-momentum distributions for projectile-like
fragments produced by beams of 95 MeV/u'?C (a) and
75 MeV/u **C (b) with a °Be target of 44.5 mg/cm?. The
dotted and dashed lines are, respectively, Gaussian and expo-
nential fits of the data (solid symbols). The arrows correspond
to the momentum of the beam.

on the high-momentum side followed by a slow decrease
(tail) towards low momentum values. Such asymmetric
distributions may be decomposed into two components, a
Gaussian one, which corresponds to their high-momentum
part, and an exponential tail.

3.2.1 High-momentum component

The high-momentum component can be determined in ref-
erence to the cold-fragmentation model [4,5] which as-
sumes a Gaussian distribution for the fragment longitudi-
nal momentum p:

d?o
df2dp

(p) — <p||>)2] . 3)

X exp [ 20ﬁ
In eq. (3), (p) denotes the average parallel momen-
tum and o is the width of the longitudinal-momentum
distribution. The high-momentum side is therefore fitted
by a Gaussian function (dotted line). The center of this
Gaussian yields the (p|) value, linked to the most probable
fragment velocity, and its width yields the o value.

As one can see in fig. 6, the present results confirm
the observation of several authors that the most probable
fragment velocity V; of the fragments emitted around zero
degrees is very close to the beam velocity Vp [7]. Indeed,
if one excepts the He fragments for which the production
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Fig. 6. Ratio of the most probable fragment velocity to the
projectile one, plotted wversus the fragment mass, for incident
12C at 95 MeV/u (left panel), and '*C at 75 MeV/u (right
panel). For 2@, the data correspond to targets of 44.5 mg/cm2
Be (closed symbols), 47.2 mg/cm? Cu (open symbols), and
97 mg/cm? Au (dotted symbols). For *C, the data correspond
to targets of 44.5 mg/cm? Be (closed symbols), 32 mg/cm? Ni
(open symbols), and 133 mg/cm? Ta (dotted symbols). As far
as the fragment Z’s are concerned, circles correspond to He,
squares to Li, triangles to Be, inverted triangles to B, lozenges
to C and stars to N. A line is drawn for V¢/Vp = 1.
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Fig. 7. Widths of the parallel-momentum distributions, plot-
ted versus the fragment mass, for incident '2C at 95 MeV /u
(left panel), and 3C at 75 MeV /u (right panel). The symbols
are as in fig. 6. These data are compared to the Goldhaber pre-
diction uncorrected (broken line) and corrected for a final-state
Coulomb interaction (solid lines).

mechanism is probably different, the measured ratio V¢ /Vp
is very close to unity with a slow decrease with decreasing
fragment mass. Note that the uncertainty in the determi-
nation of this ratio is about 2 to 5% . Therefore, the small
differences observed for the same isotope from one target
to another are not significant. For the same reason, some
of the experimental values of V;/Vp appear to be higher
than unity while the general trend is that all the fragment
velocities are lower than the projectile one.

For parametrization purposes, the recommendation
coming from these results is that, for projectiles and frag-
ments in this mass range, the approximation V¢ = Vp is
reasonably good. Note that this result is in qualitative
agreement with both a cold fragmentation and a transfer
process.

The widths o of the parallel-momentum distribu-
tions of fragments, determined from the experimental mo-
mentum spectra, are plotted in fig. 7 as a function of
the fragment mass for 2C- and '*C-induced reactions
in the thinnest targets. These values are compared to
those deduced from the simple fragmentation scheme es-
tablished by Goldhaber [4] which reproduces the parallel-
momentum distribution widths at high energy fairly well.
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Let us recall that, in the framework of this statistical ap-
proach, in which the projectile is made up of Ap inde-
pendent nucleons, the fragment momentum distribution
is Gaussian with a width given by the parabolic law

Af(AP — Af)

2 2

= —_— 4
O.H UO AP _ 1 ( )

In eq. (4), the term oq is the reduced width. It is linked
to the average momentum of the missing nucleons in the
projectile fragment. In a first approach, it can be related
to the Fermi momentum ppeym; of the nucleons inside the
projectile:
p%crmi 5

=3 5)

For projectiles lighter than argon, this approximation
leads to values of gq in the range 100-110 MeV /¢, but the
early works on this theme showed that a better agreement
was obtained with experiment for lower values of this pa-
rameter (80-90 MeV/¢). This deviation was explained by
Bertsch [17] by taking into account the fact that the miss-
ing nucleons are localized in space. Due to the Pauli prin-
ciple, the momenta of these individual nucleons are corre-
lated, and this reduces the parameter oy by about 20%.

The values of 0| indicated in fig. 7 by the dashed
line have been calculated with o9 = 81 MeV/c for
95 MeV/u 12C and oy = 77 MeV/c for 75 MeV /u 13C,
which represent the best fit to the present data, if one
excludes the “He fragments for both projectiles and ®Li
fragments for incident 12C (see below). Note that these oy
values are in fair agreement with the interpretation given
above.

The o) values can be corrected by adding to Uﬁ the

2 _
Og =

term 1/3 (Zp — Z;)CZ representing the contribution from
a Coulomb final-state interaction between the fragment
and the protons dissociated from the projectile [18]. The
parameter Cj is equal to

Ch — 2mpi€2Af
O\ AR (A + 1)

where my, is the mass of a proton, and 7o =1 fm.

As can be seen in fig. 7, this charge effect is small
and does not influence the overall agreement of the
parametrization with the data. However, one should
record that this result only concerns the momentum dis-
persion in the longitudinal direction. This charge effect
plays a more significant role in the transverse direction as
it is accompanied by the orbital deflection of the projectile
in the field of the target nucleus [18-21].

The above-mentioned particular behaviour of “He is
not surprising, as this nucleus can be produced through
many processes. In particular, when the projectile is 12C,
the very low o) values observed for this fragment may
be due to projectile break-up into three alpha-particles,
a process which is not taken into account in the picture
of Goldhaber. In the same way, the reduced width values
observed for A¢ = 6, but only when the projectile is 12C,
could be explained by the break-up of this projectile into
two SLi nuclei.
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Fig. 8. Inverse of the slope obtained from the exponential fit
of the parallel-momentum distributions shown in fig. 5, plot-
ted versus the fragment mass. The projectile-target couple is
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different symbols, as in fig. 6. The solid lines are drawn to
guide the eye.

3.2.2 Low-momentum tail

The tail observed in fig. 5 on the low-momentum side of
the curves may be interpreted as an indication of the pres-
ence of an energy dissipation process such as nucleon evap-
oration following a transfer or fragmentation step. For
example, the tail in the SLi distribution could contain
events corresponding to one neutron evaporation by an
excited "Li fragment. As indicated by the dashed line in
fig. 5, this low-momentum component is quite consistent
with an exponential function. The slope of this exponen-
tial function appears to vary with the fragment mass As.
In order to demonstrate this variation, and to give ele-
ments for parametrizing the slope s, the evolution of the
inverse of this slope versus Ag is represented in fig. 8 for
12C and '3C ions impinging on targets of (Be, Au) and
(Be, Ta), respectively. A maximum is observed (for the
inverse of the slope) for fragments having masses between
6 and 9 u. This corresponds to a minimum for the slope. In
other words, for these fragments the distributions extend
more towards low energies. This means that the dissipa-
tion processes (“hot fragmentation” or inelastic transfer)
are relatively important. On the contrary, for fragments
close to the projectile, the dissipation is reduced. This
means that the processes of quasielastic transfer and cold
fragmentation are predominant for these nuclei [22].

3.3 Production yields
3.3.1 Influence of the projectile

In order to compare isotope production from the interac-
tion of 12C and of 13C with a Be target, the yields do/d2
for various nuclides, obtained by integration of the Bp dis-
tributions over the whole Bp range, are plotted i) in fig. 9a
versus the fragment isospin projection (Tz)f, and ii) in
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fig. 9b wversus the difference ATy between the projectile
and fragment isospin projections [AT; = (Tz)r — (Tz)p].
One can see from fig. 9a that the 2C projectile is more
productive than 13C for fragments with (T%); < 0, and
less productive for fragments with (Tz)¢ > 1/2. Note that
the fragments produced through elastic or inelastic scat-
tering of the projectile are not taken into account in the
results shown in this figure. This leads to an underestima-
tion of fragments with (T%z)f = 0 when *2C is the projec-
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tile and of fragments with (Tz); = 1/2 when 13C is the
projectile. Finally, one may conclude from fig. 9a that, as
expected, the more neutron-rich beam leads to the more
neutron-rich fragments. More precisely, it can be seen in
fig. 9b that the fragment production in governed by the
difference between the isospin projection of the projec-
tile (Tz)p and of the fragment (Tz)¢. The distribution of
fig. 9b, which exhibits a quasi-Gaussian shape centered on
ATy =0, can be used as a guide for the parametrization
of secondary-beam production.

As several fragments have the same isospin, it is inter-
esting to check whether this global property is also valid
for each individual fragment, i.e. whether the isotopic pro-
duction curves corresponding to 2C projectiles are shifted
by one unit relative to the *C ones for a given value of
the fragment charge Z;. In that purpose, the production
yields are presented versus AA = Af — Ap. This is done
in fig. 10 (a and b) for Li, Be, B and C isotopes. It is clear
from this figure that this quantity AA, which reflects the
number of nucleons lost by the projectile, is a key param-
eter governing the production of secondary beams.

3.3.2 Influence of the target nature

The influence of the target nature on the production rates
may be appreciated in fig. 11 in which the experimental
yields of various isotopes are compared for targets of Be,
Cu and Au of equivalent thickness relative to the beam
slowing-down, i.e. corresponding to the same energy loss
for the beam. From the right scale of this figure, one can
see that the differential isotope yield I/l decreases when
the target atomic number increases. At the same time, one
can see on the left scale that the differential cross-section
is almost independent of the target. This result is made
clearer by comparing, in fig. 12, the secondary-fragment
production yield at zero degrees Y/Iy, obtained by inte-
grating I /Iy over the whole range of Bp values, for three
targets of equivalent thickness, bombarded by a '3C beam.
In fig. 12, the values Y /I are plotted versus the fragment
mass. (Note that a given mass may correspond to one or
several nuclides of different Z.) Two features emerge from
this figure. Firstly, all the curves exhibit similar shapes,
i.e. a regular decrease from mass 12 to mass 3 with two
accidents corresponding to the masses 8 and 4. (There is
no stable nucleus at mass 5.) The dip observed at mass 8
corresponds to the instability of ®Be which decays imme-
diately into two *He. The nucleus °B is also unstable, but
its absence is probably hidden by a substantial produc-
tion of its isobares, and particularly °Be. The maximum
at mass 4 corresponds to the fact that this nucleus (*He)
may be produced through many processes among which
the decay of ®Be and °B.

Secondly, although the targets do not strictly corre-
spond to the same projectile energy loss, the data dis-
played in fig. 12 indicate that the production in the Be
target is much higher than that in Ni, which is itself higher
than the production in Ta. This is due to a trivial effect:
light targets contain more atoms than heavy targets when
their thicknesses correspond to the same projectile energy
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Same symbols as in fig. 3.
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Fig. 12. Variation of the secondary-beam production rate ver-
sus the fragment mass, for a '3*C primary beam and targets of
44 mg/cm? Be, 32 mg/cm? Ni and 133 mg/cm? Ta. The pro-
duction yield corresponding to the final mass Af, integrated
over the fragment velocity (Bp) and summed over the frag-
ment atomic number Zg, is plotted versus Ag¢. The lines are
drawn to guide the eye.

loss. As was inferred from fig. 11, the production cross-
sections, which are plotted in fig. 13 are almost equivalent
for the three targets. One can even remark that the high-
est cross-sections correspond to the Ta target, and the
lowest to the Be one in agreement with the variation of
the geometric cross-section of these nuclei.

Similar conclusions can be drawn about the results ob-
tained with the 12C projectile.

3.3.3 Influence of the target thickness

The fragment production is expected to increase almost
linearly when the target thickness is increased. But the
secondary-beam production yield also depends on the
spectrometer transmission which is limited by its angu-
lar and momentum acceptance. For this reason, after a
linear increase, the total production yield saturates and
finally decreases when the target thickness is increased.
This decrease for very thick targets is mainly due to the
broadening of the momentum distribution and to the in-
crease of angular straggling. This effect has already been
discussed in ref. [23]. For a given target thickness, the
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fragment production at zero degrees versus the fragment mass.
Same conditions and symbols as in fig. 12.

maximum production which can be reached depends on
the slit aperture. As this parameter also governs the beam
selectivity, and as the Bp distributions obtained may over-
lap significantly with each other, a compromise has to be
found between a good fragment selection and a maximum
transmission. If additional discrimination is available in
the spectrometer, as is the case for LISE [24], the max-
imum secondary-beam production will be obtained for a
full slit aperture. In these conditions (full slit aperture),
the variations of the production yields versus target thick-
ness for several secondary beams are shown in fig. 14, for
Be, Cu and Au targets. As expected, after an initial in-
crease, the curves exhibit a flat maximum. The decreasing
part is not reached here, the targets used for these exper-
iments being not thick enough. Nevertheless, these curves
can be used to define the optimum target thickness which
corresponds to the thinnest target for which the maxi-
mum yield value is reached, or nearly reached. From the
data obtained in this work, some of which are presented in
fig. 14, one can estimate to about 1000 mg/cm? the opti-
mum target thickness for 95 MeV /u 12C when the targets
are Be or Cu, and to about 1500 mg/cm? the value cor-
responding to the same beam and Au targets. When the
beam is 3C, at 75 MeV /u, the optimum target thickness
increases from about 700 to 900 mg/cm? from Be to Ta
targets. These values are in good agreement with the yield
calculations performed using the LISE code (see below).

4 Comparison with the LISE code
4.1 The LISE code

The experimental data from this work, concerning frag-
ment production at zero degrees under various experimen-
tal conditions can be compared to the predictions of the
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LISE simulation code [25]. This code has been developed
at GANIL (Caen, France) to calculate the yields of frag-
ments produced and transmitted in an achromatic spec-
trometer. It has been regularly improved and is available
on the net [26]. The LISE 5.00 version of this code was
used for comparison with the present data. The very recent
one (LISE 6.00) introduces no significant modification in
the fundamental characteristics which will be discussed
below.

This simulation takes into account all the aspects of
the physical phenomena involved in the production of ra-
dioactive beams, to deliver in fine the momentum dis-
tribution of ionised fragments of given A and Z reach-
ing the focal plane of the spectrometer. The basic in-
puts are the cross-sections for fragment production at for-
ward angles, the initial fragment momentum distribution,
the stopping powers ot targets and absorbers —if any—
and the optical parameters of the spectrometer. Among
these ingredients, those corresponding to the nuclear re-
action itself —fragment cross-section and initial momen-
tum distribution— are the less well known, particularly
at energies lower than 100 MeV /u. The problems arising
with these “basic” parameters are presented below.
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4.1.1 Fragmentation cross-sections

In the standard LISE procedure, the fragmentation cross-
sections are taken from the empirical parametrization
EPAX, which was published initially by Siimmerer et
al. [27], and recently modified by Stimmerer and Blank [28]
to take into account new experimental data obtained with
high-energy heavy-ion beams. This parametrization is in
good agreement with the data, but, as specified by the au-
thors, the formula are only valid in the so-called “limiting
fragmentation” regime, i.e. at incident energies well over
the Fermi energy, which lies at about 40 MeV /u. This is
certainly not the case for the data presented here. As an al-
ternative, the LISE code offers the possibility of introduc-
ing the experimental cross-section for a given nuclear re-
action. However, this possibility was not used here, as the
purpose of this work was to test the standard procedure.

4.1.2 Momentum distributions

The LISE code proposes four different parametrizations
to calculate the average momentum of the fragment, and
as many possibilities for calculating the fragment momen-
tum width. As far as this last parameter is concerned,
only one of them, introduced recently by Tarasov, in-
volves the convolution of a Gaussian with an exponential,
and it was obvious that it should be chosen for repro-
ducing the low-energy tails observed in the present data.
The parameters used are the default parameters of the
code (¢ = 91.5 MeV /¢, energy from Qge, coef = 3.344,
shift = 0.158, the notations being those of refs. [25,26]).

In figs. 15, 16, the experimental momentum distri-
butions obtained for various isotopes produced through

12C + Be and 3C + Be reactions in targets of differ-
ent thicknesses are compared to the calculations from the
LISE code. As one can see from these figures, the cal-
culated curves reproduce the experimental distributions
fairly well, and particularly their width, the position of
their maxima, and the low-energy tails. Concerning the
values of the maximum differential cross-sections shown
in fig. 15, the results from the calculations with the LISE
code agree within a factor of 2 with the data correspond-
ing to the isotopes °Li, "“Be, ' B and probably °Be. This
agreement can be considered as satisfactory, if one takes
into account the fact that we are out of the limits of ap-
plicability of the EPAX parameterization. It is therefore
not surprising that much larger deviations are observed
for most of the other nuclides, and that the agreement is
very poor for some of them. In particular, and this is the
most important remark from a practical point of view, the
yields of the very neutron-deficient nuclei, such as ®B and
90, are strongly overestimated by the calculation. This
may be due to an intense nucleon evaporation combined
with the low binding energy of these fragments. This de-
fect of the code for fragments far from the stability line,
mentioned in ref. [25], is the most striking evidence that
the domain studied here is out of the range —in energy
and projectile mass— of the EPAX parametrisation. It is
on this point that the future efforts for improving the LISE
code should concentrate, and the present data provide a
basis for such improvements.

One can see also in figs. 15, 16 that the productions
of 3He and *He are underestimated by the calculation.
This is a minor remark, in the scope of secondary-beam
production, as these stable beams can easily be obtained
directly, but may be of some importance in the scope of
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Fig. 16. Same as fig. 15, for a 95 MeV/u '>C beam impinging on Be targets of various thicknesses.

radiotherapy using carbon beams, as these secondary par-
ticles have a range exceeding that of the primary beams,
and may cause dose deposit beyond the Bragg peak, such
effect being sometimes very harmful. From the physics
point of view, the underestimation of the *He and “He ex-
perimental production can easily be explained, as the code
does not take into account the emission of these particles
through evaporation or direct processes like the break-up
into alpha-particles of 8Be in its groundstate, or of '2C in
an excited state.

Finally, as mentioned in refs. [25] and [28], the contri-
bution of transfer reactions are not included in the EPAX
parametrisation, and this may explain the underestima-
tion of 2C production from '3C, and of 'B production
from 12C (see fig. 16).

The LISE code has also been used in this work to sim-
ulate the effect of target thickness on fragment production
for several isotopes. The result of this calculation is com-
pared to the experimental data in fig. 14. One can see
that the general trend of the curves is correctly repro-
duced, and that the LISE code can be used successfully
to determine the optimum target thickness for radioactive
beam production.

5 Summary and conclusion

A set of experimental data, concerning the differential
cross-sections and production rates at 0°, have been ob-
tained for peripheral collisions induced by '?C and '3C
beams of intermediate energy in targets from Be to

Au. These data are in good agreement with what is
known about the reaction mechanisms at these energies.
They have been used to derive general trends concerning
secondary-beam production and to test the last version of
the LISE code.

The momentum distributions at zero degrees are well
reproduced by a function which includes two components,
a Gaussian, centred aroud a velocity close to that of the
projectile, as in the Goldhaber model, and a low-energy
tail which reveals a contribution of dissipative processes.
This contribution is less significant when the fragment
mass is close to the projectile one.

The comparison of these data with the last version of
the LISE code confirms that this simulation code predicts
rather well the production cross-sections for fragments,
especially close to the stability line. However, significant
differences between the data and the LISE predictions —
sometimes more than a factor of ten— are found when the
fragments are far from the stability line. Unfortunately,
these fragments are often the most interesting in the scope
of radioactive beam production for nuclear structure or
reaction mechanism studies. This work gives the basis for
a better parametrisation of cross-sections in this energy
range.

The study of the influence of the projectile nature on
the fragment production yields shows unambiguously that
the 13C projectile favours the production of neutron-rich
isotopes. As far as the target nature and thickness are con-
cerned, the maximum production yields are obtained for
all kinds of fragments by using a Be target, the thickness
of which should be optimised according to the momentum
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acceptance of the spectrometer (slit aperture) and to the
primary-beam nature and energy. For the beams used in
this work, the optimum thicknesses of this beryllium tar-
get are approximately equal to 1000 mg/cm? (95 MeV /u
120) and 700 mg/cm? (75 MeV/u 13C). The knowledge
of these values and of the production curves constitute
an efficient guide for radioactive nuclear beam production
through projectile fragmentation.

We thank the GANIL crew for their cooperation and D. Bazin
and C. Stephan for their help in one of the experiments.
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