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In-flight separation

● Heavy-ion beam on thin target
● Fast

● Used to study very short-living 
isotopes, produced with small
probabilities

Isotope Separation On-Line

● (Mostly) light ion beam
on heavy-ion target

● Products are stopped in the target
● Depends on chemistry

● Slow (diffusion from the target)

Production of radioactive ion beams
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Production of radioisotopes

Production in
thick target

Half life not so crucial →  two separate moments
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Production of radioisotopes

Production in
thick target

Extraction, 
separation

Yield of radioisotopes:    ! = #	%!	Φ	 '

Half life not so crucial →  two separate moments

target nuclei

cross section

separation 
efficiency

primary beam 
intensity
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Cross section
! = #	%! 	Φ	 '

target nuclei: [L] –2

primary beam 
intensity: [T]–1

yield: [T]–1

cross section: [L] 2

beam

units: barn (1 b = 10-24 cm2); mb; fm2
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Cross section
! = #	%! 	Φ	 '

target nuclei: [L] –2

primary beam 
intensity: [T]–1

yield: [T]–1

cross section: [L] 2

Ψ"#$ %)* Ψ&' %)*
Solve Schrödinger equation by:
● separation between internal degrees of freedom and relative motion
● boundary conditions for relative motion (conservation principles)
● build ad-hoc potential that describes the interaction between the nuclei

Quantum mechanics

beam
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Cross section
We can measure…

● Cross section as function of the angle:
angular distribution    ⁄#$ #%

● Total cross section for all possible channels
→ attenuation of the beam intensity

● Cross section as function of the energy
Excitation function    $ &!"

● Cross section for all energies
smaller than the beam energy:
stopping the beam in the target
→ total probability for a given channel
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Nuclear reactions

● Collision between a beam particle  '	 and a target nucleus )
In the collision they exchange energy, momentum and possibly mass
As a result, we obtain a product nucleus * and
some outgoing radiation + (particle, g-ray)

      ' + ) → + + *

● Alternative notation:

            ) ', + *
Puts the accent on the process (', +)

probe (
)

*

+
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Types of reactions (list not exhaustive)

● Elastic scattering:  ) ', ' )  12C(p,p)12C     208Pb(n,n)208Pb
Always present!

● Inelastic scattering:  ) ', '# )∗  12C(p,p’)12C*   40Ca(α,α’)40Ca*

● Rearrangement reactions: (ex)change of mass
● Transfer reactions:

- stripping    12C(d,p)13C
- pick-up    12C(p,d)11C

● Knock-out reactions:  12C(p,2p)11B

● Photo-disintegration:  ) 1, ' *  16O(g,α)12C

● Capture reactions:  ) ', 1 *  14N(α,g)18F

● Combination of produced particles/radiation: reaction channel

● Different channels may be present (open) at the same time
depending on conservation principles
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Time scales
● Direct reactions: transfer, breakup  2 ', 3 + # 2

- Fast, only few nucleons involved
- Likely to occur at small exit angles (peripheral)
- Modelled as one-step processes
- Time scale  4 ≪ 10%&& s

● Resonance reactions
- Some nucleons form a resonance
  that lives for a short time  4 ≈ ℏ/;
- The total kinetic energy matches the energy
  of a resonance in the compound system

● Compound-nucleus reactions
- 2 + ' → <∗ → = + +
- Energy is shared among all nucleons
- Overlap of many resonances, described statistically
- No memory of entrance channel
- Products emitted isotropically
- Time scale  4 ≈ 10%&& s  (time of a nucleon orbital period)
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Impact parameter – Angular momentum

Impact parameter
measured in units
of ƛ:  * = ℓƛ

ƛ
ℓ = 0
ℓ = 1
ℓ = 2

*

● +  is the impact parameter

● If    + ≈ >' + >(
peripheral reactions  (direct)

● If    + < >' + >(
compound nucleus / fusion

● Measured as orbital angular momentum:
ℓ = )

ℏBC+ →  + = ℓƛ
with ƛ = )

ℏ 2B&+
%)

  de Broglie wavelength
(! mass, "! kinetic energy, in the center-of-mass system)
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Impact parameter – Angular momentum

● ℓ > >' + >( /ƛ = ℓ!  no reaction
(possibly Coulomb elastic)

● ℓ ≈ ℓ!   peripheral, direct reactions

● ℓ < ℓ!   head-on collision,
compound nucleus reaction / fusion

● ƛ	decreases and ℓ! increases
with increasing energy: 
more units of ℓ can lead to reaction

Impact parameter
measured in units
of ƛ:  * = ℓƛ

ƛ
ℓ = 0
ℓ = 1
ℓ = 2

*



Riccardo Raabe – KU Leuven PRISMAP School on radionuclide production – Leuven, 27-31/05/2024

RIBs and radioisotopes            Cross section           Reactions                                  Production              Conclusions

Impact parameter and reaction probability

Probability of reaction ≈ area of the target

2 ℓ + 1 ƛ ! − 2 ℓƛ ! =
2ℓ + 1 2ƛ!

ℓƛ

First rough estimate of the cross section:
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Impact parameter and reaction probability

● Charged particles: 
- Sufficient energy to overcome
  the Coulomb repulsion

● Heavy ions:
- direct processes negligible
- deep inelastic increasing with collision energy

● Light ions (p,n,d,t,3He,α):
- deep inelastic negligible
- importance of resonances
  (at collision energies around the barrier)
- high energy:
  fusion → spallation/fragmentation

r

V Coulomb
potential

Potential well
(strong force)
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Impact parameter and reaction probability

● Charged particles: 
- Sufficient energy to overcome
  the Coulomb repulsion

● Heavy ions:
- direct processes negligible
- deep inelastic increasing with collision energy

● Light ions (p,n,d,t,3He,α):
- deep inelastic negligible
- importance of resonances
  (at collision energies around the barrier)
- high energy:
  fusion → spallation/fragmentation

FUSION

Low collision energy

r

V Coulomb
potential

Potential well
(strong force)
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Impact parameter and reaction probability

● Charged particles: 
- Sufficient energy to overcome
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Impact parameter and reaction probability

● Charged particles: 
- Sufficient energy to overcome
  the Coulomb repulsion

● Heavy ions:
- direct processes negligible
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Reaction processes

● Fusion: two-step process
reaction + “decay” (fission, evaporation)

● Higher energies:
- fragmentation  (few 100 MeV/nucleon)
- spallation  (≈GeV/nucleon)

Cross sections do not depend upon the kinematics!
However, in inverse kinematics (in-flight separation)
the production is more directly related to the cross section

1 GeV p

p
n

238U

201Fr

+spallation

11Li X

+ +
fragmentation

143Cs Y

+ +
fission
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Production of unstable nuclei
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1 Introduction

Figure 1 illustrates how the number of known nuclides
increased in the past 85 years. In 1935, Giorgio Fea pub-
lished the first compilation of then known nuclides, arranged
in a two-dimensional map according to their proton and neu-
tron numbers [1]. It comprised 327 isotopes of elements from
hydrogen to uranium, most of them stable or close to the sta-
bility line. The base for the enormous increase of new iso-
topes in the following 85 years was the discovery of new
reaction types. But their effective application for isotope
production was only enabled by the development of pow-
erful accelerators for heavy ions and sensitive separation and
detection techniques for the reaction products (a review on
the discovery of nuclides, related reactions and techniques
can be found in [2,3]).

It was Ernest Rutherford who performed in 1919 the first
man-made nuclear reaction in his lab in Manchester. By bom-
barding nitrogen with α particles from a radioactive source,

Fig. 1 The nuclide charts from 1935, 1958 and 2015 reflect the steep
increase of known nuclides in the past 85 years. In 1935, 327 isotopes
of 92 elements were recorded. The first Karlsruhe Chart of Nuclides,
which appeared in 1958, comprised already about 1500 nuclides of 102
elements. Noteworthy are the two bulges on the neutron-rich side; the
respective nuclei were produced as fission fragments. In the following
60 years, the number of known nuclides was more than doubled and the
chart of 2015 contains 4000 different isotopes of 118 elements

he triggered the fusion reaction 4He +14 N →18 F∗ →
1H +17 O. After the mid-1920s, the first ion accelerators
appeared which enabled nucleosynthesis in fusion reactions
with protons and light ions. The discovery of nuclear fission
in the late 1930s [4,5] entailed the observation of numer-
ous neutron-rich fission fragments with mass numbers in a
wide region around A = 100. The mechanism of spalla-
tion/fragmentation was discovered in the mid-1940s [6] and
later turned out to be very efficient for the production of iso-
topes all-over the chart of nuclides up to uranium. Around the
same time, the upcoming powerful new accelerator facilities
enabled fusion reactions with heavy ions. Their application
allowed one to enter the region of transuranium nuclei up
to the heaviest known elements. Till today, fusion, fission
and fragmentation contribute most effectively to the produc-
tion of new isotopes. The chart in Fig. 2 gives an overview
which nuclides can be populated with these reactions. But it
reveals also the vast, still empty area between the presently
known isotopes and the expected driplines. The largest unex-
plored territory is located in the upper half of the chart, on
the neutron-rich side. The access to these nuclei is presently
limited by available beam intensities for fragmentation and
fission reactions and by the bending of the stability line
toward the neutron axis for fusion reactions. The increase
of beam intensities is a main goal in accelerator laborato-
ries worldwide. But to reach new neutron-rich transuranium
nuclei, also new ways for their production are required. Two
main approaches are presently discussed: the application of
multinucleon transfer (MNT) reactions and the application
of fusion reactions with radioactive ion beams (RIBs).

The discovery of MNT reactions dates back to the late
1960s when the upcoming accelerators for heavy ions

Fig. 2 Fragmentation, fusion and fission are presently the most effec-
tive reactions to produce (new) isotopes in the lab. In fragmentation
reactions, neutron-rich as well as neutron-deficient nuclei up to uranium
can be produced (yellow area). Fission leads to relatively neutron-rich
intermediate heavy nuclei (green area). Fusion is presently the only
method to synthesize transuranium and superheavy nuclei, but results
in rather neutron-deficient reaction products due to the bending of the
stability line (red area)

123

G. G. Adamian et al., Eur. Phys. J. A 56:47 (2020)
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Modelling fusion cross sections

1. Compound nucleus formation
For each angular momentum:

with 

2. Evaporation probabilities / Fission: statistical equilibrium
Calculated as the cross section of the inverse reaction
Ingredients:
- E* of compound nucleus and of residue
- separation energy (for particles)
- level density: parametrised

Fission occurs if   lmax	≥		lcrit  at which the fission barrier
becomes smaller than the neutron separation energy 
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Statistical model calculations in heavy ion reactions

A. Gavron
Department of Nuclear Physics, Weizmann Institute of Science, Rehovot, Israel

(Received 1 June 1979)

Results of various fusion experiments with heavy ions are compared with predictions of statistical model
calculations. In some reactions there is evidence for nonstatistical effects based on significant discrepancies
between the calculations and the experimental results. Alternative explanations of these discrepancies are
considered.

[NUCLEAR REACTIONS HI (xny), statistical model calculations. ]

INTRODUCTION

The advent of heavy ion accelerators has facili-
tated the study of nuclei at high excitation energy
and angular momentum. Measurements of the
gamma-ray multiplicity'-' and evaporation residue
cross sections' '-' show that there is a linear
correlation between the average gamma-ray
multiplicity M„and the maximum angular mo-
mentum of the evaporation residues, l
l itself is apparently limited"' by a critical
angular momentum (denoted l„«) at which the
rotating liquid drop fission barrier" falls below
the neutron binding energy.
It has generally been assumed that most of the

decay properties of the excited nuclei produced
in these reactions can be described by statistical
model calculations, although no such detailed cal-
culations spanning all. available experimental re-
sults have been reported yet. In spite of the lack
of comprehensive calculations, some properties
of these reactions have been ascribed to non-
equilibrium effects. """These are (1) the per-
sistence of significant xn cross sections with low
x at high excitation energies, "and (2) overlap-
ping gamma-ray multiplicity distributions for
different xn channels. ' " This approach has been
challenged by Blann and Ferguson, "who assert
the necessity for performing complete evaporation
calculations prior to deducing the existence of
nonstatistical effects.
The purpose of this study is to examine the ex-

tent to which all available data (in the mass 140-
170 region) can be interpreted in terms of eva-
poration calculations using a Fermi gas level
density parametrization. The reactions considered
are Ar+'0'Ag(169, 197, 236, and 288 MeV), ' Ar+
'"Sn (150-230 MeV), ' Ar+" Sn (161, 189, 209,
and 236 MeV), ' Ne+ '"Nd(128, 144, 163, and 172
MeV), "'"and Ar+ Te (157, 181 MeV). ' We find

significant discrepancies between our calculations
and the experimental results in the Ar+'"Sn data
(mainly at 236 MeV) and in the Ar+ "'Sn data above
210 MeV, which could be due to nonstatistical ef-
fects. 'The possibility of interpreting these data
within the framework of statistical model calcula-
tions is considered.
'The data we attempt to reproduce in these calcu-

lations are (1) the relative cross sections for xn
(and some xno. ) reactions, (2) the average angular
momentum leading to specific xn channels as
determined by multiplicity measurements, (3) the
critical angular momentum (l„«) limiting the
survival of evaporation residues.

METHOD OF CALCULATION

T, = 1+exp (2)

& is a diffuseness parameter and l „is determined
by the total fusion cross section 0~ since

F +t
i~0

(3)

'The transmission coefficients for light particle
emission (n, p, o.) were determined using optical
model potentials of Refs. 15 and 16. For l „&65
fission can compete with particle emission. ""In

The process of the deexcitation of the excited
nuclei was calculated using a modified version of
code JULIAN" which follows the correct procedure
for angular momentum coupling at each stage of
deexcitation.
For any specific bombarding energy, the partial

cross section for compound nucleus formations at
angul. ar momentum l, o„js

o, = v)('(2l+ 1)T, ,
)( is the reduced wavelength, and T, is taken to be

21 230
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Calculating fusion cross sections
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Evaluation of fusion-evaporation cross-section calculations
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A R T I C L E I N F O

Keywords:
Fusion-evaporation reactions
Comparison experiment – calculations

A B S T R A C T

Calculated fusion-evaporation cross sections from five different codes are compared to experimental data. The
present comparison extents over a large range of nuclei and isotopic chains to investigate the evolution of
experimental and calculated cross sections. All models more or less overestimate the experimental cross sections.
We found reasonable agreement by using the geometrical average of the five model calculations and dividing the
average by a factor of 11.2. More refined analyses are made for example for the 100Sn region.

1. Introduction

On Earth, 255 stable nuclides are available for nuclear physics
studies. In addition, 31 quasi stable nuclides having a half-life com-
parable to or longer than the age of the Earth exist. All other nuclei
must be created in order to be usable for experimental studies. Different
types of nuclear reactions exist to produce these unstable and radio-
active nuclei.

Two methods can be used to create basically all bound or quasi
bound (i.e. bound for a short laps of time) nuclei lighter than the pro-
jectile or target nuclei: spallation or fragmentation. Spallation reactions
are usually induced by light particles (protons or neutrons) on heavier
stable target nuclei. In these spallation reactions, the incident light
projectile ejects nucleons from the target nucleus by nucleon-nucleon
collisions and the excited fragment (often called pre-fragment) evapo-
rates light particles (protons, neutrons, α particles) to get rid of ex-
citation energy. With e.g. incident proton energies of a few hundred
MeV up to 1 or 2 GeV, basically all nuclei, bound or quasi bound, but
lighter than the target nucleus itself, can be produced. However, as
these spallation reactions are basically always “thick-target” reactions,
the reaction products have to diffuse out of the target to become useful.
As this takes some time and depends very sensitively on the chemistry
of the element of interest, short-lived nuclides of condensable elements
are very difficult to produce by this means.

Fragmentation reactions employ heavy-ion induced reactions on
different heavy-ion targets. Therefore, target as well as projectile
fragmentation can be used. Target fragmentation suffers from the same
problem as spallation reactions: the products have to diffuse from the
target itself. Therefore, this process is again limited to relatively volatile

isotopes with sufficiently long half-lives. In projectile fragmentation
reactions, one can use “thin targets” which allows the products to recoil
out of the target due to the incident projectile energy. This approach is
basically universal and allows all nuclides lighter than the projectile to
be produced. However, there are at least two drawbacks of projectile
fragmentation: i) it needs high-energy heavy-ion accelerators and ii) the
beam quality of these fragment beams is rather bad.

In deep-inelastic or transfer reactions, two heavy nuclei interact
with each other at energies around the Fermi energy (typically
20–60MeV/A) and nucleons are transferred from one nucleus to the
other producing thus more or less neutron-rich or neutron-deficient
isotopes. However, as the number of nucleons transferred is limited,
mainly nuclei relatively close to stability in the vicinity of the projectile
and the target nuclei are produced.

In nuclear fission, a very heavy nucleus, e.g. 238U or 252Cf, fissions
by creating two medium-mass nuclides. This fission process can be in-
duced (e.g. by proton, neutron or γ -ray impact) or spontaneous. Due to
the curvature of the nuclear valley of stability, the heavy fissioning
nuclei have always an excess of neutrons compared to lighter nuclei.
Therefore, nuclear fission always produces neutron-rich isotopes in the
mass range of A ≈ 50–170.

Finally, neutron-deficient nuclides can be produced by fusing two
lighter nuclei. In this case, the situation is reversed compared to fission.
The light stable nuclei that interact are proton-rich compared to the
heavier nuclei in the valley of stability. For example, the reaction of a
stable 40Ca nucleus with a stable 58Ni nucleus produces as the com-
pound nucleus, i.e. the sum of all nucleons, 98Cd, a nucleus which is 8
neutrons more neutron-deficient than the most neutron-deficient stable
isotope of the element cadmium.
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Codes
● PACE (1980)

Monte-Carlo
● CASCADE (1977)

Analytic
● HIVAP (1981)

Analytic
● CNABLA (1999)

Monte-Carlo
● GEMINI++ (2008)

Monte-Carlo

performances of the UNILAC target ion source systems [90]. The latter
approach has been used for the present study, where the diffusion and
effusion coefficients were mostly obtained from measurements at
UNILAC [90,91], CERN and Dubna [92]. Because of a lack of data in the
case of Ga and In, we used diffusion coefficients of the neighboring Ge
and Sn elements, respectively. The FEBIAD ionization efficiencies were
estimated from efficiencies measured at ISOLDE for rare gases [93]. For
the metallic elements of interest, an interpolation in mass gives results
which are compatible with the order of magnitude of the efficiencies
quoted by Kirchner for UNILAC (30–50% [94]).

Fig. 3 shows the results of this comparison. The in-target yields were
estimated from the cross-section averages as described in the previous
section. The extracted yields are in-target yields multiplied by the dif-
fusion, effusion and ionization efficiencies, and have to be compared to
the experimental production rates measured at UNILAC. As in the case
of the production cross sections, the production rates also scatter a lot.
However, with the cross section scale factor for the low-mass region of
7.3 (Fig. 3 and 4.6 for the mass A= 100 region (Fig. 3b–e), we reach a
reasonable agreement which seems to indicate that a reduction of the
calculated cross section is also needed for this comparison.

We note that some of the less exotic isotopes have not been pro-
duced in ideal conditions, but experimenters set their apparatus for a
short while on these nuclei to start their experiment. As for these nuclei
the beam energy was therefore certainly not optimized, the simulation
codes may have even larger deficiencies.

4.3. Excitation function of fusion-evaporation cross sections

As mentioned above the body of experimental data for production
cross sections is quite scarce. This is even worse in terms of excitation
functions where the production cross sections are measured as a func-
tion of the energy of the incident beam. We have found one example
where sufficient data are available to make a meaningful comparison.
In the Bi-Po region [89], a few cross sections have been measured as a
function of the incident beam energy, however, only over a short range.
In Fig. 4, we compare this excitation function to the different models
used in the present work.

Interestingly, if we exclude the CNABLA model for the two A=200
nuclei, the maximum of the calculated values is rather close for the
different models. It is difficult to say whether the experimental trend is

reproduced by the model predictions. For such a statement, more data
over a wider range of energies would be needed. The figure also evi-
dences that, in case of doubt, a slightly higher energy is more con-
venient to move away from the threshold effect at low energies.

A large comparison of experimental data in the 100Sn region to
HIVAP predictions has been performed by Korgul et al. [67]. These
authors measured production rates of nuclei slightly heavier than 100Sn
in order to test model predictions in terms of cross sections and of the
optimum energy for the production of this nucleus. Therefore, a limited
range of incident energies were explored and the rates of different
nuclei were determined. The resulting experimental data are given in
Table 4. If compared to the method proposed in the present paper for

Table 4
Experimental production rates from Korgul et al. [67]. The reaction 58Ni + 54Fe was used
on a 470µm thick target. The rates are normalised to a beam intensity of 1 pnA.

110Xe 110I

Energy (MeV) rate (1/s) error (1/s) rate (1/s) error (1/s)

190 5.24E−4 1.66E−4 7.50E−3 6.27E−4
200 1.76E−3 3.21E−4 3.52E−2 1.44E−3
205 9.89E−4 1.70E−4 3.30E−2 7.91E−4
210 1.12E−3 2.04E−4 3.89E−2 9.32E−4
215 3.92E−4 6.36E−5 2.00E−2 4.80E−4
220 3.03E−5 3.03E−5 1.11E−2 2.25E−2

109Te 109I

Energy (MeV) rate (1/s) error (1/s) rate (1/s) error (1/s)
205 7.63E−1 2.62E−1 – –
215 1.43E+1 4.78E+0 7.67E−2 4.69E−3
217 8.93E+0 2.98E+0 8.35E−2 1.04E−3
220 1.26E+1 4.21E+0 4.64E−2 1.25E−3
225 8.71E+0 2.92E+0 5.43E−2 3.51E−3
230 5.37E+0 1.79E+0 2.78E−2 7.59E−4

108I 108Te

Energy (MeV) rate (1/s) error (1/s) rate (1/s) error (1/s)
225 2.95E−4 1.20E−4 0.529 0.016
235 1.46E−3 2.71E−4 0.960 0.007
240 1.70E−3 3.01E−4 1.080 0.008
250 1.09E−3 2.32E−4 0.902 0.007
260 1.73E−3 3.97E−4 0.672 0.008

Fig. 4. Comparison of experimental excitation functions for nuclei in the mass A=200 region [89] with predictions from the five models used. The energy range is unfortunately too
small to draw conclusions about the accordance of the maximum of the distributions between experimental data and models.
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In general:
overestimation of experimental cross sections
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Cross sections at relativistic energies
ABRABLA07
J.-J. Gaimard, K.-H. Schmidt, Nucl. Phys. A 531 (1991) 709

1. Abrasion
- (only) nucleons with overlapping
  trajectories collide
- Excitation energy from holes
   in the level scheme

2. (Possibly) breakup of the prefragment
For very high excitation energies
N/Z ratio is conserved

3. De-excitation (ablation)
Competition between evaporation (of n,p,d,t,α,1)  and fission
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Cross sections at relativistic energies
ABRABLA07  J.-J. Gaimard, K.-H. Schmidt, Nucl. Phys. A 531 (1991) 709

[21—appendix] was developed based on the parameteriza-
tion of the output results of the intranuclear-cascade stage
predicted by INCL3.

2.2. The de-excitation stage in ABRABLA

The deexcitation part of ABRABLA, named ABLA, is a
dynamical code that describes the de-excitation of the
compound nucleus through the evaporation of light
particles and fission. The evaporation of light nuclei (the
so-called ‘‘intermediate-mass-fragments’’ (IMF)) is also
considered in ABLA. The particle evaporation is consid-
ered in the framework of the statistical model of Weisskopf
[40], where the probability for the emission of a certain
particle is essentially given by the ratio of the available
phase space in the daughter and in the mother nucleus. In
the description of fission, the ABLA code explicitly treats
the relaxation process in the deformation space. The
resulting time-dependent fission width is calculated using
an analytical approximation [41] to the solution of the
Fokker-Planck equation. The calculation of the fission
yields is done on the basis of a semi-empirical model as
described in Refs. [26,36].

2.3. Validation of the code with experimental results from
GSI

The ABRABLA code is being continuously bench-
marked with the systematic high-quality experimental data
measured in inverse kinematics at GSI. In these experi-
ments, the formation cross-sections of the produced
nuclides, in the almost entire production range, were
measured down to values of 10 mb with a typical accuracy
of 15%. The tabulated experimental data can be found in
Ref. [34]; details of the experimental technique and of the
physical meaning of the results are described in references
therein.
In Fig. 1, the results of the code for the reaction of 238U

with protons at 1 A GeV are compared with the
experimental data for the reaction of the same system
[26–33,34]. In the upper part, the comparison is made on
the chart of nuclides, with individual nuclide production
cross-sections represented by colors. In the lower part, the
same comparison is made in a compact form of diagrams
of the mean N/Z ratio and of the width of the isotopic
distributions versus the element number. In this way, the
essential characteristics of the isotopic distributions,
obtained using the code, are compared to the experimental

ARTICLE IN PRESS

Z

Z Z

N

Fig. 1. Comparison of the experimental data with the ABRABLA calculations for the nuclide production cross-sections in the reaction 238U +p at 1 A
GeV.

S. Lukić et al. / Nuclear Instruments and Methods in Physics Research A 565 (2006) 784–800786

238U + p at 1 GeV/nucleon

S. Lukić et al., Nuclear Instruments and Methods in Physics Research A 565 (2006) 784
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Other Codes

● EPAX (1990)
Phenomenological formula for fragmentation yields
Parameters fitted on experimental values

● SPACS (2014)
Semi-empirical parameterization of spallation yields

● GRAZING (1995)
Model (and code) for deep-inelastic reactions
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Evaluation of fusion-evaporation cross-section calculations
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A R T I C L E I N F O

Keywords:
Fusion-evaporation reactions
Comparison experiment – calculations

A B S T R A C T

Calculated fusion-evaporation cross sections from five different codes are compared to experimental data. The
present comparison extents over a large range of nuclei and isotopic chains to investigate the evolution of
experimental and calculated cross sections. All models more or less overestimate the experimental cross sections.
We found reasonable agreement by using the geometrical average of the five model calculations and dividing the
average by a factor of 11.2. More refined analyses are made for example for the 100Sn region.

1. Introduction

On Earth, 255 stable nuclides are available for nuclear physics
studies. In addition, 31 quasi stable nuclides having a half-life com-
parable to or longer than the age of the Earth exist. All other nuclei
must be created in order to be usable for experimental studies. Different
types of nuclear reactions exist to produce these unstable and radio-
active nuclei.

Two methods can be used to create basically all bound or quasi
bound (i.e. bound for a short laps of time) nuclei lighter than the pro-
jectile or target nuclei: spallation or fragmentation. Spallation reactions
are usually induced by light particles (protons or neutrons) on heavier
stable target nuclei. In these spallation reactions, the incident light
projectile ejects nucleons from the target nucleus by nucleon-nucleon
collisions and the excited fragment (often called pre-fragment) evapo-
rates light particles (protons, neutrons, α particles) to get rid of ex-
citation energy. With e.g. incident proton energies of a few hundred
MeV up to 1 or 2 GeV, basically all nuclei, bound or quasi bound, but
lighter than the target nucleus itself, can be produced. However, as
these spallation reactions are basically always “thick-target” reactions,
the reaction products have to diffuse out of the target to become useful.
As this takes some time and depends very sensitively on the chemistry
of the element of interest, short-lived nuclides of condensable elements
are very difficult to produce by this means.

Fragmentation reactions employ heavy-ion induced reactions on
different heavy-ion targets. Therefore, target as well as projectile
fragmentation can be used. Target fragmentation suffers from the same
problem as spallation reactions: the products have to diffuse from the
target itself. Therefore, this process is again limited to relatively volatile

isotopes with sufficiently long half-lives. In projectile fragmentation
reactions, one can use “thin targets” which allows the products to recoil
out of the target due to the incident projectile energy. This approach is
basically universal and allows all nuclides lighter than the projectile to
be produced. However, there are at least two drawbacks of projectile
fragmentation: i) it needs high-energy heavy-ion accelerators and ii) the
beam quality of these fragment beams is rather bad.

In deep-inelastic or transfer reactions, two heavy nuclei interact
with each other at energies around the Fermi energy (typically
20–60MeV/A) and nucleons are transferred from one nucleus to the
other producing thus more or less neutron-rich or neutron-deficient
isotopes. However, as the number of nucleons transferred is limited,
mainly nuclei relatively close to stability in the vicinity of the projectile
and the target nuclei are produced.

In nuclear fission, a very heavy nucleus, e.g. 238U or 252Cf, fissions
by creating two medium-mass nuclides. This fission process can be in-
duced (e.g. by proton, neutron or γ -ray impact) or spontaneous. Due to
the curvature of the nuclear valley of stability, the heavy fissioning
nuclei have always an excess of neutrons compared to lighter nuclei.
Therefore, nuclear fission always produces neutron-rich isotopes in the
mass range of A ≈ 50–170.

Finally, neutron-deficient nuclides can be produced by fusing two
lighter nuclei. In this case, the situation is reversed compared to fission.
The light stable nuclei that interact are proton-rich compared to the
heavier nuclei in the valley of stability. For example, the reaction of a
stable 40Ca nucleus with a stable 58Ni nucleus produces as the com-
pound nucleus, i.e. the sum of all nucleons, 98Cd, a nucleus which is 8
neutrons more neutron-deficient than the most neutron-deficient stable
isotope of the element cadmium.
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Comprehensive simulation codes

● FLUKA  http://www.fluka.org
- “Fully integrated particle physics
   Monte-Carlo simulation package”
- Calculations of particle transport
   and interactions with matter

● GEANT4   https://geant4.web.cern.ch
- “Simulation of the passage of
   particles thorugh matter”
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Current production of radioisotopes
● Neutron capture on stable targets

Production of slightly neutron-rich isotopes
Mainly at reactor facilities
Resonances are important!

● Fission
Thermal neutrons on 235U
Fast neutrons on 238U

● Proton-induced reactions  (p,xn), (p,α)
For positron emitters
Dedicated cyclotrons

● Light ion-induced reactions  (d,xn), (d,α), (α,xn)
Dedicated cyclotrons
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of high 6ux reactors) and the self-heating of the 
sample (mainly for 7ssile targets that reach kW/g 
power) provide signi7cant heat load. 8us 7ssile 
samples or irradiation positions close to the reactor 
core usually require forced convection for sample 
cooling.

Finally the self-shielding e9ect of materials with 
high neutron capture cross-sections has to be con-
sidered. Nuclear reactors are inherently equipped 
with advanced systems for nuclear safety: multiple 
safety barriers including the building, massive bio-
logical shielding, tight supervision of gaseous and 
liquid e:uents, etc., assure safe management of the 
radioisotope inventory of operating and used reactor 
cores. 8e activities, dose rates and radiotoxicities of 
samples irradiated for radioisotope production usu-
ally represent only a minor fraction of the respective 
values of the reactor core. 8erefore nuclear reac-
tors are naturally predestined for safe production 
of large activities of radioisotopes.

Table 2.2 shows a list of radioisotopes pro-
duced directly by neutron capture. 8e maximum 
achievable speci7c activity (saturation activity) was 
calculated for thermal neutron 6uxes of 1014 and 1015 
cm-2s-1 respectively. Experimental values may di9er 
due to additional resonance capture of epithermal 
neutrons. In certain cases (e.g. 60Co) the irradiation 
time would be impractically long (many years) to 
reach saturation activity, thus in reality shorter irra-
diation times are used for higher throughput.

In the indirect route the 7nal quality (n.c.a.) does, 
to 7rst order, not depend on the neutron 6ux. With 
higher 6ux the yield (i.e. the activity produced per 
mass of target material) will rise, but even at lower 
6ux the quality of product will remain the same. 
However, in reality it becomes more challenging to 
achieve a higher separation factor (more stable target 
material has to be removed) and the requirements of 
the chemical purity of target material and chemicals 

Product 
isotope

Half-life Target 
isotope

Natural 
abundance

%

Specific activity

Φ = 1014 cm-2s-1

GBq/mg
Φ = 1015 cm-2s-1

GBq/mg
32P 14.3 d 31P 100 0.3 3
60Co 5.27 a 59Co 100 14 30
64Cu 12.7 h 63Cu 69 4.3 40
89Sr 50 d 88Sr 83 0.004 0.04
90Y 64 h 89Y 100 0.8 8
99Mo 66 h 98Mo 24 0.08 0.8
103Pd 17 d 102Pd 1.0 1.9 18
117Sn 13.6 d 116Sn 15 0.003 0.03
153Sm 46.3 h 152Sm 27 80 640
166Ho 26.8 h 165Ho 100 21 200
169Er 9.4 d 168Er 27 0.8 8
169Yb 32 d 168Yb 0.13 190 260
177Lu 6.65 d 176Lu 2.6 470 1500
186Re 3.72 d 185Re 37 35 300
188Re 17 h 187Re 63 24 230
192Ir 73.8 d 191Ir 37 70 90
193Pt 4.33 d 192Pt 0.78 0.6 6
195Pt 4.02 d 194Pt 33 0.009 0.02

Table 2.2. Radioisotopes produced directly by neutron capture reactions. 

Figure 2.4. Top view of the central part of ILL’s reactor seen 
through 7.5 m of light water. The heavy water tank in the middle 
is surrounded by a light water pool. The bottom of the latter is 
“illuminated” by Cherenkov light. The bright blue point below the 
centre of the image is the V4 thimble tube providing at its bottom a 
thermal neutron flux of 1.5×1015 cm-2s-1. It can be manually loaded 
and unloaded with irradiation shuttles during reactor operation.
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used in the separation process rise since traces of 
stable impurities become relatively more important 
for a batch with lower activity. Table 2.3 shows a 
list of radioisotopes produced indirectly by neutron 
capture reactions. 8e achievable yields (GBq of 
product isotope per mg of 100% enriched target iso-
tope) were calculated for thermal neutron ;uxes of 
1014 and 1015 cm-2s-1 respectively. Experimental values 
may di>er due to additional resonance capture of 
epithermal neutrons. Typical irradiation and decay 
times were chosen to keep co-produced radioisotope 
impurities at an acceptable level.

As for other indirect production routes the 
neutron ;ux is not very relevant for the quality 
of produced radioisotopes. Large scale industrial 
production is performed in high ;ux reactors at 
neutron ;uxes ranging from 5×1013 to 2×1014 cm-2s-1. 
Irradiation in still lower ;uxes is possible (e.g. for 

local or regional supply of 99Mo with medium-;ux 
reactors) but leads to a less eAcient use of the 235U 
targets. Still higher ;uxes are not favourable since 
the cooling of the Bssile targets gets increasingly 
diAcult.

Not every research reactor is equipped for irra-
diation of massive Bssion targets. 8is requires 
additional investments such as forced cooling, 
local monitoring of Bssion gas release, additional 
shielding and correspondingly heavy equipment for 
handling the heavily shielded transport containers.

2.2.2 Medical isotope production  
by accelerators
Today two types of particle accelerator are used for 
radioisotope production; cyclotrons and to a lesser 
degree linear accelerators, but new developments 
are underway.

Product 
isotope

Half-life Target 
isotope

Natural 
abund.

%

Inter- 
mediate 
isotope

Half-life Φ = 1014 cm-2s-1 Φ = 1015 cm-2s-1

Tirr 
d

Td 
d

Yield 
GBq/mg

Tirr 
d

Td 
d

Yield 
GBq/mg

Production via (2n,γ) reactions

166Dy 3.4 d 164Dy 28 165Dy 2.35 h 10 1 2 5 1 100
188W 69.8 d 186W 28 187W 0.99 d 100 10 0.002 50 10 0.1

Indirect production via (n,γ)β-

47Sc 3.3 d 46Ca 0.004 47Ca 4.5 d 10 1 0.5 10 1 5
125I 59.4 d 124Xe 0.10 125Xe 17 h 7 7 6 4 7 20
131I 8.0 d 130Te 34 131Te 25 min 28 2 0.1 28 2 1
131Cs 9.7 d 130Ba 0.11 131Ba 12 d 7 7 0.7 7 7 7
161Tb 6.9 d 160Gd 22 161Gd 4 min 14 0.5 0.4 14 0.5 4
177Lu 6.7 d 176Yb 12.8 177Yb 1.9 h 14 1 0.6 14 1 4
199Au 3.1 d 198Pt 7.2 199Pt 31 min 7 0.5 0.7 7 0.5 7
227Ac 21.7 a 226Ra 0 227Ra 42 min 100 30 0.02 28 30 0.03

Indirect production via (n,f)

99Mo 2.8 d 235U 0.72 7 1 5.7
131I 8.0 d 235U 0.72 7 12 0.7
133Xe 5.3 d 235U 0.72 7 7 3

Table 2.3. Radioisotopes produced indirectly by neutron capture reactions. 

Figure 2.5. Typical sizes of IBA cyclotrons providing proton energies of 11, 18, 30 and 70 MeV from left to right.
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ISOLDE  https://isoyields2.web.cern.ch

Yields at Radioactive Ion Beam facilities
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GANIL/SPIRAL(2)  https://u.ganil-spiral2.eu/chartbeams/

Yields at Radioactive Ion Beam facilities
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Summary/conclusions

● Cross sections are very difficult to calculate
→ use semi-classical models
→ use phenomenological approaches

● The most useful reaction process is fusion
Two-step process
Modelling evaporation is challenging!
Several codes available

● New radioisotopes: challenging research!
Information from radioactive ion beam facilities

    The cross section is only the first step
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…thank you for your attention!

Enjoy Leuven and Belgium!


