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Nuclear building blocks 
Existing in the realm of the microscopic world on the 

femtometer scale, (1 fm = 10-15 m), the nuclei that reside 
in the heart of atoms are made up of neutrons and protons, 
collectively called nucleons (see Fig. 1).  And even nucleons 
have structure, being composed of smaller building blocks—
quarks and gluons. The fundamental theory of strongly inter-
acting matter, quantum chromodynamics (QCD), should in 
principle be able to predict the properties and interactions of 
particles at the nuclear scale. However, the equations of QCD 
are extremely difficult to crack even for a single proton, and 
this still makes it practically impossible to describe the nature 
of nuclei from first principles. Hence, other strategies have to 
be used.2 Important insights come from the realization that 
the choice of building blocks (degrees of freedom) always 
depends on the resolution of experimental microscopes, i.e., 
the energy of the probe. For example, experiments performed 
at energies around 1000 MeV, the mass of the proton, are sen-
sitive to the internal quark-gluon structure of the nucleons; 
however, those performed at energies of 100 MeV will see a 
nucleus as an aggregation of nucleons interacting through 
complex forces (not unlike van der Waals forces between pro-
tein molecules). At even lower energies, 10 MeV and below, 
other degrees of freedom, such as collective rotations and 
vibrations of the nucleus as a whole, come into play. Designer 
nuclei live in the low-energy world in which protons and neu-
trons are fundamental entities.

Nuclear landscape
To date around 3000 nuclei have been synthesized in the 

laboratory, but this represents only a fraction of the nuclei that 
are expected to exist. The nuclear landscape is most easily de-
picted on the chart of the nuclei, which shows each nucleus as 
a square representing the number of neutrons and protons it 
consists of (see Fig. 2). The black squares are the stable nuclei, 
those that live forever or practically forever, and constitute 
over 99.9% of the mass of matter around us. There are around 
288 such species forming the so-called valley of stability. By 
adding neutrons or protons to a stable nucleus, we enter the 
territory of radioactive nuclei, first long-lived, then short-
lived, until we finally reach the nuclear “drip line,” where there 
is no longer enough binding to prevent the last nucleons from 
dripping off the nuclei. The proton drip line is already rela-
tively well determined experimentally up to bismuth (with 
83 protons, that is Z = 83). In contrast, the neutron drip line 
is considerably further from the valley of stability and harder 
to approach. Except for the lightest nuclei (around oxygen 
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The physics of nuclei is not a democratic field. It has to 
be said, some nuclei are just more interesting than oth-
ers. And some are more useful than others, either to 

explain the origins of the elements, or the nature of matter it-
self, or for uses in medicine and other applied fields. The trick 
is to work out which nuclei are going to be the most impor-
tant, and then go out and make them. Nuclear physicists are 
getting increasingly better in fabricating and characterizing 
short-lived nuclei with desired properties, the designer nuclei. 
This paper describes selected frontiers of this research. For an 
in-depth overview, the reader is referred to the recent report.1

Fig. 1. The basic elements (degrees of freedom) 
that strongly interacting matter is made of depend 
on the energy of the experimental probe. The build-
ing blocks of the theory of strong interactions, 
quantum chromodynamics, are quarks and gluons, 
which are lurking inside mesons and baryons. In 
low-energy nuclear physics experiments, quarks 
are invisible and nuclei can be well described in 
terms of individual protons and neutrons, their den-
sities and currents, or – for certain nuclear excita-
tions – collective coordinates describing rotations 
and vibrations of the nucleus as a whole.
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Warm‐up questions 
1.  Which reactions are direct? 
2.  What defines a direct reaction? 
3.  What is meant by the Q‐value of a reaction? 
4.  Does it depend on beam energy? 



Warm‐up questions 
• Which reactions are direct? 

Elastic scattering, transfer reactions, knockout, charge 
exchange etc.  As opposed to compound nuclear reactions such 
as fusion evaporation. 
• What defines a direct reaction? 

The time scale.  If the compound nucleus does not have time to 
equilibrate we define the reaction as direct.   
• What is meant by the Q‐value of a reaction? 

Difference in mass energy between initial and final states. 
 
 
•  Does it depend on beam energy? 

No 
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Let’s start from the very beginning  

1)  The original alpha male 
2)  Famous disproof of the 

pudding 
3)  Student of JJ Thomson 

(from Michael Fowler, U. VA) 



Direct reaction at the birth of nuclear physics 

NOTE: from 
standard 
undergraduate 
physics book. 



Direct reaction at the birth of nuclear physics 

NOTE: from 
standard 
undergraduate 
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In his own words 
I had observed the scattering of alpha‐particles, and Dr. Geiger in my 
laboratory had examined it in detail. He found, in thin pieces of heavy 
metal, that the scattering was usually small, of the order of one degree. 
One day Geiger came to me and said, "Don't you think that young Marsden, 
whom I am training in radioactive methods, ought to begin a small 
research?" Now I had thought that, too, so I said, " Why not let him see if 
any alpha‐particles can be scattered through a large angle?" I may tell you 
in confidence that I did not believe that they would be, since we knew the 
alpha‐particle was a very fast, massive particle with a great deal of energy, 
and you could show that if the scattering was due to the accumulated effect 
of a number of small scatterings, the chance of an alpha‐particle's being 
scattered backward was very small. Then I remember two or three days 
later Geiger coming to me in great excitement and saying "We have been 
able to get some of the alpha‐particles coming backward …" It was quite 
the most incredible event that ever happened to me in my life. It was 
almost as incredible as if you fired a 15‐inch shell at a piece of tissue paper 
and it came back and hit you." 



Two types of elastic scattering 
• Rutherford, or Coulomb, scattering due to the electrical 
potential of the nucleus. 
• Long‐range force 
• Dominates at low energies and small c‐o‐m angles 
• Simple analytic form 

• Nuclear scattering 
• Sensitive to the nuclear potential 
• Short range 
• Optical potential often used to describe both nuclear and Coulomb 
parts of scattering 

• Useful to divide through by Rutherford cross‐section in order to see 
details of elastic scattering. 
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Rutherford Scattering 

Notice strong 
angular 
dependence.  Need 
to divide this out to 
see nuclear 
scattering. 

from Krane (Wiley) 



Light diffraction from circular hole 
Sharp edges of the hole produce deep 
minima in the diffraction pattern. 



Elastic scattering of neutrons on Pb 
Why don’t the 
troughs go to zero? 

from S. Fernbach Rev. Mod 
Phys. 30, 414 (1958) 



Optical Potential 
 Fitting the details of elastic scattering data requires more 
than simple diffraction from an opaque disk. 
 The most common model in fitting scattering data entails a 
complex potential and is called the optical model. 
 The optical potential has the form: U(r) = V(r) + iW(r). 
 The real part of the optical potential explains the scattering. 
 The imaginary part provides absorption ;  the removal of 
particles from the elastic scattering channel via nuclear 
reactions. 



Optical Potential 
 The radial dependence is rather flat throughout the inner region 
of the nucleus, falls off rapidly at the nuclear surface, but with some 
diffuseness such that interactions can occur for some distance 
beyond the surface. 
 The real part is usually taken as a Woods‐Saxon form. 
 The imaginary part is stronger at the surface, i.e. the nucleus 
cannot capture into the full inner shells. 
 The form of W(r) therefore is often chosen (when at low 
energies) to be proportional to dV/dr. 
 A spin‐orbit term is also often included which also peaks near the 
surface.  The spin density in the interior of the nucleus tends to zero. 
 For a charged projectile a Coulomb term is also necessary. 
 The optical potential can be fit to elastic scattering data and then 
used for more complex reactions. 



Transfer Reactions (normal kinematics) 

Deuteron beam 

Target nucleus  Residual nucleus 

Proton recoil 



What we can learn from transfer 
reactions? 
•  Q‐value 

•  mass. 
•  excitation energies. 

•  Angular distributions of recoils 
•  l‐value of transferred nucleon. 
•  combined with calculations extract 
spectroscopic factor. 



Transfer: 
 90Zr(d,p) Ed = 16 MeV for l = 2 and l = 0  

from H.P. Blok  
Nucl. Phys. A. 273, 142 (1976) 



That’s where things were in the 1970’s 
• Could explain elastic scattering and transfer using optical 
potentials. 

• Could measure direct reactions with anything that could be 
made into a target. 

• Normal kinematics. 
• Gradually everything of interest that could be measured was 
measured and then transfer reactions slowly died away …. 



Transfer Reactions (inverse kinematics) 

Heavy ion beam 

Deuteron target 

Residual nucleus 

Proton recoil 



Test of inverse kinematics 
• First experiment using (d,p) reactions 
in inverse kinematics. 

•  132Xe(d,p) at 5.9 MeV/nucleon. 
• WORKS BEAUTIFULLY.  
• Tools in place. 
• Slowly move toward transfer reactions 
with radioactive ion beams. 
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In order to obtain the opt ical-potent ial  parameters for the 
entrance channel of the (d,p)-reaction, the cross section 
for elastic scattering was measured at laboratory angles 
between 50 ~ and 81 ~ . As an example, the angular distrib- 
ution for d(~zXe,d)l~Xe compared with an opt ical-model 
calculat ion is shown in Fig. 1; the error bars are statis- 
tical. 

Protons or ig inat ing from (d,p)-reactions leading to various 
exi ted states in ~ X e  and ~ X e  were detected in the an- 

gular range 95 ~ _< 8~o~ _<148 ~ . A typical energy spectrum 

for d(~Xe,p)l~z Xe is displayed in Fig. 2. Peaks corre- 

sponding to transit ions to the strong single-part icle states 

in ~ X e  are clear ly resolved on a continous background. 

A detai led energy / t ime-of-f l ight analysis showed, that 

the dominant  part of this background (_>90%) consists of 

protons, most l ikely evaporat ion protons from the X e + T i  

and X e + A I  reactions. The observed energy resolut ion 

was of the order A E = 8 0  keV, mainly determined by the 

angular resolut ion; this can be improved by enlarging the 
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Fig 3: Angular distributions of the differential cross section 
for d (132Xe,p) 133Xe at E~ = 5.868 MeV/u leading to the 
groundstate and the two first exited states in ~33Xe. The 
curves are results of DWBA - calculations for different 
transfered angular momenta. The errors shown are sta- 
tistical. 

distance target - detector and improving the beam - 

emittance, e.g. using cooled beams at the ESR. The t ime 

resolut ion of the protons measured against the beam 

pulses (400 psec pulse width) was around 1.5 ns. This is 

is suff icient for the separation of p, d, t and ~-particles in 

the interesting energy region up to 10 MeV. 

Examples of measured angular distr ibutions are shown in 

Fig. 3 together with DWBA calculat ions carried out with 

the f ini te-range code DWUCK. Overall good agreement 

between the data and the DWBA predict ions is observed. 

The angular distr ibut ions are adequate for the assignment 

of the orbital angular momentum transfer ~. 

Table 1 contains the spectroscopic information obtained 

from the present work for a total of 9 levels in ~33Xe and 

137Xe compared with data from deuteron - induced re- 

actions on Xe - gas targets I-2,3]. The first three states in 

~33Xe as well as the groundstate of 137Xe show excel lent  

agreement  with the results from refs.2 and 3. A disagree- 

ment is observed for the exited states at 1.87 MeV and 

2.36 MeV in 137Xe and we suspect the corresponding 

peaks to consist of several unresolved states due to the 

l imited energy resolut ion in this exploratory study. The 

levels at 1.6 MeV and 3.0 rvleV in ~33Xe were investigated 

for the first t ime. The errors for the spectroscopic factors 

are est imated to be around 40% depending on the quali ty 

of the DWBA fits. 

Table 1: Comparison of the present results with ear l ier  

data from deuteron- induced reactions. E~x is the exitat ion 

energy in MeV, f. the transfered angular momentum, j and 

the spin and parity of the observed levels and Sj the 

obtained spectroscopic factor. 

Present work Reference [2] Reference [3] 
d(13~Xe, p)137Xe 138Xe(d,p)137Xe 136Xe(d,p) l~TXe 

"E~ ~. j= Sj Eex f. j~ j~ Sj 

3.0 3 7/2- 0.70 
).60 1 3/2- 0.41 
:).95 1 1/2- 0.13 
1.87 2 5/2 + 0.20 
-).36 1 3/2- 0.20 
L80 3 5/2- 0.26 

0.0 3 7/2- 
0.61 1 3/2- 
1.01 1 3/2- 
1.87 1 
2.53 1 

Sj Eo~ 

0.58 0.0 3 
0.37 0.55 1 
0.13 0.91 1 
0.30 1.84 - 
0.13 2.30 1 

2.73 3 

7/2- 0.68 
3/2- 0.49 
1/2- 0.34 

1/2- 0.35 
5/2- 0.21 

Present work Reference [2] 
d(132Xe,p) l~3Xe 134Xe(d,t) 133Xe 
E~• f. j~ Sj Eox ~ j~ Sj 

0.0 2 3/2 + 0.22 0.0 2 3/2 + 
1.60 2 5/2 + 0.13 
3.00 (4 7/2 + ) 

The exper imenta l  results and the overal l  good agreement  

with exist ing l ight-ion induced data indicate, that the 

method of inverse kinematics - using heavy ion beams 

incident on light target nuclei - can be a useful tool for 

spectroscopic invest igat ions in nuclear transfer reactions 

on nuclei far from stability. The quality of the data can be 

improved by use of targets with lower a luminium-content  

or the planned use of an internal hydrogen gas target in 

the heavy ion storage ring ESR. 

1. G. Kraus, d ip loma thesis (unpublished), Universit~t 

Mainz (1989) 

2. E.J. Schneid, B. Rosner, Phys.Rev. 14___88 3(1966)1241 

3. P.A. Moore, P.J. Riley, C.M. Jones, M.D. Mancusi, J.L. 

Forster, Phys.Rev. 175 4(1968)1521 

G. Kraus (Masters Thesis) 
Z. Phys. A. 340, 339 (1991) 



What is a Spectroscopic Factor? 

• It’s the norm of the overlap function between the initial 
state and the final state. 

• Example for (d,p) 
• “How much does my recoiling nucleus look like my target nucleus 
plus a neutron in a given single particle state?” 



What is a Spectroscopic Factor? 
• Specific Illustration 

• Nuclear Reaction Theory 
 
    

 
• Nuclear Reaction Experimentalist 
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Example: N = 51 isotones 

83Ge  85Se  87Kr  89Sr  91Zr 

Calculations by D. Dean 

Trends for sf’s and falling 
excitation energy of 1/2+ 
state generally well 
reproduced 

J. Thomas et al., Phys. Rev. C 76, 044302 (2007). 



Transfer reactions in inverse 
kinematics 

 
132Sn(d,p)133Sn 
 



Holifield Radioactive Ion Beam Facility 



HRIBF yields 

N=82 

Fission fragment beams 
Production via p‐induced fission on U gives access to n‐rich 
nuclei close to N=50,82 

Opportunities at the HRIBF  

N=50 

Studies close to 
N = 82 and Z = 50 



132Sn(d,p)setup 



132Sn(d,p) experiment 

132Sn beam 133Sn recoil 



132Sn(d,p) data 
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FIG. 2. Energy versus angle measurements for the protons emitted from the 132Sn(d,p) measure-

ment. Equi-Q-value lines are shown to guide the eye in the lower panel for the ground (yellow,

solid), 854-keV (green, dashed), 1363-keV (black, dot-dashed) and 2005-keV (red, dot-dot-dashed)

states. The inset shows the low-energy states in 133Sn (color online).

and angles of protons emitted from the (d,p) reaction follow well defined loci dependent on

the Q-value of the reaction, as shown in Fig. 2. Lines representing the calculated kinematic

loci for reactions resulting in 133Sn being produced in its ground, 854-, 1363-, and 2005-keV

states are shown to help guide the eye.
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and angles of protons emitted from the (d,p) reaction follow well defined loci dependent on

the Q-value of the reaction, as shown in Fig. 2. Lines representing the calculated kinematic

loci for reactions resulting in 133Sn being produced in its ground, 854-, 1363-, and 2005-keV

states are shown to help guide the eye.
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133Sn Q‐value spectrum 



133Sn Angular Distributions 

Theory from 
Filomena 
Nunes (NSCL) 



Ex (keV)  Jπ  Configuration  SF  C2 (fm‐1) 

0  7/2‐  132Sngs ⊗ νf7/2  0.86 ± 0.16  0.64 ± 0.10 

854  3/2‐  132Sngs ⊗ νp3/2  0.92 ± 0.18  5.61 ± 0.86 

1363±31  (1/2)‐  132Sngs ⊗ νp1/2  1.1 ± 0.3  2.63 ± 0.43 

2005  (5/2)‐  132Sngs ⊗ νf5/2  1.1 ± 0.2  (9 ± 2)×10‐4 

Spectroscopic factors for 133Sn from DWBA 



Magicity of 132Sn 
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K.L. Jones et al. Nature 465 454 (2010) 



132Sn is a great doubly‐magic nucleus 
• All the spectroscopic factors are around 1. 
• Pure single particle states. 
• Even better than 208Pb. 
• Everything’s fine and dandy …. right? 



Knockout reactions 

REDUCTION FACTORS 



Knockout reactions e.g. at the NSCL 

Select 34Ar  
in the Beam 

Select 33Ar at the  
focal plane of the S800 

9Be  
target 

174 A. Gade, T. Glasmacher / Progress in Particle and Nuclear Physics 60 (2008) 161–224

Fig. 6. One-nucleon knockout schematics. A nucleon is removed from the projectile upon peripherally colliding with
a light target, here 9Be. Gamma-ray spectroscopy in coincidence with the knockout residue serves to identify the final
state. The longitudinal momentum distribution of the residue provides information on the !-value of the knocked-out
nucleon. Adapted with permission from [75].
c© 2003, by Macmillan Publishers Ltd: Nature.

At the NSCL, direct one-nucleon knockout reactions from fast exotic beams have been
developed into a powerful tool to extend the detailed study of the nuclear wave function to short-
lived species [73,74]. In the collision of a fast projectile beam with a light, absorptive target,
typically 9Be, a neutron or proton is removed from the projectile in a single-step, direct reaction:
9Be (AZ, A−1Z + γ )X and 9Be (AZ, A−1Z − 1 + γ )X. The shape of the longitudinal momentum
distribution of the heavy residue carries the information on the orbital angular momentum (!-
value) of the knocked-out nucleon – in analogy to the angular distributions in the conventional,
low-energy transfer reactions. Gamma-ray spectroscopy in coincidence with the projectile-like
knockout residue provides the identification of the final state. In comparison to reaction theory,
spectroscopic factors, which relate to the occupation number of single-particle orbitals, can
be derived from measured partial cross sections to individual final states of the residue. One-
nucleon knockout reactions thus provide an identification of single-particle components in the
ground state wave function of the unstable projectile and a measure of the relative separation
and occupation of singe-particle levels. These quantities allow for detailed tracking of changes
in nuclear structure beyond the valley of β stability on the level of the single-particle degree of
freedom. The relative location of single-particle orbits and their occupation by nucleons provide
benchmark tests for modern theories – for ab initio calculations applicable for light nuclei below
mass A = 12 as well as for many-body shell-model approaches that are largely based on effective
interactions.

At intermediate beam energies (≥50 MeV/nucleon), a theoretical description [76,77] in
the framework of straight-line trajectories (eikonal approach) and sudden approximation is
applicable. Therefore, the model dependence is reduced compared to the classical low-energy
transfer reactions, whose calculation involves the Distorted Wave Born Approximation (DWBA)
or higher-order formalisms, and which depend strongly on entrance- and exit-channel optical
model potentials [78] that have not been established for nuclei with extreme neutron-to-proton
ratios.

One-nucleon knockout reactions at intermediate beam energies have been successfully applied
at rates of less than 1 particle/s. The high sensitivity is tied to the high-beam energy that (i) allows
for the use of thick targets to enable high-luminosity experiments with low beam rates, (ii) leads
to strongly forward-focused reaction residues and (iii) ensures an optimum signal-to-noise ratio
from event-by-event particle tracking in the entrance and all exit channels.
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Fig. 6. One-nucleon knockout schematics. A nucleon is removed from the projectile upon peripherally colliding with
a light target, here 9Be. Gamma-ray spectroscopy in coincidence with the knockout residue serves to identify the final
state. The longitudinal momentum distribution of the residue provides information on the !-value of the knocked-out
nucleon. Adapted with permission from [75].
c© 2003, by Macmillan Publishers Ltd: Nature.

At the NSCL, direct one-nucleon knockout reactions from fast exotic beams have been
developed into a powerful tool to extend the detailed study of the nuclear wave function to short-
lived species [73,74]. In the collision of a fast projectile beam with a light, absorptive target,
typically 9Be, a neutron or proton is removed from the projectile in a single-step, direct reaction:
9Be (AZ, A−1Z + γ )X and 9Be (AZ, A−1Z − 1 + γ )X. The shape of the longitudinal momentum
distribution of the heavy residue carries the information on the orbital angular momentum (!-
value) of the knocked-out nucleon – in analogy to the angular distributions in the conventional,
low-energy transfer reactions. Gamma-ray spectroscopy in coincidence with the projectile-like
knockout residue provides the identification of the final state. In comparison to reaction theory,
spectroscopic factors, which relate to the occupation number of single-particle orbitals, can
be derived from measured partial cross sections to individual final states of the residue. One-
nucleon knockout reactions thus provide an identification of single-particle components in the
ground state wave function of the unstable projectile and a measure of the relative separation
and occupation of singe-particle levels. These quantities allow for detailed tracking of changes
in nuclear structure beyond the valley of β stability on the level of the single-particle degree of
freedom. The relative location of single-particle orbits and their occupation by nucleons provide
benchmark tests for modern theories – for ab initio calculations applicable for light nuclei below
mass A = 12 as well as for many-body shell-model approaches that are largely based on effective
interactions.

At intermediate beam energies (≥50 MeV/nucleon), a theoretical description [76,77] in
the framework of straight-line trajectories (eikonal approach) and sudden approximation is
applicable. Therefore, the model dependence is reduced compared to the classical low-energy
transfer reactions, whose calculation involves the Distorted Wave Born Approximation (DWBA)
or higher-order formalisms, and which depend strongly on entrance- and exit-channel optical
model potentials [78] that have not been established for nuclei with extreme neutron-to-proton
ratios.

One-nucleon knockout reactions at intermediate beam energies have been successfully applied
at rates of less than 1 particle/s. The high sensitivity is tied to the high-beam energy that (i) allows
for the use of thick targets to enable high-luminosity experiments with low beam rates, (ii) leads
to strongly forward-focused reaction residues and (iii) ensures an optimum signal-to-noise ratio
from event-by-event particle tracking in the entrance and all exit channels.
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Fig. 7. Example for the determination of orbital angular momenta in the one-neutron knockout reaction 9Be(34Ar,33Ar+
γ )X measured at the NSCL [86]. Left: momentum distribution for events where the knockout residue 33Ar was left in
its ground state. Right: momentum distribution in coincidence with de-excitation γ -rays. The comparison to calculated
momentum distributions for knockout from s(" = 0) and d(" = 2) orbitals confirms the picture of 34Ar with filled d5/2
and s1/2 orbits where the neutron removal from the s1/2 orbital leads to the ground state of 33Ar while the knockout
from the d orbit populates excited states in 33Ar. Adapted figure with permission from [86].
c© 2004, by the American Physical Society.

in the framework of a black-disk model [94,73] with the interaction radius chosen to reproduce
the reaction cross sections of the free constituents. It is assumed that the momentum distribution
from diffractive breakup has the same shape. The success of the black-disk approximation for
the calculation of the momentum distribution lies in the insensitivity of the stripping process to
the details of the absorptive residue-target and nucleon-target interactions and thus it turns out to
be a valid approximation to replace the S matrices by step functions with radii chosen to match
the free core-target and nucleon-target interaction cross sections [73].

Later, Bertulani and Hansen [95,96] treated the three-dimensional momentum distribution of
the core in stripping reactions at the same level of approximation as the single-particle cross
section calculations by Tostevin [76,77]. The results (i) confirmed the validity of the previously
used black-disk approximation and (ii) demonstrated that the transverse momentum distributions
are quantitatively and qualitatively different from the longitudinal momentum distributions.

As discussed in [73] in more detail, calculations have been carried out that remove the
eikonal and/or sudden approximation to assess their impact on the reaction theory. Esbensen
and Bertsch [97] employed a numerical solution of the time-dependent Schrodinger equation
to probe the eikonal few-body approach. The analysis showed that the eikonal approximation
sightly underestimates the single-particle cross sections at all energies with deviations on the
level of a few % at the beam energies discussed here [97]. In the transfer-to-the-continuum
approach by Bonaccorso and Brink [98], the nucleon’s motion is allowed to vary with time and
eikonal or sudden approximation are not invoked. While this model makes other approximations
that are best fulfilled for neutron halo nuclei, the transfer-to-the-continuum predictions have
been found to agree with the single-particle cross sections from the eikonal theory used for the
studies outlined in this review (see [99,100]). Also the coupled discretized continuum channels
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Fig. 1. Spectroscopic strength relative to the independent-particle shell-model limit for valence

orbitals as a function of the mass number according to literature values for (d,3He) and (e,e′p)
experiments. For references see Table 3.

Modern nuclear-structure calculations [6–13] predict occupations for valence orbitals

in the range of 60 to 90% of the IPSM limit. The precise value and the spreading

of the strength depend sensitively on the amount of short- and long-range correlations

included in the calculation. Recently, it was demonstrated [15] for the nucleus 7Li that

structure calculations based on a realistic nucleon–nucleon potential are indeed able to

describe accurately the momentum distributions and spectroscopic factors measured with

the reaction (e,e′p). To put such calculations to a further test for other nuclei it is necessary
to avail of accurate absolute spectroscopic factors. In this respect the existing discrepancy

between spectroscopic factors deduced from the (e,e′p) and (d,3He) reactions needs a
detailed investigation. It is the aim of the present paper to carry out such a study and to

provide a consistent set of spectroscopic factors extracted from both the (e,e′p) and the
(d,3He) reaction.

In Section 2 the Coulomb Distorted Wave Impulse Approximation (CDWIA), which is

used in the analysis of the (e,e′p) experiments, and the DistortedWave BornApproximation
(DWBA) method, used for the (d,3He) reaction, are reviewed with special emphasis on the

sensitivities of the spectroscopic factors to the various approximations made. In Section 3,

it is investigated, which part of the bound-state wave function (BSWF) is probed by the

(e,e′p) and (d,3He) reactions, in order to understand the model sensitivity arising from
the shape of the BSWF. In Section 4, one 48Ca(e,e′p) [14] and two 48Ca(d,3He) [16,17]
data sets are used for a detailed comparison between the (e,e′p) and (d,3He) spectroscopic
factors. In Section 5, a reanalysis of (d,3He) data sets for other nuclei is made, in which

nonlocality and finite-range corrections are included and BSWFs deduced from (e,e′p)
experiments are used. Conclusions are drawn in Section 6.

Spectroscopic 
strength for 
valence orbitals 

G.J Kramer et al Nucl. Phys. A 679 (2001) 267. 
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FIG. 12. (Color online) Ratios of SF(JS) values and the LBSM
predicted SF values as a function of neutron separation energy (S n).
Open and closed symbols denote elements with odd and even Z,
respectively. Only data with an overall uncertainties of less than 25%
are included.

shell model calculations to Ti and Cr isotopes using high
performance computing facilities [258].

Figure 12 shows the ratio of the experimental SF values to
the LBSM values from OXBASH as a function of the neutron
separation energy. Within the experimental uncertainties, we
do not see the systematic quenching of the spectroscopic
factors with increasing nucleon separation energy reported
for measurements of nucleon knockout reactions induced by
radioactive beams. Rather, there seems to be some indication
that the trend is the opposite, i.e., the SF values are smaller than
the predicted values for nuclei with small neutron separation
energy. This trend persists in a smaller subset of the nuclei
such as the Ca isotopes plotted as solid stars.

The structures of the neutron-rich nuclei with small neutron
separation energy are of general interest. For loosely bound
nuclei, knockout reactions with radioactive beams suggest
no quenching. In our data set, there are seven nuclei with
S n < 4 MeV: 8Li, 9Be, 11Be, 12B, 15C, 16N, and 19O. Except
for 15C, which was discussed in the previous section, the
fits and quality of the data are comparable to those of the
other data we have examined. However, the experimental SF
values for these nuclei are consistently smaller than the LBSM
predictions. (If we relax the criterion to S n < 5 MeV, the
conclusion is similar.) To be sure, we do not have many nuclei,
and they are all light nuclei with Z ! 8. Furthermore, the
suppression ratios vary from 0.44 to 0.79 for the six nuclei
we examined. Excluding 15C, the average quenching factor is
0.6. The SF values (as a group) do not agree with the LBSM
predictions. These results may indicate that the standard
global potential [15] may not be appropriate to describe the
scattering of these weakly bound nuclei with diffuse surfaces.

Furthermore, target breakup may have to be explicitly taken
into account when calculating transfer processes involving
nuclei with very small neutron separation energies (<2 MeV).
Further study with improved theoretical inputs is needed to
understand these nuclei with loosely bound neutrons.

XII. SUMMARY

In summary, we have evaluated angular distribution mea-
surements from past (p, d) and (d, p) transfer reactions using
targets ranging from Li to Cr isotopes. Problems with past
measurements are discussed and resolved mainly by compar-
ing the data of several independent measurements. We observe
problems with the consistencies between measurements. We
expect such problems are not limited to the data studied here.
The procedure developed to monitor the quality control of the
data sets should be applicable to other analyses with a large
number of data sets. Based on the analysis of the evaluated
data and a reaction model with minimum assumptions, we
develop a consistent approach to extract spectroscopic factors.
Comparisons between spectroscopic factors obtained from
(p, d) and (d, p) reactions suggest that most of the extracted
values have uncertainties less than 20%. Thus our SF values
have smaller random uncertainties than the values compiled by
Endt. Furthermore, the method should be applicable to other
stable beams and maybe rare isotope beam experiments. The
present compilation of the neutron ground state spectroscopic
factors of 80 nuclei provides important reference points for
more sophisticated theoretical work on transfer reactions and
development in nuclear structure model. For most nuclei,
the agreement between data and LBSM predictions is within
20%. Even though most of the nuclei studied are close to
the valley of stability, the nuclei range in neutron separation
energy from 0.5 to 19 MeV. The present work does not support
the observation that spectroscopic factors are suppressed with
increasing neutron separation energy as found in nucleon
knockout reactions.
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FIG. 1. (Color online) Ratios of the experimentally deduced
spectroscopic factors to those of the independent particle shell-model
SF(IPM) for the calcium isotopic chain. The open symbols, from
SF(Conv), result from the use of conventional, three-body adiabatic
model calculations using the Chapel Hill global nucleon optical
potentials and a fixed neutron bound-state geometry (Set I) [8]. The
solid symbols, from SF(HF), are the results of constrained three-
body model calculations, where both the nucleon optical potentials
(the JLM microscopic optical model) and the neutron bound-state
potential geometry (Set II) are determined by the Skyrme (SkX) HF
calculations of Ref. [9].

from large-basis shell-model (LB-SM) calculations, which
include configuration mixing, and the IPM, which neglects
such effects, are essentially equal in the calcium isotopes. As
most of the (e, e′p) SF analyses are compared to the IPM, we
also compare our deduced SFs for the calcium isotopes with
those of the IPM. For n valence nucleons, each of total angular
momentum j, the IPM predictions are [21]

SF(IPM) =
{

n, (n even),

1 − n−1
2j+1 , (n odd).

(2)

For 40–49Ca, these SFs are 4, 1, 2, 3/4, 4, 1/2, 6, 1/4, 8, and 1,
respectively; the odd/even effects arise from pairing. Figure 1
shows the ratios of the extracted SFs to these SF(IPM) as a
function of mass number A.

The solid stars in Fig. 1 represent the ratios SF(HF)/
SF(IPM) for the calcium isotopes. These SF(HF) are the new
results of our constrained analysis, using the HF-inspired neu-
tron binding potential geometries, Set II, and the JLM nucleon
optical potentials obtained using the HF densities of the targets.
We observe an overall reduction in the SF(HF) compared to
the IPM values of about 25%–30%. The additional data point
for A = 40 (open circle) is the proton SF value, 0.645(50),
as deduced from the (e, e′p) analysis of Ref. [4]. Within the
assigned experimental uncertainties, the neutron SF(HF) and
the proton SF(e, e′p) for 40Ca agree.

For comparison, we also extract SF values from a con-
ventional adiabatic three-body model reaction analysis, now
using the Chapel Hill (CH89) global phenomenological

nucleon-target interactions [22] and the standard binding
potential geometry (Set I). The open stars in Fig. 1 show the
corresponding SF ratios, SF(Conv)/SF(IPM). The ratios for
these latter calculations are close to unity within experimental
uncertainties, although three odd-A isotopes, 43Ca, 45Ca, and
49Ca, are somewhat suppressed. The suppression for 49Ca
may be traced to a sharp increase in the rms radius of
the 2p3/2 orbit in 49Ca (4.59 fm), compared to that of the
1f7/2 orbit (3.99 fm) in neighboring 48Ca, when using the
standard geometry. However, this explanation cannot address
the reduction in the SFs for the 43Ca and 45Ca nuclei.

The deduced SF(HF) are consistently reduced compared
to the SF(Conv). The reduction of the SF(HF) values comes
from both the changes of optical potential and the use of
more realistic (larger) neutron bound-state wave functions.
On average, the use of the JLM potential instead of the
CH89 global potential results in reduction of the SF values
by 15%. Similar effects were observed in Ref. [23]. The
rms radii of the neutron bound-state wave functions from
Set II, based on the Skyrme SkX HF predictions, are also,
on average, about 2% larger than the rms radii from Set I,
the conventional Woods-Saxon potential of fixed radius and
diffuseness parameters. This results in further reduction of the
SF values by about 15%, as was discussed earlier in connection
with Eq. (1). The observed suppression is thus a manifestation
of both effects. As was stated earlier, we believe that these
changes, constrained by the same (HF) theoretical systematics,
will better determine the all-important overlap of the distorted
waves and bound-state wave functions at the nuclear surface.

The Ca isotope SF(Conv) values are a subset of a recent
large-scale survey of 80 nuclei, studied via (p, d) and (d, p)
transfer reactions [8,20]. In the survey, it was shown that within
experimental and theoretical uncertainties, most extracted
SF(Conv) values, like those for the Ca isotopes, agreed with
the predictions of the LB-SM. To examine whether or not the
reductions in the deduced SF(HF) are limited to the calcium
isotopes, we have applied the same HF-constrained analysis
to a selection of the 80 nuclei studied in Refs. [8,20]. As the
HF is less appropriate for the description of single-particle
configurations of very light systems, we limit the analysis
to A > 11. Additionally, beyond the calcium isotopes, the
IPM does not take proper account of configuration mixing
effects, so we now compare the extracted SF(HF) to large-basis
shell-model SF(LB-SM) predictions, which are calculated
with the code OXBASH [24]. These ratios are listed in Table I
and shown in Fig. 2 as a function of the difference between the
neutron and proton separation energies in the nuclei concerned
!S (!S = Sn − Sp for neutron SF and !S = Sp − Sn for
proton SF). Here, !S is the difference of the neutron and
proton Fermi surfaces. For clarity, only those points with
an overall uncertainty of less than 25% are included. Data
with uncertainties much larger than 20% (the random error
assigned to each measurement) have quality-control problems
in the evaluation. In such cases, there is either (a) no second
measurement to corroborate the validity of a data set or (b)
the standard deviations of the measurements used to extract
the SF values are larger than 25%. For the (statistically most
significant) cases presented, we note once again an overall
SF(HF) reduction of order 30% compared to the SF(Conv) of
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Reduction factors 
• From (d,p) 

• when analyzed the same way and use standard geometry, reasonably 
consistently around 1. 

• when use HF to constrain geometry, reasonably consistent with maximum 
of  0.75. 

• From knockout 
•  depends on how tightly bound the nucleon is. 

• From (e,e’p) 
•  reasonably consistent around 0.5 
•  only stable nuclei, so ΔS ≈ 0.   



More 132Sn: Dispersive Optical Model 
• PRELIMINARY!  From NSCL/WashU theory groups 
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Open Questions on Spectroscopic Factors 
• Problem with analysis  of transfer data? 

•  Constraining geometry gives different results of having r = 1.25 fm and a = 
0.65 fm for all nuclei. 

•  note this is not the radius and diffuseness of the nucleus, rather those of 
the potential binding the last nucleon. 

• Should Magic nuclei lead to SF = 1? 
• what does that really mean? 
•  loss of correlation between the core and the last nucleon? 
•  how is it bound? 

•  Is there something missing in the shell model? 



Source Term Approximation 

Natasha Timofeyuk, private communication 

Also see Natasha Timofeyuk, PRL 103, 242501 (2009) and PRC 81, 064306 (2010) 



Summary 
• Direct reactions present a selection of powerful spectroscopic 
tools.  

• Only brushed the surface of the subject.   
• Currently hot topic in nuclear physics – how to interpret 
spectroscopic factors from different types of measurements. 

• Lots of work by a few people over the last couple of decades. 
• more structure in reaction calculations. 
• better reaction calculations. 
• a lot of ongoing work 

• The lines between structure theory and reaction theory are 
becoming blurred – good thing! 

• At the same time, more measurements on exotic nuclei. 
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Three quotes from Natasha Timofeyuk 
• Source Term Approximation (STA) “can reconcile reduction of 
spectroscopic strength in double closed shell nuclei with double 
magic nature of these nuclei”. 

• “STA employs IPM wave function but gets reduced spectroscopic 
factors if NN interaction is chosen correctly.” 

•   “SFs are the measure of strength of the interaction of the removed 
nucleon rather than the measure of the shell occupancies.” 

Also see Natasha Timofeyuk, PRL 103, 242501 (2009) and PRC 81, 064306 (2010) 



Atomic and nuclear shells 

Nuclei are comprised of 
two types of particles, 
neutrons and protons.   
If both the number of 
neutrons and the 
number of protons is 
magic then we have a 
doubly magic nucleus. 

magic nuclei!

(closed shells)!
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Jones and Nazarewicz, The Physics Teacher, 48 (2010). 



Shell model fingerprints on the galaxy 

Pfeiffer, Kratz, Thielemann and Walters, Nuc. Phys. A 693 282 (2001) 



The rapid neutron capture (r‐)process 
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