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Experimental Nuclear physics research challenges at low energies

E. Ch́avez, and L. Morales G.
Instituto de F́ısica, Universidad Nacional Autónoma de Ḿexico,

G. Murillo O.
Instituto Nacional de Investigaciones Nucleares,

Recibido el 11 de marzo de 2009; aceptado el 11 de agosto del 2009

Experimental research with low energy beams of ions (a few MeV) in nuclear physics has gone through a phase transition along its evolution
in fifty years because of the increasing complexity (and cost) of the equipment required to conduct meaningful investigations. Many of the
small cyclotrons and Van de Graaff (single ended and tandem) accelerators have been used for the last three decades mostly in applications
related to the characterization and modification of materials.
Specific experimental investigations in nuclear physics with low energy accelerators are proposed in this work. Specifically we discuss the
topic of nuclear radii measurements of radioactive species produced via (d,n) reactions. Some emphasis is given to the instrumentation
required.

Keywords:Nuclear radius; DWBA calculations; (d,n) reactions; proton elastic scattering.

La investigacíon en f́ısica nuclear experimental utilizando haces de iones de baja energı́a (unos pocos MeV) ha experimentado una transición
de fase a lo largo de su evolución hist́orica en losúltimos cincuenta ãnos debido al incremento en la complejidad (y costo) requerida para
obtener resultados significativos. La mayor parte de los aceleradores de baja energı́a, ciclotrones y aceleradores electrostáticos Van de
Graaf y tandem han sido utilizados en lasúltimas d́ecadas principalmente en investigaciones interdisciplinarias caracterizando y modificando
materiales con los haces que proporcionan.
En este trabajo se hace una breve revisión del campo y se proponen experimentos concretos para realizarse en laboratorios equipados con
aceleradores de baja energı́a. En particular el estudio de radios nucleares de iones radioactivos producidos mediante reacciones (d,n). Se
hacen igualmente recomendaciones acerca de los desarrollos de instrumentación requeridos.

Descriptores:Radio Nuclear; Ćalculos DWBA; Reacciones (d,n); dispersión eĺastica de protones.

PACS: 25.40.Cm; 25.40.Hs; 27.20.+n; 21.10.Gv

1. Introduction

The complex nature of the nucleon-nucleon interaction and
the added many body nature of the nucleus has made of nuclei
an exciting subject of study for over a century. Today, new
surprising results keep reaching the public light, as experi-
ments with higher resolution, bigger beam currents, exotic
nucleus and techniques reveal unexpected features of nuclei
near its ground state. It would be fair to say that just about ev-
ery characteristic of the nucleus deserves further examination
with modern techniques.

The radius is the first magnitude we learned from the nu-
cleus after Rutherford’s [1] experiments (a century old). Yet,
it is not fully understood. The nuclear radius appears to ex-
tend out far beyond the nuclear interaction range. Recent
experiments on neutron rich isotopes, simple neutron elastic
scattering and deep sub-barrier fusion reactions demonstrate
again and again that our understanding of nuclear sizes and
shapes is schematic if not poor.

Mass is the next basic nuclear magnitude and we
have used for decades the semi-empirical Weiszacker’s for-
mula [2,3] to get an approximate value and a general under-
standing, but a model that would accurately predict nuclear
masses is still missing, much less a theory (see [4] for a recent
compilation of nuclear masses and [5,6] for recent reviews of
the subject)

Through the shell model mainly, we have gained a deep

understanding of nuclear structure. Energy, spin, parity (and
mixtures) of ground states and (low lying) bound excited
levels and (some) unbound resonances, can be understood
within this model, for stable isotopes. But there are still many
nuclear structure features to be fully explained

We will concentrate in the discussion of the measurement
of nuclear radii for excited states. To introduce the subject,
we will first consider that an unstable nucleus is a nucleus in
an excited state. In this way, for instances,14C in its ground
state (unstable) can be viewed as an excited state of14N (sta-
ble)

Recently, the charge radius of very neutron rich nuclei
has been measured through the inspection of the hyperfine
splitting [7-9]. The evolution of the charge radius with the
total number of nucleons for the6,7,8,9,11Li isotopes do not
follow the known and widely used recipe R=RoA1/3, where
Ro is a constant and “A” the total number of nucleons within
the nucleus,that reflects the “saturation” property of the short
range nuclear force, and the observed behavior has not been
fully understood on theoretical grounds. Particularly the shell
model fails to reproduce the experimental results. It has been
found that11Be has a “neutron halo” that extends out as far
as 7 fm [10], far beyond the “standard” range of the nuclear
interaction. These two examples show that we need a deeper
understanding of the evolution of the nuclear radius as a func-
tion of excitation energy.
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Most excited nuclear states have a very short half
life [11], which makes their study a very hard task. There are
however, some states that live long enough to make possible
the direct measurement of their radii as we describe below.

Nuclear states that have long lifetimes (isomeric states)
can be prepared through (d,n) nuclear transfer reactions in in-
verse kinematics to allow the fast moving produced isomers
to undergo a second interaction (elastic scattering) with pro-
tons at rest in the laboratory coordinate frame, the so called
“in flight” technique. By fitting the angular distribution of
the recoiled protons with an optical potential, the radius of
the isomeric state can be deduced.

2. Discussion

These studies come as a proposed extension to the tagged
radioactive ion beam production at ININ in Mexico, where
(d,n) reactions have been used to produce fast moving ra-
dioactive nuclei tagged by the detection of the associated neu-
tron. Other reactions ((d,p) for instances) can be used and the
discussion that follows apply to them just as well.

Table I shows a list of excited states in selected light nu-
clei that can be formed through (d,n) reactions, at energies
attainable with a rather small accelerator. In the first col-
umn the nucleus to be produced is presented. The next three
columns provide the spin, parity, excitation energy and mean
life of the excited state in question. In inverse kinematics the
beam is a heavy nucleus (fourth column) that will pick up a
proton from the deuterium target, which is at rest in the labo-
ratory.

The entrance channel Coulomb Barrier height is esti-
mated in column six. The laboratory beam energy at the top
of the Coulomb Barrier is calculated for each system in col-
umn 7.

Interestingly enough all these reactions have a rather large
positive Q*-value (column 8 includes the subtraction of the
excitation energy of the level under study), so not only the
channel is open in all cases, but the reaction products will
receive an extra energy push.

The main idea is to use the associated free neutron as an
indicator that the reaction took place. The measurement of
its time of flight will separate reactions to different states.

Isotopes heavier than deuterium in the target will produce
an unwanted large elastic scattering yield and nuclear reac-
tions potentially producing background neutrons, so high pu-
rity deuterium targets are best suited. Pure Hydrogen at room
temperature is a gas, and an explosive one. This makes the
availability of such a pure deuterium target a complex matter.
A supersonic windowless jet is the ideal target [12,13]. It can
provide enough deuteron target nuclei, confined into a well
defined region, and it can sustain very high beam currents
without deteriorating

CD2 (polyethylene) is a commonly used alternative tar-
get, mainly because of its simplicity. It also provides a high
deuteron concentration in a better defined spatial region, but

it deteriorates very quickly by the passage of even weak
heavy ion beams and the contribution of scattering and re-
actions on the Carbon nuclei is the high price to pay when
compared with a pure deuteron target.

Table II shows a comparison of these two targets
A key factor to be able to study the proposed excited

states is their availability. These states are produced via (d,n)
reactions. In the following figures, DWBA [14] calculations
provide an indication that the probability of populating the
low lying states proposed in Table I, with the exception of
the last one, is of the same order of magnitude to that of the
ground state in the full angular range.

Experimental data for the18O(d,n)19F reaction [15,16]
give the correct experimental evidence of the cross section
and the production rate to expect in practice. DWBA cal-
culations above were made with the optical potential from
reference [16] and calculated with the same program [14].

The experiments are to be conducted in inverse kinemat-
ics, the heavy ion as projectile. In this way the nuclei pre-
pared in the desired excited state are moving in the laboratory

TABLE I.

E* Coul Elab Q*

Isotop Jπ (keV) τ1/2 beam reaction (MeV) (MeV) (MeV)
10B 1+ 718 0.71 n 9Be (d,n) 1.44 7.9 3.65
19F 1/2- 110 0.6 ns 18O (d,n) 2.47 24.7 5.66
19F 5/2+ 197 89 n 18O (d,n) 2.47 24.7 5.58
26Al 0+ 228.3 6.34 s25Mg (d,n) 3.44 46.5 3.86

TABLE II.

solid CD2 Gas (100 torr)

thicknes 1.0µm 0.2 cm

Carbon Tgt 7.6×1017 cm−2 0

Deut Tgt 1.5×1018 cm−2 7.3×1017 cm−2

Maxbea 1.0 nA 1.0µA

Maxbe× Aden 9.5×1029 4.6×1030

FIGURE 1. DWBA calculations for the angular distribution of the
reaction9Be(d,n)10B.
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FIGURE 2. DWBA calculations for the angular distribution of the
reaction18O(d,n)19F.

FIGURE 3. DWBA calculations for the angular distribution of the
reaction25Mg(d,n)26Al.

frame with energies close to that of the primary beam. Their
energy loss in the deuterium target must be kept small to al-
low them to exit and interact with a secondary target before
they decay (see below)

The associated neutrons must be detected. The angles at
which they are detected have to be measured with good preci-
sion to define the direction of motion and energy of the heavy
ion

High efficiency fast neutron detection can be achieved
with plastic scintillators. The efficiency depends on the thick-
ness of the plastic material and the electronic threshold (bias).
Typically 5 cm thick plastic scintillating detectors achieve up
to 50% detection efficiency for neutron energies between 1
and 10 MeV [17,18].

The resolution in the measurement of the time of flight
of the neutron has a central importance, since it will be used
to tell apart the different levels populated in the (d,n) reac-
tion. Quick calculations show that it takes 3.7 ns to a 1 MeV
neutron to travel across the 5 cm of the detector thickness,
which means that the determination of the detection time of
the neutron has an uncertainty of nearly 2 ns, considering that
the intrinsic resolution of the detector is much smaller (below
1 ns for modern photomultipliers and photodiodes in combi-
nation with Constant Fraction Discriminators). A flight path
of 200 cm yields 7 ns difference in time of flight for neutrons
with energies of 1 and 1.1 MeV (100 keV difference).

FIGURE 4. Schematic view of the experimental setup. The heavy
ion beam interacts with the pure deuterium target. The heavy prod-
uct of the (d,n) reaction moves forward at small angles and is
stopped by a Polyethylene film (10µm). Protons within this sec-
ondary target recoil elastically and are detected in a position sen-
sitive detector right behind. The associated neutrons are detected
outside the vacuum scattering chamber 2-4 m away, in a position
sensitive plastic scintillating detector array.

Neutron detection two meters away from their source re-
quires the coverage of a relative large area (around 20 cm),
which can be achieved with an array of closely packed indi-
vidual plastic detectors [19] or a large position sensitive sin-
gle neutron detector [20].

Once the neutron has been detected, its fly time and di-
rection of motion determined, the energy and direction of the
associated heavy ion is known. By placing a proton rich sec-
ondary target immediately after the deuterium primary tar-
get, these ions will produce elastically back-scattered pro-
tons. The secondary target can be a polyethylene (CH2) film
10µm thick (1019 protons/cm2) with enough material to stop
the heavy ions in the target, while being thin enough to al-
low the recoiling protons to exit the secondary target and be
detected by a solid state detector. This “thick target and in-
verse kinematics” technique has been used already before to
measure excitation functions with radioactive beams [21-24].
Figure 4 show schematically the experimental setup.

3. Conclusions

Electrostatic accelerators (single ended or tandem) and small
cyclotrons are now commercially available at moderated cost.
Because of its reliability and versatility they have found a
rich field of applications in industry and material research and
technology (redaction) However, even if most of the time an
accelerator is dedicated to applications, there is always time
available to accommodate other projects. Nuclear Physics,
the origin and reason of being of these machines, still pro-
vides a large variety of research subjects that can be carried
out in them.

Rev. Mex. F́ıs. S56 (1) (2010) 89–92
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The purpose of this work is to show some of the open re-
search opportunities in Nuclear Physics to be supported by
a low energy accelerator laboratory, which require a level
of funding accessible to single institutions (Universities) and
Countries.

The selected topic discussed in this work: the study of the
nuclear radius, represent the preference of the authors and is
just a glimpse of the wealth of research areas of interest in
nuclear science
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