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Question: Nuclear Reactions
These questions will be evaluated on 20 points. You require a minimum of 7/20 points on this part to
pass the course. The points will be rescaled to a weight of 6 towards your final grade for the course.
You are not allowed any book or notes.
You may use a calculator and the given list of formulas for this part of the examination.
Please use the attached sheets for your answers; any additional sheet will be discarded.
The questions serve as a leading trace for the oral examination, during which other aspects and
details may be explored.

Consider the figure below, which shows nucleon-transfer data for the 12C(d,p) reac-
tion populating two different states in the 13C product.

N O T E S

Chinese Science Bulletin  Vol. 46  No. 1  January  2001 43

Neutron halo state of 13C
LIU Zuhua, LIN Chengjian, LI Zhichang,
ZHANG Huanqiao, CHEN Baoqiu, MA Zhongyu,
WU Yuewei, LIU Jiancheng & LI Shuyuan
China Institute of Atomic Energy, Beijing 102413, China

Abstract  Angular distributions for the 12C(d, p)13C transfer
reactions have been measured at Ed = 11.8 MeV, and com-
pared with those of the DWBA calculations. By means of this
comparison, density distributions of the last neutron in the
ground state and the first 1/2+ state of 13C are extracted. The
properties of these states in 13C have also been studied in the
framework of the nonlinear relativistic mean-field theory
with NL-SH parameters. It is found that the first 1/2+ state in
13C is a neutron halo state shown by both the experimental
and theoretical density distributions of the last neutron.
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The neutron halo is known as one of the most promi-
nent and exotic nuclear properties seen in the ground
states of some unstable nuclei. The discovery[1] of halo
nuclei has opened a new page of nuclear physics with
radioactive beams and triggered much interest in the
search for such exotic nuclei. So far, the neutron halo or
skin nuclei have been found near the neutron drip line, e.g.
in the ground states of 6,8He, 11Li, 11,12,14Be, 17B and 19C.
Several years ago, a search for proton halo nuclei started
out. Among them, 8B is the one that has been most inten-
sively studied[2 5]. However, these studies are not yet con-
clusive concerning the proton halo structure in 8B. Very
recently, an observation[6] of proton halo in 26, 27, 28P was
reported. So far, it has been confirmed that halo nuclei
exist near both of the neutron and proton drip lines. A
natural question may arise if halo nuclei exist only near
the drip lines. Since the appearance of a halo is a general
phenomenon common to loosely bound particles, it should
not be restricted to the nuclei in these regions. In fact, the
halo structure might be seen in the excited states of the
nuclei on and off the β stability line. In this note, we report
the results of our experimental and theoretical research on
the nucleon density distribtuions of 13C.
1 Experimental method

The halo nucleus sizes are usually deduced from the
measurements of the interaction cross sections or mo-
mentum distributions of fragments with intermediate- and
high-energy exotic beams. However, it is not possible to
tell whether the halo nuclei are in the ground state or in
their excited states by these measurements. Therefore,
they cannot be used to search for the halo structure of
nuclear excited states. It is well known that transfer reac-
tions are one of the most effective tools for the study of
nuclear structure. So, they may be used as a method of
determing particle density distribution of excited states in

possible halo nuclei. Very recently, Lewis et al.[7] extracted
the distribution of the last proton in 17F from a comparison
of experimental and theoretical cross sections of the deu-
teron stripping reactions. They found that the first excited
state of 17F is a proton halo state. Using the same method
of Lewis et al. we have studied the density distributions of
the last neutron in the ground state and the first 1/2+ state
of 13C via 12C(d, p) 13C transfer reaction.

The experiment was carried out with a collimated
deuteron beam from the HI-13 tandem accelerator at
China Institute of Atomic Energy, Beijing. The energy of
the incident deuteron was 11.8 MeV.  A 12C target with a
thickness of 215 µg/cm2 was used. The momentum of
outgoing proton was analyzed by the Beijing Q3D mag-
netic spectrograph. A Si(Li) solid-state detector was set at
24° to detect the deuteron elastic scattering. The angular
distributions for the stripping reactions of 12C(d, p)13C were
measured in the angular range of 5° θ Lab 140° at 5°
step. The counts of the elastic scattering deuteron at 24°
were used as the relative normalization for the cross sec-
tions of the stripping reactions. At some angles, beam
current was measured for the absolute normalization of the
reaction cross sections. Fig. 1(a) and (b) show the angular
distributions of 12C(d, p0)13C and 12(d, p1)13C reactions,
respectively. The relative errors of the experimental data
are about 6%, including error of statistics, uncertainties of
target thickness, beam current measurements, etc. The
absolute values of the experimental error are less than or
equal to the size of data points in fig. 1.

Fig. 1.  Angular distributions for the transfer reactions of 12C(d,
p0)13C (a) and 12C(d, p1)13C (b). The solid lines are the results of
DWBA calculations.

2 Extraction of neutron density distributions
If transfer reaction is a one-step process, the transfer

1/ 7



G0S91A – Advanced Nuclear Physics 2019-2020

1. (5/20) Describe which experimental arrangement you would use to measure the
reaction.
Explain in detail how to calculate the data points shown in the figure and thus
which quantities you need to measure.
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2. (3/20) Which information does this kind of reactions provide, in general, about
the populated states?
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3. (4/20) Explain why the data points show an oscillatory behaviour.
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4. (3/20) The two populated states have spin 1/2+ and 1/2−.
Correctly assign each state to the corresponding set of data, and explain how
you can do that.

5/ 7



G0S91A – Advanced Nuclear Physics 2019-2020

5. (3/20) Explain how, from the data, you can estimate the centre-of-mass energy
at which the reaction occurred. Make the approximation that the Q-value be
negligible with respect to the c.m. energy.
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6. (4/20) Which model(s) can be used to describe the data (continuous line)?
Which ingredients do you need, to make the calculations?
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