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Abstract
The reaction cross section of 17 C on a carbon target at 79 A MeV has been measured by the
transmission method. The density distribution of 17 C was deduced using the finite-range Glauber
model (FRGM) combined with the interaction cross section of 17 C at high energy. The existence
of a tail in the density distribution of 17 C is suggested to get a better understanding of both the
low energy and high energy data. Under a core plus single-particle assumption, analysis shows a
dominant d-wave of the valence neutron in 17 C.
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1. Introduction
The invention and development of the radioactive ion beam (RIB) has ushered in a new
era on a variety of scientific research [1]. Investigations of the structure of exotic nuclei far
from the stability line have attracted much interest in the past two decades. Measurements
of interaction cross section (σI ) or reaction cross section (σR ) have been proved to be
effective tools to reveal the halo or skin structure in proton-rich or neutron-rich nuclei
[2–8].
For 17 C, the small one-neutron separation energy (Sn = 0.729 ± 0.018 MeV) and large
two-neutron separation energy (S2n = 4.979 ± 0.018 MeV) [9] support its possibility of
being a one-neutron halo. However, recent work on the measurement of σI at relativistic
energy has shown no halo structure in 17 C [5]. The same conclusion was drawn from
work on one-neutron removal reactions [10]. In addition, a relatively broad momentum
distribution (141 ± 6 MeV/c) of the fragment (16 C) was observed after one-neutron
removal from 17 C [10–12].
A measurement of the momentum distribution of the core fragment (16 C) in coincidence
with γ -rays from different excited states by V. Maddalena et al. was in good agreement
with a theoretical prediction for a J π = 3/2+ assignment of the ground-state spin-parity
of 17 C [13,14]. A measurement of the magnetic moment also concluded the J π = 3/2+
configuration [15]. The main component of the ground-state configuration was considered
to be the 1d5/2 valence neutron coupled to the first excited state (2+ ) of 16 C. An analysis
for the Coulomb breakup of 17 C also yielded the same conclusion [16].
The reaction cross sections at lower energies around several tens of MeV/nucleon have
been proven to be more sensitive to the nuclear density at the surface because of larger
nucleon–nucleon total cross sections (σNN ). Like 8 B, although measurements of σI at
relativistic energies did not show a significant enhancement, measurements of σR at lower
energy (around 40 A MeV and 60 A MeV) revealed the necessity of a long proton tail [4].
Based on this, in the present work, we measured the reaction cross section (σR ) of 17 C on
a carbon target at 79 A MeV using the transmission method. Together with previous data
at high energy [5], we deduced the density distribution of 17 C by fitting the experimental
data using the Glauber calculation.

2. Experiment
The experiment was performed at RIken Projectile fragment Separator (RIPS) of
RIKEN Accelerator Research Facility [17]. Fig. 1 shows a schematic view of the
experimental setup. A secondary beam 17 C was produced by the projectile fragmentation
of the primary beam 22 Ne at 110 A MeV. The production target was beryllium (thickness
t = 2.5 mm for reaction target-in runs and t = 4 mm for reaction target-out runs). At the
first focus (F1), we put a wedge-shaped degrader (central thickness of 1244 mg/cm2 ) and
a PPAC (parallel plate avalanche counter) to determine the beam position, and also to give
the start signal for a time-of-flight (TOF) measurement. A reaction target made of carbon
(t = 377 mg/cm2 ) was placed at the achromatic focus F2. Before the reaction target, two
PPACs (F2PPACa and F2PPACb) were used to track incident nuclei and to obtain the beam
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Fig. 1. Experimental setup at RIPS.

position and incident angle on the target. Particles before the reaction target were identified
by the energy loss, E (∝ Z 2 /v 2 ) in Si detector (F2SSD, 156 µm), the TOF (∝ 1/v)
between F1PPAC and F2Plastic (TOF12, flight length: ∼11.2 m, F2Plastic: t = 0.5 mm)
17
and Bρ (∝ A
Z · v). The intensity of the C beam at F2 was around 300 cps and the purity
17
of C was about 76%.
After the reaction target, all particles were transported by a quadruple triplet (Q10–11–12)
to F3. At F3, another two PPACs (F3PPACa and F3PPACb) were used to monitor the
beam position. A scintillator (F3Plastic: t = 1.5 mm) was used to give the stop signal of
TOF between F2Plastic and F3Plastic (TOF23, flight length: ∼4.9 m). An ion chamber
(IC, φ = 90 mm, length l = 650 mm) and NaI(Tl) were used to measure the energy
losses (E) and the total energies (E), respectively. Particles after the reaction target were
identified by the TOF−E − E method. In addition, we used a set of plastic counters
as veto detectors around NaI(Tl) to detect the emitted charged particles or neutrons from
reactions in NaI(Tl). After using veto rejection, fragments from reactions in the carbon
target could be clearly separated from the background of reactions in NaI(Tl), as shown in
Fig. 2.

3. Results
In this work, the transmission method was used to determine the reaction cross section.
Two sets of data, with and without the reaction target, were taken. We define N1 as the
number of incident 17 C and N2 as that of the outgoing unreacted 17 C. The reaction cross
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Fig. 2. Particle identification at F3 with Z = 6.

section can be determined by


Rin
1
σR = − ln
,
t
Rout

(1)

where t is the thickness of the reaction target in atoms/cm2 and R = N2 /N1 ; subscripts
in and out mean with and without the reaction target, respectively. The incident number of
17 C (N ) was determined by particle identification before the reaction target. To determine
1
N2 , the number of other fragments, Nfrag (like 16 C, 15 C, 14 C, as can be seen from Fig. 2),
and that of inelastic 17 C from reactions in the reaction target, Ninel (also shown in Fig. 2),
should be subtracted from the total outgoing particles with Z = 6. The number of fragments
(Nfrag ) was determined by subtracting the background of the target-out run from that of
the target-in run after normalization with the total Z = 6 particles. The method used to
determine Ninel is shown in Fig. 3.
First, we fit the tail of the inelastic part using an exponential function and extended it
to the center of the peak, and then added a Gaussian tail with the same width as the main
peak. We considered the number of events under this area as being the upper limit of Ninel ,
as shown by the vertical lines in Fig. 3. The lower limit of Ninel was estimated as being the
number under the area of the exponential tail plus a linear decrease to zero at the center of
the peak, as shown by the horizontal lines in Fig. 3. Finally, Ninel was determined to be the
average of the upper and lower limits.
The present result of σR and the previous result of σI for 17 C are given in Table 1. The
inelastic cross section (σinel ) at the present energy was estimated to be (27 ± 15) mb. The
uncertainties of the present measurement are discussed in the following and summarized
in Table 2.
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Fig. 3. Spectrum of inelastic events. The area with vertical lines and horizontal lines correspond to the upper and
lower limits of inelastic events, respectively.
Table 1
Reaction cross section and interaction cross section of 17 C on carbon target
Energy (A MeV)

σR (mb)

σI (mb)

Reference

79
965

1350 ± 21
...

...
1056 ± 10

(present measurement)
[5]

Table 2
Experimental errors from the present measurement
Source

Contribution to error in σR (mb)

(1) Statistical
(2) Incident contaminations
(3) Estimation of fragments
(4) Target thickness
(5) Estimation of inelastic particles
Total

±11
±9
±4
±0.5
±15
±21

(1) The statistical error was one of the dominant uncertainties in σR , and was from
target-out runs. We
the determination of N2 for both reaction target-in and reaction √
assumed that N2 had a binomial distribution, and thus ∆N2 = N1 R(1 − R). The
statistical error was then calculated by


1 1 − Rin
1 − Rout 1/2
+
,
(2)
∆stat =
t N1in Rin N1out Rout
which gave an error of 11 mb in σR .
(2) Contamination of the incident beam, which could not be removed in the analysis,
was a source of uncertainty in the number of incident particles. After selecting 17 C
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using the Bρ−TOF−E method before the reaction target, the ratio of the number
of contamination to that of the incident 17 C (rinci ) was 1.6 × 10−4 . The error from
incident contaminations (∆inci ) was estimated as
1
rinci
∆inci = − ln(1 + rinci ) ≈
,
(3)
t
t
which yielded an uncertainty of 9 mb in σR .
(3) Estimation of the number of fragments (Nfrag ) also gave an uncertainty to the final
result. The statistical error of Nfrag and the uncertainty from the subtraction method
were taken into account, which corresponded to an uncertainty of 4 mb in σR .
(4) For the thickness of the reaction target, t/t was measured to be 3.5 × 10−4 , which
contributed a negligible error of 0.5 mb in σR .
(6) Another dominant uncertainty came from the estimation of inelastic events. We took
half of the difference between the upper limit and the lower limit as the error of Ninel .
This introduced an uncertainty of 15 mb in σR .

4. Analysis and discussion
4.1. Comparison with Kox formula
An energy-dependent, semiempirical formula to calculate the total reaction cross section
for heavy-ion collisions was given by Kox et al. [18,19],
2 


1/3 1/3
AP At
Vcb
1/3
1/3
−
C(E)
1
−
,
(4)
σR (E) = πr02 AP + At + a 1/3
1/3
EC
AP + At
where AP and AT are the mass number of the projectile and the target, respectively,
C(E) is the energy-dependent transparency parameter, Vcb is the Coulomb barrier of the
projectile-target system and EC is the kinetic energy of the projectile in the center-ofmass system. Parameters r0 and a were determined by fitting the experimental data as
r0 = 1.1 fm and a = 1.85 fm.
As shown in Fig. 4, the present result of σR is much larger than that using the Kox
formula. The enhancement of the experimental data to the Kox result at the present energy
is also much larger than that obtained at high energy, which indicates the existence of a tail
in the density distribution of 17 C.
4.2. Glauber model analysis
The Glauber model [20] has been widely used to deduce the density distribution, the
root-mean-square (rms) radii and the momentum distribution of unstable nuclei [4,5,7,8,
21]. In the present work, we employed the finite-range Glauber model (FRGM) under the
optical-limit approximation (for detailed description, see Ref. [8]).
The reaction cross section was calculated by





Vcb
,
(5)
1 − T (b) db 1 −
σR = 2π
EC
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Fig. 4. Energy dependence of the cross section data. The solid line is a calculation using the Kox formula.

where T (b) is the transmission at the impact parameter b, and is determined by the overlap
of the density of the projectile and the target. The transmission (T (b)) is in the form of
   



z
z
T (b) = exp −
Γij (b + s − t)ρT i (t)ρPj (s) ds dt ,
(6)
P T

ij

z
where ρTz i and ρPj
are the z-direction integrated nucleon-density distributions of the target
and the projectile; Γij is the profile function, expressed as

Γij =



bij2
1 − iα
,
σ
exp
−
ij
4πβij2
2βij2

(7)

in which σij is the total cross section of nucleon–nucleon collision and the range parameter
(βij ) is parameterized by fitting the 12 C + 12 C reaction cross sections from 30 A MeV to
1 A GeV.
4.2.1. Fitting with HO density
Firstly we assumed a harmonic-oscillator (HO) density distribution for 17 C. The size
parameter of HO (αHO ) was adjusted to fit the experimental data at high energy. The result
of the FRHM calculation and the HO density are shown in Fig. 5. Large underestimation
of the calculation was found at the present energy, which means that the simple HO density
is not sufficient to describe the density distribution of 17 C.
4.2.2. Fitting with the (HO + Yukawa tail) density
Secondly, we assumed that the neutron density distribution of 17 C was composed of a
HO core and a Yukawa tail at the outer region, as follows:

HO(αHO )
(r < rc ),
ρn (r) =
(8)
ρ0 exp(−λr)/r 2 (r  rc ).
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Fig. 5. The cross sections and the FRGM calculation with HO density shown in the inset.

Fig. 6. Schematic diagram of the normalization method. (a) Norm.1; (b) Norm.2.

Here, rc is the radius where the HO core crosses the Yukawa tail and λ is the slope of
the tail. The proton density distribution of 17 C was assumed to be of the HO type with
same αHO as the neutron core.
Two normalization methods for the neutron density were used in the analysis, as
schematically shown in Fig. 6. In the first method (Norm.1), there are three free parameters
(αHO , rc and λ). The neutron density obtained with a specific set of these parameters was
normalized to N , the total neutron number of 17 C (as shown in Fig. 6(a)). In the second
method (Norm.2), there are two free parameters (αHO and λ). As shown in Fig. 6(b), the
shaded area is the HO density of the core with a width of αHO , which was normalized
to (N − 1). Thus, rc could be determined by the total neutron density being normalized
to N .
In the χ 2 fitting process, we assumed that αHO (in Norm.1 and Norm.2) and rc (in
Norm.1) of 17 C were the same as those of 16 C [8]. The parameter λ was determined by the
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Fig. 7. The results of FRGM with the HO plus Yukawa tail densities shown in the inset: solid line, Norm.1; dashed
line, Norm.2.

χ 2 minimization process for fitting both the experimental data. The result of the Glauber
calculation and the supposed density of 17 C are shown in Fig. 7 with Norm.1 by the solid
line and Norm.2 by the dashed line, respectively. It was found that the calculation with the
HO plus Yukawa tail density agrees with the experimental data better than that with the
HO density.
4.2.3. Fitting with (core + single particle) density
17 C is a typical p-sd shell nucleus. According to the naive shell model, the last three
valence neutrons are expected to occupy 1d5/2 . However, as mentioned in Refs. [1,7], the
mixing of 2s1/2 and 1d5/2 has been found in many p-sd nuclei, such as 11 Li and 12 Be.
Also, 15 C has an abnormal spin-parity of 1/2+ , although it is expected to be 5/2+ . Based
on this phenomenon, we thirdly assumed that the neutron density of 17 C consisted of a 16 C
core plus a neutron with a mixing of the s-wave and the d-wave. 16 C core was presumed
to be at the first excited state, 2+ , to fulfill the J π = 3/2+ configuration of the ground
state [15]. The core density was assumed to be the HO density, αHO of which was obtained
by fitting σI of 16 C at high energy [5]. The proton density of 17 C was supposed to be
the HO density with the same αHO as that of the neutron. The valence neutron density
was calculated by the WAVEFUNC [22] code, in which a single-particle wave function
was derived from a Woods–Saxon potential (radius parameter r0 = 1.22 fm, diffuseness
parameter a = 0.7 fm, same as in Ref. [5]) plus the Coulomb potential. In the calculation,
we added the excitation energy (Ex ) of the core to Sn . The potential depth was adjusted to
reproduce Sn + Ex (0.729 + 1.766 = 2.495 (MeV)).
We searched for the minimum χ 2 fit between the low energy and high energy data by
varying the ratio of the s- and d-wave. A proportion of 77 ± 21% for the d-wave was found
when the χ 2 reached the minimum. This means for 17 C, the d-wave is dominant (whereas,
for 15,16,19C [5,7,8], s-wave is dominant). This conclusion is consistent with the results of
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Fig. 8. The results of FRGM with the (core + single particle) densities shown in the inset: solid line, the mixture
of 77% d-wave and 23% s-wave; dashed line, pure s-wave; dash-dotted line, pure d-wave; dotted line, with fixed
parameters from Refs. [13,14,16].

Refs. [13,14,16]. The FRGM calculation with the mixture of d-wave (77%) and s-wave
(23%) is shown in Fig. 8 by the solid line. The FRGM calculations assuming a pure 2s1/2
and a pure 1d5/2 neutron are also shown in Fig. 8 by the dashed and dash-dotted lines,
respectively.
Construction of the density of 17 C was also tried using the (core + single particle)
density combined with experimental information from Refs. [13,14,16]. The neutron
density distribution of 17 C was assumed to be

16
ρn (r) = A × C HO, 0+ ⊗ ν1d3/2
16

+ B × C HO, 2+ ⊗ (a × ν1d5/2 + b × ν2s1/2)

16
(9)
+ C × C HO, 4+ ⊗ ν1d5/2 ,
where all parameters (A = 9%, B = 64%, C = 27% and a = 74%, b = 26%) are fixed from
Refs. [13,14,16]. The single-particle wave functions corresponding to the different excited
states were obtained by using different binding energies in WAVEFUNC. The Glauber
calculation and the constructed density are shown in Fig. 8 by the dotted line.
In conclusion, several methods used to probe the density of 17 C have been tried,
as mentioned above. By assuming the HO plus Yukawa tail density of 17 C, the result
calculated from FRGM agrees with the experimental data better than that with the HO
density. The analysis of the (core + single particle) density supports d-wave dominance
for the valence neutron of 17 C. It should be noted, however, that some discrepancy exists
between the calculations using all density models and the experimental reaction cross
section, which may be due to the deficiencies in the Glauber reaction theory at lower
energies.
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Fig. 9. Density distribution of carbon isotopes. The density of 17 C with crisscrossed lines is the present result and
the others are from Refs. [5,8].

4.3. Density distribution of carbon isotopes
For a comparison, we plot (Fig. 9) the deduced density of 17 C of the present analysis
together with the densities obtained for the carbon isotopes from Refs. [5,8]. For 17 C,
we show the combination of the HO plus Yukawa tail density and the density from the
(core + single particle) analysis by the crisscrossed lines. For 15 C, a recent analysis with
all available σI and σR data showed a larger tail and supported an s-wave dominance [23].
Qualitatively, in most of the neutron-rich carbon isotopes, the density distribution of the tail
derived from σI and σR shows a s-wave dominance. It is interesting to see that a similar
study for 17 C suggests a dominance of d-wave.

5. Summary
In conclusion, we have measured the reaction cross section of 17 C on a carbon target at
79 A MeV using the transmission method. With the finite-range Glauber model, the density
distribution of 17 C has been studied. Although the densities derived from several methods
differ from one another, a tail in the density distribution of 17 C is suggested to obtain
a better fit of the present reaction cross section and the interaction cross section at high
energy. Based on the assumption of a core plus a neutron, it is found that the valence
neutron of 17 C is mostly in the d-orbital, which is in agreement with the momentum
distribution measurements [13,14,16]. In order to investigate the density distribution of
17 C precisely, more work on measurements of cross sections at other energies, especially
at lower energies, are needed. The improvement of the theories for the study of low-energy
nuclear reactions would be helpful to improve our understanding.
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