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Levels in 13N examined by 2C-+p elastic resonance
scattering with thick target”
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Abstract The elastic resonance scattering of >C+p has been studied in inverse kinematics via a novel thick
target method at GIRAFFE facility of HI-13 tandem accelerator laboratory, Beijing. The recoil protons were
measured by a AFE-E counter telescope based on a large area double-sided silicon strip detector at laboratory
angles around 6o = 15°. The excitation function for 12C(p7p) elastic scattering has been obtained over a wide
energy range of F¢ m.=0.31—3.45 MeV, which was explained quite well by the R-matrix calculation with known
resonance parameters of the first three levels in **N nucleus. Thus it is demonstrated that the present setup

can be directly applied to the study of elastic resonance scattering with secondary radioactive beams.
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1 Introduction

The conventional proton resonance scattering has
been a powerful spectroscopic tool to explore the
properties of compound nucleus levels close to the
threshold, which are usually of astrophysical and
structural significance. It is a kind of precise yet
very time-consuming experiment, since one needs to
change the proton beam energy in small steps in order
to obtain an excitation function of the energy range
in interest. To use radioactive ion beam with limited
intensity and short lifetime, more efficient experimen-
tal method with the emphasis of inverse kinematics
must be employed. For this purpose, the thick target
method has been proposed and rapidly applied! .
It uses an either solid or gas target containing hy-
drogen atoms with thickness enough to stop the in-
cident beam or degrade its energy to the region of
interest. By measuring the lighter recoil particles at
laboratory forward angles, one can rebuild the reac-
tion kinematics taking account of the energy losses of
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particles in the target. By using this method, one can
study several resonances simultaneously with a single
bombarding energy of exotic beam.

The method provides a way to efficiently mea-
sure an excitation function with a one-shot experi-
ment, however, the complicity here is that at any
individual angle, the proton energy spectrum is con-
tinuous over a certain range corresponding to the en-
ergy losses of particles in the thick target, therefore
the detector system must have satisfactory angular
resolution as the primary requirement, in order to re-
tain the accuracy when dealing with proton events
from different angles. Prior to this work, a AE-FE
counter telescope has been developed consisting of
detectors with large acceptance and high granularity.
The setup was initially tested with "F+p elastic res-
onance scattering'®. Besides the problem of deficient
I"F beam intensity, the geometry with detectors at 0°
used in the "F+p testing runs was found particularly
inadequate due to the malfunction of the detectors
caused by the leaked higher-energy contaminants

* Supported by National Natural Science Foundation of China (10445004, 10575136, 10735100) and Major State Basic Research

Development Program (2007CB815003)
1) E-mail: qinxing0917@163.com

957 — 961



958 Chinese Physics C (HEP & NP)

Vol. 32

in the secondary beam. With an improved setup
and much enhanced N secondary beam intensity,
the ®*N+p elastic resonance scattering was recently
studied!® at the secondary beam facility® ™ of HI-13
Tandem laboratory. For a cross check of the thick-
target method and the performance of detector sys-
tem, the 2C+p elastic resonance scattering was stud-
ied successively as a part of the '*N+p scattering ex-
periment.

2 Experiment

The 2C+p scattering experiment shared the same
setup to that for *N+p. During the first part of ex-
periment, the *N ions were produced by the *H(*2C,
13N)n reaction. The front end of the secondary beam
facility consists of a deuteron gas target covered by
Havar foils. The '*N ions were selected and focused
by a dipole and a quadruple doublet magnets, and
were further purified by a Wien velocity filter® .
To restrict the spot size of secondary beam on the
target, a collimator complex consisting of two aper-
tures of ¢9 and ¢5 mm in diameter was used. The
back end detector system installed inside the reaction
chamber is shown in Fig. 1.
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Fig. 1. Scheme of the experimental setup.

In the second part of the experiment for *H(*2C,p)
runs, the gas cell was pumped empty, the 2C inci-
dent beam initially of 60 MeV was scattered by the
Havar foils into the secondary beam line. After pass-
ing through the same transport system, the 2C beam
was collimated by the collimator complex and moni-
tored by a 13.2 um-thin AFE detector. The role of the
AFE detector was to record the beam for normaliza-
tion. The energy of the '*C beam after the AF de-
tector was (46.3+£1.1) MeV, the intensity was about
1.2x10* particles/s. A foil of polyethylene (CH,),
with a thickness of 9.33 mg/cm? was used as the re-
action target, its thickness is enough to fully stop the
12C particles. Separate runs with a 10.88 mg/cm?-

thick pure carbon target were also taken to evaluate
the background originated from the carbon atoms in
the (CH,),, target.

The recoil protons from the 'H(*2C,p) reaction
were detected by a AE-E telescope, which consists
of a 63 pm-thick Double-Sided Silicon Strip Detector
(DSSSD)™* ' and a 982 pm-thick quadrant Multi-
guard Silicon Quadrant (MSQ) detector. Both detec-
tors have the same sensitive area of 50 mm x50 mm.
The DSSSD is position sensitive with a resolution of
3 mmx3 mm. The AFE-E telescope was placed at
laboratory angle of 6, = 15°. In this geometry, the
01ap, of each 3 mmx3 mm pixel of the DSSSD can be
evaluated by

i 1)
where d, refers to the distance between the centers
of the target and the DSSSD, i.e., 150 mm; z, y are
the coordinates in the plane of the DSSSD if setting
the origin at its center. Due to the limitation of the
available data acquisition system, only the inner half
of the DSSSD area was used while the outer part was
blocked. It covered a range of #,,=10°—20°, cor-
responding to 6., =180° — 20,,,=140°—160° in the
center of mass frame.

The calibration of the recoil proton spectrum was
made by using proton beam scattering on Au of
440 pg/cm? at several energies and by using a stan-
dard ?*°Pu and ?*! Am mixed alpha source. The scat-
ter plot of AE-FE, after the calibration is shown in
Fig. 2 as a sum of available pixels. The « par-
ticles in Fig. 2 were probably generated from the
2C(*2C, ) Ne reaction.
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Fig. 2. The scatter plot of AE-FE; measured

with the DSSSD and MSQ detectors. The
solid lines show the results of the energy loss
calculation. The circled « events were due to
the energy losses in the DSSSD overflowing
the dynamic range of the amplifier.
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3 Analysis

3.1 Data analysis

The detected proton total energy E; can be con-
verted into E. . at each angle according to

my+mc

E. =F X —
o P dmecos? O,

(2)
in the formula, m¢ and m, are the masses of car-
bon and proton, respectively, E|, refers to the pro-
ton energy at the reaction point which can be ob-
tained by adding E; and the proton energy loss AE,
in the (CH,),, target. To retrieve AE,, a Monte Carlo
program was developed combining the reaction kine-
matics with the energy loss of >C and proton in the
(CH,),, target according to each 6,,,. As an example,
a simulated E. ., versus E, for a pixel centered at
01, = 12° is shown in Fig. 3. In the simulation, the
12C beam energy was taken as (46.3+£1.1) MeV, the
01 resolution as Af,, = 0.8°, the latter was eval-
uated by considering the beam angular divergence,
the beam spot, and the coverage of each pixel in the
DSSSD. In the course of E,, to E.,, conversion, the
uncertainty of F., was estimated to be +20 keV
mainly due to the 6,,;, resolution and the energy strag-
gling of particles in the target.
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Fig. 3. The simulated F¢.m. versus the detected
proton total energy E; for a pixel centered at
01, = 12°. The simulated date were fitted
with a linear function to obtain the relation
between E.n,. and E;, as shown in the solid
line.

The proton yield after the E, to E.,. conver-
sion were added up over different pixels, the higher-
energy part of the summed experimental proton yield
is shown in Fig. 4 together with that from the carbon
target. As is shown in Fig. 4, the proton yield with
the carbon target is rather flat without any sharp
structure while the one from the (CH,), target has
clear peak at F. ., ~ 1.6 MeV. The proton events in
the range of E, ;. =0.31—0.68 MeV were not included

in Fig. 4. These protons had E; <2.5 MeV, there-
fore were stopped solely in the DSSSD. Fortunately,
these protons can be resolved by applying criterions
of F; <2.5 MeV plus energy loss in the MSQ as zero.
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Fig. 4. The proton yield after E, to Ec.m. con-

version together with that from the carbon
target.

The proton events from the carbon target were
normalized to those from the (CH,), target, by the
total number of incident '?C ions and by the effec-
tive target thickness of per F. ., unit. The latter was
done by computing the number of carbon atoms cor-
responding to the range difference between the max-
imum and the minimum energies of per E. . unit
in (CH,),, and carbon, respectively. After normal-
ization, the proton yield with the carbon target was
about 1/13 of that with the (CH,),, target. The net
proton yields from the >C+p scattering were ob-
tained after background subtraction. The averaged
differential cross sections were then deduced from the
net proton yields according to

dN’ dN; do

E - Ibcamﬁ mdga (3)
where dE = F, — E; refers to per F_,, unit, Iycam
is the number of incident '?*C, dN,/dE the energy
dependent hydrogen atom number. The dN,/dFE
was calculated by the >C range difference between
the maximum and the minimum energies of per
FE. . unit, as aforementioned. Moreover, it was also
checked by a Monte Carlo simulation of the target
depth versus F. ., where the scattering taking place,
as shown in Fig. 5. The two methods agreed well
within errors of less than 1%. The averaged do/df?
in the center of mass frame was then deduced by

do _ 1 do (4)
de) .~ 4cosfy \d2 ).’

where 6, = 15°.
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Fig. 5. A Monte Carlo simulation of the tar-

get depth vs Ec.m. where the scattering takes
place. The simulated data were fitted with a
two-order polynomial function to obtain the
relation which is angle independent. The ef-
fective target thickness of per E. . unit was
then the corresponding depth difference in the
vertical axis.

3.2 R-matrix analysis

The conventional formalism to solve the resonant
process is R-matrix theory!'?. A resonance state, if it
exists with a sufficiently large width, can be identified
in the excitation function as an interference pattern
of potential and resonance scattering. The resonance
energy, width and J” can be determined from the
R-matrix fitting calculation of the excitation func-
tion. The general assumption of R-matrix theory is
that for every reaction channel, there exists a channel
radius a. and the resonance can take place only in the
internal region. a. is normally presented as

ac=ro(4;° + A7), (5)

where A, and A, are the projectile and target mass
numbers, 7y is the unit radius independent of A, and
A;. In the inner region, the R-matrix element is ex-
pressed in a simple form of

e Vae!
R = , 6
)\ E)\ _ E ( )

where A labels the members of a complete set of
states, v,. is the reduced-width amplitude, FE, the
energy eigenvalues of the states .

4 Results

The experimental excitation function of the
2C+p scattering is shown in Fig. 6. The error
bars indicate statistical uncertainty only. The sys-
tematical errors including the uncertainties in the
detector solid angle and beam normalization were
small and negligible comparing with the statisti-
cal error. Since the proton threshold in *N is of
1.9435 MeV™ | the excitation energy in 3N is sim-
ply B, =FE, ., +1.9435 MeV. The first three levels in

3N were revealed in the excitation function, which
are all above the proton threshold. Two peaks are
prominent at E. ., ~ 0.42 and =~ 1.61 MeV, corre-
sponding to the 2.36 MeV 1/2% and 3.55 MeV 5/2+
states in N, respectively. A small dip can be seen
at E. . =~ 1.56 MeV, which is due to the 3/2 level
at 3.50 MeV.
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Fig. 6. Experimental excitation function for
the 2C+p elastic resonance scattering, the
R-matrix fitting calculation is shown as the
solid line. The gap between E... =0.7 and
1.0 MeV was due to the detector dead layers.

The fitting calculation was done with a multilevel
R-matrix code MULTI7.0™. The inelastic scatter-
ing process can be excluded because the F. , needs
to be greater than 4.44 MeV to populate the first ex-
cited state of 2C. Since the ground state of 12C has a
spin and parity of 0T, the **C,, +p scattering chan-
nel spin is simply s =1/2%. For each resonance state,
the proton is assumed to decay from a single-particle
orbital of [;, in this picture, the first three levels in
13N correspond to 2sy /s, 1ps/» and 1ds,», respectively.
[ =0, 1 and 2 were therefore used for the conserva-
tion of total angular momentum. The input widths
of I'r = 31.7, 62 and 47 keV for these there levels are
from the compiled values*®. The channel radius used
for the resonances and the hard-sphere scattering is
4.6 fm according to Eq. (5). One can see that the
theoretical curve agrees well with the experimental
excitation function, indicating that the experimental
excitation function can be well reproduced with the
known resonance energies.

5 Summary

In summary, the elastic resonance scattering of
2C+p has been investigated via a novel thick-target
method. The experimental setup used in this work
was intent to imitate the situation of radioactive
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secondary beam. The first three levels in N were
clearly identified in the experimental excitation func-
tion. The deduced resonance parameters agree well
with the compiled values, which demonstrates that
the setup can be applied to measuring the elastic res-
onance scattering induced by the currently available
radioactive secondary beams at the HI-13 tandem
accelerator laboratory.
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