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13N + p elastic resonance scattering via a thick-target method
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The 3N + p elastic resonance scattering has been studied in inverse kinematics via a thick-target method.
A BN secondary beam of 47.8 £+ 1.5 MeV produced by the >H('?>C," N)n reaction was used to bombard
a 9.33 mg/cm? (CH,), target. The recoil protons were detected by a AE-E silicon counter telescope
at By, = 15°. The performance of the setup was checked by !>C + p elastic resonance scattering with
the same (CH,), target. The excitation function for the '>N(p, p) elastic scattering was obtained in the
energy interval of E., ~ 0.5-3.2 MeV and was analyzed by using a multilevel R-matrix code MULTI7.
Several low-lying excited states in '*O were surveyed. Our results confirm a very recent 2~ assignment
to the 6.8 MeV level and agree with the observation of a new 0~ level at 5.7 MeV with a width of

400(45) keV.

DOI: 10.1103/PhysRevC.77.044304

I. INTRODUCTION

The properties of low-lying levels close to the proton
threshold in light exotic nuclei are crucial in nucleosynthesis
of astrophysical proton capture and of nuclear structure
significance. For this purpose, the excitation function of proton
elastic scattering is usually employed to explore the levels and
resonance parameters, i.e., J7, '), etc. To use a radioactive
secondary beam of relatively low intensity, a thick-target
method has been recently proposed and rapidly applied [1,2].
It uses either a solid or a gas target containing hydrogen atoms
with thickness enough to stop the incident beam and the heavier
reaction products. The proton energy spectrum provides the
excitation function with an energy interval corresponding to
the energy loss of the incident beam. The advantage of this
method is that one can obtain the excitation function in a
one-shot experiment. Up to now, several light nuclei systems
up to 2'Na+ p have been investigated with this method
[3-9].

BN(p, ¥)'*0O is one of the key reactions involved in the hot
CNO cycle that takes place in the evolution of massive stars.
Its reaction rates are dominated by the 1~ broad resonance
state that lies at 5.16 MeV in “O [10-15]. However, there
are several low-lying levels above the 3N 4 p threshold that
might be of relevance to the reaction rates and of importance
to the nuclear structure of '*O. The properties of these levels
are not well known; in particular, there is a 0~ level missing
when comparing with the mirror nucleus '*C [16]. Recently,
the charge exchange reaction of '*N(*He, #)'*O was studied by
A. Negret et al. [17], the widths of several known levels were
determined. In their work, the width of the 6.3 MeV 3~ level
was determined to be 50(6) keV, which differs significantly
from the compiled value of 103(6) keV [16]. In the course of
the preparation of this article, a similar >N + p elastic reso-
nance scattering was published [8], in which a clear assignment
of 27 to the 6.8 MeV level in '*O was made for the first time and
anew 0~ level at 5.7 MeV with a width of 400(100) keV was
suggested. These results are confirmed in the work reported
here.
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II. EXPERIMENT

The experiment was carried out at the radioactive secondary
beam line [18,19] of the HI-13 Tandem accelerator laboratory,
Beijing. Recently, a Danfysik Wien velocity filter was installed
in the beam line, which brings substantial improvements in
the secondary beam quality. Some details concerning the >N
secondary beam and the experimental setup are presented in
this section.

A. The secondary beam

The *N secondary beam was produced via the reaction
2H('?C,®N)n. A 100- to 150-pnA '2C beam of 72 MeV
was used to bombard a 4.8-cm-long deuterium gas cell at a
pressure of about 1.5 atm. The front and rear windows of the
gas cell were Havar foils of 1.9 mg/cm? in thickness. After
magnetic separation and focus with a dipole and a quadruple
doublet, the secondary beam was further purified by the Wien
filter and was then collimated by a ¢9- to ¢5-mm collimator
complex. During the experiment, the intensity of the secondary
beam was about 6000—10000 particles/s, and the purity about
82-90%. In addition to the '>C contaminants from multiple
scattering of primary ions, there were small amounts of °Li and
“He in the secondary beam that were due to the >H('2C,°Li)*Be
and 2H('>C,«)'°B reactions, respectively. The secondary beam
may also contain protons from the >H('?C,p)!3C reaction,
these were not detected because of very small energy loss
in the detector used in the beam-tuning runs.

B. Experimental setup

A schematic layout of the experimental setup is shown in
Fig. 1. The secondary beam was analyzed by a 13.2-um-thick
silicon A E detector. The output of this A E detector was taken
into spectra by a multichannel analyzer to monitor the purity
of 13N and was recorded by a scaler for beam normalization.
Moreover, it was also included as a parameter to remove
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FIG. 1. Schematic layout of the experimental setup for the
'H("N, p)"*N reaction.

proton events generated from ions other than '3N. At the
counting rates mentioned above, the spectroscopy amplifier
for the 13.2-um silicon detector generated pulse pile-up of
about 5-9%, the pile-up reject output was also recorded by
the scaler for correction of the beam losses. In between the
collimator complex and the 13.2-um silicon detector, a set
of a AE-E telescope of silicon detectors was installed on
a movable ladder for beam-tuning and purity cross-check.
The energy of the 3N ions impinging on the 9.33 mg/cm?
thick (CHy), target was about 47.8 & 1.5 MeV. A carbon foil
of 10.88 mg/cm? in thickness was applied to evaluating the
background that arose from the carbon atoms in the (CH;),
target. Both targets were thick enough to fully stop the >N
ions; however, there were leakages of 12C and light ions like
SLi and “He, etc.

The recoil protons from the 'H('*N,p)"*N reaction were
detected by a AE-E telescope consisting of a 63-um-thick
Double-Sided Silicon Strip Detector (DSSSD) [20] and a
982-um-thick quadrant silicon detector (MSQ) [20]. Both
detectors are 50 x 50 mm? in size. The DSSSD has a resolution
of 3 x 3mm?, defined by the width of microstrips orthogonally
oriented on both sides. The AE-E telescope was placed at
150 mm downstream from the (CH,),, target to compromise the
counting rates and resolution. To avoid the direct bombardment
of the DSSSD by the leaked '>C and light ion components,
the AE-E telescope was placed at 15° instead of 0°. In this
geometry, the laboratory angle of each pixel of the DSSSD can
be evaluated according to the following formula,

ey

(do cos 15° & x sin 15")
O1ab = arccos .

vV doz + x2 + y?
In the formula, d; refers to the distance between the centers of
the target and the DSSSD, and x, 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 half
of the DSSSD area was used while the outer part was blocked.
For the inner half thus used, the DSSSD covered about 10°-20°
in the laboratory frame, corresponding to 140°-160° in the
center of mass frame.

In about 100 h of beam time, runs with the (CH,), and
carbon targets were taken at aratio of 3:1. A calibrated AE-E;
spectrum measured with the DSSSD and MSQ detectors is
shown in Fig. 2. The calibration was made with proton beam
scattering on Au of 440 pug/cm? at several energies and with a
standard 2**Pu-?*!' Am mixed source. To provide a cross-check
of the calibration and the performance of the setup, '?C + p
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FIG. 2. A calibrated A E-E, spectrum measured with the DSSSD
and MSQ detectors. The background spectrum with the carbon target
is similar.

elastic resonance scattering was studied successively using
the same setup to map the well-known levels in '*N. In the
12C + p runs, the gas cell was pumped empty, the '2C beam
initially of 60 MeV was scattered by the Havar foils into the
secondary beam line. The '2C ions lost partly their energies
in the 13.2-um silicon detector, impinging on the (CH),
target with an energy of 46.3 & 1.1 MeV. The carbon target
also served for the background measurement. The intensity
of '2C that bombarded the (CH,), target was about 1-2 x
10* pps.

III. ANALYSIS AND RESULTS

A. Data analysis

At the reaction point, the center-of-mass energy E. ,, hasa
simple relation with the proton energy E, as the following:

my +my3

Ec.m. = Ep (2)

4m13 COS2 Hlab ’
where m; and m; are the masses of proton and 3N,
respectively, and 6, is the laboratory scattering angle. To
transform the detected proton total energies E; into E., , one
needs to know the energy losses of the protons in the (CH,),
target A £, according to each 6, this was done with a Monte-
Carlo simulation combining the reaction kinematics with the
energy losses of >N and protons. As an example, a simulated
AE, versus E; for a pixel centered at 6}, = 10.9° is shown
in Fig. 3. In the simulation, the >N beam energy was taken
as 47.8 £ 1.5 MeV and the 6,, resolution as 2.5°(FWHM),
mainly resulting from the beam angular resolution (1.4°) and
the beam spot (1.9°). Combining AE, with E;, the proton
energy at the reaction point £, = E, + AE, was obtained
that was then converted into E.p, according to Eq. (2). After
the E, to E. . conversion, the proton spectra were added up
over different 0},,. In the course of E, to E. , conversion, the
uncertainty of E., was estimated to be =20 keV mainly due
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FIG. 3. The simulated proton energy loss in the (CH,), target
versus the detected proton total energy for a pixel centered at
61 = 10.9°. The data were fitted with a first-order exponential decay
function to retrieve the proton energy loss in the target.

to the 6}, resolution and energy straggling of particles in the
target.

The background proton yields with the carbon target were
normalized to those with the (CH,),, by the total number
of the 1*N ions and by the number of carbon atoms in the
effective target thickness related to per E. ., unit. The latter
was done by computing the range difference, i.e., the '*N range
difference between the maximum and the minimum energies
of per E. . unit in the (CH3), and carbon, respectively. After
the normalization, the proton yield from the carbon target was
about 1/7 of that from the (CH,), target. The net proton yields
were then obtained by subtracting the normalized background
events of the carbon target.

The net proton yields of *N + p were converted into the
averaged differential cross section according to

de N learget d_U

dE dE dSQ )

- BN

In the formula, dN,/dE refers to the net proton yield of per
Ecm. unit, and dNyget/dE tefers to the energy dependent
hydrogen atom number. As aforementioned, the effective
target thickness was computed by the '3N range difference
between the maximum and the minimum energies of per E .
unit in the (CH,),. In addition, it was also checked by the
Monte-Carlo simulation of the target depth versus E. ;,, where
the scattering takes place. The divergence of the two methods
for d Narget /d E was less than 1%. Finally, the averaged do /d 2
in the center of mass frame was obtained by

do 1 do
=) =—(55) - @)
dQ2 c.m. 4COS@1ab dQ2 lab

where 6,, = 15°.
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B. R-matrix analysis

The sharp structures in the experimental proton spectrum
are due to the formation of the compound nucleus 140, when
the collision energies coincide with the specific excited states.
The theoretical formalism to solve the resonant processes is the
R-matrix theory. According to the model, the differential cross
section can be written into a sum of pure Coulomb, resonant,
and interference terms. The main assumption is that nuclear
reactions (resonances) can take place only in the internal region
defined by a channel radius of a, = ro(m ,1 & + m;,/ 3), where m;
and m , are the masses of the target and projectile, respectively.
A comprehensive review of R-matrix theory can be found in
Ref. [21].

The R-matrix R, is given by

Yice'Yac

Rc’c: s
— E, — E

&)

where ¢ and ¢’ denote different channels and A denotes the level
index. The reduced widths y2. are related with the Coulomb
penetrabilities P (/) by

vi =T /2P(D), ©6)

where y;. is the reduced width amplitude. The P(!) are defined
by

P =kr/(F} +G})|,, 0

where k is the wave number and F; and G, are the regular and
irregular Coulomb functions, respectively.

The experimental excitation function was analyzed by
using a multilevel, multichannel R-matrix code MULTI7 [22].
The used channel radius is 4.7 fm for >N+ p with ry =
1.40 fm, which is found not sensitive to the fitting results
upon small changes of ry to 1.20 fm. For the E.,, range in
this work, P(I) decrease rapidly as / increase and the reduced
widths for [ + 2 normally exceed the single-particle Wigner
limit of y2 <h? / ,uacz; I + 2 mixings were therefore neglected.
The ground state of 3N has a spin and parity of 1/2~ and
the channel spin is of two values s =0~ or 1~ provided
that only 13Ng,S(J T =1/27) is taken into account; this
is true for the observed '*O levels below 7.0 MeV. For an
observed resonance level, the main input parameters to the
MULTT7 calculation include the resonance energy, width, and
spin and parity; these parameters are manually changed until
the best visual fit is achieved, while s and / are subject to the
conservation laws. The normalization is done by comparing
the area under the theoretical differential cross section to that
under the data curve. The uncertainties of deduced Eg are
given mainly based on the experimental resolution. In addition,
another R-matrix code SAMMY-M6-BETA was also used to
check the consistency of deduced results. Because SAMMY-M6-
BETA allows for multilevel R-matrix fits to the experimental
differential cross sections by solving Bayes’s equations, it
provides the fine tuning of the resonance parameters obtained
by MULTI7 and gives the uncertainties for I'g as well.
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FIG. 4. A part of the excitation function from the scattering of
12C + p. The vertical scale is the averaged differential cross section.
The solid line shows the fitting result as described in the text.

C. Results

A part of the excitation function from the scattering of
2C 4 p is shown in Fig. 4. The error bars indicate the
statistical uncertainties only. The systematical errors includ-
ing the uncertainties in the detector solid angle and beam
normalization are small compared with the statistical ones.
As one can see from Fig. 4, the 3/2~ and 5/2% states in
3N lying at 3.50 and 3.55 MeV, respectively, are discernible
and well fitted with the calculation at 6, ,,, = 150°. The input
widths of 62 and 47 keV, respectively, are from an evaluation
published in Ref. [16]. In the fitting calculation, the width and
spin parameters were fixed, only the experimental excitation
function needed a shift of 9 keV (E. ., ) downward to meet the
known resonances; this was taken into account in processing
the excitation function of 3N 4 p scattering and also set a
lower limit for the E. ,, uncertainty.

The experimental excitation function for the >N+ p
scattering is shown in Fig. 5. The presented errors include the
statistical and systematical ones. The latter were mainly due to
the uncertainties in the detector solid angle (4%) and in beam
normalization (6%). The fitting calculations were done with
MULTI7 and SAMMY-M6-BETA at 0. ;,, = 150° with parameters
listed in Table L.
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FIG. 5. The experimental excitation function for the '*N + p
scattering. The vertical scale is the averaged differential cross section.
The solid line shows the fitting result at 6, ,,, = 150°. The dotted line
represents a fitting calculation with only s = O for the 2~ state. The
gaps at E.,, = 0.8 MeV are due to the detector dead layers.

IV. DISCUSSION

In general, our results agree with those published recently
[8,17] (see Table I), particularly with Ref. [8] due to the similar
method and setup adopted. Several selected resonance levels
are briefly discussed in the following.

A. 5.17 MeV 1~ state

The 1~ state at 5.17 MeV in '*O has been intensively
studied before because of its significance for the '*N(p, y)'*O
reaction rates [10—15]. The latest adopted resonance param-
eters are Ep =527.9£1.7 keV, I'), =37.3 £ 0.9 keV, and
I')y =3.36 £ 0.72 eV [15]. The present work agrees with the
adopted values of Er and I';, within errors.

B. 5.71 MeV 0~ state

The systematics of A = 14 nuclides [16] indicate a 0~ level
at 6.90 and 8.78 MeV in '4C and !N, respectively. Prior to
Ref. [8], the 0~ level in '“O had never been observed. The
3N + p entrance channel populates 1~ (E, = 5.17 MeV) and

TABLE 1. Resonance parameters deduced from the fitting calculation of the '*N + p scattering.

This work Ref. [8] Ref. [17]
Jr l E,. (MeV) I'r (keV) E,. (MeV) I'r (keV) E, (MeV) 'z (keV)
1~ 0 5.169(19) 40(4) 5.159(10) 42(4) 5.178(10) 37(14)
0~ 0 5.710(20) 400(45) 5.710(20) 400(100)
ot 5.931(10) <12
3~ 2 6.290(20) 25(3) 6.285(12) 42(2) 6.284(9) 50(6)
2f 6.609(10) <5
2- 2 6.759(19) 105(10) 6.767(11) 90(5) 6.762(30) 107(40)
2F 1 7.670(50) 62(10) 7.745(19) 63(16) 7.777(10) 77(9)
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O~ states in '*O via an s-wave resonance leading to a main
configuration of the proton 1p, ® 251/, in the final stage,
and is therefore sensitive to this missing unnatural parity state.
It was indeed observed in Ref. [8] at 5.7 MeV with a width
of 400(100) keV, the present work has confirmed the new
0~ level with a width of 400(45) keV.

C. 6.29 MeV 3~ state

The 6.29 MeV 3~ state in '*O can be populated with the
3N + p system via a d-wave resonance leading to a main
configuration of the proton 1p;,; ® 1ds,,. The level has been
established relatively well provided that only its Eg and J” are
considered [16]. The width value of 103(6) keV that entered
into the compilation [16] is from an early study of the reaction
12C(*He,n)'*O(p)'*N [23]. The recent high-resolution study of
the "“N(®He,#)'*O reaction determined a much smaller width
of 50(6) keV [17]. The ’N + p resonance scattering in Ref. [8]
gave a value of 42(2) ke V. In the present work, an even smaller
value of 25(3) keV was found suitable to fit the amplitude of
the experimental peak.

D. 6.76 MeV 2~ state

Prior to the very recent work in Ref. [8], the 6.8 MeV level
in *O was observed with only a certain assignment of negative
parity [16]. Its width was determined with a large uncertainty
of 107(40) keV in the cited work with the "“N(He,r)"*O
reaction [17]. A clear assignment of 2~ was made in Ref. [§8]
with a width of 90(5) keV based on an R-matrix analysis
including only s = 1. In the present work, the spin assignment
and the width value were confirmed. Because both s = 0 and
1 with [ = 2 satisfy the conservation law, which means that a
mixing of the proton d3,, and ds/, is probable, both channel
spins were included in the fitting calculation. The results do
not change much with pure s = 1 (solid line in Fig. 5) or with
mixing up to 1:1, therefore the mixing ratio can not be uniquely
determined if any. The pure s = 0 does not fit the data (dotted
line in Fig. 5).
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E. Other states

The population of 0 and 2% excited states in '“O with
I = 1 partial waves is suppressed at large 0. ,, angles. 0" and
2 levels at 5.9 and 6.6 MeV, respectively, did not directly
show up in the experimental proton spectrum. According to
Ref. [17], the widths of these two levels are minute with upper
limits of 12 and 5 keV, respectively, which are much smaller
than the present experimental resolution. These two levels
were therefore not included in the fitting calculation. For the
7.7 MeV 2; level, the present work suffered from the
difficulties in the discrimination of the proton events from
electronic noises due to very small energy losses in the DSSSD.
We note the near 100 keV difference of Ex from the compiled
value, yet the present value of I, is in agreement with the ones
reported in recent works.

In summary, the excitation function for the >N + p elastic
resonance scattering has been measured in inverse kinematics
via a novel thick-target method. The overall agreements with
the results published shortly before enhance the confidence
of the observation of the new 0~ level at 5.7 MeV and the
assignment of 2~ to the state at 6.8 MeV in '*O. R-matrix
calculation indicates that the 6.8 MeV 27 level may involve a
mixing of s = 0 and s = 1 up to 1:1. Detailed measurements
with intensive 3N beam at more angles are necessary to
clarify the nature of the 2~ states in 'O and to remove the
discrepancies of deduced resonance parameters, particularly
for the 37 level at 6.3 MeV.
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