INVESTIGATION OF
THE ASTROPHYSICAL *S(p,7)?"Cl REACTION

AT E;,=1975...2190 keV

A.N. Vodin'i 1.V. Ushakov', G.K. Khomyakov', G.E. Tuller!,
L.P. Korda', I.A. Shapoval'?, A.V. Tertichnyi"?
! National Science Center “Kharkov Institute of Physics and Technology”, 61108, Kharkov, Ukraine
2V.N. Karazin Kharkov National University, Kharkov, Ukraine
(Received July 15, 2009)

The 3%S(p,7)3"Cl reaction was investigated in the proton energy range E,=1975-2190 keV. The observed resonance
strengths were evaluated. The y-decay schemes of the resonances at E,=2037, 2058, 2069, 2080, 2122 and 2165 keV
were constructed and the total v-widths were determined. The astrophysical 36S(p,7)37C1 reaction rate was estimated.

PACS: 24.30.-v, 25.40.Lw, 25.70.Ef, 25.70.Gh

1. INTRODUCTION

The experimental determination of nuclear reaction
effective cross-sections, which are necessary for the
creation of model representations of nucleosynthesis
in the process of stellar evolution, is one of the main
problems of astrophysics.

Special attention has been recently paid to the
problem of the rare isotope 3¢S (0.017%) generation
[1]. It is known [2],[3], that one of the sources is
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the 3%Cl(n,p)36S reaction, which goes through the
compound 37Cl nucleus. However, the data on spins
J and total radiation widths I', are missing for most
of the neutron resonances, which makes it impossible
to carry out a qualitative analysis of the resonance
curve shape observed in the 35Cl(n,p)3°S reaction.
Meanwhile, the missing information on neutron res-
onances can be obtained with the help of additional
measurements that lead to the same compound 37Cl
nucleus (see Fig.1).
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Fig.1. The 3" Cl level scheme in the 3¢ Cl(n,p)3" CI, 3¢ Cl(n,a )3 P and 36S(p,y )*" Cl reactions
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It appears from the experimental data [4], that
37C1 excited levels can be observed both in the
36C1(n,p)3°S reaction and in the 36S(p,y)3"Cl reac-
tion. In this context a series of researches was car-
ried out. The excitation function of the 3¢S(p,y)37Cl
reaction was studied in the proton energy range
E, =1975...2190 keV, which corresponds to excita-
tion of neutron resonances in the 3¢Cl(n,p)3°S reac-
tion in Ey =0.5...250 keV (see Table 1). As a result,

we determined the energy positions and strengths S
of resonances observed in the specified range of pro-
ton energies. The v-decay schemes of the most in-
tensive resonances at F,=2037, 2058, 2069, 2080,
2122 and 2165 keV were constructed and the total
v-widths were determined. Taking into account the
obtained data on the strengths, the astrophysical
36(C1(n,p)3°S reaction rate was estimated.

Table 1. Resonances in the 3¢ Cl(n,p)3%S and 35S(p,y )?" Cl reactions

No. 36Cl(n,p)3°S 36S(p,y)37Cl
E,, eV E*, keV | E,, keV | E*, keV | 2J7 S,eV | I'y, eV
1 931(1) 10311.9 - - 17
2 1341(2) 10312.3 | 19795 | 103123 | (3,5) | 1.0 | (0.3,0.2)
3 3570(50) 10314.4 | 1982.1 | 10314.9 | (3,5)* 5.0 (1.3,0.8)
4 7937(15) 10318.7 | 1986.2 | 10318.9 3T 4.0 1.0
5 8400(20) 10319.1 - - (3,5)~
6 - - 1994.5 | 10326.9 0.69
7 21100(300) 10331.5 1997.6 10330.0 1+ 0.18 0.09
8 - - 2002.8 | 10335.0 0.09
9 34400(200) 10344.4 2012.1 10344.1 | (3,5)~ 3.3 (0.8,0.6)
10 37200(100) 10347.2 | 2014.2 | 10346.1 8.6
11 - - 2022.5 10354.2 1.4
12 50750(200) 10360.3 | 2028.8 | 10360.3 2.7
13 61700(200) 10371.0 2037.1 10368.4 3+ 40.3 10.0
14 - - 2041.8 10373.0 3.2
15 - - 2046.5 10377.5 0.08
16 - - 2050.7 10381.6 1.2
17 82700(800) 10391.4 2058.1 10388.8 | (3,5)" 16.9 (4.2,2.8)
18 - - 2065.4 | 10395.9 1.0
19 94400(800) 10402.8 2068.6 10399.0 | (3,5)" 11.6 (2.9,1.9)
20 - - 2073.9 10404.2 0.91
21 106500(500) 10414.6 2080.2 10414.6 3+ 19.9 5.0
22 | 112700(1000) | 10420.6 2086.5 10416.4 2.1
23 - - 2092.9 10422.7 0.32
24 - - 2099.3 10428.9 0.21
25 - - 21014 10430.9 0.43
26 - - 2106.6 10436.0 1.9
27 - - 2112.0 10441.3 0.19
28 - - 2115.2 10444.4 0.15
29 | 151000(1500) | 10457.9 | 2121.6 | 10450.6 3T 22.9 5.7
30 - - 2125.5 10454.4 1.0
31 - - 2134.4 10463.1 0.91
32 - - 2137.3 10465.9 0.92
33 - - 2143.0 10471.4 2.4
34 - - 2149.4 10477.6 0.55
35 - - 2153.4 | 10481.5 0.09
36 - - 2156.6 10484.7 0.12
37 - - 2160.4 10488.4 1.2
38 | 196000(1500) | 10501.7 2165.2 10493.0 3+ 23.2 5.8
39 - - 2171.0 10498.7 1.0
40 | 208500(3000) | 10513.8 2176.0 10503.5 7.4
41 - - 2182.5 | 10509.9 0.06
42 - - 2184.6 10511.9 0.03

2. EXPERIMENTAL TECHNIQUE

The investigations were carried out using the pro-
ton beam of the ESA-5 electrostatic accelerator at

the Nuclear Spectroscopy Laboratory (NSC KIPT).
The proton current on the target was up to 10 pA.
The bombarding energy was calibrated with well-
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known resonances of the 27Al(p,y)2®Si reaction
(EFr=992 and 1317 keV). The energy spread was
0.4 keV. A target of approximately 4 keV thickness at
E,=2 MeV consisting of AgsS (81.1% 35S) was used.

The spectra of ~-rays, arising from the decay
of resonance states in 37Cl, were measured with
the 70 cm?® Ge(Li)-detector. The energy resolu-
tion was about 3.0 keV for %°Co ~-lines. The ef-
ficiency was determined with calibrated standard
sources and using relative 7y-ray intensities in the
2TAl(p,7)?8Si reaction. To reduce the low-energy -
background, we used a combined lead-copper protec-
tion of the Ge(Li)-detector.

To obtain a yield curve of the 26S(p,v)3"Cl reac-
tion as a function of proton energy a spectrometer
based on a 150x100 mm NaI(Tl) crystal were used.
The experiments were performed on the spectromet-
ric equipment designed in the CAMAC standard and
operating on-line with a personal computer.

3. RESULTS

The excitation function of the 26S(p,y)37Cl reac-
tion was measured in the proton energy range
E,=1965...2190 keV. We established the positions of
40 resonances, identified as the excited states of 37Cl
(see Table 1). In this case, @ of the reaction was
taken to be 8386.34(23) keV, according to [5]. The
results obtained are in good agreement with [6].
The ~-decay spectra were measured for the res-
onances at F,=2037, 2058, 2069, 2080, 2122 and
2165 keV. The decay schemes of the resonances were
constructed on the basis of the balance of energies

Table 2. ~-Decay schemes

and intensities for the observed transitions, taking
into account all the known data on the levels of 37Cl
[5]. The branching ratios b, for all six resonances are
listed in Table 2.

4. DATA ANALYSIS

4.1. Resonance strengths and v-widths
The radiative width I', of a resonant level was calcu-
lated on the basis of the data on the strength S and
the proton decay width I', of the resonance. The
value of S was determined from the expression[7]:

r,r
S = (2J+1)—”P”: (1)
_ @I+1) 1 M eN, e

(TN2m, + Mb-f-E-W()Q’

where J is the spin of the resonant state; I'; and I,
are, respectively, the proton and radiative resonance
widths; I' is the total resonance width; I is the target
nucleus spin; A is the incident proton wavelength; M
is the mass number of a target nucleus; m,, is the pro-
ton mass; € is the bremsstrahlung loss in the target
(eV-cm?-atom™'); N, is the y-yield; b, is the branch-
ing ratio; f is the number of target nuclei per atom;
E is the absolute detector efficiency; W (#) is the an-
gular distribution of y-photons (see below); e is the
elementary charge; and @ is the integrator charge. To
avoid the errors related to the anisotropy of the an-
gular distribution of y-photons, the y-decay spectra
of resonances were measured at the angle 6;,,=55°,
at which W (0)~1.

of high excited states in 37 Cl

E,(keV), Ef (MeV), 2J7
Ej, 2J7 2037 | 2058 | 2069 | 2080 | 2122 | 2165
MeV 10.368 | 10.389 | 10.399 | 10.410 | 10451 | 10.493
3+ (3,57 | (3,5)T | 3* 3+ 3+
0 3t 25 26 11 98 55 37
1.727 1" 66 27 22 35
3.086 5T 18 1 4
3.104 7 11
3.708 | 3(H) 6 10
4.016 37 4
4177 3~ 2 10
4.273 7 19
4.396 5 2
4.801 5% 2 1
4.854 3 2
4.961 3 20
5.059 | (37-7T) 6
5373 | (1-5) 10 9
5.406 | (1,3) 1
5.617 | (1-5) 2
5.944 29
6.488 18
6.669 | (3,5)F 9 3
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The strength of the resonance under study, S;
is determined through the calibration resonance
strength S at E,=1887 keV, which is equal to
31.0(3) eV [8]. For the case Q) = Q;, the quantities
S; and Sy, are related by a relatively simple expres-
sion:

)\i Ez’N,ébkEk

S; =8y k2
"N2 ek NEb B,

(2)

99 299
1

where the indices ”k” and correspond to the
calibration and investigated resonances, respectively.
The thus obtained values of S for the resonances un-
der study are listed in Table 1.

The radiation widths I', were definitely obtained
only for the resonances at £,=2037, 2058, 2069, 2080,
2122 and 2165 keV, for which spin values were estab-
lished in [9]. The I', value was calculated with the
data on resonance strengths S, under the assumption
that I', >>I'y. In this case

S~ (2J+1)T,, (3)
and the resonance strength is completely defined by
I',. The obtained results are listed in Table 1.

4.2. Reaction rate
One of the main characteristics of the astrophysical
(p,n) or (p,y)-reactions is the total rate, that can be
expressed via the temperature as following (in units
of cm3-s~!-mole~1) [10]:

o0

NA<au>:3.731.101%*%:@3/ o(E)Be 107 g,
0
(4)

where F is the incident particle energy in the center-
of-mass system in MeV, Ty is the temperature in GK,
1 is the reduced mass in a.m.u. The total reaction
cross-section o(in barn) is determined by the sum
of resonance and non-resonance contributions to a
mechanism of the nuclear reaction. Meanwhile the
contribution of isolated and narrow resonances into
the total astrophysical reaction rate can be calculated

by [10]:

ERq
9

Nylov),= 1.540.1011(HT9)7% Z w7i6—11.605 2

(5)
where Fpg; are the resonance energies and w7; is
the resonance strengths in MeV. The 26S(p,y)37Cl,
36S(p,n)?6Cl and 26S(p,a)?*P reaction rate curves,
calculated according to [11] and the 3¢S(p,7)37Cl re-
action rate with taking into account the obtained
experimental data on the strengths are shown in
Fig.2. It can be seen that contribution of the stud-
ied resonances to the total astrophysical 2°S(p,y)3"Cl
reaction rate in the stellar temperature range of
(0.01-1)Ty is insignificant. However at temperatures
higher than 17y it becomes comparable with the
36S(p,a)33P reaction contribution to the total pro-
ton reaction rate on the 3¢S nuclei.
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Fig.2. The 35S (p,y)*" Cl, 26S(p,n)?¢ Cl and
36 S(p,a )33 P reaction rates

5. CONCLUSIONS

In this paper we obtained the radiation decay
widths for the neutron resonances observed in the
36C1(n,p)3°S reaction by using the 26S(p,y)3"Cl re-
action. In this context, the 3¢S(p,y)3"Cl reaction
yield was measured in the accelerated proton en-
ergy range F,=1975...2190 keV, where we estab-
lished the positions of 40 resonances and determined
their strengths. This allowed to evaluate the con-
tribution of the resonances in the total rate of the
astrophysical 30S(p,7)37Cl reaction.

The obtained radiation widths for the resonances
at Fp,=2037, 2058, 2069, 2080, 2122 and 2165 keV can
be used as input parameters while analyzing a reso-
nance curve shape of the 36Cl(n,p)35S reaction, which
is of interest to astrophysics in solving the problem
of 368 isotope generation.
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NCCJIEAOBAHUE ACTPO®NU3NYECKON PEAKIINI 36S(p,y)?7Cl
IIPN E,=1975...2190 x>B

A.H. Bodun, U.B. Ywaxos, I K. Xomaxos, I.9. Tyaaep,
JI.II. Kopda, U.A. Illanosan, A.B. Tepmuurwvit

IIpescTaBienbl  pesynbraThl  ucciaeposanmii  peaxmmm  °0S(p,y)3"Cl B obmacTu 9Hepruii IIPOTOHOB
E,=1975...2190 xsB. Omenens! cuibl HaOMIOaeMBIX Pe30HAHCOB. IloCcTpOeHEI cxeMBI pacrajia Pe30HaHCOB
mpu F,=2037, 2058, 2069, 2080, 2122 u 2165 x3B. PaccunTansl mosHble paJualioHHbIe IMIPUHBI PACHaa
pesonancos. IIpoesiena orenKa CKOpocTH acTpodusmaeckoit peaxmmi 2°S(p,y)3"Cl.

JOCJILI2KEHHA ACTPO®I3UYHOI PEAKIIII %S (p,7)3"Cl
MIPU E,=1975...2190 kB

O.M. Bodin, I.B. Ywaxos, I K. Xomsaxos, I'E. Tyaaep,
JI.II. Kopda, 1.A. Illanosan, A.B. Tepmuunui

[IpejcTaBieHo  pesyibTaTH  Jdocaikenb — peakiii  20S(p,y)3"Cl B obmacti  emepriii  mpoTomis
E,=1975...2190 keB. OuineHo cmm cnocrepekyBaHux pesoHaHciB. IlobymoBaHo cxemm posmany peso-
nancis npu E,=2037, 2058, 2069, 2080, 2122 Ta 2165 keB. Pozpaxosani nosui pajianiiini mupuHr posna,ry
pesonancis. IIposeseno ominKy meuakocTi actpodizmanoi peakii 26S(p,y)37CL.
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