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Experimental study of the spectroscopic factors of '%1>Sn
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Enriched targets of !16:118:120.122.1249,(3, were bombarded with proton and deuteron beams, and the angular
distributions of (p,d) and (d, p) on tin isotopes were accurately measured using the high-precision Q3D
magnetic spectrograph at the Beijing HI-13 tandem accelerator of the China Institute of Atomic Energy.
Distorted-wave Born approximation calculations were performed to extract the neutron spectroscopic factors
(SFs) using two different sets of systematic optical potential parameters for these neutron transfer reactions. The
SFs of ''6-1238n were obtained and compared to previous values. Our results are consistent with the average of
the previous data within the error range. It is worth noting that the reaction products corresponding to '*Sng.
and "Sng 4. to PSngs and '2Snf 5, and to *Sngs and 'Sn , were first distinguished by the present
experiment; therefore, our results of the low lying states of ''12%128n are more reliable. However, the first
excited state of '>!Sn is only 0.006 MeV; we failed to identify the products that correspond to the ground state
and the first excited state, and the extracted SFs of '2Sng s ®n — 2!Sng g and '2'Snggps @1 — **Sng s are
not reliable. A simple linear formula was used to analyze the relationship of SFs with neutron separation energy
S, (N) and the even-A Sn pairing gap A(N), and SFs are found to be positively correlated to S, (N) and A(N).

DOI: 10.1103/PhysRevC.101.014612

I. INTRODUCTION

For more than fifty years, the nuclear shell model has
played a crucial role in explaining nuclear properties in the
region of low excitation energy [1,2]. The tin isotopes are ex-
tremely suitable to provide information about the 50-82 neu-
tron shell, due to the proton number being the magic number
50. This closed shell structure of protons greatly reduces the
ambiguities caused by the neutron-proton residual interaction,
making the neutron spectrum relatively simple, so that theo-
retical calculations are much more reliable [3-9]. In addition,
this strong closure proton shell, leading to the existence of ten
stable tin isotopes 12114 116.117.118.119.120.122,124 G “ajouws us
to carry out a systematic study.

The spectroscopic factor (SF), which is decided by the
wave functions of the entrance channel and exit channel,
provides quantitative information about the single-particle
structure of nuclei in the shell model [10,11]. Transfer re-
actions, especially one-nucleon transfer reactions, have been
widely used to gather information for the shell model of
nuclear structure [3,4]. One can obtain spectroscopic infor-
mation through one-nucleon transfer reactions. The angular
distribution of transfer reactions permits the extraction of
spectroscopic factors by using theoretical models, the most
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common model being the distorted-wave Born approximation
(DWBA) theory.

Stripping and capture reactions have been widely applied
to shell-model studies of nuclear structure [3]. These transfer
reactions allow the population of various excited states via
different experimental sets. The use of the DWBA theory for
the description of (d, p) and (p, d) reactions has contributed
considerably to the extraction of the spectroscopic factors of
tin isotopes in the past half century. However, the previous
works were too old or concerned just a few tin isotopes, so
a systematic study was needed. On the other hand, due to
the low excited energy of the first excited states of ''”Sn
(0.024 MeV), '>'Sn (0.006 MeV), '%3Sn (0.025 MeV), and
1258n (0.028 MeV), all of the previous work failed to clearly
identify the reaction products of the ground states with the
first excited states of these nuclides. For example, for the
ground state of '2°Sn, the results from '"Sn capturing a
neutron (1.3 to 1.8) are significantly larger than that from
1208n Josing a neutron (0.58). This large difference is likely to
come from the interference of the first excited state of ''°Sn.
In addition, '*'Sn (2 = 27.0 h), '*Sn (#;,2 = 129.2 d), and
1258n (tij2 = 9.6 d) are unstable; the SFs of 121-125g jn
previous work were extracted by capturing or losing a neutron
by !20:122.1248 Therefore, the deduced neutron spectroscopic
factors tend to be unreliable. In order to extract the exact
SFs of '271258n, new experimental measurement with higher
precision should be performed.

In this work, the neutron spectroscopic factors of ''®123Sn
were extracted through measuring the angular distributions of
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TABLE 1. Isotopic abundances and thicknesses of tin targets.

Isotope Abundance (%) Thickness (ug/cm?)
1165 95.52 +0.10 772454
1185 96.70 £ 0.05 30.0£2.2
1208n 98.31 + 0.04 48.0+3.9
1228n 92.11 +0.05 59.4+4.1
1248n 96.32 £+ 0.05 64.6 £ 4.6

(p, d) and (d, p) reactions on 116:118:120.122.124g, “an{ the pre-
vious work can be used as a consistency check of the extracted
spectroscopic factors. The experiments were performed with
the Q3D magnetic spectrograph at the HI-13 tandem acceler-
ator of the China Institute of Atomic Energy (CIAE), Beijing.
The Q3D magnetic spectrograph has a high energy resolution
of about 0.02%, and the angular distributions can be measured
with high precision.

II. EXPERIMENT

According to the accelerator beam arrangement, the
experimental measurements were divided into two parts:
16.118,1206n0, were bombarded with 18.0 MeV proton
and 12.0 MeV deuterium beams; '*>'**Sn0O, were bom-
barded with 14.0 MeV proton and 12.0 MeV deuterium
beams. The isotopic abundances and thicknesses of the
116,118,120,122,124 5y are listed in Table I, and were calibrated by
the '2C 4 !16:118.120.122.1245 eastic scattering cross sections
of front angles to the Rutherford scattering cross sections at
60 MeV.

The angular distributions of (p,d) and (d, p) neutron
transfer reactions on 6118120122146, were measured
with the experimental setup shown in Fig. 1. The proton
and deuteron beams from the accelerator impinged on the
self-supported tin enriched isotope targets of SnO,. The self-
supported targets were set at the center of the target chamber,
and the diameter of target chamber is 479 mm. The ejected
particles entered the Q3D magnetic spectrometer through a di-
aphragm with an accepted solid angle of 0.34 4= 0.01 msr for
excellent angular resolution. To count the incoming particles,
a movable Faraday cup was placed behind the reaction targets.

PSSD

Faraday cup

Beam

Diaphragm

FIG. 1. Experimental setup.
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FIG. 2. The two-dimensional spectrum of kinetic energy versus
the horizon position (a) and the horizon position spectrum of object
ions (b) for 8Sn(d, p) 1'°Sn at 12°.

For the purpose of cross-checking the beam intensity, a AE-E
detector telescopic system was set at about 23° downstream
of the reaction targets. The reaction products were separated
according to the difference between energy and charge-to-
mass ratio by Q3D, and then energy and horizontal position
information were recorded by a 50 mm x 50 mm two-
dimensional position-sensitive silicon detector (PSSD) at the
focal plane. Most of the ions from other reaction channels can
be excluded by the magnetic field of Q3D, and the position-
energy information measured by PSSD enable us to pick out
the object ions from remaining particles.

Figure 2(a) shows the typical two-dimensional spec-
trum of kinetic energy versus the horizon position for the
188n(d, p) 119Sn reaction at 12°. It can be seen that the pro-
tons from ''8Sn(d, p) '"”Sn can be clearly identified accord-
ing to the energy information, and the reaction products from
different excited states can be accurately counted through the
position spectrum of object ions, as shown in Fig. 2(b).

III. DWBA CALCULATIONS

The experimental cross sections were analyzed with
DWBA calculations. This procedure supports the extraction
of the spectroscopic factors by taking the ratios of the ex-
perimental cross sections to the predicted cross sections. The
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FIG. 3. The angular distributions of differential cross sections
of H6181208n(p d) and 12212*Sn(p, d) are shown in (a) and (b),
respectively. The red solid curves are from the normalized DWBA
calculation by set 1, the green dashed curves represent the results of
set 2, while dots are experimental distributions. The calculated curves
of 2Sn(p, d) IZISnG}SA_f_O}006 in (b) were mathematically fitted with
the DWBA calculations for Sngs. and Sng . Panel (c) shows the
DWBA angular distributions of msn(p, d) 2l18ng s (red curve) and
IZZSn(p, d) "'Sng .06 (green curve).

equation can be expressed as [12,13]

SF — dOexp/d2 ’
dopwpa/d2

where doey,/d2 and dopwpa/dS2 are the experimental and
DWBA theoretical differential cross sections of the transfer
reaction, respectively.

The geometrical parameters of radius and diffuseness for
the single-particle bound state were chosen to be 1.25 fm and
0.65 fm, respectively. The transfer reaction calculations were
carried out using the code TWOFNR [14], which is convenient
for calculating (p, d), (n,d), (d, 3He) and their reverse re-
actions with finite range or zero range, and finite range was
adopted in this work. In order to analyze the influence of
the optical potential, two sets of optical potential parameters
were adopted: The optical potential for deuterons used the
Lohr-Haeberli [15] global optical model potentials (OMPs)
and the optical potential for protons used the Chapel-Hill 89

ey
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FIG. 4. The angular distributions of differential cross sections of
168n(d, p) ''Sn (a) and "8Sn(d, p) '°Sn (b).
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FIG. 5. The angular distributions of differential cross
sections of '®Sn(d, p) ¥'Sn. The calculated curves of

1208n(d, p)*'Sng.s.+0006 in (a) were mathematically fitted with the
DWBA calculations for Sngs. and Sng . The theoretical shapes of
1208n(d, p) "*'Sngs. and '*Sn(d, p)'?'Snf s are shown in (b).

[16] global OMPs (set 1) and Perey [17] global OMPs (set
2). Figuress 3—6 present the results of DWBA calculations for
116.118,120.122.1245y (p, d) and (d, p) reactions with red solid
curves (set 1) and green dashed curves (set 2). One can see
that most of the curves can reproduce the experimental data
well. There are about 40 reaction channels, and each d + 4Sn
channel has two optical potential parameter sets. The formulas
of global OMPs are given in the Appendix instead of listing
the values of optical potential parameters.

The neutron spectroscopic factors extracted in the present
work are summarized in Tables IT and III. The SFs of !!®125Sn
were obtained with two values. The uncertainties of the spec-
troscopic factors are contributed by the experimental errors
(statistics errors and the target thickness uncertainties, about
10% in all) and the influence of the optical parameters (from
6% to 20%). It is worth noting that the experimental platform
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FIG. 6. The angular distributions of differential cross sections of
128n(d, p) *Sn (a) and '**Sn(d, p) Sn (b).
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TABLE II. Spectroscopic factors of !16:118:120.122.12¢qy 1y A8 (p, d) A~1Sn. L represent single-particle orbital angular momentum.

Transition A-1gn E* (MeV) Jr L Set 1 Set 2 Average
16Sn(p, d) 158n 0 1/2+ 0 1.13£0.11 0.95 +0.09 1.04+£0.13
"88Sn(p, d) 1178n 0 172+ 0 1.12+0.14 0.85+0.11 0.99 +0.18
1208n(p, d) 1198p 0 1/2+ 0 1.53+0.18 1.2240.15 1.38+£0.22
0.024 172+ 2 1.49+0.21 1.2240.17 1.36 +0.24
228n(p, d) 1218p 0 3/2+% 2 1.80 £0.18 1.38+0.14 1.59 +£0.26
0.060 1/2+ 0 2.01 +£0.20 1.54+0.15 1.77 £0.29
248n(p, d) 1238n 0 11/2- 5 7.17+0.71 5.354+0.53 6.26 +1.10
0.025 3/2F 2 2.20+0.21 1.58 £0.15 1.89 £0.36

in the present work has much better resolution capability
than those in the previous works, so we can distinguish
the reactions products of adjacent energy levels, such as
19Gngs and 1195“3.024~ The first exited state of '*!Sn is
only 6 keV; we failed to distinguish the products of 2ISng.
and '2'Sn} o in '°Sn(d, p) *'Sn and '**Sn(p,d) '*'Sn
reactions. But it can be seen in Figs. 3(c) and 5(b) that
the the peaks of both '2’Sn(p,d) *!Sngs, +0.006 and
1208n(d, 12) 218155 +0.006 are only contributed by the
ground state, so that the SFs of '*Sngs ®n — "'Sngs.
and '*'Sngs ®n — '?*Sng.. are trustworthy. Oppositely, the
SFs corresponding to 121810006 are unreliable: the SFs of
1208ngs ®n — '2'Sng oo are 1.27 £ 0.12 (set 1) and 0.66 +
0.06 (set 2), and the SFs of '>'Snggps. ®1 — '**Sngs. are
4.99 £ 0.49 (set 1) and 7.62 = 0.75 (set 2).

The comparisons of the SFs obtained from the present
work with those from the previous works are listed in
Tables IV-XIII and shown in Figs. 7-11. The error bars of
the present work are larger than those of some previous work.
This is because many previous works did not give the errors
of SFs, or just gave the statistical errors. However, the present
results considered not only the experimental errors (statistical
errors and target thickness uncertainties) but also the influence
of optical potential.

Figure 12 shows the tendency of SFs versus single neutron
separation energy S, (N). Obviously, the SFs corresponding
to 8—10 MeV (even-A Sn isotopes) are much larger than
5-7 MeV (odd-A Sn isotopes) for each L. In addition SFs

in the range 5-7 MeV show an increasing tendency with
increasing S, (), but those in 8—10 MeV indicate an opposite
phenomenon. It is well understood for us that SFs grow with
increasing S, (N). We think the pairing correlation of even-A
Sn isotopes produces this abnormal phenomenon. To estimate
the influence of pairing correlation in even-A Sn isotopes,
three- [39,41], four- [39,41], and five-point [40,41] formulas
of pairing gap A were used in this work:

APN) = —LS,(N + 1) — S,(N)], 2)
APN) = —3[S,(N + 1) = 28,(N) + S,(N — D], (3)

ADWN) = —L[3S,(N + 1) — 35,(N)
+S,(N—=1) =S, (N —2)]. )

It seams that SFs show a linear relationship with neutron
separation energy S,(N) and pairing gap A(N), as shown
in Fig. 12 and Table XIV. Thus, we applied a simple lin-
ear fitting for each L with the form SF =ag x S,(N) +
a; X A(N), and the result are shown in Fig. 12. The cal-
culated data points were connected with lines to present
the fitting effect to the SFs. The values of gy and a; of
each L are listed in Table XV. We can see that the pa-
rameters obtained using AP (N), AY(N), and AD(N) are
similar. All of the ay’s and a;’s are positive, which means
SFs are positively correlated to S,(N) and A(N). For L =
0, 2, and 5, a¢ has similar values. But for L =5, a; is

TABLE III. Spectroscopic factors of !17:119:121.123.1256 fhy 4Sn(d, p) “*!Sn. L represent single-particle orbital angular momentum.

Transition A+lgn E* (MeV) J* L Set 1 Set 2 Average
168n(d, p) 1178n 0 1/2+ 0 0.71 £ 0.06 0.62 £ 0.06 0.67 £0.08
0.159 3/2+ 2 0.93 £ 0.08 0.82 +£0.07 0.88 £+ 0.09
0.315 11/2- 5 0.81 £0.08 0.64 £+ 0.06 0.73 £0.11
188n(d, p) 19gn 0 1/2+ 0 0.45 +0.05 0.38 +0.05 0.42 +0.06
0.024 3/2+ 2 0.65 £ 0.06 0.58 £0.06 0.62 £ 0.07
0.090 11/2- 5 0.49 £+ 0.06 0.37 £0.05 0.43 £ 0.06
1208n(d, p) 1219 0 3/2% 0 0.33 +£0.03 0.40 +0.04 0.37 £0.05
0.060 1/2+ 0 0.48 £0.05 0.40 £+ 0.04 0.44 £ 0.06
128n(d, p) 1238n 0 11/2- 5 0.46 £ 0.05 0.33 +0.03 0.40 + 0.07
0.025 3/2% 2 0.58 £0.05 0.51 +0.05 0.55 +0.06
124Sn(d, p) 1258n 0 11/2- 5 0.36 £ 0.04 0.25+0.03 0.31 £0.07
0.028 3/2* 0 0.44 £0.03 0.39 +0.03 0.42 £0.04
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TABLE IV. Comparison of the neutron spectroscopic factors of
5Snp @n — '"®Sngs.

TABLE VII. Comparison of the neutron spectroscopic factors of
183n5s. ®n — !1°Sn.

EI*ISSn Evrap
Ref. (MeV) SF Reaction MeV)
[3] 0 1.08 158n(d, p) 15
[7] 0 1.00 £0.10 168n(p, d) 20
[18] 0 053+0.11 168n(d, 1) 55
[19] 0 0.70 £ 0.07 168n(d, 1) 23
[20] 0 0.82 Weak-coupling calculation
[21] 0 0.75 £ 0.08 16sn(pol d, 1) 40
present 0  1.04+0.13 168n(p, d) 18

2Average value.

TABLE V. Comparison of the neutron spectroscopic factors of
168n5s ®n — '7Sn.

Efi7sn Evap
Ref. (MeV) SF Reaction (MeV)
[1] 0 0.45 £+ 0.07 Wsn(p, d) 55
[3] 0 0.65 168n(d, p) 15
[3] 0.159 0.55 16sn(d, p) 15
[3] 0.315 0.81 158n(d, p) 15
(71 0 0.65 4 0.08 "Sn(p, d) 20
[22] 0 0.76 11680 («, 3He) 65.7
[22] 0.159 0.45° 1680 («r, *He) 65.7
[22] 0.315 0.69* 15Sn(a, 3He) 65.7
[23] 0 0.52+£0.08 16sn(d, p) 4.5-55
[23] 0.159  0.76+0.114 168n(d, p) 45-55
[23] 0.315 0.79 £0.12 16sn(d, p) 45-55
[24] 0 0.624+0.20°  "®Sn(pol d, p) 8.22
[24] 0.159  0.83+£022* !%Sn(pold, p) 8.22
[24] 0315  0.66+0.17  '"°Sn(pol d, p) 8.22
[25] 0 0.7 16sn(d, p) 79
[25] 0.159 0.7 168n(d, p) 79
[25] 0.315 0.3 168n(d, p) 79
[26] 0 0.64 +£0.128 78n(d, 1) 50
[27] 0 0.53 168n(z, d) 4.25-5.75
[27] 0.159 0.52 168n(z, d) 4.25-5.75
[27] 0.315 0.9 168n(z, d) 4.25-5.75
present 0 0.67 + 0.08* 168n(d, p) 12
present  0.159  0.88 & 0.09* 168n(d, p) 12
present 0315  0.58 & 0.09* 168n(d, p) 12

4Average value.

Ref. Efi9sn MeV) SF Reaction Era (MeV)
[3] 0 0.59 83n(d, p) 15
[3] 0.024 0.52 183n(d, p) 15
[3] 0.09 0.56 88n(d, p) 15
[71 0 0.55+0.05  '“Sn(p,d) 20
[9] 0.09 0.35+0.04 8Sn(x, *He) 187
[27] 0 0.37 "88n(1, d) 4.5-5.75
[27] 0.024 0.44 "83n(t, d) 4.5-5.75
[27] 0.09 0.85 183n(r, d) 5.5-5.75
[33] 0 0.45 198n(p, d) 55
[34] 0 0.29+0.07 '"Sn(d, p) 17
[34] 0.024 0.52+0.13  'Sn(d, p) 17
[34] 0.09 0.69+0.17  '8Sn(d, p) 17
present 0 0.42+0.06¢0 'Sn(d, p) 12
present 0.024 0.624+0.07*  '8Sn(d, p) 12
present 0.09 0.434+0.08*  '"!Sn(d, p) 12

4Average value.

TABLE VIII. Comparison of the neutron spectroscopic factors of

9Sn®@n — '"Sngs.

Ref. Ef 9gn MeV) SF Reaction Ei ., (MeV)
[3] 0 1.30 3n(d, p) 15
[6] 0 0.58 £0.13*  2Sn(p, d) 26.3
[6] 0.023 1.68 £0.35*  'Sn(p, d) 26.3
[7] 0 1.80+£0.30  'Sn(p,d) 20
[71 0.023 240+£035  Sn(d, p) 20
[20] 0 1.30 Weak-coupling

calculation
[20] 0.023 2.0 Weak-coupling

calculation
[20] 0.023 1.80£0.36  '2Sn(*He, «) 39
[27] 0 1.30 "98n(t,d)  4.75-5.75
[31] 0 1.47 19Sn(pol d, p) 12
present 0 1.38+£0.22¢  Sn(p,d) 18

*Average value.

TABLE VI. Comparison of the neutron spectroscopic factors of
7Sn®@n — ""®Sngs.

TABLE IX. Comparison of the neutron spectroscopic factors of
1208n6s ®n — '2'Sn.

Ref. Ef\75, MeV) SF Reaction E; ., (MeV)
[3] 0 1.40 YSn(d, p) 15

[4] 0 1.40 £0.14  3Sn(pol p,d) 21

(7] 0 1.40+£0.15  '8Sn(p,d) 20

(8] 0 0.90 78n(d, p) 12
[27] 0 1.40 Wsn(t,d)  4.75-5.75
[28] 0 1.104+0.17  '"8Sn(p, d) 55
[29] 0 1.30 183n(p, d) 24.95
[30] 0 1.314£0.26 '8Sn(pold, 1) 12
[31] 0 1.37 WSn(pol d, p) 12
[32] 0 1.474£0.29 8Sn(pol p, d) 22
present 0 0.994+0.18  8Sn(p,d) 18

Ref. Ef) 5n MeV) SF Reaction E ., (MeV)
[3] 0 0.43 1208n(d, p) 15
[3] 0.006 0.21 1208n(d, p) 15
[31 0.06 0.39 1208n(d, p) 15
[9] 0.006 0.38+0.04 '2Sn(«, 3He) 187
[12] 0 044 +0.11  '°Sn(d, p) 17
[12] 0.006 0.49+£0.12  '2Sn(d, p) 17
[12] 0.06 0.304+0.08  'Sn(d, p) 17
[35] 0 0.65 1208n(t, d) 13
[35] 0.06 0.32 1208n(t, d) 13
present 0 0.37+0.05 'Sn(d, p)* 12
present 0.06 044 +£0.06 '2Sn(d, p)* 12

?Average value.

*Average value.
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TABLE X. Comparison of the neutron spectroscopic factors of
2IShp @n — *Sngs.

Ref. Ef g0 MeV) SF Reaction  Epy, (MeV)
(71 0 45415 228n(p, d) 20
(7] 0.06 1.9+0.15  '2Sn(p,d) 20
present 0 1.594+0.26* 22 Sn(p, d) 14
present 0.06 1.77£0.29°  '22Sn(p, d) 14

#Average value.

TABLE XI. Comparison of the neutron spectroscopic factors of
1228n6s ®n — '2Sn.

Ref. Efg, MeV) SF Reaction Ep ., (MeV)
[3] 0.025 0.43 1228n(d, p) 15

[9] 0 0.37+£0.04 '2Sn(a, 3He) 187
[36] 0 0.38 128n(d, p) 12
[23] 0.025 044+0.07 'Sn(d, p) 45-55
present 0 0.36+£0.07 '2Sn(d, p)* 12
present 0.025 0.55+£0.06 '2Sn(d, p)* 12

#Average value.

TABLE XII. Comparison of the neutron spectroscopic factors of
23Sn @n — **Sngs .

Ref. Efg, MeV) SF Reaction Ei ., (MeV)
(7] 0 45415 248n(p, d) 20
[7] 0.025 3.0+04 1248n(p, d) 20
[37] 0 5.5 124Sn(*He, a) 205
present 0 4824088  '*Sn(p,d) 14
present 0.025 1.894+0.36*  '*Sn(p, d) 14

#Average value.

TABLE XIII. Comparison of the neutron spectroscopic factors of
124511(;_3_ ®n — ]25811.

Ref. Efyssn MeV) SF Reaction Ei . MeV)
[3] 0.028 0.34 1248n(d, p) 15

[9] 0 0.30£0.03 !'**Sn(«, *He) 187
[23] 0 0.29+0.04 '2*Sn(d, p) 45-55
[23] 0.028 043+£0.06 '2*Sn(d, p) 4.5-5.5
[38] 0 0.41+£0.08 '*Sn(«, *He) 65.7
[38] 0 042+0.08 '2*Sn(d, p) 33.3
[38] 0.028 044 +£0.09 '2*Sn(d, p) 333
present 0 0.254+0.06 '**Sn(d, p)* 12
present 0.028 042+0.04 '*Sn(d, p)* 12

?Average value.
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FIG. 7. The neutron spectroscopic factors of ''®!'7Sn. The blue
dots are the spectroscopic factors from the references, and the red
triangle represents our result. The dotted lines show the average value
region.
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FIG. 8. The neutron spectroscopic factors of “8'”95ng,s, and the
low lying states of '1°Sn. The blue dots are the spectroscopic factors
from the references, and the red triangle represents our result. The
dotted lines show the average value region.
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FIG. 9. The neutron spectroscopic factors of '2%12!Sn. The blue
dots are the spectroscopic factors from the references, and the red
triangle represents our result. The dotted lines show the average value
region.
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8 25 " TABLE XIV. Neutron separation energy [S,(N)], single-particle
6 Sms #'8n, , ®n—"8n (a) S1223n wgn @nizsn _ (b) orbital angular momentum (L), A(N)’s, and SFs.
| n 0.06 Gs.
20| S R PR 1
4l { ------------------ o ! L Sa(N) APN) AP AP
) 15 J | MeV) L MeV) MeV) MeV) SF
N dooes o 5705 0 0.42 + 0.04
07 6.171 0 0.37 £0.05
0.5 Sug, s en—sn,, (€) { g[Sy, “Snec@n"sn,,, (d)] 6485 0 0.42 +0.06
__________________ I 05% 6945 0 0.67 + 0.08
041 | . 1 oal - } 1 8874 0 1434 1378 1365 1.77£0.29
N 04y ~ 1 ... .« . {  9.107 0 1.468 1.39 1.392 1.38 +0.22
’ 0.3 1 9.326 0 1.421 1.306 1.336 0.99 £0.18
0.2 0.2 9.563 0 1.309 1.159 1.204 1.04 £0.13
1980 1990 2000 2010 2020 1960 1980 2000 2020 5.921 2 0.55 £+ 0.06
Time (year) Time (year) 6.461 2 0.62 £ 0.07
6.786 2 0.88 +0.09
FIG. 10. The neutron spectroscopic factors of 12212381, The blue 8.514 2 1.378 1.325 1314 1.89 +0.36
dots are the spectroscopic factors from the references, and the red 8.814 2 1.434 1.378 1.365 1.59 + 0.26
triapgle represents our result. The dotted lines show the average value 9.131 2 1.468 1.39 1.392 1.36 +£0.22
region. 5.733 5 0.31£0.07
5.946 5 0.4 +£0.07
6.395 5 0.43 £+ 0.06
6.63 5 0.73£0.11
8.489 5 1.378 1.325 1.314 6.26 1.1
10 ” 5
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FIG. 11. The neutron spectroscopic factors of '>*!2Sn. The blue
dots are the spectroscopic factors from the references, and the red
triangle represents our result. The dotted lines show the average value
region.
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FIG. 12. SF versus neutron separation energy. The red triangles represent SFs obtained in this work. The solid lines [A®)(N)], dashed lines
[AY(N)], and dotted lines [A> (V)] indicate the calculated data points, not the theoretical curve.
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much different from cases L = 0 and 2; this is likely because
L = 5 has only one even-A Sn isotope in this work.

IV. CONCLUSIONS

Tin isotopes are extremely suitable to provide shell model
information on the 50-82 neutron shell, due to the closed shell
structure of protons, and the single-particle structure of nuclei
in the neutron shell model can be deduced with spectroscopic
factors.

In the present work, the angular distributions of (p, d)
and (d, p) on !16:118:120.122.1249,(3, targets are measured with
the high resolution Q3D magnetic spectrograph. The neutron
SFs of '16-1358n are extracted by comparing the differential
cross sections from experiments and DWBA calculations. The
current SFs of most tin isotopes are in very good agreement
with the average values of the previous works. It is worth
emphasizing that our experiment has higher experimental pre-
cision and better resolution than previous works, and we iden-
tified the reaction products of adjacent energy levels of odd
tin isotopes, such as '"”Sngs and '"Snf,,. But we failed
to distinguish the products of 1218ngs. and 121Sn(’§_006 for
1208n(d, p) '?'Sn and '*2Sn(p, d) '*'Sn. The peaks of both
reactions are contributed by the ground state, so that the SFs
of the ground state are trustworthy. But for '*’Sngg ®n —
28n0006. and '2'Snggos ®1 — '2*Sngs the SFs obtained
by different optical potentials are very different. New meth-
ods or experiments with much better resolution should
be carried out to obtain accurate SFs corresponding to
121810 006

A simple linear analysis of SFs with neutron separation
energy S,(N) and even-A Sn pairing gap A(N) was done in
this work, and we found that SFs are positively correlated to
S,(N) and A(N). As L = 5 has just one even—ASn isotope,
the parameter corresponding to A(N) is different from those
of other L values.
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APPENDIX
Lohr-Haeberli [15]:

Real central potential:

V, =91.134+2.2(Z/A?), ry=1.05, ay=0.86.
Imaginary potential:
Wp = 218/A%°,
rw =143, aw = 0.50 +0.0134*°.
Spin-orbit potential:
Vo =7.0, ry=0.75, ay, =0.5.
re = 1.3. (A1)
Chapel-Hill 89 [16]:
Real central potential:
V, =529+ 13.1]¥ —0.299(E — E.),
+: proton, —: neutron,
Ro = 1.25A'3 —0.225, ay = 0.690,
E. = {E’SZR“: = ';J MeV for (p, p),
0 for (n, n),
R. = 1.24A'3 +0.12.
Spin-orbit potential:
Vio=5.9, Ro=134A"°-12, ay =0.63.

Imaginary cental potential:

35— (E—E)\1"
W, =7.8|:1+6Xp <+>:| s

N-Z E—E)-36\1"
WD=<10+18T)[1~|—exp <%>] ,

Ry, = 13347 —0.42, a, = 0.690. (A2)
Perey [17]:

Real central potential:
N-Z 1/3
V, =53.3 - 0.55F + 27T +0.4(Z/A"7),

ro=1.25, ag=0.65.
Imaginary surface potential:

Wp =13.5+2.0, rmp=1.25,
Spin-orbit potential:

Voo =75, 1y =125,

r. = 1.25.

(A3)
ap = 0.65.

as = 0.47,
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