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Abstract

The nuclear structure d2%Te has been investigated with th&€Te(n,yy)12%Te reaction using
thermal neutrons, with th&8Te(d, p}-2°Te reaction atzy = 24 MeV andEq = 18 MeV, and with
the 13%Te(d, t)12%Te reaction atEq = 24 MeV. More than 110 levels were identified already below
3 MeV excitation energy, in most cases including spin, parity, ardecay. The neutron binding
energy was determined to be 6082.42(11) keV. The thermal neutron capture cross sections to the
ground state and to the A2~ isomer were found to be 0.165(20) b and 0.021(3) b, respectively. The
mechanism of direct neutron capture was verified to play an important role f%ie(n,y)12%Te
reaction. The experimental level scheme is compared with predictions of the Interacting Boson—
Fermion Model (IBFM) and of the Quasiparticle Phonon Model (QPM).
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1. Introduction

The long chain of tellurium isotopes frof°Te to 131Te has been investigated by our
collaboration via (ny) and/or one-nucleon transfer reactiohs’Te [1], 121Te [2], 12%Te
[3], 123Te [4], 12*Te [5,6],125Te [7], 126Te [8], 127Te [9,10],129Te [11,12] and'31Te [13,
14]. These tellurium isotopes with two protons aboveZhe 50 shell closure antd = 67
to N = 79 neutrons are interesting for many reasons. The low number of valence nucleons
of one kind (protons) and the wide range of valence nucleons of the other kind (from the
middle between th&/ =50 andN = 82 shells to nearlyv = 82) is especially suitable for
testing and the development of nuclear models. Such nuclei cannot be described any more
with the one-particle shell model or the Nilsson model which assumes a deformed ground
state. Good results can be achieved with the interacting boson—fermion model (IBFM) or
the quasiparticle phonon model (QPM) which describe the excited states in a collective
way, i.e., they take into account a larger number of nucleons.

In this publication we report in detail on the nuclear structure investigatiohd°oé
via (n,yy), (d,p) and a t) reactions. The observation of non-statistical effects like direct
neutron capture and the exceptionally strong isomer population make the second-heaviest
tellurium isotope in the chain we studied particularly interesting.

The nucleug?°Te was previously studied via thfs decay of'2%Sb [15,16], the (ny)
reaction [17], the (p, d) reaction [18], the (d, p) reaction [19], the (d,t) reaction [20], the
(t, d) reaction [21], and the’de,«) reaction [18]. The results of these measurements are
compiled in the Nuclear Data Sheets [22].

2. Experimental proceduresand results
2.1. Thermal neutron capture studies

Thermal neutron capture studies ¥fTe were performed with two HPGe semiconduc-
tor detectors at the light-water reactor LWR-15&7 near Prague, where a special setup
for the measurement ofy coincidences is installed [23]. A 28% HPGe detector with a
resolution of 2 keV at 1332 ke\P{Co line) and about 5 keV at 6 MeV and a 22% detector
with approximately the same resolution were applied. For both detectors a new relative
efficiency calibration was made with the radioactive souf®ésu, 133Ba and®Co, and
with the reactior?®CI(n,y). The energies and intensities of these lines were taken from
the Refs. [24,25]. The absolute intensity calibration of th&e spectra was made with
the 459.6 keV line of29 from the activation of2°Te and independently with a sandwich
target of tellurium and aluminum, where the 1779.0 keV liné&8i from the g-decay
of 28Al was used. The target consisted of 1.8 g metallic Te enrichéd@Fe to 99.3%.
Two single spectra were measured with both detectors simultaneously, one in the energy
range from 0 MeV to 1.6 MeV, and the other one from 0 MeV up to 6 MeV. The energy
calibration was made using prominent background lines and with the helf?&fe(n,y)
measurement of Stone et al. [26]. Background from other Te isotopes, esp&iadyin
the target, was identified using the Refs. [5,27,28].
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Fig. 1. Part of a28Te(n,y)12%Te spectrum. Some lines are labeled with their energy in keV. Lines not belonging

to 129Te are marked with an asterisk. The asterisk after the given isotopes means thalirtbestems from
radioactive decay and the lines are transitions in the daughter nuclei. SE and DE stand for single and double
escape after pair production, respectively.

A part of one single spectrum is shown in Fig. 1. Besides many liné8é which are
labeled with their energy in keV, some background lines are marked with an asterisk. To
identify clearlyy lines from the reactiof?®Te(n,y)1%°Te a background measurement with
only a carbon target was performed. In this way we obtained a spectrum of the spurious
lines in they spectra off2°Te. Many background lines could be assigned using Ref. [29]
and the online service of the NNDC.

For the generation of the coincidence spectra the energy signals of both detectors and
their time difference were recorded as raw data. From these raw data one could later derive
spectra of one detector in coincidence with a line (the gate) in the other detector. The
second possibility was to set a gate on the sum of both detector signals and to look at the
spectrum of one detector. The coincidence data were recorded with thé2®Begarget
in a run of about 400 hours at a reactor power of 9 MW and at a coincident counting rate
of approximately 100 Hz. From these data we could get more than hundred meaningful
coincidence spectra and eight productive so-called TSC (two step cascade) spectra.

Fig. 2 shows parts of the two most powerful coincidence spectra, those of the lines at
180 keV and 359 keV. The line 180 keV is the strongest line feeding the ground state of
129Te and 359 keV the strongest line which feeds the isomer at 106 keV. This means that
all lines in the spectra should be placed above the lines on which was gated. Now one can
look at the coincidence spectra of these lines and construct step by step the whole level and
decay scheme. On the other hand, several conditions have to be fulfilled before a new level
is introduced, as will be precised later.

Another possibility, as mentioned above, is the generation of so-called TSC spectra.
These spectra contain only pairs of coincident lines whose sum equals the energy on which
is gated.
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Fig. 2. Upper spectray y-coincidence spectra of the gates 180 keV and 359 keV. Some lines are labeled with
their energy in keV. Lines that were later not placed in the level schem@%be are marked with an asterisk.
The noticeable structure below channel 200 in the upper spectrum is artificial. Lower spectra: Parig/9f (n,
spectra withy lines feeding the first excited state ¥°Te at 180 keV. The ‘Gate 180 keV’ spectrum is gated on
the 180 keV line. The lower one is a two step cascade spectrumnities from the capturing state at 6082 keV

to the 180 keV level; the gate is the energy sum of 5902 ke\(§082— 180) keV) of two coincident lines.
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Fig. 2 shows in the lower part another section of the 180 keV coincidence spectrum
which is shown on top of Fig. 2. This one is compared to the 180 keV TSC spectrum.
In the TSC spectrum the gate was 5902 keV, which is the energy difference between the
capturing state (6082 keV) minus the energy 180 keV. One observes paitsies which
lie mirror-symmetrically around an apparent axis at 2952 keV and whose energy sum is
5902 keV. It follows that ong line of a pair feeds the state at 180 keV directly, while the
other one is a primary transition. This means that at 180 keVE, there has to be a
level of 12%Te, but one does not know the order of thdines. This ambiguity has to be
removed with the help of other coincidence spectra or the transfer measurements. Besides
their importance for the construction of the level scheme the TSC spectra are also very
helpful for identifying background. While in the normal coincidence spectra there are no
lines from other isotopes (if the gate does not contain background) in the TSC spectra there
are also no single or double escape lines.

Table 1 contains alj lines considered to belong #3°Te with energy and absolute
intensity. Their placement in the level scheme is also given, even if this anticipates
Section 3. To get background-free intensities its contribution was subtracted for some lines
with the help of coincidence spectra or with the help of the background measurement. The
obtained intensities are in very good agreement with values of an earlier measurement of
Honzétko et al. [17].

Table 1

Gamma transitions following thermal neutron capturel%ﬁTe. If the line is not placed, coincident line&

in keV) are given. The systematic error of the listed intensities is about 10% and has to be added to the given
statistical error. The energiesk, are not corrected for recoil

E, (keV) I, (ys/100n) QO1/1) (%) E; (keV) N Ef (keV)
149.65(5) 81 4 453

180.33(3) 403 1 180 N 0
188.42(23) 5 17 —

230.1(3) 004 25 —

295.27(4) 123 2 760 . 465
300.81(14) ao 12 359, 698, 916

330.32(5) 110 2 875 . 545
338.65(8) ™5 6 1560 N 1221
344.55(10) ®2 6 2705 . 2360
350.19(5) 760 1 465 N 106
364.26(10) as 9 545 = 180
367.90(7) ®3 16 1649

380.2(3) 007 15 —

384.75(17) al 9 359, 1035

391.6(4) 005 22 —

416.67(9) ®7 15 819

427.7(3) 005 17 4221 . 3792
437.4(4) 007 18 2705 N 2267
439.9(4) 007 17 —

443.5(4) 006 22 —

453.33(3) 101 2 634 . 180
461.47(5) 85 5 1221 N 760
480.22(21% 0.28 15 2040 . 1560




8 H.-F. Wirth et al. / Nuclear Physics A 716 (2003) 3-54

Table 1 ¢ontinued

Ey (keV) I, (y/100n) (WI/1) (%) Ej (keV) N E; (keV)
527.90(8) 0.22 5 2380 N 1851
53146(20) 0.08 14 —
54461(3) 5.37 1 545 N 0
54698(16) 0.11 10 —
59000(9) 0.20 6 1753 N 1162
59281(3) 0.89 2 773 N 180
59934(23) 0.10 14 —
62387(20) 0.09 13 2493 N 1869
63378(3) 3.92 1 634 N 0
637.61(21) 0.08 14 2652
64184(17) 0.11 11 2493 N 1851
64811(10) 0.19 6 1421 N 773
654.30(3) 2.85 1 760 N 106
66698(14) 0.18 8 545
669.64(8) 0.25 5 1303 N 634
6846(3) 0.17 7 1318 N 634
689.22(9)P 0.40 15 1234 - 544
689.22(9)° 1.01 9 1851 N 1162
694.49(3) 2.17 1 875 N 180
697.59(3) 267 1 1162 N 465
70440(18) 0.14 9 2360 N 1656
707.21(15) 0.41 14 2267 N 1560
72322(14)2 0.11 15 2380 N 1656
72997(10) 0.19 7 2582 N 1851
73694(6) 0.38 4 1281 N 545
75659(3)¢ 3.08 11 1221 N 465
77322(3)° 2.79 7 773 N 0
77322(3)P 0.10 20 1318 - 545
78645(7)d¢ 0.42 7 967 N 180
78645(7)d 0.42 7 1560 N 773
786.45(7)4 0.42 7 1599 - 813
80004(3) 0.63 11 1560 N 760
80040(20)2 0.48 15 2360 N 1560
81293(7) 0.54 3 813 N 0
81886(6) 0.43 3 2040 N 1221
857.1(6) 0.04 31 359
87478(4) 3.18 1 875 N 0
8850(3) 0.11 13 1851 N 967
8890(3) 0.09 15 —
91613(12) 0.22 6 359
87478(4) 3.18 1 301, 359, 698
937.4(3) 0.10 14 —
9457(4) 0.07 18 —
96687(7) 1.25 2 967 N 0
9816(5) 0.08 17 —
984.1(4) 0.10 15 —
99252(8) 0.43 4 1753 N 760
9963(4) 0.09 17 —

100026(10) 0.34 4 2222 N 1221

103497(9) 0.36 4 295, 359, 385, 698
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Table 1 ¢€ontinued
Ey (keV) I (ys/100n) QAI/1) (%) E; (keV) N E; (keV)
1045.83(10) 36 5 2267 N 1221
1053.36(19) 36 6 1234 N 180
1056.53(16) @1 7 1162 N 106
1072.34(23) a4 10 359
1091.42(23) a4 11 1851 N 760
1095.47(18) @6 8 1869 N 773
1097.9(3% 0.49 9 2380 N 1281
1105.46(11) @0 10 2267 N 1162
1123.01(7) ®7 4 1303 N 180
1126.10(24) ao 17 —
1139.21(13) 39 8 2360 N 1221
1150.17(23) as3 13 —
1155.57(15) @3 8 —
1158.37(12) ®3 5 2380 N 1221
1208.3(3) 012 13 —
1211.9(3) o3 12 —
1221.23(13) a3 12 1221 N 0
1232.4(3) @1 10 —
1234.5(3) w6 8 1869 N 634
1253.87(21) as 10 634
1273.5(3) oLl 13 —
1281.59(10) 39 7 1281 N 0
1287.62(18) @0 9 1753 N 465
1301.5(4) 018 12 —
1303.6(4) ®3 10 1303 N 0
1318.54(22) a6 10 1318 N 0
1324.6(3) @1 9 1869 N 545
1338.8(3) 015 16 —
1342.2(5) 010 23 773
1358.1(7) 010 23 —
1360.4(4) oL7 15 2582 N 1221
1379.33(19) a8 18 1560 N 180
1401.4(3) o3 13 2705 N 1303
1412.4(5) 08 25 2380 N 967
1418.07(21) ®3 7 —
1421.36(15) 018 5 1421 N 0
1439.7(4) o5 14 —
1470.9(4) 0.27 16 2705 - 1234
1485.48(16) ®3 6 2360 N 875
1493.91(12 0.29 15 2267 - 773
1493.91(12 0.45 10 6082 - 4589
1504.3(3) 57 16 2380 N 875
1514.2(4) 016 12 359
1526.4(6) 011 25 2493 N 967
1529.55(22) as 18 —
1541.1(3) 0L6 15 —
1549.0(5) 010 23 —
1556.53(5) a1 17 —
1559.66(21) 39 5 1560 N 0

1569.84(23) @8 16 757
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Table 1 ¢ontinued

Ey (keV) I (ys/100n) AI/1) (%) Ej (keV) N E; (keV)
1586.7(5) L4 31 2360 - 773
1606.60(13) 0 8 2380 N 773
1617.95(16) 2 10 —

1619.5(6% 0.34 12 2380 N 760
1633.6(3) ®6 18 2267 N 634
1649.47(H 0.48 20 6082 N 4433
1649.47(H 0.31 30 2525 N 875
1656.29(13) 2 10 1656 N 0
1677.29(15) 018 11 2222 N 545
1682.50(23) 31 15 —

1693.45(10) ®3 7 6082 N 4389
1708.4(3% 0.50 13 4087 - 2380
1708.4(34 0.50 13 6082 N 4374
1717.80(5) 176 3 6082 N 4365
1726.24(7) ®s 19 6082 N 4356
1731.9(3) ®7 18 —

1745.7(3) w4 20 2380 N 634
1752.6(4) o7 29 1753 N 0
1770.41(20) ®5 8 —

1784.58(23) @2 17 6082 - 4298
1805.35(11) 010 5 6082 N 4277
1815.6(5) s 23 2360 - 545
1830.22(4) 22 1 2705 - 875
1834.9(3) 6 8 2380 N 545
1842.1(3) ™9 4 6082 - 4240
1848.3(5) o4 17 —

1851.28(18) ®7 7 1851 N 0
1859.64(8) 1551 3 2040 N 180
1861.80(18) ®8 8 6082 - 4221
1878.1(3) s 17 6082 N 4204
1901.77(18) 34 11 6082 - 4181
1906.9(3) 0 18 6082 N 4175
1920.7(3) @1 18 2290

1931.91(23) 31 15 2705 N 773
1948.81(10% 0.61 21 6082 - 4133
1961.16(8% 0.63 31 6082 N 4121
1987.6(6% 0.05 24 3547 - 1560
1994.92(12) ®8 8 6082 N 4087
1999.5(3) w4 21 4221 - 2222
2022.67(209 0.34 8 —

2040.38(7) o1 6 2040 N 0
2041.6(7% 0.34 4 2222 N 180
2049.87(16) ®1 6 6082 N 4033
2059.6(4) L7 16 —

2066.7(3) B0 9 —

2071.03(23) 013 7 2705 N 634
2079.5(3) w4 11 —

2086.84(6) 132 2 2267 N 180
2107.30(159 0.44 8 —

=
N

2134.5(3) 18
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Table 1 ¢ontinued

Ey (keV) I, (ys/100n) AI/1) (%) E;j (keV) — E; (keV)

2164.9(4) 014 18 —

2180.12(3) 1722 3 2360 — 180

2194.03(14) 016 7 —

2199.21(3) 570 1 2380 — 180

2216.96(7) B85 4 6082 — 3865

2221.5(4% 0.98 14 2222 — 0

2229.63(13) ®3 4 6082 — 3853

2267.1(9) 012 26 2267 — 0

2289.99(4) 333 1 6082 — 3792

2312.7(8) 012 25 2493 — 180

2336.4(3) 025 8 —

2343.7(3) 019 9 2525 — 180

2360.42(3) 2 1 2360 — 0

2371.1(7) 011 18 3792 — 1421

2374.71(20) 016 5 —

2379.51(4) 26 2 2380 — 0

2401.74(22) @7 7 2582 — 180

2410.0(5) 012 14 654, 773

2433.65(11) ®6 5 6082 — 3649

2443.99(7) ®7 3 6082 — 3638

2480.44(24) ®5 9 —

2493.1(6) 014 20 2493 — 0

2518.02(11) 14 2 6082 — 3564

2524.78(3Y 478 7 2705 N 180

2524.78(3) 1.08 30 2525 — 0

2535.47(9) 079 4 6082 — 3547

2542.7(4) 016 15 —

2554.06(10) 043 18 6082 — 3528

2554.0(5% 0.26 30 3430 — 875

2579.78(7) 106 3 6082 — 3502

2581.5(9% 0.09 26 2582 — 0

2606.89(20) B3 7 —

2627.7(5) 012 18 3502 — 875

2630.0(11) w8 34 3853 — 1221

2652.3(49 0.19 30 3528 — 875

2652.3(49 0.65 9 6082 — 3430

2670.4(6) 011 21 3430 — 760

2705.07(4) 23 1 2705 — 0

2721.6(5) 016 15 —

2726.70(12) ®8 4 6082 — 3356

2741.4(11) 7 34 3502 — 760

2754.8(7) 014 19 3528 — 773

2837.35(20) ®3 5 —

2878.8(6) 021 13 —

2898.9(4) 022 12 —

2989.3(5) 031 11 —

2994.0(6) 023 15 —

3018.7(10%} 0.11 26 3792 — 773

3046.5(3) 029 12 —

3053.7(3) 031 11 —
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Table 1 ¢€ontinued

Ey (keV) I (ys/100n) WI/1) (%) Ei (keV) N Ef (keV)
3127.1(3) B4 10 —

3237.3(9) 011 21 —

3250.0(10) a0 22 3430 N 180
3322.0(4) ®s 9 3502 N 180
3348.6(5) 064 5 3528 N 180
3355.14(14) o3 5 3356 N 0
3366.3(6) w2 15 3547 N 180
3377.26(4) 1014 1 6082 N 2705
3391.2(3) ®7 12 —

3412.2(4) ®7 12 —

3457.6(3) 83 10 3638 N 180
3468.7(3) B9 13 3649 - 180
3500.59(12) ®6 5 6082 N 2582
3528.4(4) B4 15 3528 N 0
3545.1(5) o7 18 —

3546.6(113 0.05 24 3547 N 0
3557.60(9) 16 3 6082 N 2525
3564.71(14) 04 4 3564 N 0
3589.41(17) ®2 6 6082 N 2493
3601.1(10) 8 34 —

3612.02(6) 24 2 3792 N 180
3638.36(13) ®9 5 3638 N 0
3672.2(3) ®6 12 3853 N 180
3684.74(14) ®5 6 3865 N 180
3702.82(6) 183 1 6082 N 2380
3721.87(5) 1%4 1 6082 N 2360
3787.7(7) 14 15 —

3792.4(3) B9 6 3792 N 0
3815.14(6) 239 2 6082 N 2267
3824.1(7) 012 16 —

3849.8(6) w4 13 —

3853.6(7) 060 6 4033 N 180
3860.59(10) 00 3 6082 N 2222
3876.7(7) 013 16 —

3882.2(4) 0.30 7 —

3888.7(6) 014 14 —

3902.14(12) 0.85 3 —

3907.2(5) ®5 9 4087 N 180
3940.4(4) @4 9 4121 N 180
3952.8(4) ®6 8 4133 N 180
4001.5(8) w2 10 4181 N 180
4042.11(7) 29 2 6082 N 2040
4060.5(5) @1 10 4240 N 180
4076.7(6) a5 14 —

4096.5(3% 0.10 26 4277 N 180
4120.5(4% 0.06 21 4121 N 0
4133.23(19) 016 5 4133 N 0
4174.6(6) B2 9 4175 N 0
4174.6(6) B2 9 4356 N 180
4184.0(3) o4 6 4365 N 180
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Table 1 continued

E, (keV) I, (vs/100n) QO1/1) (%) E; (keV) N Ef (keV)
4204.0(9) @1 19 4204 N 0
4208.4(4) o4 9 4389 . 180
4246.0(8) w4 12 —

4252.0(6) ®3 10 4433 . 180
4297.7(6) o7 13 4298 N 0
4364.38(15) 83 3 4365 = 0
4374.6(12) w7 31 4374 N 0
4390.1(4) ®4 9 —

4407.0(5) ®2 10 —

4426.8(7) ®3 11 6082 = 1656
4433.6(5) 065 4 4433 N 0
4523.0(5) ®3 9 6082 = 1560
4588.5(5) @1 12 4589 N 0
4859.8(11) ®8 22 —

4903.4(8) @1 13 —

4919.6(10) a1 17 —

5049.7(9) 012 17 —

5133.8(8) a7 13 —

5449.4(6) ®2 11 6082 N 634
5901.55(24) ®9 5 6082 = 180
6082.0(3) 89 6 6082 N 0

& Energy and intensity of the line from coincidence spectra.

b Multiply placed. Intensity division with the help of coincidence spectra.

C Intensity from coincidence spectra.

d Multiply placed. Undivided intensity given.

€ Placement not confirmed by coincidences.

f Placement not unique, because also observed in coincidence with 359 keV.
9 Probably primary transition.

h Probably enhanced by angular correlation (180 ke¥702 keV).

' Probably enhanced by angular correlation (180 ke¥3722 keV).

2.2. The(d, p)measurement aty = 24 MeV

Thel28Te(d, p}2°Te measurement @y = 24 MeV was carried out with an unpolarized
deuteron beam at the Tandem Accelerator Laboratory of the University and the Technical
University of Munich. The target consisted of 165/pg? metallic 128Te (enrichment
99.3%) evaporated on a 4 ymr? thick carbon foil. The reaction products were analyzed
with the Q3D magnetic spectrograph [30] and detected in its 1.8 m long focal plane.
The detector was a multiwire proportional counter WiAlE / Eest particle identification
for background suppression [31]. The integration of the beam current in a Faraday cup
after passing the target allowed the calculation of absolute cross sections. We measured at
12 scattering angles between°lénd 40. Fig. 3 shows in the upper part a spectrum at
Olab = 25°. The measuring time was 1.5 h at a beam current of 300 nA on target and an
acceptance solid angle of the Q3D spectrograph of 1.4 msr. The achieved energy resolution
was about 5 keV (FWHM). Up to an excitation energy of 2980 keV we evaluated 64
angular distributions. The energy calibration was done via the aid of known levels from the
NDS [22] and the (nyy) measurement starting at low excitations. Assuming a polynomial
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Fig. 3. Upper part: Spectrum of the8Te(d, p)2°Te reaction atty = 24 MeV andfjp = 25°. Some levels
are labeled with their energy in keV. c: background of light elements in the target. Lower part: Typical angular
distributions of the cross section fbe 0 to/ = 5. The solid lines are the results of DWBA calculations.
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of 2nd order (relation between detector channel and excitation energy) for the energy
calibration one can recognize and add levels of higher excitation step by step. Due to the
ion optical properties of the Q3D a 3rd order polynomial for the energy calibration was
finally needed. The fitting procedure was done with the program GASPAN of F. Riel3 [32].
Some typical angular distributions of the cross section are given in the lower part of
Fig. 3. They are very well reproduced by DWBA (distorted wave Born approximation)
calculations. The potential parameters for these calculations will be given in Section 2.6.

2.3. The(d, p)measurement aty = 18 MeV

To reach better statistics at higher excitation energies the redéfite(d, p}2°Te was
measured again at another magnetic setting of the Q3D spectrograph. In this experiment
the deuteron energy was reducedHg= 18 MeV. The target consisted of 145 jay?
metallic 128Te (enrichment 99.3%) evaporated on a 4/qr? thick carbon foil. We
measured at 11 scattering angles betweeha@ 50. Fig. 4 shows one spectrum at
Olab = 25°. The measuring time was 1.5 h at a beam current of 250 nA on the target and an
acceptance solid angle of the Q3D spectrograph of 4.4 msr. The achieved energy resolution
was excellent 4 keV (FWHM) in the best region (the middle) of the detector. Between
2040 keV and 5013 keV excitation energy we evaluated 232 angular distributions. The aim

2500 g T T T T T T T T T T T

128 129 ° § @ 'B'
2000 4 Te(d,p) ““Te, Ed=18 MeV, 25 « x o i
Y
N
o o
4 =] -
1500 > § Q
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§ . 288 8833 z 3384 q 8ll5g
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Fig. 4. Spectrum of thé28Te(d, p}-2°Te reaction attq = 18 MeV anddjap = 25°. Some levels are labeled with
their energy in keV. c: background of light elements in the target.
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of this measurement was to identify the- 1 transfers that are of special interest for the
mechanism of the so-called direct capture, as will be seen later. Because of the changed
beam energy the shape of the angular distributions differs slightly from that shown in Fig. 3,
but thel = 1 transfers remain easy to recognize.

2.4, The(a, p) measurement afg = 18 MeV

Especially to distinguish betweeriZ™ and 32~ states we measured the neutron strip-
ping reaction again, but this time with polarized deuterons.*fge(d, p)'2°Te measure-
ment was carried out at one scattering anglegf = 22°, where DWBA calculations
predicted the strongest analyzing power fortkel transfer. The experimental analyzing
power was deduced from the equation
A ®

304 +0_
where o and o_ are the measured differential cross sections with respect to the
polarization of the beam and whem is the vector polarization. The value of the vector
polarization P3 of the beam coming from a new atomic beam source was about 70%
[33]. The target was the same as in the unpolarized measurement (see above). The focal
plane detector was this time a new cathode strip detector with single strip readout [12,
34], which is able to handle higher beam currentsl( pA). Fig. 5 shows two spectra

Ay
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Fig. 5. Spectra of th&28Te(d, p)2%Te reaction afijap = 22°. Some levels are labeled with their excitation energy
in keV and with their spin and parity assignment. The POL-1 spectrum is scaled to the same charge on the
target as the POk +1 spectrum.
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out of four that were measured. (The two others were measured at another magnetic
setting of the spectrograph to reach higher excitation energies.) The energy resolution was
excellent 4 keV over the whole spectrum. The effect of the polarization is clearly visible
in Fig. 5, especially for the /2~ and 32~ states. In this way many spin assignments

of the [ = 1 states identified in our earlier measurement of the angular distributions
of 128Te(d, p}2°Te became unambiguous. The analyzing power was also used to derive
unambiguous assignments for some 3 levels like the 32~ state at 2979 keV and the

7/2 state at 2107 keV.

2.5. The(a, t) measurement afg = 24 MeV

Angular distributions of the reactiori®Te(d, t)12°Te have been measured at a deuteron
energy ofEq = 24 MeV. The target consisted of 100 fayn? metallic 13%Te (enrichment
99.5%) evaporated on a 4 fan? thick carbon foil. Fig. 6 shows the PGk +1 spectrum
atflap = 20°, recorded with the long multiwire proportional counter [31]. The measuring
time was 1 h at 140 nAl on the target and an acceptance solid angle of 11 msr. For ten
angles in the range from 7.%0 40° both spin directions have been measured. The achieved
resolution was about 5-6 keV in the best region of the focal plane detector.
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Fig. 6. Spectrum of thé3%Te(d, t)12%Te reaction atty = 24 MeV, POL= +1 andfj, = 20°. Some levels are

labeled with their excitation energy in keV. The two peaks marked WithTe” belong to the reactioiHZSTe(d, t)
127
Te.
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The energy calibration was done following the same procedure as described in
Section 2.2. Nevertheless, above 2100 keV the (d, t) levels cannot be easily compared with
the levels populated by other reactions. Also a comparison with former pickup reactions
is difficult as will be shown in Section 3. Therefore, the energy calibration had to be
continued using a calibration measurement wil%b target. This caused an increasing
systematic energy error of 5 keV at 3 MeV. The fact that the (d,t) reaction populates
already above 1.5 MeV excitation energy other levels than the (d, p) apd feactions
can be understood as a clear hint for the different selectivity of the two latter reactions.
This selectivity manifests itself in the unusual isomer population and the favoured direct
neutron capture, as will be seen later.

Up to an excitation energy of 2860 keV 71 angular distributions of the absolute cross
section and the analyzing power have been gained frondti4°Te measurement. The
very good quality of the data can be seen in Fig. 7.

2.6. DWBA analysis

To deduce the angular momentum transfer and the spin of each state from the
angular distributions DWBA calculations have been performed with the computer program
CHUCKS of P.D. Kunz [35]. Many systematic studies exist concerning the optical potential
parameters needed for the input file ([36,37] and references therein). The parameters used
in this work have been chosen to reproduce best the angular distributions, but we took care
that their values stay within the known limits. Table 2 gives a summary of the parameters
used for the three measured transfer reactions.

For the excited states in the (d,p) and (d,t) reactions shell model configurations of
Table 3 for the neutron have been assumed. The number of nodes, defimedlaé::
main quantum number) is important for the DWBA calculations because it influences
the spectroscopic factors. Fig. 17 in the Appendix shows three example input files for
different states in the three measured transfer reactions. The CHUCK3 output files contain
angular distributions for cross section and analyzing power. The ratio between measured
and calculated cross sections is the spectroscopic fagtar (d, p) and the spectroscopic
strengthG;; in (d, t). This means:

do®*P ) do®*P .
o = S[jol(];HUCKS in(d,p) and o = Gle,?HUCK?’ in (d, 1),

with Gij=2j+1S;.

The spectroscopic factor or strength has been determined for each level by fitting the
calculated angular distributions through a factor to the measured ones.

The shape of the angular distribution of the cross section is very similar for thelsame
but differentJ values(l + 1/2,1 — 1/2). The analyzing power observed in polarized
measurements is needed to remove the ambiguity (cp. the upper part of Fig. 7), because itis
clearly differentfor/ =/+1/2andJ =1—1/2. Itis not possible to derive unambiguals
assignments from an unpolarized measurement.

Figures of all measured and calculated angular distributions of the transfer reactions can
be found in the appendix of Ref. [12].



20 H.-F. Wirth et al. / Nuclear Physics A 716 (2003) 3-54

Table 2
Optical potential parameters used in the DWBA calculations. FNRI®21 for (d, p) and 0.845 for (d, t)

128Te(d, p),Eq=24 MeV  128Te(d,p),Eq=18MeV  130Te(d,t), Eq = 24 MeV

d p n d p n d t n
V. (MeV) 10593 5196 @ 11317 5612 @ 9650 15024 @
awp (MeV) 6271 3667 6880 5646 4800
Wo  (MeV) 20.00
Vo (MeV)  7.80 750 A=25 780 750 A=25 683 =25
r (fm) 112 122 1.17 12 122 1.17 13 124 1.17
rp (fm) 132 123 132 123 132
ro  (fm) 1.43
rso  (fm) 116 122 116 122 107
R.  (fm) 115 125 115 125 115 130
ar  (fm) 077 067 0.75 081 077 0.75 077 069 0.75
ap  (fm) 085 067 091 Q77 068
ag  (fm) 0.87
aso  (fm) 084 067 084 067 066
nlc 054 085 0.85 054 085 0.85 054 025 0.85

@ Adjusted by CHUCK3.

Table 3
Adopted shell model configurations (neutron) of the level&iTe

Reaction Configuration Number of nodes Parity

(d,p) 3p1/2
3p3/2
2f5/2
2f7/2
lh11/2

(d,p), (d.,1) 3172
2d3/p
2ds/2
1g7/2
1gg/2

(d,9 2p1/2
2p3)2
1f5/2
1172
lh11/2

N

OO OrPF OO FrEFEDN oOFrF N

2.7. Levels from the transfer reactions

Table 4 shows the results of the (d, p) and (d,t) measurements. In the first column the
energy averaged over all spectra is given (for each angle a separate energy calibration
has been performed). The columns four and five contain the assigmadl/ values. If
these values are given in brackets, the assignment is not sure. In the last two columns the
spectroscopic values are given, obtained from direct comparison between the CHUCK3
output and the measured angular distribution.
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Table 4
Spectroscopic information fd?%Te from (d, p) and (d, t)
Ex (keV)?2 (do/d$2)max, (Ho/srP Assignmertt Spectroscopic values
(d,p), (d, 1) (d,p) (d,y) l J7 (d, pf, 105;; d,v° Gy
0.0 2331 7269 2 gt 3.3748 1.0816
105.2(4) 384 1340 5 112~ 1.8822 3.0195
17935(28) 1021 7749 0 12t 2.0163 0.5244
544.06(9) 34 67 2 g2t 0.0270 0.0070
63351(7) 50 2 g2+, 572t 0.0698
760.25(5) 179 151 3 72~ 0.1240 0.0823
77307(14) 40 0 12+ 0.0675
81293(8) 15 60 4 72t 0.0763 0.0915
865.35(12) 8 16 @) 72%) (0.0276) (0.0320)
87473(21) 33 51 2 32*, 572+ 0.0407 6.00%%
966.76(4) 405 3616 2 got+ 0.3411 03341
116214(15) 8 3 52°,7/2° 0.0076
12118(6) 33 365 4 72* 0.1737 0.5373
123432(17) 7 2 32+, 5/2+ 0.0082
12820(5) 126 2047 2 g2t 0.1028 0.1762
130332(12) 55 55 0 yot 0.1082 0.0023
131901(8) 4 15 4 72+ 0.0163 0.0212
14194(8) 30 442 2 g2+ 0.0196 0.0346
148356(16) 5 66 4 72+ 0.0160 0.0905
155998(23) 12 1 y2-,3/2- 0.0196
15821(4) 4 36 4 72+ 0.0105 0.0487
159965(20) 5 57 2 g2t 0.0034 0.0048
165572(22) 121 2204 2 B2+ 0.0917 0.1688
172353(5) 46 2 y2t 0.0035
173972(11) 23 2 y2t, 52+ 6.0018
175268(9) 146 3 52-,7/2- 0.1286
175424(9) 57 4 72t 0.0838
177995(13) 35 559 2 g2+ 0.0267 0.0405
181280(25) 9 37 4 72+ 0.0078 0.0501
18392(4) 6
184364(15) 16 145
18529(4) 5 3 52°,7/2- 0.0564
186957(6) 67 3 y2-,7/2" 0.0564
186991(10) 320 2 g2t 0.0252
188752(25) 14 1,2
19187(5) 16 2 32%) (0.0012)
199244(14) 8 3) (52=,7/27) 0.0062
20402(6) 128 29 1 y2- 6.67%9 0.0006
205931(9) 40 0 12+ 0.0013

207152(9) 40 2 32+ 0.0034
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Table 4 ¢continued
Ex (keV)2 (do/d$2)max, (Hby/srP Assignmertt Spectroscopic values
(d,p), (d,1) (d,p) (CRY ! T d,pf, 105,  (d,1% Gy
207243(11) 153 3 772~ 0.0855
208990(10) 9 (4 (7/2%, 9/21) G558
2146 — 1.1961
210660(7) 138 55 3 72 11961 0.0062
211391(12) 112 0 y2t 0.0042
213269(11) 2 3 7/2- 0.0522
213295(10) 11 5 92,112~ b.0s14
214181(15) 17 4 7/2+ 0.0233
218262(8) 40 2 2+ 0.0033
21977(5) 16 (3) (52-,7/27) G901
222015(13) 31
222128(8) 1561 3 72 18555
362 — — 0.2859
223223(7) 302 3 5/27,7/2 82859
225505(25) 65 0 2+ 0.0020
226661(19) 57 %) (321 (0.0039)
156 — 0.1039
226761(17) 1%¢ 1 3/2 g.10%9
227852(13) 14 4 (721 0.0166
23037(4) 12 5 92,112~ 6.0s68
58 — 0.0325
231217(12) S8 3 7/2 80522
230973(7) 86 0 12+ 0.0029
231660(12) 24 5 (1y2) 0.0405
235375(23) 199 0 y2+ 0.0059
1302 — 0.9215
236005(6) 1199 1 3/2 0.9303
23626(6) 28 1 y2) 0.0011
23705(5) 20 2 (321 0.0015
23774(4) 24 1 (1y2) 0.0009
711 — 0.5006
237995(8) 640 1 3/2 0.5081
241612(7) 94 2 52+ 0.0059
38 — 0.0213
242721(13) 38 3 7/2 0.0223
243159(21) 22 0 2+ 0.0006
245428(13) 7 4 72+, 972+ 00087
246249(14) - 3 /2" 0,034
246529(23) 7 @  (32F,572h 80009
24770(4) 15 (2  (@32F, 52" 6000
248162(29) 28 4 72+, 9/2% 6.0538
27 — 0.0180
249164(10) z 1 3/2 g.0180
250666(13) 22 2 (321 0.0018
2507.09(13) 2 (3) (5/2=,7/27) o
251104(13) 2 @ (527,72) 89299
251861(16) 23 2 2+ 0.0019
30 — 0.0445
252439(32) ) 1 1/2 g.0ads




H.-F. Wirth et al. / Nuclear Physics A 716 (2003) 3-54 23

Table 4 ¢continued
Ex (keV)2 (do/d$2)max, (Hby/srP Assignmerft Spectroscopic values
@p. @y  (@dp (. ! J @py 105,  @tF Gy
255575(18) 45 2 52t 0.0027
32 — 0.0268
258114(9) 32 1 32 0.0299
25843(3) 14 2 321 0.0011
261243(10) L (©) (5/27,7/27) 650
261591(13) 13 ) (32%,5/2%) 88007
263244(33) 22 2 52+ 0.0013
26413(4) 4 @ 2,72 (0.0050
0.000:
267086(29) 5 @ @2t 52h (6.000
26806(4) 9 4 g2+ 0.0062
27018(4) 11 1 y2- 0.0003
610 — 0.8145
270576(6) 614 1 Y2 0.9764
271079(28) 34 2 52+ 0.0022
272821(10) 2 1 Y2, 32" 00318
273655(15) 20 6 (3/27) Qo159 -
274677(16) 42 2 y2t, 52t 0.0024
275674(9) 33 2 32" 0.0024
276528(13) 33 @ (27,72 @518
276662(23) 19 2 (52") 0.0011
281167(7) 19 G)  (927,1327) ©13%%
281945(12) % @  E2.72) 0817
282360(24) 18 4 7/2t, 972t 00123
28311(6) 12 @ 32 (0.0009)
283522(13) 3¢ @ G272 @632
28441(5) 6 2 32t 5/2F 00004
285369(7) 102 @ G272 0879
285567(12) 36 2 52+ 0.0023
39 — — 0.022
285954(11) 39 @ &2, 72) (0,021
287121(7) 13 @) (5/27) 00459
288984(9) 44 @  &2,72) ©.6585
289990(17) 18 5 927, 1y2" 80771
291963(9) 103 3 (5/27) 6.0%4
297134(10) 62 3 727 80239
713 — 0.4617
297944(6) 353 3 52 0.4705
299962(27) 6
300243(9) 7
302378(26) 3
302907(8) 23
304625(8) 15
305636(13) 6

307043(3) 6
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Table 4 ¢€ontinued
Ex (keV)?2 (do/d$2)max, (Hb/sr)P° Assignmertt Spectroscopic values
(d,p), (d, ) (d,p) (d,) l J7 (d, pY!, 108;; d.tf Gy

308926(9) 48

310275(9) 40

312847(29) 10

313345(6) 35

315071(10) 16

31633(4) 3

318202(18) 15

320232(26) 7

321179(29)

323049(13) 61

324607(11) 58

325308(10) 23

326088(22) 10

3277.1(5) 12

328158(18) 38

32957(5) 3

330639(11) 15

332135(12) 34

332660(18) 9

335026(17) 7

335563(10) 27 1 32~ 0.0197

336146(10) 48

336458(9) 98

337162(10) 37

337929(9) 14

338475(8) 92

338976(29) 12

34057910 46

341431(15) 27

341988(12) 76

342891(10) 105 1 327) 0.1082

344100(9) 87

345275(14) 9

346113(8) 126

347479(13) 66

347909(21) 32

348957(14) 19 1 Y2~ 0.0307

350337(9) 202 (1) (327) (0.1849)

351199(8) 73

352424(15) 36

3527.74(9) 46 1) (1/27) (0.0741)
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Table 4 ¢€ontinued
Ex (keV)?2 (do/d$2)max, (Hb/sr)P° Assignmertt Spectroscopic values
(d,p), (d, ) (d,p) (d,) l J7 (d, pY!, 108;; d.tf Gy

354582(7) 102 (1) (327) (0.0960)
355929(10) 19

356498(10) 80 1 Y2~ 0.1221
356924(10) 53

357966(15) 9

3587.43(6) 176

359373(17) 20

360049(7) 30 1 (327) 0.0271
361520(7) 7

362288(26) 5

362868(29) 5

363419(8) 57

363844(6) i 1 Y2~ 0.1325
364326(5) 56

364897(9) 57 1 Y2~ 0.0953
365505(10) 108

366642(19) 6

367150(11) 19 1 32~ 0.0193
3677.85(6) 62

369569(8) 147

3707.67(13) 58 1 2~ 0.1028
371378(22) 19

372932(19) 21

3737.13(8) 39

374494(9) 39 1 32~ 0.0329
375227(18) 16

376498(9) 36 1 (327) 0.0336
376994(6) 49

377752(14) 30

378459(7) 28

379258(6) 460 1 32~ 0.4014
380093(16) 24

38117(4) 9

381890(11) 18

382671(11) 11

3837.66(6) 38

385194(8) 35 1 32~ 0.0329
385962(20) 9

386573(4) 95 1 32~ 0.0829
387338(10) 182

388450(16) 16
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Table 4 ¢€ontinued
Ex (keV)?2 (do/d$2)max, (Hb/sr)P° Assignmertt Spectroscopic values
(d,p), (d, ) (d,p) (d,) l J7 (d, pY!, 108;; d.tf Gy

389023(13) 165

389934(9) 51 1 32~ 0.0462
390692(5) 66

39170(4) 11

392160(10) 24

392944(23) 6

393845(12) 51

394424(16) 31

394809(24) 22 (1) (327) (0.0201)
395281(16) 48

396233(15) 12

396935(29) 20 1) (327) (0.0214)
397429(10) 95 1 32~ 0.0858
398675(26) 6

399370(17) 21

3997.60(14) 32

400240(28) 28

400576(24) 48

401711(11) 42

402493(14) 31

403254(10) 37 1 32~ 0.0380
404332(12) 24

404578(16) 52

405370(20) 22

405909(9) 44 1 (127) 0.0816
4067.78(8) 88 1 32~ 0.0875
407222(21) 36

408223(13) 48 1 32~ 0.0484
408677(9) 99 1 32~ 0.0919
409248(28) 13

41018(4) 16

41061(4) 31

41104(4) 32

412207(10) 90 1 Y2~ 0.1548
412898(12) 41

413281(15) 133 1 32~ 0.1314
415Q02(4) 5

41611(5) 8

416621(10) 47

417510(19) 33 1 (1727) 0.0569

418118(9) 70 1 (327) 0.0687
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Table 4 ¢continued
Ex (keV)2 (do/d$2) max, (Hb/srP Assignmerft Spectroscopic values
(d,p), (d, 1) (d,p) (d,1) l J7* (. py, 108;; (d,0°, Gy;

420084(12) 59

420589(6) 47 1 2~ 0.1038
421243(12) 25

422007(19) 85 1 32~ 0.0811
422910(14) 38

423979(9) 73 1 32~ 0.0729
42512(4) 23

425933(23) 25

426741(15) 19 1 27) 0.0330
4277.37(10) 105 1 32~ 0.0912
429121(29) 11

429846(22) 42 1 Y2~ 0.0737
430673(19) 18

431174(9) 53 1 (127) 0.0956
4317.05(13) 19

432649(8) 85

433616(19) 32 1 127) 0.0628
434948(12) 43

435627(9) 105 1 Y2~ 0.2097
436534(11) 238 1 Y2~ 0.4293
437260(17) 99

438055(12) 65

438909(20) 168 1 Y2~ 0.3284
440214(22) 47

441053(17) 59

442513(10) 65 (1) (32°7) (0.0524)
443307(10) 123 1 32~ 0.1380
444404(15) 67

445637(12) 81

446743(15) 106 (1) y27) (0.2381)
44747(4) 62

448392(16) 99

449675(15) 76

450421(17) 40

451176(22) 28

45225(5) 53

454328(25) 41

455821(29) 77

457269(21) 64

458026(23) 62

458916(25) 126

45952(5) 67

46084(4) 71
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Table 4 ¢continued
Ex (keV)2 (do/d$2)max, (Hby/srP Assignmertt Spectroscopic values
(d,p), (d, 1) (d,p) (d, 1) l J7r (. py, 108;; (d,0°, Gy;
462196(21) 52
46347(5) 30
46432(4) 47 1 (Y2, 3/20) (0.0986)
46529(4) 42 (1) (12—, 3/27) (0.0657)
466582(18) 39 1 y2—,3/2~ 0.0815
46820(3) 20 1 y2—,3/2~ 0.0398
46954(5) 21
471180(25) 30 1
472434(20) 32
47435(4) 55
47662(5) 18
47779(4) 27 (1) (12—, 3/27) (0.0401)
479433(24) 42
4807.86(29) 33
48404(4) 112
48496(6) 18
48682(5) 57
487966(24) 38
4907.4(5) 96
49170(5) 86 (1) (12—, 3/27) (0.1291)
49294(5) 112
49468(4) 68
49583(3) 88
49753(4) 56
50023(4) 44
50133(7) 44

& The energies are weighted means of the (d, p) and (d, t) measurements, if the level was seen in both reactions.
For (d, p) energies up to 2379 keV (incl.) the values of the measureméRt-at24 MeV are given, above these
of the measurement &y = 18 MeV. The energy values of the single measurements are mean energies of all
angles. The error given here is only the statistical error (cf. Table 6).

b |n each case the maximum value of the angular distribution is given. In the region where the (d, p)
measurements overlap the upper value is the maximufigat 24 MeV, the lower one the maximum at
Eq =18 MeV, respectively.

¢ The assignment of thievalues was done via the angular distributions of the cross section, the assignment of
the J values via the angular distributions of the analyzing powea'm)( The identification of/ at levels from
(d, p) was done via the polarized measurement &t Bat only for levels with/ = 1,/ = (1) and/ = 3. Above
3 MeV anl value was only assigned to levels witk- 1 or/ = (1). No information from (nyy) was used.

d For levels with ambiguous assignment 1§; for the smaller/ value is given. The ratios of;; for its
determination for the larger value (respectively) arg21:3/2~ = 2.0, 3/2t :5/2t =165, 52~ :7/2~ =
1.55, 772+ :9/2T = 1.85,and 92~ : 11/2~ = 1.9 (about 5% error). In the region where the (d, p) measurements
overlap the upper value belongs to the measuremeiiyat 24 MeV and the lower one t&y = 18 MeV,
respectively.

€ For levels with ambiguoug the upper number belongs to the smalleralue and the lower one to the larger
J value, respectively.

f Adopted configuration3p3/2-.

9 Adopted configuration2f7/2™.
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By fitting the potential parameters of the DWBA calculations the (d, p) spectroscopic
factors of the ground state and the first two excited states have been adjusted to earlier
stripping reactions [19,21]. The (d, p) measuremerigt 18 MeV has been adjusted to
the measurement @&y = 24 MeV. This causes the good agreement of the spectroscopic
factors in the overlapping region. The cross sections make clear, that the lower beam energy
leads to an enhancement of the levels with 1. The cross sections for levels with= 3
are drastically lower, for example, while they stay nearly the same for leveld with

In the analysis of the (d,t) measurement the DWBA parameters were not adjusted to
former pickup reactions. Therefore, the spectroscopic factors came out a factor of about
two smaller than in Refs. [18,38].

3. Level scheme

The results of the (n;y) measurement &ez and of the transfer reactions at Munich
were put together to construct a detailed level schenté%e. All levels populated in the
(n,yy) measurement are given in Table 5. The known level schert®®é [22] was the
starting point. With the help of thgy coincidences the level scheme was expanded under
following conditions:

(i) confirmation of the new level by several independent coincidences, or
(i) population of the level in a transfer reaction and existence of at least one deexciting
line confirmed byyy coincidences.

The energies of the levels have been determined with the program LEVFIT [39] which
calculates the position of the levels with a least squares fit procedure to the transition
energies. In this way the neutron separation energy has been determined to béZ&082
0.03) keV, where a systematic error of about 80 eV has to be added because of the energy
calibration of the single spectra.

Spin-parity assignments have been made with the help of all existing data. Main criteria
from (n,yy) were:

(i) forlevels fed by a primary transitios” was assumed to be/2* or 3/2*, and
(ii) only transitions with multipolarities E1, M1 and E2 have been assumed.

Fig. 8 shows the first 17 levels from (ny) and their decay. The level at 773.2 keV that
had not been observed in earlier studies [26] is the secp2d dtate. This level has also
been seen in the (d, p) measurement for the first time. The intensity of the twice placed
line with 773.2 keV that depletes also the level at 1317.8 keV was divided with the help
of coincidence spectra. The new2 state at 1221.3 keV is depopulated by the intense
756.6 keVy line to the 92~ state at 464.6 keV. Formerly, this line was supposed to
depopulate a possibley’z.j state at 937 keV or 756 keV [26,40]. The level at 1221.3 keV
has turned out to be a strong gateway in the population of thig-1tksomer through the
level at 464.6 keV [11].
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Table 5
Gamma decay of the levels from ¢ny). The energieEansare the recoil-correctegt energies (cp. Table 1).
Ej and E; are the energies of the initial and the final level of the transition, respectively

Ej (keV) JT Etrans(keV) 1, (%) E; (keV) JT
180.37(3) ¥2+ 1803 4403 00 3/2+
464.63(4) 92— 3592 7.60 1055 11/2—
544.60(3) 52+ 5446 537 00 3/2+
3643 015 1804 1/2+
633.75(3) 32+ 6338 3.92 00 3/2+
4533 1.01 1804 1/2+
759.82(4) 72— 6543 2.85 1055 11/2—
2953 1.23 4646 9/2—
773.21(3) ¥2+ 77322 2.79 00 3/2+
5928 0.89 1804 1/2+
812.93(7) 72+ 8129 0.54 00 3/2+
874.88(4) 32+ 8748 318 00 3/2+
6945 217 1804 1/2+
3303 1.10 5446 5/2+
966.84(5) 52+ 966.9 125 00 3/2+
786,520 0.42 1804 1/2+
1162.21(8) 72— 10565 0.21 1055 11/2—
6976 267 4646 9/2—
1221.26(4) 32— 12212 013 00 3/2+
756.6 308 4646 9/2—
4615 0.65 7598 7/2—
1233.82(8) 32+, 5/2+ 10534 0.36 1804 1/2+
68922 0.40 5446 5/2+
1281.57(6) 524 12816 0.39 00 3/2+
7369 0.38 5446 5/2+
1303.41(7) 12+ 13036 0.23 00 3/2+
11230 057 1804 1/2+
6696 0.25 6338 3/2+
1317.83(8) 72+ 13185 016 00 3/2+
77322 0.10 5446 5/2+
6846 017 6338 3/2+
1421.34(9) 524 14214 048 00 3/2+
6481 0.19 7732 1/2+
1559.85(5) 32— 15597 0.39 00 3/2+
13793 018 1804 1/2+
8000 0.63 7598 7/2—
78652 0.42 7732 1/2+
3387 0.45 12213 5/2—
1599.38(10) 524 78652 0.42 8129 7/2+
1656.26(8) 524 16563 0.52 00 3/2+
1752.30(7) 52— 17527 017 00 3/2+
12876 0.20 4646 9/2—
9925 043 7598 7/2—
5900 0.20 11622 7/2—
1851.55(7) 52— 18513 0.37 00 3/2+
10914 0.14 7598 7/2—
8851 0.11 9668 5/2+
689.22 1.41 11622 7/2—

1868.88(18) B2+ 13247 0.21 5446 5/2+
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Table 5 ¢continued
E;j (keV) JT Etrans(keV) 1, (%) E; (keV) JT
12346 0.26 6338 3/2+
10955 0.26 7732 1/2+
2040.19(6) 32— 20404 071 00 3/2+
18597 151 1804 1/2+
8189 043 12213 5/2—
4802 0.28 15599 3/2—
2221.66(8) 3/24), 3/2— 22215 0.98 00 3/2+
20417 0.34 1804 1/2+
16773 048 5446 5/2+
10003 0.34 12213 5/2—
2267.24(6) 32— 22672 012 00 3/2+
20869 132 1804 1/2+
16336 0.26 6338 3/2+
149392 0.29 7732 1/2+
11055 0.20 11622 7/2—
10458 0.36 12213 5/2—
707.2 041 15599 3/2—
2360.49(3) 32— 23604 322 00 3/2+
21801 1722 1804 1/2+
18156 0.08 5446 5/2+
15868 0.14 7732 12+
14855 0.33 8749 3/2+
11392 0.39 12213 5/2—
8004 048 15599 3/2—
7044 0.14 16563 5/2+
2379.57(3) 32— 23795 206 00 3/2+
21992 5.70 1804 1/2+
18349 0.26 5446 5/2+
17458 0.24 6338 3/2+
16195 0.34 7598 7/2—
16066 0.60 7732 1/2+
15044 0.57 8749 3/2+
14125 0.08 9668 5/2+
11584 0.83 12213 5/2—
10979 049 12816 5/2+
7232 011 16563 5/2+
527.9 0.22 18516 5/2—
2493.07(10) 32— 24932 0.14 00 3/2+
23127 012 1804 1/2+
15265 011 9668 5/2+
6418 011 18516 5/2—
6239 0.09 18689 5/2+
2524.76(7) 12— 252482 1.08 00 3/2+
23438 0.19 1804 1/2+
164952 0.31 8749 3/2+
2581.69(9) 32— 25816 0.09 00 3/2+
24018 0.27 1804 1/2+
13605 0.17 12213 5/2—
7300 019 18516 5/2—
2705.13(3) 12— 27051 323 00 3/2+
252482 4.78 1804 1/2+
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Table 5 ¢continued
E; (keV) JT Etrans(keV) I, (%) Ef (keV) JT
20711 043 6338 3/2+
19319 0.31 7732 1/2+
18302 212 8749 3/2+
14710 0.27 12338 3/2+,5/2+
14014 0.13 13034 1/2+
4375 0.07 22672 3/2—
3446 0.22 23605 3/2—
3355.48(19) 32— 33552 0.73 00 3/2+
3429.8(3) 32— 32501 0.10 1804 1/2+
26705 011 7598 7/2—
25541 0.26 8749 3/2+
3502.59(7) 32— 33221 0.28 1804 1/2+
27415 0.07 7598 7/2—
26278 0.12 8749 3/2+
3528.30(14) 1/2-) 35285 0.54 Qo 3/2+
33487 0.64 1804 1/2+
27549 0.14 7732 1/2+
265242 0.19 8749 3/2+
3546.92(9) (3/2-) 35467 0.05 Qo 3/2+
33664 0.22 1804 1/2+
1987.6 0.05 15599 3/2—
3564.51(16) 12— 35648 104 00 3/2+
3638.38(6) 12— 36384 0.69 Qo 3/2+
34577 0.33 1804 1/2+
3648.77(11) 12— 34688 0.39 1804 1/2+
3792.41(4) 32— 37925 0.39 00 3/2+
36121 214 1804 1/2+
30188 0.11 7732 1/2+
23711 011 14213 5/2+
3852.72(12) 32— 36723 0.26 1804 1/2+
26301 0.08 12213 5/2—
3865.37(10) 32— 36848 0.55 1804 1/2+
4032.6(3) 32— 38537 0.50 1804 1/2+
4087.57(12) 32— 39073 0.25 1804 1/2+
170842 0.50 23796 3/2—
4121.20(9) 12— 41206 0.06 00 3/2+
39405 0.24 1804 1/2+
4133.52(9) 32— 41333 0.46 Qo 3/2+
39529 0.26 1804 1/2+
4175.2(3) 1/2-) 41747 0.32 Qo 3/2+
4180.7(3) (3/2-) 40016 0.22 1804 1/2+
4204.2(3) y2— 42042 0.21 Qo 3/2+
4220.59(22) 32— 19996 0.24 22217 (3/2+), 3/2—
4277 0.05 37924 3/2—
4240.5(3) 32— 40606 0.21 1804 1/2+
4277.03(11) 32— 40966 0.10 1804 1/2+
4297.82(21) 12— 42978 0.17 00 3/2+
4356.15(13) 1/2-) 41747 0.32 1804 1/2+
4364.58(5) 12— 43645 0.83 00 3/2+
41841 0.44 1804 1/2+

4374.0(3) (1/2—, 3/2-) 43747 0.07 00 32+
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Table 5 ¢continued

E; (keV) JT Etrans(keV) 1, (%) Es (keV) JT

4388.95(10) 12— 42085 044 1804 1/2+

4432.94(10) 32— 44337 0.65 00 3/2+
42521 023 1804 1/2+

4588.50(12) (1/2—, 3/2-) 45887 0.21 00 3/2+

6082.42(3) 12+ 60822 0.39 0o 3/2+
59017 0.59 1804 1/2+
54495 0.22 6338 3/2+
45231 0.23 15599 3/2—
44269 023 16563 5/2+
40422 209 20402 3/2—
38607 100 22217 (3/2+), 3/2—
38152 239 22672 3/2—
37219 1954 23605 3/2—
37029 1033 23796 3/2—
35895 052 24931 3/2—
35577 116 25248 1/2—
35006 0.86 25817 3/2—
33773 1044 27051 1/2—
27267 0.68 33555 3/2—
265242 0.65 34298 3/2—
25798 106 35026 3/2—
25541 043 35283 (1/2-)
25355 0.79 35469 (3/2—)
25181 114 35645 1/2—
24440 097 36384 1/2—
24337 0.56 36488 1/2—
22900 383 37924 3/2—
22297 0.53 38527 3/2—
22170 0.85 38654 3/2—
20499 051 40326 3/2—
19949 0.68 40876 3/2—
19612 0.63 41212 1/2—
19488 061 41335 3/2—
19070 0.20 41752 (1/2-)
19018 034 41807 (3/2—)
18782 0.28 42042 1/2—
18618 0.58 42206 3/2—
18421 0.49 42405 3/2—
18054 040 42770 3/2—
17846 0.22 42978 1/2—
17263 0.28 43562 (1/2—-)
17178 176 43646 1/2—
170842 0.50 43740 (1/2—, 3/2—)
16935 0.93 43890 1/2—
164952 0.48 44329 3/2—
149392 0.45 45885 (1/2—, 3/2—)

2 Multiply placed, see Table 1.
b placement not confirmed by coincidences.
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Fig. 8. The first 17 levels of2Te and their decay.

Two lines that have been seen in coincidence with each other and in coincidence with
the 698 keV line shall be mentioned here. According to Table 1 and Fig. 2, the careful
reader may propose that tirdines 301 keV and 916 keV could be combined to a level at
1463 keV or 2078 keV, if one of them feeds the 1162 keV level directly and the other one is
placed above. The chain of both would than deexcite the level at 2380 keV. Unfortunately,
none of these possible levels at 1463 keV or 2078 keV could be confirmed, neither with
independent coincidences, nor through the transfer reactions. This is why a placement of
they lines 301 keV and 916 keV was not possible.

Finally, in Table 6 the whole experimental level schemé38Te is presented as it was
obtained from a combination of the performed ¥m,) and transfer reactions. Already
below 1 MeV excitation energy the comparison with the levels known so far ffom
decay and other studies [22] is interesting. We did not observe the levels at 245 keV,
360 keV and 455 keV. Their existence is questionable, because they are most probably
based on background in earlier neutron pickup reactions. Also the level at 775(5) keV
listed in the Nuclear Data Sheets from an earlier (p, d) &t () measurement [18] is
probably not existing, because it was not seen in aull) (measurement. The same is valid
for the 819 keV level. Because of the separation of the closely lying levels at 865 keV
and 875 keV in the transfer reactions the situation around this energy could be cleared. In
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Table 6
Level scheme of2%Te from (n,yy), (d, p) and (d, t)
This work Other works Adopted levels
Level energyEx (keV)2 l d,pP (p,df (d,td
(n,yy) (d,p) (d,1) Ex | Ex Ex Ex (keV)® Jr
0 0 0 2 0 2 0O O 0 B2+
10551(5) 1052(4) 106 5 106 5 107 QO 10551(5) 11/2—
180.37(3) 1794(3) 180 0 179 0 181 (@8 18037(3) 1/2+
250 Q25 £
360 Q36 £
455 Q42 i)
464.63(4) 464.63(4) 9/2—
544.60(3) 5441(3) 545 2 542 539 (B5 54460(3) 5/2+
63375(3) 6335(3) 2 635 63375(3) 3/2+
759.82(4) 7603(3)  7602(3) 3 763 775 073 75982(4) 7/2—
77321(3) 7731(3) 0 77321(3) 1/2+
81293(7) 8130(3)  8129(3) 4 819 080 81293(7) 7/2+
8655(3) 86523  (4) 8654(6) (7/2+)
874.88(4) 8746(3)  8751(3) 2 878 872 (87 87488(4) 3/2+
966.84(5) 966.8(3) 966.7(3) 2 967 2 971 (@6 96684(5) 5/2+
116221(8)  11621(3) 3 116221(8) 7/2—
12127(3) 12115(3) 4 1217 12118(8) 7/2+
122126(4) 122126(4) 5/2—
123382(8) 12343(3) 2 123382(8) 3/2+, 5/2+
128157(6)  12814(3) 12824(3) 2 1284 1290 D27 128157(6) 5/2+
130341(7) 13035(3) 13032(3) 0 1306 130341(7) 1/2+
1317838)  13192(3) 13190(3) 4 131783(8) 7/2+
142134(9)  14204(3) 14188(3) 2 1430 142134(9) 5/2+
14831(5) 14836(3) 4 1490 1483%(6) 7/2+
155985(5)  156Q0(3) 1 155985(5) 3/2—
15799(4) 15821(3) 4 15821(7) 7/2+
150938(10) 15991(3)  15997(3) 2 159938(10) 5/2+
165626(8) 16555(3) 16560(3) 2 1654 1672 B4 165626(8) 5/2+
17235(3) 2 17235(6) 5/2+
17397(3) 2 17397(6) 3/2+, 5/2+
175230(7)  17527(3) 3 1753 175230(7) 5/2—
17542(3) 4 17542(5) 7/2+
17801(3)  17799(3) 2 1776 1797 T6 17800(6) 5/2+
18134(3) 18127(3) 4 18128(6) 7/2+
18392(4) 18392(7)
18436(3) 1+5 18436(6)
185155(7)  18529(4) 3 185155(7) 5/2—
186888(18) 18699(3) 2 1892 18688(18) 5/2+
18696(3) 3 1869 186%(6) 5/2—, 7/2—
18875(3) (1,2 18875(6)
19187(5)  (2) 19187(8) (3/2+4)
19924(3) 3) 19924(6) (5/2—, 7/2-)
204019(6)  20403(3)  20384(3) 1 2040 2040L9(6) 3/2—
20593(3) 0 20593(10) 1/2+
20715(3) 2 20715(10) 3/2+
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Table 6 tontinued
This work Other works Adopted levels
Level energyEy (keV)2 l d,pP (p,df (d,td
(n,yy) (d,p) (d, 1) Ex 1 Ex Ex Ex (keV)® Jr
20724(3) 3 2071 20724(6) 7/2—
2089930 (4) 20899(10 (7/24, 9/24+)
21066(3) 21066(3) 3 2106 3 21065(6) 7/2—
21139(3) 0 2140 209 21139(10) 1/2+
21327(3) 3 2135 2132/(6) 5/2—, 7/2—
21330(3) 5 21330(10 9/2—, 11/2—
214183) 4 21418(10) 7/2+
21826(3) 2 21826(10) 3/2+
21977(5)  (3) 21977(10) (5/2—, 7/2—)
22202(3) 22202(10)
22213(3) 3 2221 3 2221B(6) 7/2—
222166(8) 222166(8) 3/2—
22322(3) 3 22322(6) (5/2—, 7/2—-)
22551(3) 0 224 22551(15 1/2+
22666(3) (2) 22666(15) (3/2+)
2267.24(6) 2267.6(3) 1 2261 22624(6) 3/2—
22785(3) 4 22785(15) (7/2+)
230374 5 23037(15) 9/2—, 11/2—
23097(3) O 23097(15) 1/2+
23122(3) 3 2314 23122(6) 7/2—
23166(3) 5 23166(15) (11/2-)
23538(3) 0 2370 234 23538(15 1/2+
236049(3) 23601(3) 1 2360 236019(3) 3/2—
23626(6) 1 23626(15) 1/2-)
23705(5) 2 23705(15 (3/2+)
237744 1 23774(15) 1/2-)
237957(3) 23800(3) 1 2379 237%7(3) 3/2—
24161(3) 2 2450 24161(20) 5/2+
2427.2(3) 3 24272(6) 7/2—
24316(3) O 24316(20) 1/2+
24543(3) 4 24543(20) 7/24, 9/2+
24625(3) 3 24625(6) 7/2—
24653130 (2) 24653(20) (3/2+, 5/2+)
247704 (2 24770(20) (3/2+, 5/2+)
24816(3) 4 24816(20) 7/24, 9/2+
249307(10) 24916(3) 1 2491 2493)7(10) 3/2—
25067(3) 2 25067(29 (3/2+)
2507.1(3) (3) 25071(6) (5/2—, 7/2—)
25110(3) (3) 25110(6) (5/2—, 7/2—)
25186(3) 2 25186(29) 3/2+
252476(7) 25244(3) 1 252476(7) 1/2—
25558(3) 2 25558(29) 5/2+
258169(9) 25811(3) 1 2578 258169(9) 3/2—
25843(3) 2 25843(29) (3/2+)
26124(3) (3) 26124(6) (5/2—, 7/2—)
26159(3) (2 26159(29) (3/2+, 5/2+)
26324(4) 2 26324(29) 5/2+
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Table 6 tontinued
This work Other works Adopted levels
Level energyEy (keV)2 l d,pP  (p,df (d,td
(n,yy) (d, p) (d,1) Ex | Ex Ex  Ex (keV)® Jr
26413(4) (3) 2641.3(7)  (5/2—, 7/2—)
2670930 (2) 2671(4) (3/2+, 5/2+)
26806(4) 4 2681(4) 92+
27018(4) 1 2702(4) (1/2-)
270513(3) 27058(3) 1 2704 1 2705.13(3) /2—
27108(3) 2 2711(4) 52+
27282(3) 1 2728.2(6) 12—, 3/2—
27366(3) 1) 2736.6(6) (3/2-)
27468(3) 2 2747(4) 32+, 5/2+
27567(3) 2 2757(4) (3/2+)
27653(3) (3) 2765.3(6)  (5/2—, 7/2—)
27666(3) 2 2767(4) (5/2+)
28127(3) (5) 2812.7(6)  (9/2—, 11/2-)
28195(3) (3) 2817 2819.5(6) (5/2—, 7/2—)
28236(3) 4 2824(5) 72+, 9/2+
28311(6) (2) 2831(5) (3/2+)
28352(3) (3) 2833 2835.2(6) (5/2—, 7/2—)
28441(55) 2 2844(5) 32+, 5/2+
28537(3) (3) 2852 2853.7(6)  (5/2—, 7/2—)
28557(3) 2 2891 2856(5) B+
28595(3) (3) 2859.5(6) (5/2—, 7/2-)
28712(3) (3) 2871.2(6) (5/2-)
28898(3) 3) 2889.8(6) (5/2—, 7/2-)
28999(3) 5 2899.9(6) 92—, 11/2—
29196(3) 3 2917 2919.6(6) (5/2-)
29713(3) 3 2971.3(6) 72—
29794(3) 3 2975 2979.4(6) B—
[¢]
335548(19)  33556(3) 1 3355.48(19) R—
34298(3) 34289(3) 1 3429.8(3) 22—
34896(3) 1 3489.6(6) 12—
350259(7) 35034(3) (1) 3498 1 3502.59(7) (3/2-)
352830(14)  35277(3) 1) 3528.30(14) (3/2-)
354692(9) 35458(3) (1) 3546.92(9) (3/2-)
356451(16)  35650(3) 1 350 1 3564.51(16) /B—
36005(3) 1 3600.5(6) (3/2-)
363838(6) 36384(3) 1 3638.38(6) 12—
364877(11) 36490(3) 1 3648.77(11) 12—
36715(3) 1 3671.5(6) 32—
37037(3) 1 3707.7(6) 12—
37449(3) 1 3744.9(6) 32—
37650(3) 1 3765.0(6) (3/2-)
379241(%) 37926(3) 1 3788 1 3792.41(4) R—
385272(12) 38519(3) 1 3852.72(12) B2—
386537(100  38657(3) 1 3865.37(10) R—
38993(3) 1 3899.3(6) 32—
39481(3) 1) 3948.1(6) (3/2-)
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Table 6 ¢ontinued
This work Other works Adopted levels
Level energyEx (keV)2 l d,pP  (p,df (d, 00
(n,yy) (d,p) (d,1) Ex | Ex Ex  Ex(keV)® Jr
39694(3) (1) 3969.4(6) (3/2-)
39743(3) 1 3974.3(6) 32—
40326(3) 40325(3) 1 4032.6(3) 32—
40591(3) 1 4059.1(6) (1/2-)
4067.8(3) 1 4063 1 4067.8(6) 22—
40822(3) 1 4082.2(6) 32—
408757(12) 40868(3) 1 4080 1 4087.57(12) 12—
412120(9) 41221(3) 1 4121.20(9) 12—
413352(9) 41328(3) 1 4121 1 4133.52(9) 2—
41752(3) 41751(3) 1 4167 1 4175.2(3) (1/2—)
41807(3) 41812(3) 1 4180.7(3) (3/2-)
42042(3) 42059(3) 1 4204.2(3) 12—
422059(22) 42201(3) 1 4220.59(22) B2—
42405(3) 42398(3) 1 4240.5(3) 32—
42674(3) 1 4267.4(6) 1/2-)
427703(11)  42774(3) 1 4277.03(11) -
4297.82(21) 42985(3) 1 4297.82(21) 12—
43117(3) 1 4311.7(6) (1/2-)
43362(3) 1 4336.2(6) 1/2-)
435615(13)  43563(3) 1 4356.15(13)  (1/2—-)
436458(5) 43653(3) 1 4352 (2) 4364.58(5) /B—
43740(3) 4374.03) (1/2—, 3/2-)
438895(100  43891(3) 1 4382 1 4388.95(10) /P—
44251(3) 1 4425.1(6) (3/2-)
443294100  44331(3) 1 4426 1 4432.94(10) 2—
44674(3) (1) 4457 (1) 4467.4(6) 1/2-)
458850(12) . 4588.50(12) (1/2—, 3/2—)
608242(3) 6082.42(3) 12+

& The level energies from (i) are those of Table 5. The level energies from (d, p) and (d, t) are partly given
more accurately in Table 4.

b | evel energies in keV from Ref. [19].

C Level energies in keV, if associated, from Ref. [18] (assignment 2891 keV questionable).

d | evel energies in MeV, if associated, from Ref. [20].

€ Ifthe level is only known from (d, p) and/or (d, t), then 0.5 keV systematic error has been added quadratically.
Otherwise, the level energies from {ny) are given. At levels only seen in (d, t) an increasing systematic error
above 2 MeV reflects the uncertainty in the energy calibration.

f Probably tail of the 180 keV line (250 keV) and background#Te(d, t127Te (see Fig. 6 in Section 2.5).

9 From here on only levels from (d, p) with=1 or/ = (1) and levels from (nyy) are listed. The missing
levels can be seen in Table 4. To the error given there 0.5 keV systematic error has to be added.

h Above 4467 keV levels from (d, p) are not listed here, but in Table 4. To the error given there 0.5 keV
systematic error has to be added.
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particular, all levels below 1 MeV that have been known fr@mdecay could be confirmed
by the (n,yy) measurement.

Up to 4.5 MeV excitation energy the comparison with earlier neutron stripping reactions
shows in general very good agreement. ¥ e(t, d):2°Te measurement of Shahabuddin
et al. [21], which reached up to 2.5 MeV excitation energy, assignes btraues than
we observed only to 5 out of 31 levels. These are the levels 878 keV, 1654 keV, 1753 keV,
2132 keV and 2491 keV (energies from Ref. [21]), where our angular distributions show
clearly different values. Furthermore, we saw in (d,p) 12 levels below 2.5 MeV which
remained obscured for Shahabuddin et al. because of their energy resolution of 15 keV.
A comparison with the relatively old measurement of Moore et al. [19] shows very good
agreement up to 4.5 MeV excitation energy. The energy deviations to the present (d, p) and
(n,yy) measurements are in the most cases less than 5 keV, as can be seen from Table 6.
However, we observed much more levels especially between 3 MeV and 4.5 MeV. This is
very useful concerning the comparison with they(p) measurement with respect to the
so-called direct neutron capture, as will be seen later. Just in this energy region altogether
26 levels with! = 1 have been observed also in ¥13;). The only discrepancy between
the earlier and the present neutron stripping reactions is the behaviour of the spectroscopic
factors. Although the spectroscopic factors have been adjusted to the old measurements
(cp. Section 2.7) they become clearly smaller in our measurement especially for levels
with [ =1 above 1 MeV.

The comparison with earlier neutron pickup reactions is difficult because of the
deviating energy calibrations of the (p,d) measurement of Gales et al. [18] and the (d, t)
measurement of Jolly [20].

In Table 6 the levels observed earlier have been associated as far as possible with
those of our a t) measurement. As can be seen, the old measurements disagree already
at 1.3 MeV by 20 keV.

The (a,t) measurement was a helpful tool for the determination of unambigéi®us
assignments as showed already Table 4. In the region below 3 MeV excitation energy 71
levels could be observed instead of earlier 28 levels [18].

Altogether, the situation in the level scheme'&iTe has become much clearer already
below 1.5 MeV excitation energy. We observed in this region 21 levels with unambiguous
J7* assignment (with two exceptions). In contrast, in the Nuclear Data Sheets [22] 27 levels
are listed with a/™ being unambiguous only in seven cases, while the existence of some
levels was questionable.

4. Thermal neutron capture cross section of 28Te

Besides the value of the thermal neutron cross sectiof®@e recommended in the
BNL neutron cross section atlas [4]3}?;”“ = 215 mb, other values were reported in the
range from 148 mb to 216 mb [42—44].

To calculate new values for the thermal neutron capture cross section we used the
intensities of three strong lines (see Table 1) and the partial elemental cross sections
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Table 7
Determination of the thermal neutron capture cross sectidfae
Ey (keV) I, (%) aﬁ}',em (mb) [45] ony (mb)
3592 7.6(8) 4.5(7) 187(35)
33773 104(10) 5.5(9) 167(32)
37028 103(10 7.1(12 218(43)

Mean value 186(21)

a,%',em from a preliminary measurement at Budapest with a natural Te target [45]. The
thermal neutron capture cross section can be calculated via

elem
Ony

Ony = ——a5q
" AbT28 L

: (2)

with Ab'28 being the abundance 3f8Te in the element (31.69%). The results of this
calculation are given in Table 7.

The weighted average valuedé’;m = 186+ 21 mb. With our new information about
the decay scheme 8#°Te we can also calculate new separate values for the) (@ross
sections for the formation d£%Te and!2°™Te, the ground state and the metastable state,
respectively. The sum of the intensity feeding the ground state is 82.3%, to which the
contribution of inner conversion of the strong 180 keMine (10% of 44%) has to be
added, giving 86.7%. The summed intensity feeding the21isomer is 10.7%, and with
the amount of inner conversion of the 359 kgVWine (2% of 7.6%) the sum is 10.85%. (The
conversion coefficients have been taken from Ref. [24].) This means, the ratio between the
cross sections for the formation of the ground state and the formation of the metastable

state is 867/10.85= 8. This results in new values fmal,,zggz 165(20) mb ando ;2™ =

21(3) mb that are quite different from the values given in Ref. [%iyzf)gz 200(8) mb
ando29™= 15(1) mb).
The sum of the intensity feeding the ground state and the intensity feeding the isomer

of 97.55% reflects the approached completeness of the level scheme.

5. Comparison with theoretical models

As a result of the light particle transfer reaction and the/{ireaction studies we have

now a rather detailed knowledge of the low spin states in the first few MeV of excitation of
this nucleus. We shall attempt now to understand these states in terms of two different
theoretical models: the interacting boson—fermion model (IBFM) and the quasiparticle
phonon model (QPM). Each of these two models takes into account certain degrees of
freedom of the nuclear excitations, the difference between them resulting mainly of the
philosophy adopted with respect to the truncation of the real many-body problem (the full
shell model approach). The comparison of their results with the experimental data, as well
as a comparison between the results of the two models will lead to a better understanding
of the limits of each of them.
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5.1. The interacting boson—fermion model calculations

The IBFM, an extension of the interacting boson model (IBM) [46] to the odd-mass
nuclei, is constructed for the description of the low-lying collective states. A first important
approximation is that only the nucleons outside closed shells, which may be particles
or holes, are considered to be responsible for the lowest excitations. Secondly, in an
even—even nucleus, these valence nucleons are replaced by a system of N (N is half of
the number of valence nucleons) s- and d-bosons; in the odd-A nuclei, a fermion (the
odd nucleon) is coupled to the system of bosons representing the even—even core. These
approximations proved to be extremely good for low-lying nuclear excitations, making the
IB(F)M a versatile model for most medium and heavy mass nuclei. On the other hand,
when comparing the predictions of this model to experimental data which extend a few
MeV in excitation energy, one should bear in mind that one of its strong limitations is the
assumption of an inert core, which in reality breaks down at 2—3 MeV excitation, where a
much richer variety of excitations is observed.

The present calculations are made with the IBFM-1 variant of the model [47], in which
no distinction is made between neutrons and protons. This model was employed in a pre-
vious work for the description of the evolution of the low-energy spectra in the Te isotopes
119Te to129Te; the details concerning the Hamiltonian used and the procedure by which the
values of the model parameters were chosen, can be found in Ref. [2], and results for differ-
ent isotopes of this chain in Refs. [1,4,7]. Here we wish to compare the results of these cal-
culations with the present, more detailed spectroscopic information we have rié#fen

The 12%Te nucleus is described in this model as consisting 1%e core to which
one couples one fermion (a neutron hole). In the IBM description, this core has three
bosons: one proton boson, and two neutron (hole type) bosons. The lowest excitations of
the core could be reasonably described by an IBM Hamiltonian which is very close to the
U(5) dynamical symmetry limit (anharmonic vibrator). One should remark, however, that
around 2 MeV excitation there are states in the core nucleus which cannot be accounted
for by this description [2]; also, in this description we do not consider the octupole degrees
of freedom, which are present at about 2 MeV.

The odd fermion was allowed to occupy the valence shell model orbitals (from the 50—
82 major shell) 252, 1g7/2, 2d3/2, 3512 and lJa11/2; due to limitations of the ODDA code
[48,49], either the orbitals /2, 1hg/2, 3p3/2, 3p1/2 OF 1f7/2, 1f5/2, 2p3/2, 2p1/2, have
been considered in separate calculations, in addition to the negative parity ohhital 1
in order to get an estimation of the fragmentation of the low-spin negative parity orbitals in
the neutron stripping and pickup, respectively. What is remarkable in these calculations is
that for both parities and all isotopes with mass 119 to 129 the boson—fermion interaction
strength parameters could be kept constaptt 0.2 MeV andAg = 0.95 Me\? for the
guadrupole and exchange interaction, respectively). A detailed comparison with the present
129Te data is given in the following.

5.1.1. Positive parity states

Fig. 9 shows a comparison of the experimental spectrum of states of positive parity
with the calculated one. The lowest states up to about 1.5 MeV excitation can be readily
associated with calculated ones, as shown in the figure. This correspondence is made on
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Fig. 9. Comparison between the experimental (E) and calculated (T) positive parity levéfTet All
experimental and IBFM levels below 3.0 MeV are shown. Solid lines for the theory values represent results of the
IBFM, dashed lines of the QPM. QPM levels are shown here only up to 2 MeV. For all levels compare Fig. 12.
Dashed experimental levels refer to unsafe assignments. The indicated correspondences between experimental
and calculated levels are based on the level positions and their electromagnetic decay properties. Numbers are
excitation energies in keV.

the basis of the excitation energy, as well as of the electromagnetic decay properties (which
consist mainly of branching ratios) and spectroscopic factors for neutron transfer. The
experimental and predicted branching ratios for the lowest states are compared in Table 8in
Section 5.3; in general, the branching ratios are correctly described. Other decay properties
like, for example, absolute transition probabilities and @2 mixing ratios are not known
experimentally. For the/2" ground state the known static moments [22} 0.702(4) nm
and Q = 0.05513) b are reasonably well predicted as= 0.801 nm andQ = 0.095 b,
respectively.

The structure of the wavefunctions of the lowest four positive parity states of low spins
is shown in Fig. 10. While the first state of each spin froff2 To 7/2 is an almost
pure quasiparticle state, dominated by the or d3/, orbital, the higher states contain
various admixtures between the four orbitalg, andds/, still dominating in most of
them. The experimental and the calculated one-neutron transfer spectroscopic strength is
shown in Fig. 11. The predicted values can be easily correlated with the structure of the
wavefunctions, as shown in Fig. 10. Against the predictions of the IBFM, above 1.5 MeV
excitation levels are hardly seen both in the (d, p) and the (d, t) experiment. This is probably
due to the strong influence of non-statistical effect’fe that will be reviewed later.
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Above 1.5 MeV excitation it becomes difficult to make a one-to-one correspondence
between the experimental and theoretical levels, because the experimental data are
not completely unambiguous. The number and general pattern of the calculated levels
resembles well those of the experimental scheme up to about 2.2 MeV. On the other hand,
this might be a region where boson cut-off effects already start to play a role. Indeed,
anticipating a bit the discussion about the second model employed in this work, Fig. 12
shows a comparison of the level schemes calculated with the IBFM and QPM, respectively.
It is evident that in the IBFM case the level density starts being smaller already above
2 MeV, which suggests the importance of other excitation modes at higher energies.

5.1.2. Negative parity states

The comparison between the experimental and calculated spectra of levels with negative
parity is given in Fig. 13. The lowest state of each spin betwg@nahd 1)2, as well as
the second B and 72 states are in good agreement with the observations. All these states
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Fig. 11. Experimental and calculated (IBFM) spectroscopic factors for one-neutron pickup and stripping,
respectively, for the low spin states of positive parity. Very small theoretical values efL0’% are drawn
to show the existence of some levels, even if the calculated strength is smaller.

belong to thehy1/, family (i.e., their structure is largely dominated by they/» orbital
coupled to states of the core). The correspondences shown in Fig. 13 are also made on the
basis of they-decay branchings, which are well described by the calculations (see Table 8
in Section 5.3).

An exception is the first 2 state: The calculated state, which is the highest anti-
aligned state (i.e., it results from the antiparallel coupling of Ahg> quasiparticle to
the highest spin state of thé = 3 boson core = 6)) could not be clearly correlated to
an experimental level, especially because the lowest experimental levels assigh&?) as
from (d, p) have not been seen in theyhmeasurement.

For the higher excited states it is difficult to see how far the agreement with the
calculations goes. The number of observed states with low spin (liRgi8 much larger
than the number of calculated IBFM states in the same energy region. This can probably
be related to the boson cut-off effect and consequently the IBFM becomes unrealistic at
energies above 2 MeV, as it can be seen in the direct comparison with the results of the
QPM in Fig. 12. Only the QPM model reproduces correctly the rising level density.

5.2. The quasiparticle—phonon model calculations

The quasiparticle—phonon model (QPM) was suggested in late seventies by Soloviev
[50]. The excited states in even—even nuclei are described in this model as phonons
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which are solutions of quasiparticle-RPA equations and include both collective and non-
collective particle—hole modes. Complex configurations are treated as multi-phonon states
by coupling of phonons of different multipolarity and parity. A realistic interaction of the
nucleons is replaced by an effective interaction in a separable form. Strength parameters of
the interaction are fitted to experimental data for correct description of the lowest collective
states. In odd nuclei, phonons are coupled to an extra unpaired quasiparticle on different
levels of a mean field. General ideas of the QPM and its formalism to describe excited states
in spherical nuclei with odd mass number are given in Ref. [51]. A detailed description of
our QPM calculations t&31Te is given in Refs. [10,14]. They are analog to the calculations

to 12°Te presented here.

Fig. 14 shows a comparison between the experimental (d, p) spectroscopic factors and
the results of our calculations for the first excited states. The QPM model reproduces
reasonably well the spectroscopic factors, in many cases better than the IBFM calculations.

The correspondences between calculated and experimental states have been made also
via the branching ratios, given in Table 8 (Section 5.3). The deviations in energy between
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calculated and experimental low lying states are comparable to the results of the IBFM,
as could already be seen in Figs. 9 and 13. However, the comparison of the level densities
shows that the QPM is able to describe the increasing level density above 2 MeV excitation
energy much better than the IBFM (see Fig. 12).

Fig. 15 gives an impression of the experimental and calculated distributions; gf 3
and 33,2 strengths up to 5.5 MeV and 5 MeV, respectively. This comparison is possible
because of the detailed experimental information g2 1and 32~ states at high
excitation energies. One observes a lack of calculay@d ktates with relatively large
cross sections below 4.8 MeV, while the fragmentation of thg 3strength seems to be
better reproduced. The same situation is observédfife. For a more detailed discussion
see Ref. [14].

5.3. Branching ratios

The experimental and predicted branching ratios for the lowest states are compared in
Table 8; in general, the branching ratios are correctly described by the calculations within
the both models.

The IBFM calculations of electromagnetic transition probabilities are described in detail
in Ref. [2]. Since we have used a large mean field basis in the QPM, no effective charges
are needed for the calculation of the E2 transition matrix elements within this model, i.e.,
¢ (n) =0 ande®? (z) = 1. For the M1 transition operator we have ugéfi= 0.8 gfree

S
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Fig. 15. Comparison between the experimental (d, p) spectroscopic factors and the QPM calculation predictions
for 3p1/2 and 3)3/2.
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Table 8
Experimental and theoretical electromagnetic properties of Iow-Iﬁrﬁﬁb' e states. The theoretical branching
ratios are calculated with experimental level energid&2) andB(M1) are the reduced transition probabilities

EXxp. IBFM QPM
Ex Jl.” J}T Ey Br. Br. B(E2) B(M1) Br. B(E2) B(M1)
(MeV) MeV) (%) (%) (€0 (y2) (%) (PP (Hy2)

0180 ¥2f 3/2f 0180 100 100 Bx1072 17x10°8 100 12x107% 0.0
0465 92 11/2] 0359 100 100 4x10°2 36x10°3 100 45x1072 1.0x107*
0545 §2f 3/2f 0545 100 100 4x1072 35x107% 100 14x1072 68x 1072
1/2f 0364 28 24 ZAx103 00 0.3 9%x10° 0.0
0.634 32f 3/2] 0634 100 100 3x1072 26x107% 100 24x1072 26x107!
1/2f 0453 258 67 #Bx102 26x107° 07 84x107% 00
5/2f 0089 - 42 @®x10°% 17x10! 09 10x1072 88x107!
0760 727 11/2; 0.654 100 100 Bx 1072 0.0 100 38x1072 0.0
9/2; 0295 432 748 2x10° 94x1072 <0.1
0773 ¥2J 3/2] 0773 100 100 Fx1072 82x107% 100 42x10°2 0.0

1/2f 0593 319 122 00 A4x103% 49 00 19 x 1071
3/2 0139 - 30 Mx10°3 78x1072 <01
0813 72f 3/2f 0813 100 100 ®x 1072 0.0 100 34x1072 0.0
5/2f 0268 - 40 Bx102 25x1072 <01
0865 725 527 0321 100 Wx 103 41x10°3 145 37x10°3 0.0
3/2f 0.865 707 Bx104 0.0 100 17x 1074 0.0
3/25 0231 13.0 #4x10°2 0.0 02 73x104 0.0

0.875 32§ 3/2f 0875 100 100 Lx1072 90x107% 175 26x10°3 14x1072
1/2f 0694 682 760 ®x102 68x10°® 100 48x1072 00
5/27 0330 346 422 Bx107% 51x1072 05 38x1073 44x1072

3/2f 0241 - 187 Bx10% 58x102 01 96x10°3 23x107?
0.967 52 3/2f 0967 100 100 ®x 1073 31x1072 100 17x1072 20x1072
1/2f 0786 33.8 285 43x1072 0.0 178 &x 1073 0.0
5/2f 0422 - 432 ®x10% 18x10! 02 25x107° 23x107?
3/2 0333 - 227 2x102 19x10! 01 18x10°3 23x107?
3/2f 0092 - 09 Bx10* 37x10! <01
1162 72, 9/2; 0.698 100 100 #x1072 29x1072 100 20x1072 0.0
7/2] 0402 - 28 OHx10° 60x10% 28 88x103 16x1073
11/2; 1.057 7.9 02 ®x107° 00 <0.1
1221 527 9/2; 0757 100 100 #x1072 0.0 100 28x 1073 0.0
7/2; 0461 211 329 Bx1072 25x10°% 798 26x1072 17x1072
7/2, 0059 - 19 B»x10% 22x107! <01
1560 2] 5/2; 0339 714 100 Bx10% 39x10! <01
7/2; 0800 100 78.7 2x1072 0.0 100 34 x1072 0.0

2 Multiply placed, undivided intensity given (see Table 1). The placement ofthiansition is not confirmed
by coincidences.
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andg;(n) = 0 andg;(z) = 1. The main components of the wavefunctions of the low-lying
states in Table 8 are quasiparticle configuratians ) and configurations of quasiparticles
coupled to the lowest CoIIectivef2phonon (qp]. ® Zj]j). Thus, the M1 decays presented

in Table 8 are due tqp; — gp;» and [qp] ® Zf]j — [quf, ® 21“]1-/ transitions. Since

129Te is an odd-n nucleus and? (n) = 0, such transitions do not contribute to the E2
decays. The latter are determined by an exchange of the ptigpo® 21— qp; and

ap; — lap; ® 271;.

6. Direct capturein the 128Te(n, y)1%Tereaction

It is known since a long time that nuclei with mass numbers in the region of 40 and
140 show intensities of radiation following thermal neutron capture with regularities
that are not in agreement with the statistical theory of the decay of higly excited states.
This behaviour expresses itself in a strong correlation between primayy imensities
and spectroscopic factors of (d, p). Lane and Lynn developed a theory of so-called direct
neutron capture which describes this correlation [52].

Mughabghab was able to show good agreement between theoretical (calculated from
(d, p) spectroscopic factors according to the Lane—Lynn theory) and experimental (n,
cross sections [53].

Also in the128Te(n,y)12%Te reaction the direct neutron capture plays an important role
as shown by Honzatko et al. already in 1981 [£#§Te lies in the favoured mass region of
the direct capture of thermal neutrons and its capture cross section is so small (0.215b [41]
and see Section 4) that the direct capture can be observed without being obscured because
of statistical compound-nucleus processes.

Within the new study of the odd tellurium isotopes our group has proven direct capture
also at the target nuclé?®Te [54] and13%Te [13]. The results of thé28Te(n,y)12%Te
experiment reported in this paper are shown in Fig. 16.

In the upper part the-axis is the partial (ny) cross sectiomw, = It o), wherel,
is the intensity of a primary line feeding a level seen with= 1 in (d, p) (cp. last page
of Table 5). The point with the largest cross section, for example, belongs to line
3722 keV witho,t = 42 mbarn.

The y-value is the theoretical capture cross sectiggg calculated according to the
Lane-Lynn theory. The formula is given in Ref. [41], p. 12. This value is directly
proportional to the spectroscopic strengttf 21)S;; of that level in (d, p) that is populated
by the corresponding primary transition (cp. Table 4). So the level with= 1 at
6082 keV— 3722 keV= 2360 keV has the largest spectroscopic strength, for example.
The dashed line in Fig. 16 shows the linear dependency of both cross sections. A straight
line with slope one, where the points should lie in the ideal case, is also shown. The
deviation has its reason in too small (d, p) spectroscopic factors (about a factor of two). Like
already mentioned in Section 2.7 the spectroscopic factors have been fitted to the values
of Moore et al. [19] for the first three levels. Nevertheless we get values for the higher
states with = 1, which lie about 50% below the values of Ref. [19]. This might be related
to the fact that Moore et al. stayed witty = 7.5 MeV remarkably under the Coulomb
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Fig. 16. Direct capture if28Te. Upper part: Cross sections from the Lane—Lynn theory and from)(T;he

dashed line is a linear fit to the points. Lower part: (d, p) spectroscopic strength (grey lines and left scale) and
ratio of the (n,y) cross sections tepc of the Lane—Lynn theory (dots and right scale) over the excitation energy.
The ratio is normalized to one for the strongest line (2360 keV).

barrier of approx. 11.5 MeV, which resulted in poorly structured angular distributions.
In the publication of Honzatko et al. [17] where the results of the (d, p) measurement of
Moore et al. have been used, a very good one-to-one agreement begyeando, + has

been reached through an adjustment of the coherent scattering length (which was not well
known so far) in the Lane—Lynn formula. The adopted value wg@s= 5.2 fm, while a

new measurement of Koester et al. [55] obtained a vadgg28Te) of 5.88(7) fm.
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However, also with the new experimental data the importance of the direct neutron
capture in thé28Te(n,y)12°Te reaction is obvious. The lower part of Fig. 16 shows another
illustration. With the help of the excitation energy every level can be identified. Fig. 16
shows that at higher excitation the cross section ratio becomes systematically lower.

7. Isomer population

A particularly strong population of the long-livéith1/> isomer of the odd tellurium
isotopes has been observed in various reactions. The detailed study of the level scheme
of 12%Te could reveal the mechanism which is responsible for this strong population.
A clue for the understanding is the newly establish¢@ Slevel at 1221 keV [56]. This
level picks up effectively intensity from higher lying 2~ states, which are primarily fed
through direct neutron capture, and which also have strong branchings to the ground state.
Approximately 42% of the intensity that feeds the isomer go through this level. Besides
that the newly found /2~ state at 1162 keV plays an important role with about 25%
participation. Except for the /2~ state all low lying states of negative parity are only
weakly populated in (d, p). This is a sign for their complicated structure as mentioned in
Refs. [21,38]. The IBFM describes th¢ B3 and 2~ states as a mixture of theiy»
neutron wavefunction as a main part with a small@mponent, coupled to the first 4
state of the core [56,57]. The IBFM calculations reproduce well the energy of the states (see
Fig. 13) and confirm the enhanced E2 transitions between the levels of negative parity due
to the admixed quadrupole phonons. Our collaboration has found very similar mechanisms
of the isomer population i*?3Te, 125Te [56] and!®1Te [13,14].

8. Conclusions

The present study is a part of the systematic investigation of the tellurium isotopes
by our collaboration. The combination of neutron-pickup and neutron-stripping reactions
leads to an elaborate level scheme. The information on quantum numbers of the low lying
states was improved drastically and the coincidence measurements have produced a
detailed decay scheme.

The new experimental results have been compared with the theoretical IBFM and QPM
models. Both are able to reproduce quite well the properties of the low lying excited states,
while the limits of the IBFM become evident at higher excitation energies.

The interesting non-statistical effects of the strong isomer population and the direct
neutron capture have been studied in more detail than the experimental situation allowed
before.
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Appendix A. Input filesfor the DWBA calculations

Fig. 17 shows three examples of CHUCKS input files for different states in the measured
transfer reactions®Te(d, p}2°Te atEq = 24 MeV andEq = 18 MeV, and3%Te(d, t)12°Te
at Eq = 24 MeV. Results of the calculations can be seen in Fig. 3 and Fig. 7.

1009000030000000 128TE(D,P)129TE EX=.180 MEV S1/2 ED=24 MEV
+81. +05. +0.5
+30+02+00+01
+00.1 +20.
+24.0 +2.0136 +01. +128.00 +52. +01.15 +00.54 +02.
+01+01
+01. -105.93 +1.120 +0.770
+02. +62.71 +1.320 +0.850
-04. -15.600 +1.1600 +0.8400
+03.859 +01.0078+01. +129.00 +52. +01.25 +00.85 +01. -0.180
+02+02
+01. -51.96 +1.2200 +0.670
+02. +36.67 +1.230 +00.670
-04. -30.0 +01.22 +00.67
-02-01+00+01+01+01+00+00+0122.00 +0.621
-06.083 +01.0087+00. +128.00 +52. +01.25 +00.85 +0.180
-01. -01. +01.17 +00.75 +25.
+02. +00. +01. +01. +60.
+00+00
9 END OF CHUCK3 INPUT
1009000030000000 128TE(D,P)129TE EX=2.360 MEV P3/2 ED=18 MEV
+51. +05. +1.0
+30+02+00-03
+00.1 +20.
+18.0 +2.0136 +01. +128.00 +52. +01.15 +00.54 +02.
+01+01
+01. -113.17 +1.120 +0.810
+02. +68.80 +1.320 +0.910
-04. -15.600 +1.1600 +0.8400
+03.859 +01.0078+01. +129.00 +52. +01.25 +00.85 +01. -2.360
+02+02
+01. -56.12 +1.2200 +0.77
+02. +56.46 +1.230 +00.770
-04. -30.0 +01.22 +00.67
-02-01+01+01+03+01+00+00+0122.00 +0.621
-06.083 +01.0087+00. +128.00 +52. +01.25 +00.85 +2.360
-01. -01. +01.17 +00.75 +25.
+02. +01. +03. +01. +60.
+00+00
9 END OF CHUCK3 INPUT
1009000030000000 130TE(D,T)129TE EX=.105 MEV H11/2
. +05 +0.5
+00.1 +20.
+24.0 +2.0136 +01. +130.00 +52. +01.15 +00.54 +02.
+01+01
+01. -96.50 +1.1330 +0.7700
+02. +48.00 +01.321 +00.68
-04. -13.660 +1.0700 +0.6600
-02.154 +03.016 +01. +129.00 +52. +01.30 +00.25 +01. s
+02+02
-01. -150.24 +1.2400 +0.6870 -20.00 +01.430 +00.87
-02-01+@8+01+88+01+00+00-225.00 -0.845
-08.419 +01.008 +00. +129.00 +52. +00.85 +ONLeE
-01. -01. +01.17 +00.75 +25.
+HE. +01. +60.
END OF CHUCK3 INPUT

Fig. 17. Examples of input files for the three transfer reactions. In the lower input file the specific values that have
to be changed for each state are underlayed in grey. These/are n — 1 andEx.
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