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COLLECTIVE STATES IN *'Th: EXPERIMENTAL DATA
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The excitation spectra in the deformed nucleus >*°Th were studied by means of the (p, t) reaction, using the Q3D
spectrograph facility at the Munich Tandem accelerator. The angular distributions of tritons are measured for about 200
excitations seen in the triton spectra up to 3.3 MeV. Firm 0+ assignments are made for 16 excited states by comparison
of experimental angular distributions with the calculated ones using the CHUCK3 code and relatively firm - for 4 states.
Assignments up to spin 6" are made for other states. Analysis of the obtained data will be presented in forthcoming

paper.
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Introduction

A full microscopic description of low-lying
excitations in deformed nuclei has eluded theoretical
studies to date. Along with the interplay of
collective and single-particle excitations, which
takes place in deformed rare earth nuclei, additional
problems arise in the actinide region because of the
reflection asymmetry [1]. Evidently the nature of the
first excited 0 states in the actinide nuclei is
different from that in the rare earth region where
they are due to the quadrupole vibration [2].
Octupole degrees of freedom have to be important in
the actinides. One has then to expect a complicated
picture at higher excitations: residual interactions
could mix the one-phonon and multiphonon
vibrations of quadrupole and octupole character with
each other and with quasiparticle excitations.
Detailed experimental information on the properties
of such excitations is needed for comparison with
theory. On the experimental side, the (p, t) reaction
is very useful. On the theoretical side, a microscopic
approach such as the quasiparticle-phonon model
(QPM) is necessary in order to account for the
number of states detected and to make detailed
predictions on their properties. The (p, t) reaction,
however, gives much more extensive information on
specific excitations in these nuclei, which was not
analyzed previously in our paper [3]. In this paper
we present the results of a careful and detailed
analysis of the experimental data from the high-
precision, high-resolution study of  the
2Th(p, t)*°Th reaction carried out to get deeper
insight into excitations in >*°Th including the nature
of the 0" excitations.

Experiment, analysis and experimental data
Details of the experiment

A target of 100 pg/cm® **Th evaporated on a
22 pg/em’® thick carbon backing was bombarded
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with 25 MeV protons of an intensity of 1 - 2 pA
from the Tandem accelerator of the Maier - Leibnitz
- Labor of the Ludwig - Maximilians - Universitit
and Technische Universitdt Miinchen. The isotopic
purity of the target was about 99 %. The tritons were
analyzed with the Q3D magnetic spectrograph and
then detected in a focal plane detector. The focal
plane detector is a multiwire proportional chamber
with readout of a cathode foil structure for position
determination and dE/E particle identification [4, 5].
The acceptance of the spectrograph was 11 misr,
except for the most forward angle of 5° with an
acceptance of 6 msr. The resulting triton spectra
have a resolution of 4 - 7 keV (FWHM) and are
background free for all angles but 5° for which
background from light contaminations in the region
of 1100 - 1150 keV complicated the analysis for
some levels. The angular distributions of the cross
sections were obtained from the triton spectra at ten
laboratory angles from 5 to 45°.

A triton energy spectrum measured at a detection
angle of 7.5° is shown in Fig. 1, which demonstrates
the domination of 0" excitations having large cross
sections at this angle. The analysis of the triton
spectra was performed with the program GASPAN
[6]. Measurements were carried out with two
magnetic settings: one for excitations up to 1.6 MeV
and another for the energy region from 1.5 to
3.3 MeV. For the calibration of the energy scale the
triton spectra from the reaction 'S*W(p, t)'**W,
BOW(p, 1)"**W and **U(p, t)**U were measured at
the same magnetic settings.

About 200 levels have been identified in the
spectra for all ten angles and are listed in Table 1.
The energies and spins of the levels as derived from
this study are compared to known energies and spins
from the published data [7, 8]. They are given in the
first four columns. The ratios of cross sections at
angles 5 and 26° to that at angle 16°, given in the
next two columns, help to highlight the O+
excitations (large values). The column Giye, gives
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Fig. 2. Schemes of the CHUCK3 multi-step calculations
tested with spin assignments of excited states in **°Th (see
Table I).

the cross section integrated in the region from 5 to
45° and the column Gy, /Gca, gives the ratio of the
integrated cross sections, from experimental values
and calculations in the DWBA approximation. The
last column gives the notations of the schemes used
in the DWBA calculations: sw.jj means one-step
direct transfer of the (j)* neutrons in the (p, t)
reaction; notations of the multi-way transfers used in

2200 2400 2600 2600 3000 3200 the DWBA calculations are displayed in Fig. 2.
Energy, keV

Fig. 1. Triton energy spectrum from the B2Th(p, t)*Th
reaction (E,=25MeV) in logarithmic scale for a
detection angle of 7.5°. Some strong lines are labeled
with the corresponding level energies in keV and by the
spins assigned from the DWBA fit.

Table 1. Energies of levels in °Th, the level spin assignments from the CHUCKS3 analysis, the (p, t) cross sections
integrated over the measured values and the reference to the schemes used in the DWBA calculations
(see text for more detailed explanations)

Level energy, keV rr Cross section ratios - b Ratio Way of
This work [7 - 8] [7-8] | Thiswork | (5°/16°) | (26°/16°) integ.» H Cexp/Ocate, | fIMHING
0.1(2) 0.0 0" 0" 8.02 5.51 195.68 10.7 SW.gg
53.2(2) 53.20 (2) 2: 2" 1.57 0.27 52.53 11.0 mla
174.0 (2) 174.10 (3) 4 4" 0.87 0.50 9.94 2.6 mla
356.3 (2) 356.6 (5) 6" 6" 0.40 0.75 7.39 2.8 m2d
508.0 (3) 508.15 (3) I I 0.63 0.00 0.87 0.6 m2a
571.7 (2) 571.73 (3) 3 3 0.33 0.44 4.04 0.8 m3a
593.8 (3) 594.1 (5) 8" 8" 1.05 0.00 0.37 0.4 m2c
635.1(2) 634.88 (5) 0" 0 26.91 8.92 47.79 250 sw.ii
677.6 (2) 677.54 (5) 2" 2" 0.85 0.55 25.13 3.5 mla
686.0 (10) 686.7 5 <02
775.2 (4) 775.5 (3) 4" 4" 0.30 0.53 7.15 1.3 mla
781.4 (2) 781.35 (3) 2: 2" 0.62 0.46 69.07 6.2 SW.gg
825.6 (3) 825.66 (5) 3 3" 0.14 0.79 1.10 2.5 m2a
852.7 (4) 851.88 (3) T 0.42
884.2 (4) 883.9 (2) 4" 4" 0.51 1.27 4.09 0.8 mla
923.3 (5) 923.0 (2) 6 6" 1.66 0.96 0.50 0.2 m2d
952.6 (5) 951.88 (5) I I 1.17 1.76 0.71 0.03 mla’
o) or (09 0.6 sw.ij*
955.1 (2 5+

972.1 (5) 971.72 (5) 2- 2- 0.22 0.69 0.37 5.0 m2a
1011.6 (5) 1009.58 (5) 2+ 2+ 0.54 0.34 14.34 2.1 sw.gg
1012.51 (5) 3- 3- 6.0 sw.gg

1040.0 (7) 1039.6 (2) 6+ 6+ 0.80 1.07 0.94 0.5 m2a
1052.0 (7) 1052.31 (5) 3+ 3+ 0.00 333 0.34 0.8 m2a
1065.9 (8) 4- 0.99 0.69 0.30 0.45 m3b
1079.4 (8) 1079.21 (3) 2- 2- 0.00 0.00 0.09 0.1 m3b
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Continuation of the Table 1

Level energy, keV rr Cross section ratios b Ratio Way of
This work [7-8] [7-8] | Thiswork | (5%/16°) | (26%16°) | " M? [T e | fitting
1108.7 (5) 1107.5 (3) 4 4" 1.20 0.87 5.38 1.2 m2a
1109.0 (1) 5
1117.5 (3) 8"
1125.6 (5) (1) 454 1.06 2.10 0.1 mla’
or (01 1.5 sw.ij“
1127.76 (5) 3
1134.4 (2) 7
1148.0 (9) <0.2
1176.1 (3) 5
1184.8 (9) <0.2
1196.8 4)
1241.2 (9) 1243.3 (3) 8" <0.2
1256.0 (9) 1255.5 (3) 6" <0.2
1259.2 (6) (3) 0.97 0.34 0.34 0.3 SW.gg
1283.6 (6) (3) 1.08 0.00 0.23 0.07 m3b
1297.8 (6) 1297.1 (1) 0" 0" 437 2.53 4.15 1.8 sw.ig
1322.3 (5) (3) 1.23 0.54 1.77 1.5 SW.gg
1337.2 (5) 4" 1.37 1.14 24.42 3.2 sw.gg
1349.3 (4) 7t
1359.5 (7) 2h 0.00 0.41 0.48 0.05 SW.gg
1376.6 (7) 1375.3 (1) 1,2+ 15 0.00 0.00 0.24 0.2/0.1 m3b
1401.5 (5) 1400.9 (1) 2" 2" 0.49 0.38 3.18 0.3 SW.gg
1420.4 (5) (3M 0.33 0.70 474 1.0 m2a
1440.4 (8) (39 <0.2
1447.9 (5) 0" 10.37 6.86 1.70 0.05 SW.gg
1485.6 (5) 1485.6 (1) 4" 1.44 0.93 4.59 0.6 SW.gg
1496.0 (10) <0.2
1507.4 (5) 4+ 1.29 2.28 0.57 0.07 m2a
1524.8 (5) 2+ 0.66 0.00 0.53 0.05 SW.2g
1566.2 (6) (1-) 1.80 0.29 0.31 0.15 m2b
1574.5 (6) 1573.5 (2) 1(-), 2+ (2-) 0.34 0.70 2.14 3.8 m2a
1584.7 (6) (4-, 5+) 1.77 1.90 2.64 42/36 m2a
1590.2 (5) 1589.8 (2) 0+ 0+ 8.48 6.04 11.66 0.28 SW.gg
1594.7 (8) (1-) 1.11 0.58 222 1.5 m3b
1601.2 (11) (3-) 1.46 1.14 0.74 0.8 SW.gg
1612.1 (10) (4-, 5+) 1.26 225 0.36 8.3/1 m2a
1618.7 (9) (4-, 5+) 1.44 2.09 0.27 8.0/0.9 m2a
1630.1 (7) 1628 (2) 2+ 1.43 0.45 4.49 0.6 mla
1639.3 (6) 1638.5 (2) (2,0+) 0+ 5.68 4.64 8.32 0.2 SW.gg
1653.2 (11) (6+) 0.96 1.75 0.88 0.004 m3a
1668.2 (7) 4+ 1.54 1.85 1.91 0.3 SW.gg
1679.1 (7) 2+ 1.72 0.36 3.36 0.45 mla
1683.3 (7) (4-) 0.19 1.95 2.20 34 m2a
1694.9 (7) 1695.7 (1) 1(-), 2+ (4+) 1.09 1.41 3.57 0.35 SW.gg
1708.8 (8) 2+ 0.22 0.18 0.38 0.03 SW.gg
1723.5 (7) (4+) 0.55 1.35 231 0.3 mla
1745.3 (8) 1744.9 (1) 0+ 2.80 2.59 1.18 0.10 sw.jg
1750.7 (8) (3-) 1.76 0.64 0.99 0.8 SW.gg
1762.3 (8) (4+) 0.73 0.43 0.89 0.2 mla
1769.6 (8) 1770.7 (1) 1,2+ (4+) 0.52 0.69 0.89 0.15 SW.gg
1774.1 (9) 1775.2 (1) 1,2+ <0.2
1789.4 (5) 1(-), 2+
1793.1 (6) (5-) 1.19 1.19 243 35 SW.gg
1802.5 (6) 0+ 8.04 5.38 2.38 0.05
1810.7 (1) 1,2+
1812.0 (8) 4+ 1.71 0.96 1.26 0.13 SW.gg
1824.9 (7) (6+) 0.45 0.96 1.15 0.15 sw.gg
1840.0 (8) 1839.6 (2) 1(-), 2+ 2+ 1.74 0.70 237 0.25 mla
1851.4 (7) 1849.6 (1) (2+) (3-) 1.07 0.93 1.73 1.5 SW.gg
1859.3 (7) 1858.2 (6) (3-) 1.41 1.05 1.74 1.6 SW.gg
1868.9 (7) (0+) 1.99 1.60 1.73 0.03 sw.ggb
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Continuation of the Table 1

Level energy, keV I Cross section ratios o b Ratio Way of
This work [7 - 8] [7-8] | Thiswork | (5°/16°) (26°/16°) ineg H Oexp/Ocale. fitting
+(6+) 0.26 m2db
1887.0 (9) . 29 0.84 0.68 0.76 0.06 SW.gg
1902.7 (1) 1,2
1910.0 (9) (69 0.51 1.13 1.84 0.25 SW.gg
1914.7 (9) (1) 0.91 0.57 1.18 0.8 m2a
1926.0 (7) 4" 2.18 0.90 1.71 0.6 m2a
1931.1 (8) (1) 0.81 0.50 0.62 0.5 m2a
1939.8 (11) (1,17) 0.36 0.68 0.98 0.6 m2a
1947.0 (6) N 4" 1.18 0.89 3.81 0.4 mla
1949.8 (1) 1,2
1956.4 (6) 2" 0.39 0.47 6.96 0.35 SW.gg
1967.1 (7) 1966.9 (2) 1,2° 2" 0.27 0.66 3.76 0.18 SW.gg
1972.0 (9) 1973.4 (2) (1,25 2" 0.58 0.39 0.94 0.05 SW.gg
1985.4 (8) (5) 0.00 0.52 0.51 0.8 SW.gg
2001.6 (8) 2000.9 (1) 1,2° (3) 1.28 0.83 1.15 1.1 SW.gg
2010.3 (6) 2010.1 (2) 1,2° 2" 0.26 0.38 5.69 0.3 SW.gg
2017.3 (7) (3) 1.03 0.73 1.75 1.6 SW.gg
2025.6 (6) 2024.7 (2) 1"2" 2" 0.28 0.39 3.84 0.2 SW.gg
2032.8 (7) 4" 1.07 1.13 5.69 0.5 SW.gg
2039.1 (7) 4" 2.24 1.85 4.51 0.4 SW.gg
2048.7 (7) (4" 1.00 1.19 1.59 0.15 SW.gg
2060.9 (12) (3) 2.05 0.55 0.87 0.02 m3a
2073.2 (8) (89 0.00 1.82 1.40 0.4 SW.gg
2074.9 (8) 49 0.85 0.51 1.16 0.2 mla
2085.9 (8) 4" 1.75 1.26 1.60 0.15 SW.gg
2093.9 (7) 0 4.44 2.17 6.93 13 sw.ii
2102.0 (7) 4" 2.30 1.10 1.26 0.15 SW.gg
2118.4 (6) 4" 2.32 1.14 7.70 0.90 SW.gg
2122.8 (1) 1,2°
2130.7 (7) 2" 0.51 0.76 5.23 0.2 SW.gg
2133.2(2)
2137.9 (7) 2" 0.51 0.50 4.87 0.2 SW.gg
2150.5 (6) 0+ 10.53 3.87 6.57 25 sw.ii
2151.8 (2) 1,2°
2168.8 (7) 49 1.12 1.37 2.31 0.2 SW.gg
2175.1 (6) 0 21.75 8.97 11.93 42 sw.ii
2181.7 (7) 4" 1.02 2.07 4.22 0.35 SW.gg
2187.1 (6) 2" 0.39 0.57 8.14 0.30 SW.gg
2194.8 (8) (69 0.59 0.25 m2a
2205.4 (10) 2" 0.49 0.47 2.67 0.10 SW.gg
2207.8 (8) 49 1.99 2.40 2.74 0.2 SW.gg
2216.0 (7) 49 1.07 0.44 1.62 0.4 m2a
2226.0 (6) 2" 0.56 0.54 9.84 0.5 SW.gg
2241.0 (7) 2" 0.29 0.49 1.13 0.06 SW.gg
2249.9 (7) (69 0.46 1.22 1.54 0.2 SW.gg
2255.3 (7) 41 1.81 1.41 3.79 0.4 SW.gg
2268.9 (6) 0 15.37 6.16 14.86 56 sw.ii
2276.0 (8) 4" 0.00 2.02 1.59 0.15 SW.gg
2282.1(10) |2282.8 (5) 1,2°
2295.9 (8) 4+ 3.08 1.78 2.20 0.25 sw.gg
2298.6 (3) 1,2°
2305.4 (7) 2" 0.52 0.53 13.62 0.7 SW.gg
2311.2 (8) 49 0.41 1.20 233 0.2 SW.gg
2314.3 (2) 1,2°
2317.7 (7) 4" 2.75 1.27 4.95 0.5 SW.gg
2329.6 (7) 2" 0.37 0.34 2.65 0.1 SW.gg
2337.1 (8) (5) 0.90 0.87 1.28 2.0 SW.gg
2354.8 (10) (69 2.12 2.20 0.60 1.6 m2a
2368.5 (7) 2368.9 (2) (09 2.75 3.79 1.70 0.23 sw.jg
2383.8 (8) 49 1.02 0.87 4.54 0.3 m2a
2388.4 (10) 1.32
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Continuation of the Table 1

Level energy, keV I Cross section ratios b Ratio Way of
This work [7-8] [7-8] | Thiswork | (5°16°) | (26°/16°) | O MY I /o | fitting
2395.2 (7) 0" 3.95 2.14 0.94 2.8 sw.ii
2422.7 (7) 4 3.20 1.87 8.3 0.8 sw.ggbb
+0") 5.2 7.5 sw.ii
2426.4 (9) 09 3.11 2.30 3.50 6.7 sw.ii
2436.6 (9) 2" 0.33 0.49 2.20 0.10 SW.gg
2442.5 (8) 2" 0.65 0.68 3.73 0.15 SW.gg
2449.2 (2) (3) 1.34 0.71 1.65 1.6 SW.gg
2461.0 (7) 2" 0.41 0.62 8.08 0.4 SW.gg
2467.2 (7) 2,3 0.49 0.79 3.55 0.15 SW.gg
24743 (8) 2" 0.15 0.50 5.20 0.25 SW.gg
2478.5 (8) 4" 2.20 1.00 5.00 0.5 SW.gg
2481.3 (12) (69 0.03 0.16 1.21 0.5 m2a
2493.8 (7) 0" 5.62 3.92 3.40 1.4 sw.ig
2501.1 (7) 47 1.43 1.41 470 0.6 SW.gg
2508.3 (7) 0.00 1.68 0.76
2519.3 (7) (69 0.00 1.13 1.43 0.5 m2a
2528.1 (7) 0" 11.96 6.76 12.36 5.6 sw.ig
2536.9 (7) 4* 1.36 1.43 6.07 0.6 SW.gg
2549.8 (11) 0" 432 2.60 2.75 1.2 sw.ig
2556.2 (8) 4 0.85 1.10 4.05 0.75 mla
2562.9 (9) 4 0.00 0.83 1.56 0.2 SW.gg
2573.2 (7) (69 0.00 1.18 1.33 0.5 m2a
2589.1 (7) 2" 0.49 0.64 3.92 0.15 SW.gg
2596.4 (8) (0 31.20 10.35 2.50 5.1 sw.ii
2601.3 (7) 4 1.34 0.93 14.48 2.8 m2a
2616.0 (7) 2" 0.55 0.61 2.76 0.4 SW.gg
2625.9 (7) 2" 0.37 0.40 4.41 0.15 SW.gg
2640.0 (8) 4 1.83 1.55 7.41 0.7 SW.gg
2660.9 (7) 4" 2.92 2.29 4.24 0.3 SW.gg
2666.4 (7) 29 0.34 0.58 26.48 1.5 SW.gg
2671.6 (7) 4" 1.77 1.07 11.82 1.2 SW.gg
2679.2 (8) 2" 0.39 0.30 3.77 0.15 SW.gg
2694.9 (7) 2" 0.49 0.43 1.25 0.06 SW.gg
2706.5 (7) 2" 0.79 0.53 6.14 0.2 SW.gg
2712.9 (8) (69 0.74 1.17 2.84 1.0 m2a
2726.6 (7) 2" 1.02 0.87 2.28 0.1 SW.gg
2740.6 (7) 2" 0.33 0.41 5.13 0.15 SW.gg
2746.2 (7) 4 3.35 1.84 2.77 0.3 SW.gg
2754.2 (10) (69 1.47 1.19 1.26 0.2 SW.gg
2764.9 (7) 2" 0.66 0.70 8.03 0.3 SW.gg
2777.3 (7) 2" 0.78 0.51 7.89 0.3 SW.gg
2791.5 (7) 4" 1.77 1.09 11.49 1.2 SW.gg
2799.7 (8) 2" 0.25 0.51 3.01 0.1 SW.gg
2808.1 (7) 0" 7.72 3.30 4.86 8.5 sw.ii
2824.4 (10) 4" 2.63 1.35 3.03 0.4 SW.gg
2834.0 (10) 2" 0.18 0.69 2.58 0.2 SW.gg
2841.3 (7) 29 0.54 0.97 426 0.3 SW.gg
2855.9 (7) 2" 0.51 0.82 4.04 0.3 SW.gg
2862.9 (7) 2" 0.58 0.74 6.25 0.4 SW.gg
2870.6 (10) (3) 1.50 0.93 1.26 1.2 SW.gg
2879.7 (7) 2+ 0.76 0.62 5.49 0.5 SW.gg
2886.1 (10) (1) 1.71 0.49 0.99 0.8 m2a
2896.1 (7) 2+ 0.32 0.51 5.52 0.5 SW.gg
2906.4 (8) (3) 0.75 1.07 3.42 2.6 SW.gg
2913.6 (15) 4 0.51 0.37 1.60 0.12 SW.gg
2923.7 (9) 2" 0.51 0.85 5.87 0.4 SW.gg
2930.6 (7) 2" 0.49 0.50 6.31 0.26 SW.gg
2940.6 (7) 2" 0.37 0.53 3.84 0.3 SW.gg
2950.5 (8) (69 0.20 1.41 0.99 0.5 m2a
2987.9 (10) (69 0.49 0.96 3.75 0.6 SW.gg
2999.0 (7) 2+ 0.46 0.71 7.66 0.6 SW.gg
3009.9 (8) 2+ 0.34 0.67 2.78 0.2 SW.gg
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Continuation of the Table 1

Level energy, keV rr Cross section ratios A b Ratio Way of

This work [7 - 8] [7-8] | Thiswork | (5°/16°) (26°/16°) Ointeg: 1 Gexp/Ccale. fitting
3020.6 (8) 2" 0.38 0.52 3.72 0.3 sSw.gg
3030.3 (9) 2" 0.40 0.95 3.83 0.3 SW.gg
3043.0 (7) 2" 0.46 0.61 5.91 04 SW.gg
3052.4 (9) (3 0.51 1.08 3.53 42 m2a
3064.3 (15) 2 0.48 0.64 2.51 0.1 SW.gg
3072.6 (8) (6 0.64 1.20 3.82 0.5 sw.gg
3083.8 (7) 2" 0.36 0.64 5.46 0.35 SW.gg
3100.9 (7) 2" 0.41 0.58 6.07 0.40 SW.gg
3113.9 (12) (<=4) 1.04 1.48 2.57
3124.7 (8) 4" 0.89 1.15 6.01 1.8 SW.gg
3135.9 (10) (<=4) 1.42 1.10 4.52 0.7 SW.gg
3147.4 (8) (<=4) 1.06 0.81 4.65
3162.0 (7) 2" 0.41 0.79 3.44 0.25 SW.gg
3173.6 (8) 2" 0.27 0.63 3.29 0.25 SW.gg
3186.1 (7) (6 0.46 0.82 2.54 04 SW.gg
3198.4 (7) 2" 0.63 0.72 3.56 0.1 SW.gg
3212.2 (7) 2" 0.50 0.73 2.75 0.08 SW.gg
3223.1 (7) 2" 0.54 0.79 3.14 0.08 SW.gg
3234.0 (7) 0.98 0.89 4.72
3248.6 (7) 2" 0.54 0.72 4.46 0.12 SW.gg
3258.8 (8) 1.38 1.33 5.09
3269.9 (12) 29 0.85 0.83 4.29 0.12 sw.gg

“ For levels at 952.6 and 1125.6 keV the angular distributions can be fitted by the DWBA calculations as spin 1" or spin 0"
b For the levels at 1868.9 and 2422.7 keV the angular distributions are fitted by the DWBA calculations as doublet lines.

DWBA analysis

The spins of the excited states in the final nucleus
*%Th were assigned via an analysis of the angular
distributions of tritons from the (p, t) reaction. In a
previous publication [3] the angular distributions for
0" excitations were demonstrated to have a steeply
rising cross section at very small reaction angles and
a sharp minimum at a detection angle of about 14°.
The angular distribution for the 0" ground state of
*Th has such a shape. This pronounced feature
helped us to identify these states in complicated and
dense spectra without fitting experimental angular
distributions. No complication of the angular
distributions was expected, since the excitation of 0"
states predominantly is a one-step process. This is
not the case for the excitation of states with other
spins, where multi-step processes could play a very
important role.

The identification of other states is possible by
fitting the experimental angular distributions with
those calculated in the distorted-wave Born
approximation (DWBA). A problem arising in such
calculations is that we have no prior knowledge of
the microscopic structure of these states. We can
assume, however, that the overall shape of the
angular distribution of the cross section is rather
independent of the specific structure of the
individual states, since the wave function of the
outgoing tritons is restricted to the nuclear exterior
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and therefore to the tails of the triton form factors.
The coupled channel approximation (CHUCK3 code
of Kunz [9]) was used in these calculations.

The shape of the calculated angular distributions
depends strongly on the chosen potential parameters.
We used parameters suggested by Becchetti and
Greenlees [10] for protons and by Flynn et al. [11]
for tritons (Table 2). For each state the binding
energies of the two neutrons are calculated to match
the outgoing triton energies. The corrections to the
reaction energy are introduced depending on the
excitation energy. The best reproduction of the
angular distribution for the ground state was
obtained for the transfer of the (2go,)* configuration
in the one-step process. This orbital is close to the
Fermi surface and was considered as the most
probable in the transfer process. Other transfer
configurations that might be of importance are
(17 11/2)2 and (1 15/2)2, since these orbitals are also near
the Fermi surface. The shape of the angular
distributions depends to some degree on the transfer
configuration, the most pronounced being found for
the 0 states. However, the main features of the
angular distribution shapes for 2* and 4" states are
not dependent on the transfer configurations.
Therefore the (2gy,)* configuration was used in the
calculations for the majority of excited states.

Results of fitting the angular distributions for the
states assigned as 0" excitations are shown in Fig. 3.
The angular distributions in the two first columns
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Table 2. Optical potential parameters used
in the DWBA calculations

Parameters p t* n I
V. MeV) 57.10 166.70 159.0
W, (MeV) | 32.46
W (MeV) 2.80 10.28 9.24
4V, (MeV) 24.80
T (fm) 1.17 1.16 | 1.17 1.16
n (fm) 1.32
o (fm) 1.32 1.50 1.50
Vo (fm) 1.01
R. (fm) 1.30 1.30 1.25
a, (fm) 0.75 0.75 0.75
ap (fm) 0.51
ay (fm) 0.51 0.82 0.82
aso (fm) 0.75
nls 0.85 0.25 0.25
12F
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Fig. 3. Angular distributions of assigned 0" states in **°Th
and their fit with CHUCKS3 one-step calculations. The (if)
transfer configurations used in the calculations for the
best fit are given in Table 1. The first two columns on the

left correspond to firm assignments and the column on the
right to tentative assignments.

measured with good statistical accuracy are believed
to give firm 0" assignments. Three possible transfer
configurations (2g9/2)2, (11'11/2)2 and (1j15/2)2 have
been used to get the best fit to the experimental data.
These configurations are listed in the last column in
Table 1. The assignments to the states of 1745.3,
2368.5 2426.4 and 2596.4 keV are considered as
relatively firm, because the shape of the angular
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distribution is fitted perfectly by the calculations
although there is a limited statistical accuracy of the
experimental data. The angular distribution for the
transition at the excitation energy 1868.9 keV is
fitted as a sum of two angular distributions for
transfer to a 0" and a 6  state (doublet line). A
similar situation is assumed for the energy
2422.7 keV, i.e. a superposition of two angular
distributions for 0" and 4" states. In both cases
assignments are tentative.

The angular distributions for the energies 952.6
and 1125.6 keV are a special case. A state with spin
1" is known at the energy 951.9 keV, however the
angular distribution of the tritons at an excitation
energy of 952.6 keV is completely different from
that for a known 1" state at 508.1 keV. Nevertheless,
it can by fitted satisfactorily by an inclusion of one-
step and two-step excitations. At the same time this
angular distribution can also be fitted by a
calculation for a 0" excitation mainly by the (1/;5,)
transfer configuration with a small admixture of the
(1i;1,)° transfer. A spin of O+ is assigned to the state
with closely lying energy of 927.3 keV in *°U,
studied in the alpha decay of *°Pu [13]. Therefore,
we have not excluded spin assignment 0+, though
the present information is not sufficient to solve the
problem. A similar angular distribution is observed
for the excitation at 1125.6 keV. But in this case the
known level at the closely lying energy of
1127.8 keV has spin of 3°. The CHUCK calculations
give a satisfactory fit for excitations of the 1 and 0"
states but not for 3° state. Thus we can make firm
spin assignments for 16 states, relatively firm
assignments for 4 states and tentative assignments
for 4 states, in comparison with 14 states found in
the preliminary analysis of the experimental data [3].

Similar to O+ excitations, the one-step transfer
calculations give a satisfactory fit of angular
distributions for about 70 % of the states with spins
different from 0" but about 30 % of these states need
the inclusion of multi-step excitations. Multi-step
excitations have to be included to fit the angular
distributions already for the 2°, 4" and 6" states of
the ground state band. Fig. 3 shows the schemes of
the multi-step excitations tested for every state in
those cases where one-step transfer does not provide
a successful fit. Fig. 4 demonstrates the quality of
the fit of some different-shaped angular distributions
for the excitation of states with spins higher than 0"
by calculations assuming one-step and one-step plus
two-step excitations. Whereas natural parity states
can be populated by one-step or one-step plus two-
step mechanisms, the states of unnatural parity can
be excited only by two-step excitations.

The assignments of the spins resulting from such
fits are presented in Table 1 together with other
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Fig. 4. Angular distributions of some excited states of
natural parity and their fit by the CHUCK3 calculations.
The (i) transfer configurations and schemes used in the
calculations for the best fit are given in Table 1.

experimental data. Special comments are needed for
the column displaying the ratio Gexp/Gca. Since we
have no a priori knowledge of microscopic structure
of the excited states and thus we do not know the
relative contributions of the specific (j)* transfer
configurations to each of these states, these ratios
cannot be considered as spectroscopic factors.
Nevertheless, a very large ratio, such as in the case
of the (11'11/2)2 transfer configurations used in the
calculation for the 0" state at 635 keV, is
unexpected. There are some contradictions in the
assignment of the energy of the second 4" level. It
has been proposed from Coulomb excitation to be at
772.1 keV in [14] and at 769.6 keV in [15] and from
the (d, pny) reaction at 775.5 keV [8]. The value
769.6 keV is accepted in the compilation [7]. We see
a weak peak at 775.2 keV on the tail of the very
strong peak at 781.4 keV as confirmation of the
775.5 keV assignment [8]. There is not even a hint
of a peak at 769.6 keV. Again the 8" and 10" levels
proposed in [15] at 1251.4 keV and 1520.4 keV
(both accepted in the compilation [7]) are in
contradiction with the assignment of the 8" level at
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1243.2 keV and with the calculated energy of the
10" level at 1487 keV [8]. The (p, t) study confirms
the assignment for the 8" level at 1243.2 keV by the
observation of a weak peak at 1241.2 keV and no
peak in the vicinity of 1251.4 keV. After this
confirmation the smooth change of the inertial
parameter in the band prefers the energy 1487 keV
for the 10 level and rejects the energy of
1520.4 keV.

There are several levels in °Th for which spins
19, 2% or 1, 2" were assigned from the S -decay
and/or inelastic scattering and for which the (p, t)
angular distributions are measured: 1573.5, 1695.7,
1770.7, 1839.6, 1849.6, 1966.9, 1973.4, 2000.9,
2010.1 and 2024.7 keV (energies are from the
compilation [7]). Angular distributions from the
(p, t) reaction confirm spin 2° for some of them:
1840.0, 1967.1, 1972.0, 2010.3 and 2025.6 keV
(energies as determined from the (p, t) reaction). The
(p, t) angular distributions for other states cannot be
fitted for the spins given in [7]. If the energies
1574.5(6) keV from the (p, t) reaction and
1573.52) keV from [7] correspond to the same
level, then a different assignment is suggested by the
(p, t) angular distribution to this state as 2" or 3". In
any case a 2" excitation would manifest itself in the
(p, t) angular distribution and therefore has to be
excluded. For the states at 1694.9 and 1769.6 keV
we observe angular distributions which can be fitted
by calculations for 4" states (or even for a 0" state
plus a constant of about 2 ub for the state of
1694.9 keV). Either way, the assignment 2" can be
excluded. Finally, the (p, t) angular distributions for
the states at 1851.4 and 2001.6 keV prefer an
assignment of 3" in contradiction to (27) and 1, 2,
respectively, as given in [7]. Discussion of obtained
experimental results will be presented in forth-
coming paper.

Conclusion

Exited states in *°Th have been studied in the
(p,t) transfer reaction. About 200 levels were
assigned using a DWBA fit procedure. Among
them, 24 exited 0" states have been found in this
nucleus, most of them have not been experimentally
observed previously. Their accumulated strength
makes up more than 70 % of the ground state
strength. Firm assignments have been made for most
of the 2" and 4" states and for some of the 6" states.
The experimental data obtained in this study will be
discussed in forthcoming paper.
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KOJIEKTUBHI CTAHU B **'Th: EKCIEPUMEHTAJIBHI JAHI
O. L. JIeBon, I'. I'pas, I. Aiizepman, P. I'eprendeprep, P.I'. Tipoand, I'.-®. Bipc

Cnextpu 30ymkeHHs B nedopMoBaHoMy suipi - Th nocmimkerno B (p, t)-peakuii, BukopucToByroun Q3D-crie-
krporpad Ha MIOHXEHCHKOMY TaHjAeM-IipuckoproBadi. KyToBi posnoziau TpuToHiB oxepxano miust 200 30ymkeHnX
CTaHiB U1t eHepriit 1o 3,3 MeB Bkito4HO. 3 MOPIBHAHHS €KCIIEPUMEHTATHFHAX KyTOBUX PO3IIOALIIB i3 PO3paXOBaHUMH,
KOPHUCTYIOUHCh HAONMKeHHAM 3B’ 3aHux KaHaniB (koq CHUCK3), BusHaueHo chinu 30ymKeHHX cTaHiB 10 6. Crinu
0" HaxiitHo Bu3Ha4eHO st 16 cTaHiB, BIZHOCHO HAmiiiHO — wis 4 craHiB. AHawi3 oJlepKaHMUX HaHUX Oynie BUKIANICHO B
HACTYTHIN CTATTI.

Kniouosi crosa: (p, t)-cnekrpockornis, Q3D-criektporpad, KyToBi pO3MOILIH, aHANI3 3B’ sI3aHUX KaHAJIB, KOJEKTUBHI
CTaHH.

KOJUIEKTUBHBIE COCTOSIHUSI B *'Th: SKCIIEPUMEHTAJIBHBIE JAHHBIE
A. W. JleBon, TI'.I'paB, U. Aiizepman, P.I'eprendeprep, P.TI'. Tupoand, I'.-D. Bnpc2

CriekTpbl Bo30ykKueHus B aepopMEpoBaHHOM sape - Th mccrmenoBansl B (p, t)-peakimu, ucrmons3ys Q3D-cre-
KTporpad Ha MIOHXCHCKOM TaHIEM-yCKOPHTENE. YTJIOBEIC paclpeleieHUuss TPUTOHOB u3MepeHsl mist 200 Bo30yx-
JIEHHBIX COCTOSTHUM anst sHepruil 10 3,3 MaB BkimtouutenbHo. M3 cpaBHEHHs SKCIIEPUMEHTANBHBIX YIJIOBBIX pacIpe-
JIeJICHNI ¢ BBIYMCIICHHBIMH, HCIIOJNB3Ysl NMPHONIMDKEHHE cBs3aHHBIX KaHanoB (kog CHUCKS3), ompeneneHbl CITUHBI
BO30YKIICHHBIX COCTOSIHUI BILIOTH JI0 6". Crimst 0' HamexHO orpeneNeHsl 11 16 coCTOsSHMIA, OTHOCHTEIHHO HaIE)KHO
— 17 4 COCTOSTHMIA. AHAJH3 ITOTyYeHHBIX JaHHBIX OyIET U3JI0KEH B CIEAYIOMIECH CTaThe.

Knrouesvie cnosa: (p, t)-cnexrpockonusi, Q3D-cnexTporpad, YriioBle pactpeAeNIeHNs, aHAIN3 CBI3aHHBIX KaHAJOB,
KOJUJIEKTUBHBIE COCTOSTHHSL.
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