ISSN1330–0016 CODEN FIZBE7

THE NUCLEUS^{198}Au INVESTIGATED WITH NEUTRON CAPTURE AND TRANSFER REACTIONS.

I. EXPERIMENTS AND EVALUATION

ULRICH MAYERHOFER, TILL von EGIDY, JÖRG KLORA, HELMUT LINDNER, HANS G. BÖRNER^a, STEPHEN JUDGE^a, BERND KRUSCHE^a, STEPHEN ROBINSON^a, KLAUS SCHRECKENBACH^a, ANATOLY M. SUKHOVOJ^b, VALERY A. KHITROV^b, STEFKA T. BONEVA^b, VLADIMIR PAAR^c, SLOBODAN BRANT^c and ROBERT PEZER^c

Physik-Department, Technische Universität München, D85748 Garching, Germany aInstitut Laue-Langevin, F 38042 Grenoble, France bJoint Institute for Nuclear Research, 141980 Dubna, Russia cDepartment of Physics, Faculty of Science, University of Zagreb, HR 10 000 Zagreb, Croatia

Received 24 June 1996

UDC 539.17

PACS 25.45.Hi

The transfer reaction^{197}Au(d,p)^{198}Au was measured at the Tandem Accelerator in Munich. The^{197}Au(n,γ)^{198}Au and^{197}Au(n,e)^{198}Au reactions were performed at the High Flux Reactor of ILL, Grenoble. Up to 1560 keV a total of 111 levels were observed by the (d,p) reaction and 125 by the (n,γ) reaction. For many of the levels, spins and parities were assigned. Additional information was obtained from summed (n,γγ) coincidences measured in Dubna.

1. Introduction

For many decades the nucleus^{198}Au belonged to the group of nuclei which were extremely difficult to interpret.^{198}Au lies in the transition region between spherical and deformed nuclei and is expected to be triaxial or γ-soft. As an odd– odd nucleus, it has a high level density already at low excitation energy. During the last ten years, the interacting boson model (IBM) was extended and the odd proton and odd neutron were included in the description resulting in the interacting boson–fermion–fermion model (IBFFM). This model is expected to be applicable to^{198}Au and theoretical physicists asked for a more detailed level scheme of^{198}Au. Consequently, our group started very elaborate investigations. Many results and especially the complete level scheme up to 400 keV was already published [1,2]. Previous publications on^{198}Au can be found in these references.

In order to obtain an extensive level scheme of^{198}Au with the best precision which is presently available, new measurements were performed with the bent crystal spectrometers GAMS for (n,γ) radiation, the conversion electron spectrometer BILL at the Institut Laue Langevin (ILL), Grenoble, for the (n,e) reaction, and with the Q3D spectrograph at the Munich Tandem Accelerator for the (d,p) reaction. Summed coincidences following the (n,γ) reaction were measured at the IBR-30 reactor in Dubna. Details of the present investigation can be found in Ref. 3. 2. Measurements with the GAMS spectrometer at ILL

The reaction^{197}Au(n,γ)^{198}Au was investigated at ILL using the gamma spectrometers GAMS1 and GAMS2/3 [4]. The target consisted of a^{197}Au foil (0.05 mm×4 mm×37 mm). The neutron flux at the target was 5.5×10^{14} n cm^{−2}s^{−1}. Gamma–ray spectra from 30 to 1600 keV gamma energy were measured. In the range from 35 to 1600 keV 1201 gamma–ray lines were fitted. The energies of gamma–rays were calibrated with the 411.80205(17) keV line of^{198}Hg [5].

Determination of intensities of the gamma–ray lines is not easy, because^{197}Au irradiated with thermal neutrons undergoes single and double neutron capture to 198Au and^{199}Au, respectively, with yields depending on the neutron flux. Using the branching ratio of the two reactions from^{198}Au to^{199}Au and^{198}Hg, the^{198}Au gamma–ray intensities can be calibrated with the intensity of the 411.8 keV gamma– ray line of^{198}Hg [5]. An absolute intensity of 20.22 events per 100 neutrons was found for this line. Data on measured gamma–ray lines, including intensities, are given in Table 1.

3. Measurements with the BILL spectrometer at ILL

The reaction^{197}Au(n,e-)^{198}Au was investigated at ILL with the electron spectrometer BILL [6] in order to determine the multipolarities of the corresponding gamma–ray transitions. The target consisted of 50 μg/cm^{2 197}Au (size 1 cm×12 cm) evaporated upon a 0.1 mm thick aluminium foil. The neutron flux at the target was 3×10^{14} n cm^{−2}s^{−1}. The energy range from 18 to 300 keV was scanned twice. Higher electron energies (300 to 1600 keV) were measured using 300 μg/cm^2 foil of 197Au (size 3 cm×12 cm), evaporated on a 0.1 mm thick aluminium foil as target. In the range 18 to 300 keV, 357 electron lines were fitted and in the range 300 to 1600 keV another 717 electron lines could be resolved. The conversion electron intensities and the gamma–ray intensities were used to calculate conversion coefficients which were compared with theoretical values [7]. The resulting multipolarities are given in Table 1.

4. Measurement with the Q3D spectrograph at Munich

The reaction^{197}Au(d,p)^{198}Au was investigated with the Munich Q3D magnetic spectrograph [8]. The target consisted of a 1 mm×4 mm, 30 μg/cm^2 thick strip of Au metal evaporated on 4 μg/cm^2 carbon backing. The transfer reaction was measured at four different angles. At 35^∘, the target was irradiated with deuterons of 20 MeV energy and 3 μA beam intensity. The experimental data were recorded with a multiwire proportional counter [9]. Since the detector did not cover the whole energy range up to 1600 keV excitation energy, several overlapping runs were made. A resolution of 3.5 keV FWHM was obtained. Up to 1560 keV excitation energy, 106 levels were resolved.

At 15^∘, 30^∘ and 45^∘, the Au target was irradiated with deuterons of 22 MeV energy and 1.5 μA beam intensity. The data were recorded with a new detector system [10] covering a larger energy range per measurement. At each angle, three overlapping spectra were measured. A resolution of 5 keV FWHM was obtained. The intensity was monitored by measuring the elastic^{197}Au(d,d’)^{197}Au line with a monitor detector. All (d,p) energies were calibrated with the level energies from the (n,γ) level scheme. The (d,d’) intensities were used to calculate the differential cross–sections of the (d,p) spectra. By comparing the angular dependence of the differential cross–sections with DWBA calculations, it was possible to estimate the momentum transfer Δℓ. Up to 1560 keV excitation energy, 111 levels could be identified. Energies, differential cross–sections and momentum transfer Δℓ of the (d,p) reaction are listed in Table 2.

TABLE 2.

197Au(d,p)^{198}Au: Level energies and differential cross–sections in μb at 15^∘, 30^∘ and 45^∘ laboratory scattering angle. Δl was derived from comparison of experiment and DWBA calculation. D indicates doublet structure. The (d,p) level energies are averaged from measurements at different angles.

Θ = 15^∘ Θ = 30^∘ Θ = 45^∘

E_{(n,γ)} E_{(d,p)} (^{dσ}_{dΩ} )^{Δ( dσdΩ )}_{( dσdΩ )} (^{dσ}_{dΩ} )^{Δ( dσdΩ )}_{( dσdΩ )} (^{dσ}_{dΩ} )^{Δ( dσdΩ )}_{( dσdΩ )} Δl

[keV] [keV] [μb] [%] [μb] [%] [μb] [%] 0.000(0) 0.0(2) 390 14.3 330 14.5 180 14.7 3 55.181(1) 55.3(6) 66 15.7 25 18.9 18 22.4 (1,3) 91.007(2) 90.8(6) 21 20.2 14 22.8 8.7 30.2 (1,3) 192.945(1) 192.7(5) 300 14.4 87 15.5 71 15.9 (1,3) 214.972(2) 215.2(5) 550 14.2 300 14.6 220 14.6 (1,3) 236.046(1) 231.0(8) 120 15.0 18 20.1 7.9 63.4 (1,3) 247.574(2) 248.2(5) 300 14.4 200 14.8 210 15.6 1 259.343(2) 261.405(1) 265.9(16) 580 14.2 200 43.0 150 36.4 D(1,3) 312.222(2) 311.9(6) 11 27.4 6.9 30.2 13 26.2 * 328.481(3) 328.8(5) 330 14.3 230 14.7 200 14.7 1 339.293(3) 339.4(5) 97 16.0 60 17.9 — — (1,3) 346.906(1) 346.7(5) 330 14.4 240 14.8 180 14.8 1 362.904(1) 362.5(6) 84 16.7 120 16.2 85 28.4 (1,3) 368.256(2) 368.2(6) 160 15.1 100 16.5 68 34.3 (1,3) 381.202(3) 377.4(19) — — — — 11 32.7 406.011(2) 405.7(5) 84 15.4 56 16.4 36 17.4 (1,3) 449.566(3) 450.2(4) 370 16.5 350 37.1 220 36.9 D(1,3)

mayerhofer et al.: the nucleus^{198}Au investigated with neutron capture . . .

TABLE 2. (continuation)

Θ = 15^∘ Θ = 30^∘ Θ = 45^∘

E_{(n,γ)} E_{(d,p)} (^{dσ}_{dΩ} )^{Δ( dσdΩ )}_{( dσdΩ )} (^{dσ}_{dΩ} )^{Δ( dσdΩ )}_{( dσdΩ )} (^{dσ}_{dΩ} )^{Δ( dσdΩ )}_{( dσdΩ )} Δl

[keV] [keV] [μb] [%] [μb] [%] [μb] [%] 453.827(1) 482.327(4) 495.516(5) 494.0(4) 17 20.0 14 17.8 9.2 20.7 (1,3) 511.519(4) 511.3(8) 5.8 42.6 3.5 32.1 — — (1,3) 516.385(2) 529.170(3) 529.8(4) 110 14.5 74 14.7 57 15.1 D(1) 530.483(2) 544.012(5) 543.3(4) 100 17.9 61 17.9 50 15.3 1 548.935 548.4(4) 23 50.6 16 41.3 17 18.2 * 571.246(2) 573.8(7) 11 29.5 13 18.1 9.3 20.9 * 595.7(8) 26 19.6 — — — — 625.432(3) 624.4(4) 20 19.5 15 18.1 14 18.9 1 632.487(2) 631.9(4) 37 16.5 20 17.4 16 20.1 (1,3) 637.140(9) 640.1(7) — — 6.1 27.0 9.9 23.9 (2,4) 646.415(7) 648.3(14) — — — — 3.1 45.2 662.6(10) — — 5.5 35.1 — — 672.658(2) 672.3(4) 96 14.7 73 14.7 56 15.2 1 696.703 694.9(4) 39 16.9 50 18.1 48 15.8 (4,6) 702.734(5) 702.3(4) 61 15.6 44 18.2 34 16.8 D(1,3) 703.741(3) 728.658(9) 728.2(4) 110 14.6 78 14.7 52 15.2 (1,3) 745.229(3) 744.5(4) 18 20.1 7.1 22.6 12 24.4 (1,3) 758.399(4) 764.461(8) 765.6(4) 44 16.1 24 16.3 9.0 32.1 (1,3) 786.538(3) 788.7(5) 24 22.0 11 18.2 8.9 21.8 (1,3) 789.302(3) 800.043(5) 801.430(5) 802.4(10) — — 5.3 34.0 — — 810.427(4) 810.7(4) 25 18.3 17 17.3 16 21.4 1 824.609(14) 820.7(11) 44 16.0 20 16.9 19 20.0 * 835.372(8) 833.4(4) — — — — 6.5 28.4 868.774(4) 891.613(7) 894.265(12) 894.2(5) 44 42.1 49 37.3 64 15.6 D 896.576(6) 916.444(6) 918.594(3) 924.7(16) — — 20 33.8 15 32.2 * 931.962(8) 951.440(8) 951.0(13) — — — — 8.1 28.2 956.964(4) 956.3(6) 13 32.8 9.5 23.9 7.9 28.2 D(1,3) 960.620(12) 971.823(3) 983.070(13) 983.3(10) 18 19.9 16 17.4 8.0 28.2 D(1,3) 987.577(2) 999.200(4) 1018.429(5) 1019.4(5) 19 24.0 11 19.7 8.5 27.7 (1,3) 1032.267(11) 1033.1(15) — — 6.2 37.1 — — 1038.279(4) 1047.376(7) 1047.5(6) 11 31.9 15 21.9 9.1 24.9 * 1056.717(5) 1056.9(4) 19 20.4 12 20.1 17 19.8 (1,3) 1061.290(5) 1063.4(4) 23 19.0 16 18.8 — — (1,3) 1075.557(6) 1075.3(4) 110 14.7 84 14.6 63 14.9 1 1092.885(7) 1093.0(4) 33 17.0 25 16.0 14 18.9 (2,4) 1095.510(11) 1104.826(7) 1105.2(4) 14 23.1 15 17.6 — — (1,3) 1108.878(5)

194 FIZIKA B 5 (1996) 2, 167–198 mayerhofer et al.: the nucleus^{198}Au investigated with neutron capture . . .

TABLE 2. (continuation)

Θ = 15^∘ Θ = 30^∘ Θ = 45^∘

E_{(n,γ)} E_{(d,p)} (^{dσ}_{dΩ} )^{Δ( dσdΩ )}_{( dσdΩ )} (^{dσ}_{dΩ} )^{Δ( dσdΩ )}_{( dσdΩ )} (^{dσ}_{dΩ} )^{Δ( dσdΩ )}_{( dσdΩ )} Δl

[keV] [keV] [μb] [%] [μb] [%] [μb] [%] 1115.2944(4) 1115.7(4) 15 22.9 19 16.7 7.7 22.1 3 1124.829(12) 1124.2(4) 38 16.6 32 15.5 15 18.1 3 1147.9(10) — — — — 4.6 38.8 1157.246(3) 1157.3(4) 56 15.7 54 14.9 30 18.5 3 1160.027(6) 1165.7(4) 30 18.0 35 15.4 22 20.1 (3,5) 1175.1(4) 41 16.7 36 15.3 21 17.3 3 1191.571(15) 1199.4(7) 87 15.6 55 14.9 30 16.8 3 1202.271(5) 1203.3(4) 98 16.6 — — — — 1209.360(10) 1209.8(4) 56 16.7 16 18.4 19 19.2 (1,3) 1217.3(6) 41 19.6 — — — — 1224.5(7) 48 18.5 — — — — 1232.803(16) 1232.4(7) 77 16.6 — — — — 1240.394(6) 1239.0(7) 120 17.8 — — — — 1255.994(9) 1255.4(5) 60 17.1 13 18.3 3.2 47.5 (1,3) 1265.531(9) 1266.1(6) 60 17.3 11 22.4 9.0 28.5 (1,3) 1272.142(4) 1271.7(6) 64 17.1 13 30.9 — — (1,3) 1286.903(15) 1287.7(6) — — 11 19.0 — — 1293.903(10) 1294.2(6) 9.9 41.9 13 21.0 8.5 26.8 * 1297.140(12) 1301.053(9) 1300.5(4) 30 22.0 45 15.1 32 18.3 5 1304.827(7) 1305.7(6) 12 39.6 6.7 38.7 14 25.0 (1,3) 1306.833(11) 1318.622(23) 1318.3(6) 8.6 42.4 11 22.7 7.8 28.2 * 1325.849(10) 1326.1(5) 10 38.0 12 21.6 8.8 26.7 * 1335.522(5) 1335.7(6) 9.2 40.0 6.3 29.4 6.9 28.6 * 1338.161(8) 1359.066(9) 1363.344(6) 1363.5(10) 11 37.3 — — — — 1371.530(7) 1368.8(11) 8.0 47.6 — — 4.6 65.3 * 1376.000(11) 1375.0(7) 26 22.2 — — — — 1380.878(13) 1379.3(6) 19 26.0 20 19.5 18 24.3 * 1390.228(9) 1386.0(10) 10 36.3 — — — — 1396.150(8) 1398.3(6) 17 22.2 15 22.7 9.2 31.4 D(1,3) 1399.371(16) 1402.082(8) 1404.959(50) 1409.397(6) 1411.2(19) — — — — 6.0 40.6 1418.684(15) 1423.795(12) 1423.4(8) — — 22 19.5 9.7 25.8 D(3,5) 1431.637(11) 1434.594(12) 1434.8(9) — — 13 22.6 5.0 36.0 D(1,3,5) 1444.393(29) 1446.3(7) 18 27.6 6.7 30.9 — — (1,3) 1453.886(10) 1452.5(7) 19 31.3 16 22.2 3.9 40.8 3 1458.994(5) 1457.6(8) 13 44.5 8.8 31.1 — — * 1472.112(11) 1474.6(6) 6.1 57.3 17 19.1 9.4 27.8 D(5) 1475.617(9) 1487.131(5) 1482.1(14) 47 17.9 47 15.9 17 20.6 3 1496.197(8) 1498.3(5) 39 18.7 34 16.8 19 20.2 (1,3) 1505.204(11) 1506.2(6) 36 20.4 19 19.1 14 22.1 (1,3) 1513.588(6) 1511.5(5) 48 18.5 47 16.0 — — (1,3) 1517.9(5) 24 23.2 15 21.1 21 19.3 1 1530.713(5) 1529.7(6) 17 29.6 16 20.5 17 20.5 * 1536.409(9) 1535.4(8) — — 7.3 28.8 — — 1542.784(8) 1546.6(7) 11 37.9 13 26.3 16 20.8 (5,7) 1554.432(6) 1560.402(8) 1559.7(8) 19 22.2 15 48.9 3.3 39.2 (1,3)

FIZIKA B 5 (1996) 2, 167–198 195

5. Measurements of summed γ-γ coincidences at Dubna

The experiments were carried out at the IBR–30 pulsed reactor (JINR, Dubna). Coincident γ-rays emitted after thermal neutron capture were measured. Details of the experiment and data processing are described in Ref. 11. Coincident pulses of corresponding energies E_1 and E_2 were added, and the resulting sum spectra (E_1 + E_2) and the singles spectra (E_1 and E_2) were analysed in order to obtain information on populated levels. The spectrometer consisted of two Ge(Li) detectors of 10% efficiency and 4.5 keV energy resolution at 1332 keV. The time resolution was about 10 to 12 ns for a^{60}Co source. The target consisted of 10 g of gold. The data acquisition time was about 400 hours. γ-rays have been detected after having passed a 2.5 g/cm^2 lead filter to minimize the detection of backscattered γ-quanta. The spectrum of amplitude sums of coinciding pulses (E_1 + E_2) is shown in Fig. 1. Figure 2 displays a singles spectrum E_1 of coincidences going to the level at 193 keV: E_2 = B_n − E_1 − 193 keV, with B_n = 6512.3 keV = neutron binding energy. Detailed coincidence data have been published in Ref. 13.

Fig. 1. The spectrum of amplitude sums of coinciding pulses.

Fig. 2. Partial spectrum E_1 of summed coincidences going to the the level at 193 keV (E_1 + E_2 = B_n − 193 keV ). After the efficiency correction, the total area of this spectrum is equal to the area of the corresponding peak in the spectrum of Fig. 1.

Acknowledgement

We wish to thank J. Jolie for discussions, P. Maier-Komor and K. Nacke for target preparation, Th. Faestermann for Q3D maintenance, F. Fridgen for computational help, and the Bundesministerium für Forschung und Technologie, Bonn, and the Beschleunigerlaboratorium der Universität und Technischen Universität München for support.

References

1) U. Mayerhofer, T. von Egidy, P. Durner, G. Hlawatsch, J. Klora, H. Lindner, S. Brant, H. Seyfarth, V. Paar, V. Lopac, J. Kopecky, D.D. Warner, R.E. Chrien and S. Pospisil, Nucl. Phys. A 492 (1989) 1;

2) P. Petkov, W. Andrejtscheff, S.J. Robinson, U. Mayerhofer, T. von Egidy, S. Brant, V. Paar and V. Lopac, Nucl. Phys. A 554 (1993) 189;

3) U. Mayerhofer, Ph.D. thesis, Technische Universität München (1990);

4) H. R. Koch, H.G. Börner, J.A. Pinston, W.F. Davidson, J. Faudou, R. Roussille and O.W.B. Schult, Nucl. Instr. Meth. 175 (1980) 401;

5) Zhou Chunmei, Nuclear Data Sheets 74 (1995) 259;

6) W. Mampe, K. Schreckenbach, P. Jeuch, B.P.K. Maier, F. Braumandl, J. Larysz and T. von Egidy, Nucl. Instr. Meth. 154 (1978) 127;

7) R.S. Hager and E.C. Seltzer, Nuclear Data Tables A 4 (1968) 161;

8) M. Löffler, H.J. Scheerer and H. Vonach, Nucl. Instr. Meth. 111 (1973) 1;

9) A. Chalupka, W. Bartl, L. Schönauer, K.U. Bahnsen, J. Labedzki, H.J. Scheerer, H. Vonach and G. Ziegler, Nucl. Instr. Meth. 217 (1983) 113;

10) H. Lindner, H. Angerer and G. Hlawatsch, Nucl. Instr. Meth. A 273 (1988) 444;

11) S.T. Boneva, V.A. Khitrov, A.M. Sukhovoj and A.V. Vojnov, Z. Physik A 338 (1991) 319;

12) P. Durner, T. von Egidy and F.J. Hartmann, Nucl. Instr. Meth. A 278 (1978) 484;

13) S.T. Boneva, E.V. Vasileva, A.V. Voinov, A.M. Sukhovoj, V.A. Khitrov and Yu.V. Kholnov, Izv. Ross. Akad. Nauk, ser. fiz. 59 (1995) 12.

PROUČAVANJE JEZGRE^{198}Au POMOĆU NEUTRONSKOG UHVATA I (d,p) REAKCIJOM I. EKSPERIMENTI I PROCJENA

Načinjena su mjerenja relacije^{197}Au(d,p)^{198}Au pomoću tandem Van de Graaff akceleratora u Münchenu, a reakcije^{197}Au(n,γ)^{198}Au i^{197}Au(n,e)^{198}Au proučavane su pri nuklearnom reaktoru u Institutu Lane–Laugevin u Grenoblu. Reakcijom (d,p) opaženo je do energije uzbude od 156 keV ukupno 111 nivoa, a reakcijom (n,γ) 125 nivoa. Za mnoge nivoe utvrdeni su momenti impulsa i parnosti. Dodatni su podaci postignuti mjerenjem zbrojnih (n,γγ) sudara u Institutu u Dubni.