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Mean lifetimes of 20 out of 31 bound levels &S below an excitation energy of 8.0 MeV are deduced from
the Doppler-broadeneg-ray line shapes produced in the reactidh(3'P,ny)%?S, 28Si(6Li, pny)3%s, and
31p(p, y)%%S. Of the 20 levels, lifetimes for 4 are reported here for the first time. For the remaining 16 levels,
the lifetime values obtained in this work are considered to be more reliable and accurate than those reported in
the literature. Compared to lifetime measurements reported in the literature, significant procedural improve-
ments have been made kiy using the entire line shape in the data analy@iy,making measurements with
targets implanted in high-stopping-power media, diid simulating with the Monte-Carlo method the
slowing-down process, experimental conditions, and the delayed feeding from higher levels to the level being
analyzed. The low-lying portion of the level scheme, level lifetimgsay branchingsE2/M 1 mixing ratios,
and reduced transition probabilities are compared with shell-model calculations. The réd&&dvalues for
16 out of 18 transitions anB(M 1) values for 5 out of 10 transitions are reproduced to within a factor of 5.
A one-to-one correspondence between 33 experimental and predicted states is established up to 8.2 MeV for
both positive- and negative-parity stateS0556-28138)00408-7

PACS numbgs): 21.10.Tg, 23.20-g, 25.70.Gh, 27.36:t

[. INTRODUCTION The %S nucleus is interesting also in other aspects. Ex-
perimentally, the excitation energies of the low-lying
The deformation of even-mass nuclei changes throughow*, 2*, and 4" states suggest that this nucleus behaves like
the sd-shell [1]. In self-conjugate nuclei, this change pro- a nearly spherical vibrator. On the other hand, the experi-
ceeds from large prolate if§Ne;oand Mg, to large oblate  mental quadrupole moment of the first Ztate is negative
in fﬁSiM, back to large prolate iﬁésm, and again to mod- and quite large in magnitud&] and thus indicates a large
erately oblate in?SArlg [1,2]. Both shell-model calculations prolate deformation. Hartree-Fock calculations yield three
[1] in the full 0ds;1s,,,0d5, Space using the W interaction solutions for the 2 states[4] corresponding to prolate, ob-
of Wildenthal[3] and band-mixed Hartree-Fock calculations late, and spherical shapes #S, the prolate solution being
[4] reproduce the sign variations of the electric quadrupoldowest in energy. Nilsson-Strutinski calculations of global
moments correctly, but the predicted magnitudes show somgystematics of deformatidi®] predict a primary minimum in
deviations. In an earlier study of“Mg levels [5] —a  the potential energy surface for & 4tate at about 4-MeV
nucleus with a prolate rotational band structure — it was no€xcitation energy with spherical shape and a secondary mini-
ticed that theE2 reduced transition probabilities are consis-mum at about 6-MeV excitation energy for anothér gtate
tently underestimated in calculations similar to those of Refwith shape parameters=0.63, y=0 ° corresponding to a
[1]. About half of the reduced transition matrix elementsprolate superdeformed shape. Of these two states, the
differed from experimental values by more than a factor of 2lower one is identified with the experimental 4.459-MeV
In a similar study of?®Si levels[6] — a nucleus with coex- level belonging to the ground-state band, while the higher
isting prolate and oblate bands — about one-third ofEl2e  one is tentatively identified with the experimental 6.411-
transition matrix elements were also found to differ by atMeV level belonging to the first-excited =0 band. Other
least the same factor of 2, the values being either over- omembers of this proposed superdeformed band are the band-
underestimated in the calculations. It is, therefore, of intereshead 0 state located at 3.778 MeV and thé Rtate at 4.282
to extend such comparisons to other self-conjugate nuclei iMeV [9].

thesdshell. A natural testing ground S, in which spheri- Despite the fact thaf?S is among the most extensively
cal and prolate band structures have been suggested to coestudied nuclei in thed shell, essential experimental data are
ist [7]. still lacking [10,11. Recent studie$12] at Freiburg have
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2T T T T T T T T 1(b)]. For example, in the case of the 5.006-MeV level, the
> | (a)2.230 MeV ¥ inelastic scattering reported values vary from-250 fs to~1550 fs.
10 E A reson. fluorescence 3 The large variations in the lifetime values are related
s g B"S‘f\mb excitation mainly to the difficulties encountered in applying the
B e ® current . Doppler-shift-attenuatio(DSA) method. Excluding the few
i B adopted ] inelastic electron scatterind4,15,46,49 and nuclear reso-
2r 7 nance fluorescencg47,48 studies, all lifetimes for the
ey —o— _ higher excited states have been obtained in DSA measure-
a 3 ments[12,27-32,34,36—45,3%0A summary of the experi-
sF N mental conditions and analysis procedures used in different
i v . ] DSA experiments is presented in Table II.
L ~ ' x ' ] The reasons behind the large variations in the previous
A~ ' lifetime data can be traced to the use @f evaporated
10tk - targets with layered structurés/hich complicate the DSA
o L | L l L - analysig, (i) stopping materials whose stopping powers
' 100 200 300 400 are in most cases small and poorly knowiii,) analysis
i’ methods lacking sufficient experimental confirmation
-g) | . . . . (Lindhard-Scharff-ScHi (LSS stopping powers[51] in
‘S sp | I '_ | ] combination with Blaugrund’s approximation for the large-
= L (b) 4.282 MeV i 2 EL‘?‘r’e'?#s ] angle scatterin§61]), and(iv) reactions producing quite low
_1 B adopted, current (p;y) reco?l veIo_citi_es which exacerbate_probleﬂiii). We have
10 E obtained lifetimes for®’S levels using measurement tech-
sE 3 niques and analysis procedures designed to overcome these
- - limitations. We have used) implanted targets with known
’r  —o 7 and stable composition and structufi€) slowing-down ma-
102 terials whose stopping powers are high and either experi-

mentally known or deducible from existing datai) realis-

tic Monte-Carlo simulations of the slowing-down process,
experimental conditions, and the delayed feeding from
higher levels to the level being analyzed, and reactions
that produce large recoil velocities.

The results are reported in Sec. Il. The resulting lifetime
data and other data from the literature on electromagnetic
observables irf?S are compared in Sec. Ill with results from
Lifetime (fs) untruncatedsd shell-model calculations. A brief summary is
given in Sec. IV.
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FIG. 1. A plot of the weights of lifetime measurements vs life-
time values fora) the 2.230- andb) 4.282-MeV levels in*’S. The Il. EXPERIMENT
weight of a measurement is taken ast} 2, where A~ is the The reactions studied in this experiment are
quoted uncertainty. In those cases where the uncertainty of the stop- | 3, 20, 28c: /6y : 32 31 P 32
ping powers was not included in the quoted uncertainty, we have H(*'P.ny)™S, Si(°Li,pny)™S, and “P(p,7)™S. A

added quadratically 15% of the lifetime value to the statistical erPréliminary report on the®'P(p,y) experiment was pre-
rors. Two contours at(adopted)-2(A7) are also shown. For the Sented in Ref[64]. Those results are superseded in this pa-
2.230-MeV level the adopted valu@47+11 fg is from Raman  PE€r.
et al. [35]. For the 4.282-MeV level the adopted val(&7.8+2.0

fs) is from the current work, and is almost equal to the vakie7

A. Target preparation
+2.0 fg from the (p,y) measuremenfsee Sec. Il

The deuterium targets for theH(3'P,ny) reaction were
prepared by implantingH into thick gold (high stopping
. . powep and silicon sheetqlow stopping power with a
con_trlbuted conS|d_er2any to our knowledge of electromag-loo_kv isotope separator in Helsinki, Finland. The low-
netic observables if?S, making the spectroscopy of tie stopping-power target backing was used to determine the
=0 states rather complete up to 10 Mé&fdr T=1 states up  jpjtial recoil velocity distribution(for details, see Ref65)).
to 12 MeV). H'owever, gn |mp'ort§mt ingredient in testing The high stopping power of gold provided an effective way
model calculations — reliable lifetime data for most of the g measure short lifetimes. In the case of #38i(5Li, pny)
excited states iﬁ_zs — is still missing. With the exception of reaction, preliminary test measurements were performed us-
the 2.230-MeV first-excited state, for which the lifetime val- ing 0.4-mm-thick single-crystal silicon sheets as targets. For
ues determined by several different independent methodse actual DSA lifetime measurements, tfiSi target with
[13-34 agree reasonably wdlsee Fig. 18], the mean life- high stopping power was prepared by implanting
times of the remaining leve[42,14,15,27—-32,34,36-bare ~ 100-keV28Si™ (6.2x 10" ions/cnt) into 0.4 mm-thick tan-
known only with large uncertaintielsee Table | and Fig. talum sheets. The energy loss of the bombarding beam par-
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TABLE 1. Summary of lifetimes of levels in *2S obtained in the current and previous works. Except for the inelastic electron scattering
(e,€') and nuclear resonance fluorescence (vy,7y) experiments, the listed lifetime values are based on DSA measurements. The values are given

as reported originally. In our notation 520 388 _5201'11’88, 1050 300=

10504300, 57.8 20=57.8£2.0, etc.

E (keV) T(fs) Reaction Ref.? E (keV) T(fs) Reaction Ref?
3778 520399 31p(p,7) [36] 5413 975 3p(p,7) [36]
1000 3%9 28(p,p'y) [37] 190 20 328 (p,p"y) [37]
1050 300 28(a,a'y) [28] 9525 3p(p,y) [31]
>750 28(p,p'y) [29] 200 25 28i(a,n) [38]
1200 550 31p(p,7) [31] 160 40 3p(p,7) [43]
1460 50 BSi(a,n) [38] 240 35 See Table 111 This work
1000 200 3p(p,y) [32]
1280 130 See Table IIT This work 5549 608 3p(p,7) [42]
43 35 *P(p,7) [36]
4282 292 3p(p,y) [36] 68 12 3p(p,y) [27]
50 13 31p(p,7) 271 120 30 328 (p,p"y) [29]
746 23(p,p'v) [37] 100 30 *1P(p,v) [31]
94 30 BSi(e, ) [39] 66 5 BSi(a,n) [38]
48 13 23 (a,a'y) [28] 91 12 See Table TII This work
80 10 28(p,p'y) [29]
368 3p(p,y) [31] 5798 142 3(e,e") [14]
64 8 BSi(a,n) [38] 85 3p(p,y) [31]
39 10 28(n,n") [40] 147 28i(a,n) [44]
57.8 20 See Table 111 This work <10 BSi(a,n) [38]
9.4 30 See Table IIT This work
4459 130 30 23 (a,a'y) [41]
180 40 28(a,a'y) [28] 6224 605 P(p,7) [42]
210 60 28(p,p'y) [29] 11035 3p(p,y) [36]
200 90 31p(p,7) [32] 6115 3p(p,7) [27]
127 30 28(n,n") [40] 8020 328 (p,p"y) [29]
207 29 *He(*2S,a'y) [34] 130 40 3p(p,y) [30]
207 29 Adopted 5510 3p(p,y) [31]
100 8 28i(a,n) [38]
4695 530 50 3p(p,y) [36] 75 15 3p(p,y) [43]
170 100 3p(p,y) [27] 108 13 See Table 111 This work
490 90 28(p,p'y) [37]
400 100 28(p,p'y) [29] 6411 356 BSi(a,n) [38]
230 55 3p(p,y) [31] 355 See Table 111 This work
41225 28i(a,n) [38]
245 50 31p(p,7) [32] 6581 Not known
400 40 See Table TI1 This work
6621 370 80 3p(p,y) [36]
5006 600 100 31p(p,7) [42] >1000 3p(p,7) [27]
1500 2300 3P(p,7) [36] 420 100 “P(p, ) [31]
250 50 3p(p,y) [27] 1520210 BSi(a,n) [38]
750 50 28(p,p'y) [37] 560 110 3p(p,7) [32]
580 240 323(e,e') [15] 810339 3p(p,7) [45]
1000 400 3p(p,y) [30] 980 250 3p(p,y) [43]
350 80 31p(p,7) [31] 800 120 See Table III This work
795 55 28i(a,n) [38]
1550 380 3P(p,7) [32] 6666 5413 3P(p,7) [36]
600 140 3p(p,y) [43] 70 30 28(p,p'y) [29]
700 150 28(n,n") [40] 27 3p(p,7) [31]
380 70 See Table TI1 This work 88 8 See Table IIT This work
6762 >300 3p(p,7) [45]
280 60 PSi(, ny) [12]
375 50 See Table IIT This work
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TABLE 1. (Continued).

E(keV) T(fs) Reaction Ref.? E;(keV) T(fs) Reaction Ref.?
6852 9525 31p(p,7) [31] 7975 <30 P8i(a, ny) [12]
7002 <5 3p(p,y) [31] 8126 0.205 130 3(e,e") [46]

227 See Table II1 This work 0.150 30 28(~,7) [47]
0.220 35 25(y,7) (48]
7115 <5 31P(p,) [31] 0.240 40 3(e,e") [49]
255 See Table IIT This work 0.230 35 Adopted
7190 11.6 30 See Table TIT This work 8270 <60 BSi(a,ny) [12]
7350 Not known 8346 <40 #Si(a,ny) [12]
7434 11.1 14 See Table III This work 9024¢° 265 55 BSi(a,ny) [12]
7485 7.117 See Table TIT This work 9065 <20 BSi(a,7) [50]
7536 4715 See Table II1 This work 9208 186 28(~,7) [48]
7567° 150 32 ISi(,ny) [12] 9235 <60 PSi(, ny) [12]
7950 <10 3p(p,v) [36] 9463 <70 P8i(a, ny) [12]
11099 31p(p,y) [45]
130 25 3p(p,y) [43] 9635 90 55 PSi(, ny) [12]
2104319 2Si(ar, my) [12]
210 50 See Table TIT This work 9783 135 12 BSi(a,ny) [12]

#For a particular level, the references are listed in chronological order. The actual lifetime measurements have been done at the laboratories
listed below in alphabetical order: Bonn [34], Bordeaux [27], Canberra [44], Chalk River [37,29], Darmstadt [15], Freiburg [12], Giessen
[47,48], Kingston [42,50], Liverpool [38], McMaster [45], MIT and NBS [49], Naval Research Laboratory [46], Oregon [36,32], Orsay [14],
Oxford [28,41], Patchefstroom [31], Sofia [40], Strasbourg [39,43], and Witwatersrand [30].

bUp to 7.6 MeV, all known levels are listed; above only those for which there exist lifetime data.

“Levels above 8864 keV are proton unbound.

ticles at a target depth of 100 nm ranged from about 80 keV Reactions *°H(*'P,n y)*?S and ®Si(°Li, pny) %S

for 8'03'1'\/'9\/ °Liions in taggalum to about 800 keV for 29- | ifetime measurements were performed at the Accelerator
MeV P ions in gold. A*'P target with a high stopping | aporatory of the University of Helsinki. The experimental
power, essential to the measurement of short lifetimes W'“éetup used in both reactions is the same as that reported in
the *P(p,y) reaction, was prepared by implanting Ref [65]. In the case of théH(®P,n)32S reaction, intense
60-keV 3P (2.0x 10 ions/cnt) into 0.4-mm-thick tanta- competition occurred from the much stronget(3p ’py)szp

lum sheets. Within the implanted region of this target, the;aaction. In some cases theray peaks from®P Wére ana-

energy Ioss_yvas about_5 keV for 1.5-MeV protons. lyzed first. Lifetimes for the®?P levels deduced from that
The stability of the implanted targets under beam bom'analysis are reported in RB5].

bardment was checked by monitoring theray yields. A The 31P*5* and 6Li2" ion beams with intensities of 45—
further.check was made by using the elastic-recoil detec_tior150 and 100-300 particle-nA, respectively, were supplied by
analysis (ERDA) [66] and nuclear-resonance-broadeningihe 5.Mmy tandem accelerator EGP-10-11 at Helsinki. Bom-
methods[67] for deducing the depth profiles of the im- barding energies of 24 and~29 MeV for 3'P ions and 8.0
planted target materials both before and after the DSA meayng 12 0 MeV forLi ions were chosen to optimize the yield
surements. The targets were quite stable with the exceptioghd to monitor the effect of possible feeding transitions on
that some loss of deuterium from the gold-backed target waghe y-ray line shapes. Slightly different bombarding energies
observed in the beginning of bombardment with th®  of the 3P beam were use@4.6 and 29.7 MeV for the gold-
beam. The depth distributions did not change. Based on preyacked target, 24.0 and 29.0 MeV for the silicon-backed tar-
vious studies of implanted targ€88], it was assumed that ge to ensure approximately equal center-of-mass energies
the implanted layer has no significant effect on the slowingfor the ?H(3*P,ny)3?S reaction in both materials.

down of *2S recoils in gold, silicon, and tantalum and, hence, The beams were focused and collimated to>a22mn?

on the extracted lifetimes. spot on the target that was set with its surface perpendicular
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TABLE II. Summary of the experimental conditions and analysis procedures used in the lifetime measurements of *2S levels using the
Doppler-shift-attenuation (DSA) method.

Reaction”
Ref.? v/e (%) (1) Slowing-down medium. (ii) Stopping powers and DSA analysis.®
[42] 3p(p,y) (1) No details given.
0.27 (i1) No details given.
[41] 28(a, ') (i) Evaporated CdS (110 pg/em?) on nickel (1.2 mg/em?).

1.52 (ii) The LSS electronic stopping power [51] was corrected by fe = 1.12, extrapolated from data re-

ported in Refs. [52-54]. See also Ref. [55]. F(7) and Doppler-broadened line-shape analyses.
[26] 2Si(cr, ) (i) Evaporated SiO (93 pg/em?) on copper.

0.54 (i1) The LSS electronic stopping power [51] was multiplied by a correction factor, extrapolated from
data of Ormrod and co-workers [53,54,56]. The LSS nuclear stopping power [51] was approximated by
an analytic expression. Uncertainty in the stopping power not included. F(7) and Doppler-broadened
line-shape analyses.

[36] 3p(p,y) (1) Evaporated Zn3 P, (8-10-keV thick) on gold.
0.20 (i) F'(7) analysis.
[27] 3p(p,y) (i) Evaporated Zn3P (~100 pglcm?) on gold.
0.20 (ii) Uncertainty in the stopping power not included. F'(7) analysis.
[37] 28(p,p'y) (i) PbS (22 mg/cm?), MoS; (8 mg/cm?), or S (5 mg/cm?) on gold.
0.61 (i) F(7) and Doppler-broadened line-shape analyses.
[39] 2Si(cr, ) (i) Evaporated 28Si (98% 28Si, 2 mg/em?) on copper.
0.63 (ii) Uncertainty in the stopping power not included. F'(7) analysis.
[28] 28(a, ') (i) Evaporated CdS (350 pg/em?) on gold (3 mg/em?).

1.87 (i1) A 15% uncertainty assumed in the electronic stopping power. Slowing down in the target and
backing considered. Lifetimes based on F(7) analysis. Doppler-broadened line-shapes used only as a
check.

[29] 28(p,p'y) (1) S (383 pglem?) on gold (100 pglcm?), cooled to 77 K.

0.80 (i1) The effect of a 10% uncertainty in the stopping power included. Slowing down in the target and

backing considered. F'(7) analysis.
[30] ?’IP(p,'y) (i) Red phosphorus compressed to a density of 2.2 gfem?,

0.14 (ii) Stopping power uncertainty not included. F'(7) analysis.

[31] ?’IP(p,'y) (1) Evaporated Zn3P, (10 keV thick) on Cu or Ta backing, and covered by a thin layer of

0.20 Au.

(ii) The electronic stopping power of the LSS theory [51] was corrected by observations of Ormrod
and co-workers [54]. A 15% systematic error in the stopping power was assumed. F'(7) analysis.
[44] 28i(a,n) (i) Evaporated Si0, (92% 2°Si, ~200 pg/cm?) on tantalum.
1.04 (ii) A 15% uncertainty in the stopping power included. F(7) analysis.
[38] 28i(a,n) (1) #8105, (700 and 990 pg/cm?) on gold.

1.12 (ii) Slowing-down in the target and target substrate taken into account. A 25% uncertainty in the

stopping power assumed but not included in the quoted lifetime values. F(7) analysis.
[32] ?’IP(p,'y) (i) No details given. However, see Refs. [57,58].
0.20 (ii) A 15% uncertainty in the stopping power included. F(7) analysis.
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TABLE I1. (Continued).

ReactionP
Ref.? v/e (%) (1) Slowing-down medium. (ii) Stopping powers and DSA analysis.®
[45] 31P(p,'y) (1) Evaporated Zn3 P, (6-keV-thick for 1.5-MeV protons) on tantalum.
0.19 (ii) A 20% uncertainty of the stopping power was included. F(7) analysis.
[43] 3p(p,7) (i) Evaporated P (60 and 90 pg/cm?) on gold.
0.19 (i1) The corrections by Ormrod and co-workers [54] on the LSS electronic stopping power [51] were
applied. A 15% uncertainty in the stopping power was assumed and quadratically added to other errors.
F(7) analysis.
[22,24] Mg(¥8,328") (i) Natural magnesium (78.70% *Mg; 10.13% 2°Mg; 11.17% 2°Mg; thick target).
5.54
Si(328,328") (i) Single-crystal silicon (92.21% 28Si; 4.70% 2°Si; 3.09% 20Si; thick target).
5.72 (i) The total specific energy loss parametrized as
(dE/dox) = (dE/dgz)y, + (dE/dpx)e = — f (v),
where f(v) = Kn(vo/v) + Ke (v/v0) — K3(v/vo) for v <we, and f(v) = A+ B(v/v) +C(v/w)>
for v > ve; vo = ¢/137 and g is the density. The nuclear contribution, (dE /dox )y, was considered to
be important only at velocities v < vg, with the parameter K,, = 1.26K,,(Bohr) where K, (Bohr) is
Bohr’s estimate at v = vy [59]. K, was assumed to have a 25% uncertainty. The electronic contribu-
tion, (dE /dgx)e, was calculated using the effective charge concept of Booth and Grant [60], to inter-
polate the available experimental data. For fixed K,, parameter v, was varied within 1.5 < v, /vg < 10
in order to fit the parameters to the interpolated stopping-power data, requiring continuity of the func-
tion f(v) and of its derivative at v = v.. The electronic stopping power was assumed to have a 5%
uncertainty. The stopping power uncertainties were taken into account. Doppler-broadened line-shape
analysis.
[33] 4He(*2S,a'y) (i) Copper implanted with “He (6x 10!7 atoms/cm?).
5.45 (ii) The effect of a 5% uncertainty in the experimental electronic stopping power from Ref. [69] was
included. An analytic expression reproducing the LSS nuclear stopping power curve [51] along with
Blaugrund’s approximation [61] at low recoil velocities. Doppler-broadened line-shape analysis.
[40] 328(n,n') (1) Thick sulfur targets bombarded with fast reactor neutrons.
0.32 (ii) Uncertainty in the stopping power not included. F'(7) analysis.
[50] ZSSi(a,’y) (i) Evaporated Si or 22Si05 (a few keV thick) on gold. Composition of the deposit mostly SiO.
0.45 (ii) Details not given. F(7) analysis.
[34] *He(¥S,a'y) (i) Fe (2 mg/cm?) implanted with “He on silver.
6.21 (ii) Stopping powers were taken from the tabulation by Ziegler [62]. Stopping power uncertainty
included. Doppler-broadened line-shape analysis.
[12] PSi(, ny) (i) Si0, (88% 2°Si, 300ug/cm?) on tantalum.
1.37 (ii) As in Ref. [26] above. The electronic stopping powers taken from Ref. [63]. A 15% error added in
quadrature to account for uncertainties of the stopping power. F(7) analysis.
This work 2H(?’IP,n) (i) Gold implanted with 2°Ne and *H (3.1 x 10 atoms/em? and 6.2x 107 atoms/cm?,
4.50 respectively). Silicon implanted with H (6.2x 10'7 atoms/cm?).
(ii) Experimentally verified or semiempirical stopping powers as described in the text. Computer sim-
ulation of the slowing-down and experimental conditions. Uncertainty in the stopping power included.
Doppler-broadened line-shape analysis.
This work 288i(°L4, pn) (i) Tantalum implanted with 288i (6.2x 1017 atoms/cm?).

1.84

(ii) As in the previous item.
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TABLE I1. (Continued).

Reaction®
Ref.? v/e (%) (1) Slowing-down medium. (ii) Stopping powers and DSA analysis.®
This work 3p(p,7) (i) Tantalum implanted with 3P (2.0x 10!7 atoms/cm?).
0.21 (ii) As in the previous item.

#Listed in chronological order.

bTn our notation 328(ev, '), for example, means measurements of «y rays in coincidence with alpha particles and 2°Si(cr,n) means measure-
ments of singles v-ray spectra. The v/c values correspond to the initial velocities calculated from the reaction kinematics. Only maximum
values are shown.

“The LSS stopping powers [51] with Blaugrund’s approximation [61] for the large-angle scattering have been used, if not stated otherwise.

to the beam direction. The stainless-steel target holder wabhe 1057-, 1557-, and 1583-keV resonanfel were se-
air-cooled. It was essential to keep the carbon buildup on thicted for the lifetime measurements during which $heay
target surface and oxidization of the target to a minimumdetector was set at 0° and 90° relative to the beam direction.
(especially in the case ofLi™ bombardmentbecause the

interfering 2C+ ®Li and %0+ SLi reactions possess high re- D. Analysis of line shapes

action cross sections. The heat generated by the bombarding The mean lifetimes of the levels i#S produced in the

ion beam and the good v r than 2uPg main- . . .
9 acuutetter than 2uPd ma ifferent reactions were deduced from the analysis of

tained in the target ch kept th it t% : . AN
ained in the target chamber kept the carbon deposition ra oppler-broadene@-ray line shapes. This analysis is based

to a minimum in each experiment. Furthermore, it WasOn computer simulations by the Monte CafdC) method
checked such that the analyzgetay peaks did not overla . ) ; N
yzgeay p P where different factors affecting the line shape are realisti-

with the peaks possibly produced in tHéC+°©Li or O ; :
+5Li reactions. These additional checks were made with 12521y taken into account. In many cases, and especially when

MeV SLi ions incident on targets of tantalum implanted with ghi Yl'rﬁy pgaks overl[aEi thef line ::"haptt; analysis glvles. more
100-keV 2C (10" ions/cnf) or tantalum oxidized to T@s be alde aln more refia ke n otrrn_z Ior?'ft anSFF:(er)t a;a ystl_s
(400 nm thick. The energies of theé’P beam were well ased only ony-ray peak centroid shilts. Selected portions

below the Coulomb barrier for th&C+ 3P reactions of y-ray spectra along with the simulated best-fit line shapes
' are shown in Fig. 2. The inferred lifetime values are col-

lected in Table III.

In the case of high-energy transitionk =2.7 MeV),

The 3'P(p, v)32S reaction studies with a 1.0- to 1.6-MeV contents of adjacent channels in the spectra were summed.
proton beam having a typical intensity ofuA were per- Line shapes recorded at 0° were fitted for all three reactions,
formed at the 5-MV Van de Graaff accelerator of the Insti-but the 90° data were also used in the case offiRép, y)
tute of Nuclear Research in Debrecen, Hungary. The beameaction. Data from measurements with the silicon- and gold-
was collimated to a spot 5 mm in diameter on the targetpacked targets in theH(*¥P,ny)3?S reaction were both
which was set perpendicular to the direction of the beamused, except in the cases of the 4.282- and 5.549-MeV lev-
The target holder provided direct cooling of the target back-els. Their quoted lifetime values are based only on analysis
ing. The collected charge of the spectra varied between 86f the silicon data.
and 200 mC in the DSA lifetime measurements and between In general, the simulated line shape is a sum of the shapes
300 and 600 mC in the branching ratio measurements —eorresponding to the direct prompt and delayed feedings of a
depending on the resonance strength and the detector-targgaite. The sum is weighted by the experimental fractions of
distance.y rays were detected using a 25% efficient Ortecthe feedings. These fractions were obtained from the mea-
HPGe detector. The energy resolution of the spectrometesured populations of thé’S stateqat different bombarding
system was 2.20 keV & ,=1.46 MeV and 3.01 keV at energiesand from they-ray branching ratios reported in the
E,=2.61 MeV. The detector was shielded from the laboraditerature[10-12 and in the currenfP(p,y) experiment.
tory background radiation by 6 cm of lead. Thaay spectra Delayed feeding was significant only in tHéP(p,y) reac-
were stored in an 8192-channel memory with dispersions dfion.
0.7-1.0 keV/channel. To extract a reliable value for a short lifetinge<<100 fg

The y decay of the 1557- and 1583-keV proton reso-especially when the kinematic broadening of a corresponding
nances — most promising for a study of several lifetimes iny-ray line shape is comparable to or larger than the detector
one measurement — were studied using an escape suppressolution and the full Doppler shift, it is important to have a
sion arrangement wherein the HPGe detector was surroundedalistic description for the distribution of initial recoil ve-
with a conical BGO veto detector provided by the Groningenlocities. In the case of théH(3!P,ny) reaction, an iterative
Cyclotron Laboratory. An escape suppression factor of 6 waprocedure, described in Réb5]|, was used. In this method,
achieved. an initial velocity distribution and a level lifetime were de-

The intensities ofy-rays were derived from spectra re- termined by combiningy-ray line shape data measured with
corded with the detector at 55° with respect to the beam axigwo stopping materials with differing stopping powers. The

C. Reaction 3'P(p, y)%%S
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FIG. 2. Selected portions of background-
. " 1 . 1 - corrected y-ray spectra recorded in the
8180 8190 4280 4290 31p(p,y)%2S reaction measurements at the
o " ” 4_' 2' . T 32' T T E,=1557 keV resonance[(a)—(c)], in the
P(p)™S © HCPM™S | (d) 2H(®'P,ny)%¥S reaction measurements at 24.6

o 4282 -0 MeV beam energy (d), and in the
9 2 P2 28Si(5I__i, pnv)%2S reaction measurements at beam
~ Py 4313;78 i energies of 12.0 MeV(e) and 8.0 MeV(f). The
_ﬂ y-ray transitions are denoted in the figur&E
% =single-escape peak,=Ebackground pegk The
o i solid lines illustrate the simulated best-fit line
O . ‘ . . . . 0 '1-| T it shapes corresponding to the lifetimes shown in

4430 4440 4450 4380 2410 4440 4470 Table lll. In (a) the dashed line shows separately
Wr—F—mF—"T7—"7 —— the contribution of the primary—7190 keV
@) 296,81 pn) S - (f) transition and in(c) the single-escape peak of the

4 primary r —5413 keV transition. For further de-
tails, see Sec. Il F. The dotted lines {g)—(c)
correspond to the lifetime values of the levels
adopted previously in the compilation of Ref.
[11].
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energy loss of the bombarding/P ion before the reaction rate such as to reproduce the experimental shapes in the
was also taken into account in the determination of the initiasimulations.

recoil velocity. For each slowing-down simulation, the reac- In the DSA analysis of g, y) data, it is usually assumed
tion depth was selected randomly within the implanfeédl  that the effect of the emission of the primagyray on the
concentration distribution, the selection probability beingbroadening of a secondayray peak can be neglected. This
proportional to the concentration of target atoms. The energ@ssumption can result, however, in a systematic error in the
loss was calculated from the reaction depth using the stopdeduced lifetime as is reported in our recent stifly In the

ping power values of Ref$69] and[70] for 3P in gold and ~ current analysis, the primary-ray-induced broadening was

in silicon, respectively. included in the simulations.

When using théPLi projectiles, levels in%?S can be pro- Except for the slowing-down process described in the fol-
duced via the competing®Si(®Li, pny) and 2%Si(®Li,dy)  lowing, most other aspects of the MC simulation can be veri-
reaction channels. At our incident energies, both reactionfied by analyzing the line shape of an extremely fast transi-
proceed primarily through the compound-nuclear channelion. These include, for example, the effects caused by the
[71]. This observation is supported by the large yield of theﬂnite size of they-ray detectc_ur_ and the instrumental resolu-
unnatural-parity 5.413-Me\J™=3" state in the current ex- juor;.z The ground-state transition from the 8.126-MeV ]evel
periment. When the reaction is of the compound-nucleaf? ~S (7=0.2300.035 fs, see Table)giprowdgd a built-in
type, it has also been showi2] that the 28Si(SLi, pny) cross-check of our analysis for théd(3'P,ny)2S reaction.

31 32 H H it
channel dominates over tR&i(°Li, dy) channel. In the MC In the *P(p, y)°“S reaction, fast primary transitions from the

. : ) resonance states were used for these checks.
simulations, the line shapes were assumed to be produced Vg

the two competing contributions that were weighted with

fractions calculated using the empirical model described in E. Stopping power

Ref.[72]. The initial velocity distribution was calculated by

assuming an isotropic angular distribution in the center-of- The stopping powers of the slowing-down mesdicon,
mass frame for each emitted parti¢igoton and neutron or a gold, or tantalum for 3?S ions were described in the line
deuteron. This approach was found to be sufficiently accu-shape analysis according to the following equation:
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TABLE TIL. Lifetimes of levels in *2S obtained in the current work with the 2H(*'P, ny), 28Si(°Li, pny),
and *'P(p,v) reactions, Lifetime values are corrected for delayed feedings and are based on line-shape analysis,
In our notation 252 40=252440, 57.7 20=57.7+2.0, etc.

2H(*'P,ny) 28i(5Li, pny)* 1P(p,y)°

E, E =24 MeV E =29 MeV Adopted
(keV) 7(fs) T(fs) T(fs) T(fs) T(fs)
2230 25240 25240
3778 1280 130 1300 400 1280 130
4282 60 9 60 10 577 57.7 20 57.8 20
4459 Not measured
4695 400 40 400 40
5006 380 70 380 70
5413 241 35 237 40 240 35
5549 84 15 9512 9112
5798 6.9 30 11.8 30 9.4 30
6224 99 20 112 13 108 13
6411 355 355
6581 Not measured
6621 800° 120 800 120
6666 88 8 88 8
6762 375¢ 50 375 50
6852 Not measured
7002 2312 2.8 12 2.04 7 227
7115 74 3.6 18 2345 255
7190 114 123 11.6 30
7350 Not measured
7434 10.0 18 11.7 14 11.1 14
7485 6.8 20 7.417 6.9 17 7.117
7536 6.3 11 3.310 4715
7567 Not measured
7950 210° 50 210 50

#Measurements done at 8.0 and 12.0 MeV beam energy.

YMost measurements were done at E,=1557 keV.

“Measured at E,=1583 keV.

dMeasured at E,=1057 keV.

“Upto 7.6 MeV, all known levels are listed; above 7.6 MeV we obtained a lifetime value only for the 7.950 MeV
level.

dE dE
FrRER
e
where the numerical values of effective charge&),

Experimental values of the electronic stopping powerwere taken from Ref[69]. The electronic stopping power
(dE/dx), of gold for 32S ions at velocities =2.4% (Bohr  values of tantalum for?S ions were deduced using this for-
velocity v,=c/137, wherec is the velocity of light were  mula and the experimental data of Rigf3] for 2°Si ions. At
taken from Ref.[69]. For lower velocities, the electronic velocitiesv=2vy—4v, the values were observed to differ
stopping power was extended linearly to zerawat0. An  from the semiempirical stopping powers by 3% at most. The
uncertainty of+4% in the stopping power values was as- correctness of th&, scaling was further tested in the case of
sumed. Because experimentally confirmed values are ur?’S ions slowing down in gold. The experimental data for
available, the semiempirical electronic stopping power of?Si ions in gold, taken from Ref.73] and scaled t0*?S
silicon [70] was adopted, with an assigned10% uncer- ions, were compared to experimental values of 9] and
tainty. the semiempirical valuegr0]. Again the differences in the

Experimental data on electronic stopping power of tantavelocity region of 2,—4v, were less than 4%, and no sys-
lum for 32S ions at velocities relevant to the current analysistematic variations between the three stopping powers were
of the ?8Si(6Li, pny) reaction data are also lacking. There- observed. Therefore, the semiempirical values with an as-
fore, semiempirical values from R€f70] were used. They signed+9% total uncertainty were used in the analysis. The
were compared with the values obtained from the effectivequoted uncertainty includes the contributions(igfa +6%
charge parametrizatiorZ{ scaling: uncertainty of the experimental stopping d@¥3], (ii) an

> ® 0 @

dE)ZBL (dE
n

_wz)i(d_E)
o (v2)\dX/
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TABLE IV. Gamma-ray decay of the Ep=1557- and 1583-keV ing down in tantalum 74]. Because abrupt changes in the
resonances in the reaction *'P(p,)*2S. See also Sec. ITF. stopping power are not expected between adjacent atomic
numbers, the same correction f&6 ions in tantalum is used

1557 keV 1583 kev in the current analysis at low velocities. If the correction
Final state E“‘”]:,rlzozf?l}\:/lf v Ef;}ff?igf v factor f, were 1.0 instead of 1.35, the analysis would yield
Ey(keV) J7 anchh;g %) Branching (%) _sllghtly longer lifetimes(for example ;O, 51.5, and 540 fs
instead of 10, 50, and 500 fs, respectiyelgompared to the
0 ot 0.30 8 use of amorphous target structure in the simulations, the in-
2230 2% 76 8 020 3 clusion of the polycrystalline structure resulted in negligible
3778 0F change in the lifetime value, but the improved fit in the ex-
4282 2: 374 26 030 19 perimental line shape reduced its statistical uncertainty.
j‘égz ‘1‘+ 107 10 100 14 At _moderatg and hig.h rgcoil velocities, as in the current
s006 3- 27 3 49 6 experiment with 'FhGZSSI(GLI,pn'y) and 2H(*P,ny) reac-
5413 3+ 12.6 13 0.10° 3 tlons., the mclusmn. of the crystalll.ne structure of the
5549 2+ 33 4 slowing-down material in the simulations would make the
5798 1- 0.30° 6 simulations very time-consuming. In test simulations with
6224 2— 25 3 <0.4° the 28Si(°Li, pny) reaction, for a mean lifetime of about 400
6411 4+ <0.4° fs, it was found that the corresponding line shape can be
6581 04 simulated equally well(less than 1% difference between
6621 4= 82.0 16 amorphous vs polycrystalline backgrourghd much faster
6666 2%* 19.8 18 by a code in which the slowing-down material is assumed to
6762 57 27 4 be amorphous. Therefore, the polycrystalline structure of the
6852 +4+ 1'60b22 backing was taken into account only in the analysis of the
;(1)(1)2 ; +£j 0.20 7 0.30"7 low-velocity 3'P(p, y) data.
7190 ’1+ 15 4 The nuclear s’gopplrjg powed (E/dx_)n was calculated by _
7350 3+ (0.3 0.700 11 the MC method, in which the scattering angles of the recoil-
7434 1- ing ions were derived directly from the classical scattering
7485 2+ 140 18 integral[75] and the interatomic interaction described by the
7536 0t;T=1 universal Ziegler-Biersack-LittmarKZBL) potential [70].
7567 5+ 0.30°6 According to Ref[73], the exact choice of potential is rela-
7637 ot 1t tively unimportant when the recoil velocities are high, as in
7702 37 0.70 9 the case of théH(3'P,ny) and ?8Si(5Li, pny) reactions. To
7883 4F account for possible effects of the uncertainty of the chosen
7885 (0-2)” potential, especially at low velocities produced in thpe)
721 0+’_1+ capture reaction, at6% uncertainty was assigned for
;g;g ‘3‘_ <L(L):Z;b5 ((_jE/dx)n. The uncertaintigs in electronig qnd nuclear stop-
8126 1+:T1 0,200 4 ping powers are reflected in the uncertainties quoted for the

deduced lifetime values.

4The primary transition could not be confirmed by secondary transi-
tions (see Sec. IIF).
YNew transition, F. Results

1. Lifetimes

The lifetime results obtained in this work are summarized
assumed-5% uncertainty of the scaling procedure, &iiid  in Table IlI. Lifetimes obtained with different reactions used
the 4% differences between the semiempirical values andh the current work are in good mutual agreement in all
the values based on tl scaling. cases. This fact supports our belief thiathe current experi-

Although the velocities of the recoiling/S ions produced mental conditions are well controlled in each case énd
in the 3P (p,y) reaction at the current bombarding energiesthe effects that are relevant at different velocities are de-
are so small §<0.3v,) that the nuclear stopping power scribed realistically in the line shape analysis. Our results are
dominates, the effect of the electronic stopping power cannatompared with previously reported values in Fig. 1 and
be neglected. Because experimental data on the electroni@ble I. As can be seen from Fig. 1 and Table |, lifetime
stopping power of tantalum fot’S ions are not available at results from the previous DSA measurements®i8 show
these low velocities, the semiempirical values from Ré8]  wide variations. In order to understand these variations fur-
were corrected by a factor obtained from analysis of experither, the experimental conditions and analysis procedures of
mental range data for chlorine ions in tantallifd]. The MC  the DSA measurements are shown in Table Il. To emphasize
simulation of the experimental stopping data with the inclu-the superiority of the current results, some important points
sion of the polycrystalline structure of tantalum has resultedare discussed below.
in a correction factor of ,=1.35+0.16 for the semiempir- The previous DSA experiments suffer mainly from the
ical electronic stopping power in the case®€l ions slow-  inconsistent target structures, stopping powers without ex-
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perimental confirmation, and analysis methods prone to syperimental arrangements, the current lifetimes, when avail-
tematical errors. Targets consisting of relatively thick layersable, are suggested for the adopted lifetimes. For those levels
evaporated on metal backings limit the accuracy of shortvhose lifetime was not obtained in the current work, we
lifetimes (7<100 f9. The limitations emerge from(i) the  have adopted the weighted averages of the literature values.
unknown composition of the evaporated laybecause of A notable exception is the 4.459-MeV level, for which a
the use of compound materials, for example;Zn SiO,,  reliable lifetime value has been determined in an inverse-
and Pb$, (ii) the reduced density of the target layep to  kinematics(high recoil velocity «y-coincidence experiment
30%) from that of bulk material, andii) uncertain thickness by Simoniset al. [34]. We have adopted their value and
and homogeneity of the target. In the current work, im-rejected the values reported in Ref&8,29,32,40,4]1 be-
planted targets with stable and well-known structure werecause the latter experiments had serious difficulties related to
used. The low recoil velocities and LSS stopping powers irthe overlappingy rays from the 4.459-2.230-MeV and
combination with the Blaugrund approximation can cause2.230—0-MeV transitions.

systematical errors, which are not properly taken into ac-
count in the previous works. The error analysis of the stop-
ping power is totally lacking in many cases, while some
authors take an unfounded and large error value that is added (&) Decays of the f=1557- and 1583-keV resonances.
quadratically to the statistical errors. In the current work, theln this paper, we present the results obtained only from the
uncertainties arising from the uncertainties in the nuclear anfp=1557- and 1583-keV resonances. Thg=1583-keV
electronic stopping powers are realistically included in the'ésonance, by itsy decay, is strongly connected to the
MC simulations. The electronic stopping power was eithenegative-parity bound states. Even though this decay has
experimentally known or semiempirical approximation veri- been measured several tin@4,43,43, some discrepancies
fied by Comparing with scaled Stopping powers, and theremain. They—ray branching ratios derived from the on-
nuclear stopping power was calculated from a realistic interrfésonance 55° spectra are given in Table IV. The secondary
atomic potential. From the previously reported 92 lifetimedecays of the 6.762-, 6.852-, 7.350-, and 7.950-MeV levels
values, only 5 were deduced from line shape analysis, thwere also studied because their branchings differ strongly in
remaining 87 are fronk (7) analysis. Reliabl& (7) analysis ~ Previous workg31,43,43. Some results from Table IV are

is possible only ify-ray peaks are well separated; otherwisediscussed below.

line shape analysis must be used. Most of the previous works Ex=10.372 MeV:Our branching ratios are in good agree-
utilize also only one type of nuclear reaction, while threement with earlier determinationi81,76 except for a new
different reactions with a total of 7 different bombarding transition(0.2%9 to the 7.002-MeV level and a possible tran-
energies were used here. An important source of error igition (0.3% to the 7.350-MeV level. The 7.350
some of the previous works is the failure to take into account—4.695-MeV secondary transition, if present, could not be
the delayed feedings and detector geometry, all of whictseparated from the single-escape peak of the 5.413
were taken into account in the current work. —2.230-MeV transition.

Although reanalysis of the earlier DSA data might reduce Ex=10.398 MeV:Altogether 18 primary transitions were
the variations in the previous lifetime values, as we observedfientified from this resonance. For nine of these, our branch-
in the case of32P [65], for many instances there are not ing ra_tlos are in re:_isonable agrgement with previous deter-
enough details on the experimental conditions availakée ~ Minations[31,76. Six weak previously unreported primary
Table 1)) to enable any meaningful reanalysis. transitions were identifiegsee Table IVY. Two of these are

Our lifetime value for the 2.230-MeV levéR52+40 fs), E3Visosgatlﬁr ;ctr]z.ir(ljs.itionms/l :;0. the I?vetls atf?.O(iZ t?]no: 8'1|26
although not as accurate as in some studies, is in a go €V, anc the third 1 a Isovector fransition fo the ‘eve

: : 0 at 5.798 MeV. Three more transitions were observed to the
3}%;868222: :(I:I(t:trg;: (\évoel;?:rft;j e?(\(/:i;i%rﬁ;i[tgzgf It:r:)er I_ev_els at 5._413, 7.350, and 7.567 MeV. _(_)nly upper intensity
e . limits are given for the three weak transitions to the levels at
some other levels, the current lifetime results disagreg 554 ‘6 411 and 7.975 MeV. The 3.987- and 4.181-MeV
strongly with previous lifetime data}. For example, in the Casepeaks in our spectrum can represent either a primary transi-
of the 5.413-MeV level, the previoup(y) measurements ion 1o the 6.411-MeV level and a secondary transition to the
suggest a lifetime of-115 fs[31,36,43, while the 0.p")  2.230-MeV level(a choice preferred by Vernote al. [43])
and (a,n) measurements suggestio5 fs[37,38. The life-  or a primary transition to the 6.224-MeV level and a second-
time value adopted in Endt's compilatiphl] is 150+30 fs.  ary transition to the 2.230-MeV level. The placement of a
The current®P(p,y) measuremenfsee Fig. 23)] yields  primary transition to the 7.975-MeV level is uncertain be-
7=237+40 fs when the correction for the contaminating pri- cause the secondary transitions from this légélen in Ref.
mary vy transition { —7.19 Me\) is taken into account while [12]) were not observed.
analyzing the line shape of the 5.432.230-MeV transi- (b) Decays of bound level¥he spectrum taken with good
tion. Without this correction, analysis of the current datastatistics at thé,=1583-keV resonance provided branching
would yield a lifetime value of about 150 fs. The longer ratios for several bound levels it?S. In general, the agree-
lifetime value is supported by the result of 2435 fs ob-  ment with the values given in Table 32.13 of REf0] was
tained in the?®Si(°Li, pny) measurement. reasonable with the following exceptions.
Because of the large variations in the previous lifetime E,=6.762 MeV:This level decays 296% to the 4.459-
data and current improvements in the data analysis and e¥eV level. In our y-ray spectrum, the other strong 71%

2. Gamma-ray branchings



710 A. KANGASMAKI et al. PRC 58

%%SC.UPIAAF-{II‘RP; EXPERIMENT &/EL&UPLA*;;% inten;ity ratio 1:20:10. Brenneisesat al. [12] list only th_e_
transition to the 5.006-MeV level. These three transitions
5 X with intensities of 31%, 60+10%, and 36:10%, respec-
8r 35 5 g tively, together account for 93% of the intensity of the pri-
2;_/_¥ 3 mary t_ransiti_qn. Taking into acco_unt the uncertainties in the
Y —Ir l,‘\‘— vy-ray intensities, this imbalance is acceptable.
15_/7—/§_/—/ ;_\_\ 5
45, = s ="~—_/"
2} / O — ><—i1 Ill. CALCULATIONS
4+
6 4 — z- /—¥1; A. Procedure
37 - T . o .
' ———pt—— Shell-model calculations of excitation energies for both
2 3+ positive- and negative-parity statesifs andy-decay prop-
1 I 8 erties for positive-parity states were performed using the
4 AN " shell-model progranoxBasH [80]. The wave functions for
o~ 4+ . _ . . .
% ST — all p95|t|ve pgrlty ;tates were obtalned by gonstructlng all
N possible configurations within the major oscillator shell de-
;J; G — 0* fined by the @s,, 0ds,, and 1sy, orbitals (sd shel) and

diagonalizing the effective Hamiltonian of Wildenthi].
The y-decay properties for the positive-parity states were
computed using harmonic oscillator radial wave functions
with 7w = (45A 13— 25A"2/%) MeV and effectiveM 1 [81]
» . ot andE2 [82] operators.
2rF To account for negative-parity states, the model space
must be extended beyond ted shell to include % [one-
particle, one-hole (ft—1h)] excitations into the next major
shell — in particular, the ©,,, Ofs;, 1pg;p, and Ipy, or-
bitals. The effective Hamiltonian was chosen to be the
Warburton-Becker-Millener-Brown(WBMB) sd-fp shell
Hamiltonian described in Ref.83]. The WBMB Hamil-
tonian consists of the Wildenthal matrix elements for stoke
shell, McGrory’sfp-shell Hamiltonian for thef p-shell ma-
2g trix elementq84], and a modification of the Millener-Kurath
16=16 interaction for the cross-shell componeni85]. Conse-
quently, when no truncations are applied to sitefp model
space, the Bw positive-parity states are the same as those in
the sd-shell calculations described above.

=%

o
I
(=]
=%

o*

FIG. 3. Comparison of calculated and experimental level
schemes for positive- and negative-parity:0 states in®2S. For
the T=1 states and for additiondl=0 states, see Sec. |l F and In addition to thesd—fp shell excitations, negative-
Table VI. The calculated negative-parity spectrum is shifted down '

by 1160 keV so that the calculated and experimental energies of th@lar'ty d?'éates ca_n also arise fronp11h e>_(C|tat_|ons of the
first 3~ states match. Experimental energies and spin-parity assignq osed ™0 core(i.e., the (p3;; and By, orbitalg into thesd

ments are from Ref. [12]. The uncertain assignment Shell. However, because theld), orbital is essentially filled,
J7™=0—4;7w=normal, given in Ref[12] for the 6581-keV level, is It IS likely that excitations of this type will lie at a higher
here shown in parentheses as J0 excitation energy than thegd— fp counterparts. This con-
jecture is supported in part by the fact that in tihe=
+1/2, A=29-33 nuclei, the lowest experimental
transition [10], 6.762-5.006 MeV, overlaps other transi- negative-parity state ha¥’=7/2" [86]. Hence, the excita-
tions. No peak corresponding to the decay of 6-#82MeV  tion energies of the negative-parity states are based on cal-
is present in our spectrum, contrary to the report in Rf]. culations with only p-1h, sd— fp excitations. In addition,
E,=6.852 MeV: This level decays to the 4.282- and it was found that because of computational difficulties, addi-
4.459-MeV levels with 727 and 27-4% branchings, re- tional limitations on the configuration space were required.
spectively. This is in reasonable ageement with R&€). To keep the number of states with a definite angular momen-
The 6.852-5.413-MeV transition previously reported in tum and isospin manageable, the model space was truncated
Refs.[77-79 was not observed. We give an upper limit of so that no more than three holes in thds@ orbital were
2% for its intensity. allowed. Also, as a result of difficulties encountered while
E,=7.350 MeV:According to Refs[12,77,7§ this level  projecting angular momentum with the shell-model program
decays 100% to the 4.695-MeV level. In our spectrum, thedxBAsH, those configurations with threelf), holes and four
7.350-4.695 MeV transition accounts for only 5945% of  0ds, particles were excluded from the calculation. These
the intensity of the primary transition. Therefore, the 7.350-limitations are based on the earlier shell-model study’fér
MeV level may decay by other unknown branches as well. [65], where it was noted that the overlap between the wave
E,=7.950 MeV:The three observed transitions from this functions for the positive-parity states obtained with a simi-
level to the 4.459-, 5.006-, and 5.413-MeV levels bear arar truncation on the ®w space with those obtained from the
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TABLE V. Experimental reduced B(E1) transition probabilities L I B B
in *2S. The branching ratios and M 2/E1 mixing ratios are from 2 i ® |
Ref. [11]. In our notation 115 2/=115421 etc. 105 E T E
- . -
Initial state Final state B(E1) 2 I C ’0. ]
E(keV) JT E(keV) JT (LW.u.) L2107k ®eo 4
€ SE VV C ® ]
50067 37 2230 2f 11521 e of 1
$ 10'F % E
5798 17 0 oF 53017 < sk ¢ ;
e ¢ ° ]
6224 27 2230 2f 140 17 10° .
5F =
6621° a7 4459 af 26 5 L e ]
5413 3f 9.6 20 g0 bl vl il il
10 2 510 2 510 2 510" 2 5 10" 2
6762¢ 57 4459 af 61 17 Calculation (fs)
7434 1 o 0f 127 36 FIG. 4. Calculated mean lifetimes compared to those experi-
2230 2T 124 64 mentally determined. Experimental upper limits are shown by open
3778 03 360190 triangles. Calculated lifetimes agree with experiment to within a
factor of 5 inside the shaded region.
7950¢ 45 4459 4f 3213
5413 3f 85 35
2 B(E3;5.006—0)=30 7 W.u. 6.581 MeV, the experimental and calculated positive-parity

b B(M?2:6.621-2.230)=0.08 2 W.u.; B(M2:6.6214.459)=0.09 6  States match almost pe_rfgctly up to the excitation energy of 7
Wa.; B(E2:6.621-5.006)=11.7 17 W.u. and B(M1;6.621—  MeV. The average deviatio@bsolute valugbetween theory

5.006)=0.21 4 mW.u. and experiment is 85 keV and the root mean square)
°B(E?2;6.762—5.006)=15.3 25 W.u. deviation 261 keM17 keV and 102 keV, respectively, if the
4Branchings from the current (p,~) experiment (see Sec. ITF). 6581-MeV level is excluded One-to-one correspondence
B(E2;7.950—5.006)=1.7 5 W.u. and B(M 1,7.950—5.006)=0.035  petween experimental and calculated levels can be further
23 mWu. established up to 8.2 MeV and with slightly less confidence

up to 9.1 MeV. At excitation energies above 7.0 M€V,
=1 states are also present, and for those states that can be
full sd-shell calculation was approximately 90%. Finally, the identified with some confidence, the calculated excitation en-
excitation energies for the negative-parity states were takeergies agree well with the experiment even up to 10 MeV.
relative to i w states obtained with the same model-spacgSee Ref.[65] for further discussion on th& =1 analog
truncations. As in Ref[65], the effect of the model-space states in3?P) Despite the severe truncation applied in the
truncations makes it difficult to predict the excitation ener-calculations, a one-to-one correspondence for negative-parity
gies of the negative-parity states relative to the positivestates is found up to 8.2 Mefand up to 9.1 MeV at a lower
parity states with an accuracy much better theah5 MeV.  |evel of confidence The calculated negative-parify=0
At this point, they-decay properties of the lowe$t=0,  states, shown in Fig. 3, have been shifted 64160 keV
negative-parity states are difficult to describe theoreticallyg|ative to the positive-parity statdsee Table VI for the
with reasonable accuracy. First of all, after correcting for the,,shifted energiggo match the energy of the lowest experi-
recoil of the center of mass, the isoscelidr charge is iden- | \oha1 37— 3~ state. which is the lowest negative-parity
tically zero[87]. In addition, negative-parity states may also state. The chosen erylergy shift is almost equal to the energy
decay iaM2 transitions. Currently, little information is shift needed to minimize the rms deviation between the ex-
available regarding the effectivEl and M2 operators. perimental and calculated level energies
Therefore, this work primarily focuses on electromagnetic To test the calculations further and to iaentify matches for
transitions between the positive-parigyg-shell states. In the : : .
; T ) . . those states that have no obvious counterpart in the predicted
future, when the computational restrictions imposed in this ectrum, electromagnetic decay properties were also exam-

work are no longer necessary, a more comprehensive stucﬁed. The branching and mixing ratios calculated from the

2:):2; S ee;sf?glg_rohﬁgzr;:]evih(i)lghtehgeegxfi)t(le\/r?rfear‘gqsltf)iti;um;y bG’Eﬁeoretic_aIM 1- and E2-tran_sition mat_rix elements are com-
are summarized in Table V. pared with the corre_sp_ondmg experimental ya!ues in Table
VII. Because only a limited number &2/M 1 mixing ratios
for positive-parity states and2/E1 mixing ratios for
negative-parity states are experimentally known, we have
Shown in Fig. 3 and Table VI is a comparison betweenchosen also to compare the calculated lifetimes with experi-
the experimental and theoretical spectra for both positivement. This comparison is shown in Table VI and Fig. 4.
and negative-parity states. With the exception of the level aOverall, the agreement is good. Indeed, only three cases ex-

B. Results



712

A. KANGASMAKI et al.

TABLE VI. Comparison of experimental and calculated level energies and lifetimes in

Experiment?® Calculation® Experiment Calculation®
Eg(keV) JT T Eg(keV) JT T 7(fs) 7(fs)
0 0t 0 0 of o
2230 2t 0 2148 2t o 243 11 302
3778 ot o 3748 05 0 1280 130 2023
4282 2t 0 4353 230 57.8 20 415
4459 4t 0 4698 4f o 207 29 215
4695 1t 0 4705 1f o 400 40 733
5006 30 6166 37 0 380 70 c
5413 3t o 5499 3t o 240 35 110
5549 2t 0 5490 270 9112 82
5798 1= 0 7167 17 0 9.4 30 ¢
6224 270 7649 27 0 108 13 c
6411 4t 0 6265 4 0 355 76
6581 0440 7388 0f 0 ¢ 135
6621 4= 0 7277 470 800 120 ¢
6666 2t 0 6695 270 888 148
6762 570 7778 570 375 50 c
6852 4t 0 6866 4t o 9525 92
7002 1+ 1 7058 11 227 0.7
7115 2+ 1 7052 2t 1 255 2.3
7190 1t 0 7125 1o 11.6 30 68
7350 3t o 7626 3fo e 128
7434 1= 0 9328 1; 0 11.1 14 ¢
7485 2t 0 7563 2t o 7.117 81
7536 ot 1 7312 of 1 4.715 104
7567 5t 0 7634 510 150 32 153
7637 o+,1t 0 8019 of o e 60.5
7702 370 8688 30 ¢ ¢
7883 4t 0 8131 4f o ¢ 109
7885 (02~ 0 9157 250 ¢ ¢
7921 ot,1t 0 8691 0F 0 ¢ 65.2
7950 4= 0 9435 45 0 210 50 c
7975 370 9111 30 <30 ¢
8126 1+ 1 8099 151 0.230 35 0.224
8191 4t 0 8990 4t 0 ¢ 39.8
8270 5370 10207 5 0 <60 c
8281 3t o 8241 370 ¢ 185
8296 30 9859 3 0 e c
8344 2t 1 8187 21 ¢ ¢
8346 6+(4T) 0 8854 67 0 <40 20.0
8380 2~ or(1-3)* 0 9581 2, 0 e c
8407 2t 0 8284 2r o ¢ ¢
8492 1= 0 10017 13 0 e c
8507 0t 0 9180 0f 0 e ¢
8690 2t 0 8647 2f o e ¢
8729 3T 140 8580 3t 1 ¢ ¢
8746 3% 0+1 9421 30 e ¢
8861° 2t 0 8922 250 ¢ ¢
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TABLE V1. (Continued).

Experiment® Calculation® Experiment Calculation®
E (keV) JT T E (keV) JT T 7(fs) 7(fs)
9023 370 10332 350 ¢ ¢
9024 67(47) 0 9825 6, 0 2658 55 ¢
9060 12~ o 10703 2, 0 ¢ ¢
9065" 4t 0 9427 4t 0 88! 8 71.2
9235 250 8918 5f 0 <608 16.3
9783 6+(4T) 0 9636 65 0 1358 12 6.8

aThe experimental energies and spin-parity and isospin assignments are from Refs. [11,12].

In Fig. 3, the calculated negative-parity spectrum is shifted down by 1160 keV so that the energies of the first
3~ states match.

“Lifetimes are calculated only for positive-parity states in the cases where either the lifetime or the branching
ratios are experimentally known.

dNatural-parity state.

“Lifetime not measured.

fLevels above 8864 keV are proton unbound.

8The given lifetime corresponds to the total width of the level.

"Below this energy, all known levels are listed.

iThe given lifetime corresponds to a total radiative width I'y=7.44 67 meV [50].

JThe inversion of the calculated 4;" and 42' states would yield the lifetime value of 7=17 fs.

hibit a deviation between experiment and theory that is largel™ states[at 7.058, 7.125, and 8.099 Mel¢ee Table VI
than a factor of 5. that we have identified with the experimental levels at 7.002,
In the cases where the mixing ratio is known experimen-7,190, and 8.126 MeV, respectively. If the levels at 7.637
tally or the transition is a pure multipole, we have in Tableand 7.921 MeV indeed ad=1", T=1 states as suggested
VIl compared the experimentall 1 andE2 reduced transi- jn Ref. [92], they have no theoretical counterparts. More-
tion probabilities with the calculated values. In the calcula-gyer, these two levels would then correspond to excitations
tion of predicted lifetimes(see last column of Table Y1 iy 325 5 0,634 and 0.918 MeV, respectively. Such levels
experimental energies were used. From these lifetimes angl, e neither been observed nor predicted. Brenneisah

the calcglat_eq branching_and mixing ratios giyen in Table[lZ] have also noticed this discrepancy and have changed the
VI, the individual transition strengths or matrix elements ;- assighments of the 7.637- and 7.921-MeV levels from

can be deduced as more experimental mixing ratios becoméaefinite T to J7=0",1". We favor this change. We then

available. proceed to identify these levels with the theoretically calcu-

Referring to Table VI, the first experimental level missing q T i
an obvious corresponding model state is at 6.581 MeV. Thited ; , T=0 and @ . T=0 states at 8.019 and 8.691 MeV,

level is excited strongly ind,«') and is observed to decay 'eSPectively(see Table VI even though the energy agree-

only to the 2.230-MeV leve[88]; therefore,J”=0", 1-,  Mentis poor.

2%, 37, or 4*. In the calculated spectrum of positive-parity ~ AS can be seen from Tables VI and VII, the calculated
states, the first predicted state without a corresponding exXevel energies, branching ratios, and lifetimes for tie
perimental level is the third™=0*,T=0 state at 7.388 =5" and 6" high-spin states irf°S are in good agreement
MeV to which the 6.581-MeV level is identified here. The with experiment. This behavior is contrary to the common
J7™=0",T=0 assignment is also favored in RE92] on the  thinking that the high-spin, high-energy states suffer from
basis of f,p’) angular distribution. On the other hand, mixing with the components outside thel model space
Brenneisenet al. [12] assign negative parity to the 6.581- more than the low-spin states.

MeV level [leading toJ”=1" or 3~ when combined with The experimental and predicted reduced transition prob-
the (a,a') resultd on the basis of calculations using a weak abilities are listed in Table VIII and illustrated in Fig. 5.
(quadrupole-octupole phonprcoupling model. However, They are in reasonable agreement. Only 4 out of the 21 re-
our calculated negative-parity spectrum does not easily allowucedE2 transition probabilities compared herein are dras-
association of the 6.581-MeV level to any negative-paritytically underestimated, while all others are predicted to
state below 8.5 MeV. within a factor of 5. As in the case 6fP [65], good agree-

A systematic study o8"=0" and 1" states(with pos- ment between theory and experiméwithin a factor of 2 is
sible T identification in sd-shell nuclei was attempted by achieved for the cases where the predicted red&&dran-
Crawleyet al.[92] by measuring the angular distributions in sition probabilities are in the range0.2—10 W.u. On the
high-energy(201-MeV) (p,p’) reactions. In3?S, these au- other hand, the smaller theoretical redude@ transition
thors have identified five "1 states between 6.9 and 8.2 probabilities tend to underestimate the experimental data.
MeV. In our shell-model calculations, there are only threeTwo out of the four discreparE2 transitions are from the
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TABLE VII. Comparison of experimental and calculated branching ratios and mixing ratios for positive-parity states in *2S. Only those
branchings that differ significantly from zero are given. All J™ assignments are from Refs. [11,12].

Initial state Final state Branching (%) Mixing ratio §(E2/M1)?
E(keV) JT E;(keV) JT expt.b calc. expt. calc.
2230 2t 0 ot 100 100
3778 ot 2230 ot 100 100
4282 2t 0 ot 8596 90.1
2230 2+ 14.16 9.92 +16 2 —8.4
4459 4+ 2230 ot 100 100
4695 1+ 0 ot 40 1 12.0
2230 ot 60 1 88.0 +0.52 —0.63
5413 3+ 0 ot <1
2230 ot 100 96.7 —7.5°19 -10.9
3778 ot <4
4282 ot <3 2.64 -39
4459 4+ <1 0.70 —24
4695 1t <1 <0.01
5006 3~ <2
5549 2t 0 ot 40 1 80.0
2230 ot 60 1 17.7 —0.554 20 —4.8
3778 ot <1 1.85
4282 ot <1 0.26 —0.71
4459 4+ <1 <0.01
4695 1+ <1 0.21 —2.5
5006 3~ <04
5413 3+ <5 <0.01 —0.01
6411 4+ 0 ot <4
2230 ot 100 88.7
3778 ot <3
4282 ot <5 6.55
4459 4t <5 4.66 —4.8
4695 1+ <10
5006 3~ <3
5413 3+ <2 0.04 -2.7
6581 04t 0 ot <3
2230 ot 100¢ 43.3
4282 ot 56.0
6666 2t 0 ot <3 21.1
2230 ot 524 4.62 +1.9
3778 ot 48 4 62.6
4282 ot <7 1.95 +1.8
4459 4+ <3 2.80
4695 1+ 6.80 +2.1
5006 3~ <4
5413 3t <1 0.07 —0.17
6852 4+ 0 ot <7
2230 ot <7 44.1
3778 ot <8
4282 ot 736 35.0

4459 4+ 176 18.4 +0.93¢( # 37
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TABLE VII. (Continued).
Initial state Final state Branching (%) Mixing ratio §(E2/M1)?
E (keV) JT E,(keV) JT expt.b calc. expt. calc.
4695 1+ <6
5006 3~ <2
5413 3+ 104 2.46 —0278 7 —35
7002 1+:7=1 0 ot <1 25.2
2230 o+ 100 71.1 —0.006
3778 ot <3 0.94
4282 ot <2 2.20 +0.003
4459 4+ <2
4695 1+ <1 0.47 —0.09
5006 3~ <2
5413 3+ <1 <0.01
7115 2+.7=1 0 ot 31 6.23
2230 2+ 852 65.9 —0.3810 37 +0.09
3778 ot <14 0.03
4282 2+ 31 0.24 —0.13
4459 4+ <1 <0.01
4695 1t 91 24.6 —0.010
5006 3~ <1
5413 3+ <05 0.19 —0.051
5549 ot 2.77 +0.015
7190 1+ 0 ot 40 8 29.8
2230 o+ 60 8 57.5 +5.3
4282 2+ 2.73 +2.0
4695 1+ 7.45 +12.0
5549 ot 1.85 +4.1
7350 3t 2230 o+ 15.8 +0.77
4282 o+ 2.61 +1.85
4459 4+ 12.6 —0.31
4695 1+ 1001 63.9
5549 2+ 3.89 +6.3
7485 2+ 0 ot 100 19.9
2230 2+ 35.8 -9.2
3778 ot 21.7
4282 2+ 1.06 —36.4
4459 4+ 2.27
4695 1t 11.7 —18.5
5413 3+ 2.53 +8.5
5549 ot 4.63 +3.0
7536 o+ T=1 2230 2+ 72.6
4695 1+ 100 26.4
7190 1t 0.97
7567 5+ 4459 4+ 70110 745 —9.7° %7, +12.5
5413 3t 30! 10 2.9
6411 4+ 2.52 —8.0
7637 ot,1t 2230 ot 85.9
4282 2t 100t 0.003
4695 1+ 6.15
5549 ot 5.53
7002 1t,7=1 2.36
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TABLE VII. (Continued).
Initial state Final state Branching (%) Mixing ratio §(E2/M1)?
E (keV) JT E,(keV) JT expt.b calc. expt. calc.
7883 4+ 2230 o+ 755 12.3
4282 o+ 29.0
4459 4+ 17.1 —52
5006 3~ 141 5
5413 3+ ‘ 7.06 —4.0
5549 o+ 115 33.8
7921 ot,1t 2230 o+ 100t 51.9
4282 2+ 414
4695 1t 1.88
7002 1t,7=1 4.34
8126 1+;T=1 0 o+ 87 4 78.3
2230 o+ 134 21.3 —0.06
8191 4+ 2230 2+ 82.8
4282 2+ 18 3 0.61
4459 4+ 281 6 6.14 +7.2
5413 3t 24i 5 9.88 49.9
5549 2t 30t 6 0.09
83465 6t 4459 4+ >80t 99.0
9065 4t 2230 2+ <1 45.2
4282 2+ 12t 1 34.5
4459 4+ 30' 3 2.36 —11.4m 8 —2.59
5413 3+ 58l 4 0.23 +4.1m 6 +0.36
5549 2+ 114
6666 o+ 2.43
9235™" 5t 4459 4t 50? 5 34.0 —42.6
5413 3+ 50t 5 54.5
6411 4+ 1.18 —4.7
6852 4t 10.1 —4.4
9783k 6t 4459 4+ 100t 97.7
6852 4+ 0.99
7567 5t 1.22 —4.8

4The sign convention of Rose and Brink [89] is used for the mixing ratios. Unless otherwise noted, the experimental values are from

Refs. [10,11].

bBranchings are from Ref. [10], except where explicitly noted.

“The mixing ratio is from Ref. [12].

4The mixing ratio is from Poletti and Grace [90] who also give a value of |§| > 6.

®The branching is from Ref. [88].

fRef. [12] gives also |§| > 4. Henteli [91] gives |8] < 9.

8The mixing ratio is from Ref. [91].
hThe mixing ratio is from Ref. [78].

The branching is from Ref. [12]. In the case of the 7350-keV level, the branching is from Refs. [10,12].

iIn the current work, this transition is observed to account for 59% of the intensity of the primary transition, the rest is unknown.
kRef. [12] states also J™=4"1 as a possible spin value.

I'The branching is from Ref. [50].
™The mixing ratio is from Ref. [50].

IRef, [12] states J =2-5 as possible spin values. The calculated values suppose JT=57.
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TABLE VIII. Comparison of experimental and calculated reduced M 1 and E2 transition probabilities be-
tween positive-parity states in *2S. The experimental values are based on data given in Tables VI and VII.

Initial state Final state B(M1) (mW.u.) B(E2) (W.u.)
E(keV) JT E;(keV) JT expt. calc. expt. calc.
2230 2f 0 of 1015 81
3778 of 2230 2f 11912 75
4282 2f 0 of 1385 20
2230 2f 0.0353¢ 0.12 895 838
4459 4f 2230 2f 11917 114
4695 1 0 of 0313  0.05
2230 2f 255 18 04429 05
5413 3f 2230 2f 0.074 007 173 3.6
5549 2f 0 of 0.11315 02
2230 2f 4429 0.8 053 07
6411 af 2230 2f 304 12
6666 25 3778 of 375 238
6852 4f 4282 2f 9226 4.6
4459 af 20012 03 Le°9 32
7115 2+, T=1 0 of 0.094  0.20
2230 2f 8116 78 216 012
7190 i 0 of 3.010 04
7485 2f 0 of 0.8119 001
7536 (oF,T=1) 4695 1f 300100 4
7567 57 4459 af <0.05 0.03 226 23
5413 3f 4718 44
8126 (1F,T=1) 0 of 22040 207
9065° af 4282 2f 0.0749 024
4459 af 0.008 % 0.013 0223 0.0017
5413 3f 0247 0017 1.29 15 0.00072

2The mixing ratio |8| > 6 would yield B(M1)<0.15 mW.u. and B(E2)=2.1 3 W.u.

PThe mixing ratio of 4 < |§| <9 would yield B(M1)=0.046 73 mW.u., and B(E2)=3.2 16 W.u.

°The inversion of the calculated 475" and 42" states would yield B (M 1;9.065 —4.459)=0.018 mW.u.,
B(M1;9.065 —5.413)=0.037 mW.u., B(E2;9.065 —4.282)=0.023 W.u., B(E2;9.065 —4.459)=0.28 W.u.,
and B(E2;9.065—5.413)=2.01 W.u.

9.065-MeV level(see next paragraphThe remaining two mixing ratios remains in the inversion. The experimental
E2 transitions are from 2 states at about 7.5 MeV, and may lifetime of the 9.065-MeV state does not, however, support
suffer from mixing of intruder configurations as is suggestedthe inversion(see Table V). The lifetime value of the 8.182-
in the case of?%Sj [93]. In the case of the reducedll  MeV state is unknown.
transition probabilities, the agreement between experiment Because of the success of the spherical shell model in
and theory is not quite as good, although half of the transireproducing the experimental data, we have not pursued the
tions are reproduced to within a factor of 5. The remainingalternate description of°S levels in terms of the deformed
M1 transitions are systematically underestimated in the calNilsson-Strutinski model. However, there is some evidence
culations which may indicate isospin mixing in the experi- for the latter. The 2.230-, 3.778-, 4.282-, 5.006-, 5.413-, and
mental wave functions. The overall agreement for khé 6.411-MeV levels are excited in the current experiment with
transitions in®2S is about the same as in the casé#t[65].  SLi projectiles. Of these, the 3.778-, 4.282-, and 6.411-MeV
The comparison of the measured and calculated reducddvels belong to the proposed superdeformed band, predicted
E2 transition probabilities suggests that thé 4nd 4; by the Nilsson-Strutinski calculation®]. It has been ob-
states, identified with the experimental states at 8.182 angerved that the direct alpha transféLi(dy) reaction chan-
9.065 MeV, appear inverted in the predicted spectfgsee nel excites strongly levels aif-particle—four-hole G p-4h)
Table VIII). The inversion would bring the predictions for character. For instance,p44h states in the doubly magic
the two grossly underestimateBi2 transitions from the !0 and “°Ca nuclei are strongly excited by direct alpha
9.065-MeV state into an excellent agreement with experitransfer[94,95. The 4p-4h states have been interpreted as
ment, while the accuracy of the predictions for otvet and  belonging to superdeformed band$@) or deformed bands
E2 transitions would remain roughly equal. The disagree{*°Ca) [96]. In the case of*’S, the observed strong transi-
ment between the experimental and predicted branching artibns are interband and not intraband. Therefore the descrip-
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R I B B BN IR tion of these states in terms of a superdeformed band cannot
B(M1) L] be strongly supported.

-
o
T
L J

IV. SUMMARY

Lifetime values have been measured for 20 bound levels
out of ~31 known levels below the excitation energy of 8.0
MeV in 32S. The results based on reliable stopping powers in
the DSA analysis and realistic MC simulations of the experi-
mental conditions remove the large uncertainty of the life-
time values of excited®’S levels reported in the literature.
Shell-model calculations are able to reproduce the measured
- - - - . lifetimes to a reasonable degree. Also, the electromagnetic
10 10 10 10 10 transition strengths are in most cases predicted correctly. A
more detailed comparison requires additional information
such as unambiguou3™ and T assignments and data on
E2/M1 mixing ratios.
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