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Mean lifetimes of 22 bound levels and upper lifetime limits of four more level&mbelow an excitation
energy of 6.4 MeV were deduced from the Doppler-shift attenuatioprafys produced in the inverse reaction
2H(%P,py). Of these 26 levels, the lifetimes of six levels are reported here for the first time. The low-lying
portion of the level scheme, the level lifetimes, and $heay branchings and reduced transition probabilities
have been compared with shell-model predictions. The overall agreement is reasonably good.
[S0556-28187)02904-X

PACS numbsds): 21.10.Tg, 23.20-g, 27.30:+t

I. INTRODUCTION variations becausé) targets with layered structurgghat

make DSA analysis complicatedvere used(see Table I

In the case of the self-conjugate nucle%im, it has and Sec. Il ¢ (ii) recoil velocities were quite low, angii)
been showri1] that the shell-model level scheme calculatedthe stopping powers were in most cases small and poorly

in the 0ds, 1S, 0ds), Space agrees reasonably well with ex- Known. A systematic remeasurement of lifetimes is therefore
periments up to an excitation energy of 13 MeV. A moreWarranted independent of any other reason. These results are

stringent test of model wave functions is provided by com-féPorted in Sec. II.

parisons of electromagnetic observables and, in a rece|i1tt.Du”nlgzthle I"’;]St degade,fun}runcamdis?ell[-model galqu—
study [2], one-third of the~30 experimentally determined ations[12-14 have been fairly successful in reproducing a

matrix elements ir?%Si for states above 6 MeV were found ' 2/9¢ Pody of spectroscopic data pertaining to the low-lying

0 b | ducettiffering by a factor of 2 e portion of the level schemes of several nuclei in the
0 b€ poorly reproducettiiiening by a tactor ol £ or mo 18<A< 38 region. A comparison between experiment and
by existing shell-model calculationgBelow 6 MeV, there

v three K . %5 h i calculation for®2P is therefore of interest in determining the
are only three known excited states‘itSi and three signifi-  yeqree of this agreement. This comparison is made in Sec.

cant matrix elementsTo extend such comparisons to other ||| Our conclusions are given in Sec. IV.
sd-shell nuclei, a study of transition strengths 3g8,¢ (an-
other self-conjugate nucleusvas begun by means of the
3P (p,y), %Si(®Li,dy), and 2H(®**P,ny) reactions. During Il. EXPERIMENT
the analysis of the data from the last-mentioned reaction,
it was noted that the competingH(®*'P,py) reaction
leading to levels inféPn was ~4 times stronger than the Lifetime measurements were carried out at the Accelera-
2H(®'P,ny) reaction leading to levels if%S. Therefore, it tor Laboratory of the University of Helsinki using the
was imperative that the data should be analyzed first to sepaH(**P,py) %P reaction. This reaction dominates over the
rate out the®?P part. Lifetimes deduced from this analysis competing ?H(*'P,ny)*S and 2H(*'P,ay)**Si reactions,
are reported in this paper. and the level scheme of?P is simple enough such that
Previously reported3—11] lifetime values in 3P are singles measurementsvith good statistics were deemed
listed in Table I. Except for the 78-keV level, all lifetimes sufficient. High recoil velocitie$3.8—4.3 % of the velocity
have been obtained using the Doppler-shift-attenuatio®f light) produced during the aforementioned reaction guar-
(DSA) method. Table Il lists the nuclear reactions used andnteed that the slowing down of recoilingP nuclei took
contains a summary of the stopping conditions. As seen frorflace at velocities at which the electronic stopping poer
Table |, the lifetimes of many levels above 2.5 MeV areis experimentally known(ii) is dominant relative to the
either unknown or, if known, have large uncertainties. It isnuclear stopping power, an(i) is close to its maximum
not surprising that previously measured values show wid&alue.
For the current study®’P*®" ion beams of 45—-150 par-
ticle nA were supplied by the 5-MV tandem accelerator
*Electronic address: aki.kangasmaki@helsinki.fi EGP-10-1l. Bombarding energies of24 and ~29 MeV

A. Procedure

0556-2813/97/5&1)/1697118)/$10.00 55 1697 © 1997 The American Physical Society



1698 A. KANGASMAKI et al.

TABLE |. Lifetimes of levels in %P obtained in the current and previous works. In our notation,
520 3= 520", 36536 = 365+ 36, 3.0085= 3.00 = 0.85, etc.

Level Previous work Previous work This workH(3'P,py)
E,? Quoted Quoted Reanalyz8d E=24 MeV E=29 MeV Adopted
(keV) F(7) (%) T Ref. T T T T
78 520 ¥ ps  [3]° not measured 4023 ps
36536 ps  [4]¢
402 13 ps [6]°€
513 13.325 3.00 85 ps [5] 3.3083 ps not measured 2.642 ps
29 >2 ps [8] >2.2 ps
2648 ps  [11] 2.6412
1149 673 270 65 fs [5] 300 60 fs 25518 fs 27119 fs 264 18 fs
59.156 210 44 fs [7] 360 110fs
65.1 29 [7] 31d 90 fs
618 22060 fs [8] 250 80 fs
252 8 fs [11] 260 20 fs
1323 59.115 38080 fs [5] 43080 fs 51035 fs 525 45 fs 487 25 fs
39.824 58055 fs [7] 710 180fs
47 5 350 70 fs [8] 40090 fs
472 17 fs [11] 472 25 fs
1755 50.322 510 110fs [5] 590 120 fs 600 40 fs 63550 fs 621 40 fs
40.2 24 616 55 fs [7] 700 180 fs
39 3 460 70 fs [8] 530100 fs
660 50 fs [11] 66050 fs
2178 90.926 60 25 fs [5] 64 23fs 94 16 fs 78 15 fs 76 14 fs
86.218 91 14 fs [7] 98 25 fs
912 5212fs [8] 57 14 fs
2218 714 21050 fs [5] 23050 fs 260 25 fs 20033 fs 240 25 fs
57551 287 24 fs [7] 380 100 fs
65.6 33 [7] 290 80 fs
69 8 160 50 fs [8] 19060 fs
2230 94.125 36 20 fs [5] 4121fs not measured <50 fs
964 <50 fs [8] <50 fs
2657 1017 <40 fs [7] <40 fs 114 fs 145 fs 12 4 fs
100.38 <10 fs [8] <10 fs
2740 878 70 40 fs [8] 8045fs 167 fs 237 fs 207 fs
3005 86.09 874 fs [7] 97 23 fs 108 16 fs 10316 fs 101 16 fs
88.19 [7] 8721fs
932 4112fs [8] 44 13fs
3149 48.019 51036 fs [7] 570140 fs not measured 594810 fs
353 53080 fs [8] 610110 fs
3264 755 130 30 fs [8] 14540 fs 190 25 fs 147 22 fs 164 22 fs
175 18070 fs [10] 210 $¥%fs
3321 57.612 360 14 fs [7] 400 100 fs not measured 2730 fs
62 4 21040 fs [8] 24050 fs
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TABLE I. (Continued.

Level Previous work Previous work This workH(3'P,py)
E,? Quoted Quoted Reanalyz8Bd E=24 MeV E=29 MeV Adopted
(keV)  F(7) (%) T Ref. T T T T
3443 445 380 80 fs [8] 440100 fs 365 45 fs 400 50 fs 38745 fs
3444 94.917 35 14 fs [71 3815fs not measured 385 fs
3792 not reported 5.0 fs 6.0 20 fs 5.720 fs
3797 89.853 71 38 fs [7] 77 43 fs not measured 743 fs
96 16 <95 fs [9] <100 fs
3880 96.427 28 22 fs [7] 27 19 fs <20 fs <20 fs <20 fs
3990 101919 <10 fs [7] <10 fs <15 fs <15 fs <15 fs
97.0 18 18 8 fs [9] 1911fs
4009 not reported 16@®0 fs 200 40 fs 188 40 fs
4035 926 35 25 fs [9] 4530fs not measured 430 fs
4036 905 4.1 24 fs [10] 5.130fs <3 fs 218 fs 218 fs
4151 92.526 52 20 fs [7] 55 24 fs 28 10 fs 26 10 fs 3010 fs
86 12 70 50 fs [9] 7060 fs
4205 not reported 421 fs 4312 fs 4211 fs
4275 253 770120fs [9] 870160 fs not measured 87060 fs
4313 8310 80 40 fs [9] 9050 fs not measured 9G0 fs
44119 not reported 146 fs 20 3 fs 193 fs
4662 6554 20 3°fs  [10] 20 3P fs 398 fs 407 fs 407 fs
4743 60 10 140 40 fs [9] 160" 70 fs not measured 1600 fs
4877 10714 <3 fs [10] <3 fs 4513 fs 6.6 11 fs 5711 fs
5081 6910 150 50 fs [9] 170 70 fs not measured 1700 fs
5253 919 <85 fs [9] <90 fs not measured <90 fs
5350 6836 16 35 fs [10] 16 3; fs 8.009 fs 719 fs 769 fs
5509 not reported 10.20 fs 10.315 fs 10.315 fs
5779 8322 6 2 fs [10) 5 F#fs 157 fs <3 fs 157 fs
6062 not reported <5 fs 156 fs 156 fs
6196 not reported <5 fs <5 fs
6333 not reported <5 fs <5 fs

3 xcitation energies for the levels at 2178, 2657, 3321, 3792, 3797, 4151, 4411, and 4662 keV are from Ref.
[35] in combination with Ref[34]; all others from Ref[34].
®The F(7) values reported in the literature were reanalyzed in this work. The resulting lifetime values are

listed. For details, see Sec. IIC.
°Proton+y delayed-coincidence measurement in ##e(d,py) reaction.
9Delayed coincidence in th&'P(thermaln, y) reaction.

®Recoil distance measurement with tFSi(a,py) reaction.
Because the feeding fractions are not given in the original paper, these values are really upper limits.

9Up to 4.4 MeV, all known levels are listed, above only those for which there exist lifetime data.

"The reanalyzed lifetime value is based onFgfr) value of 70% instead of the quoted 60%, because there
is an apparent misprint in the original paper. The la&ér) value would yield a revised lifetime value of 220

+ 60 fs.

1699



1700 A. KANGASMAKI et al.

TABLE Il. Summary of the experimental conditions and analysis procedures used in the lifetime mea-
surements of?P levels using the Doppler-shift-attenuatiSA) method.

Reaction
Ref. v/c(%) (i) Slowing-down medium(ii) DSA analysis.

Current 2H(%P,py) (i) Gold implanted with?°Ne (3.1x 10 atoms/cnf) and?H (6.2
x 1017 atoms/cnt), and silicon implanted witt?H (6.2x 108
atoms/cn?).

3.8-4.3 (i) Experimental stopping power as described in the text.
Computer simulation of the slowing down and experimental
conditions. Uncertainty of the stopping power included.
Doppler-broadened line-shape analysis.

[5] 2Si(a,py) (i) Evaporated?°SiO, (100 or 240 ug/cm?) on carbon(230
nglem?).

0.7-1.0 (i) Nuclear stopping power described according to the Blaugrund
formalism [50] using an analytic approximation for the LSS
nuclear stopping cross sectidqd9]. The electronic stopping
power from the LSS theory corrected by=1.0+24.%/c, based
on measurements of Ormrod, MacDonald, and DuckwigZiin.

J. Phys.43, 275(1963]. Targets tilted 45° relative to beam for
v/c>0.8%. Identical stopping powers for SjOand carbon
assumed. A 20% uncertainty in the stopping power included.
F(7) analysis.

[7] 2%Si(a,py) (i) 2°Si0, (700 and 99Qug/cm?) on gold.

0.80, 0.87 (i) LSS and Blaugrund. 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.

[8] 25Si(a,py) (i) Evaporated®®SiO, (184 ug/cm?) on gold.

1.4-15 (i) LSS and Blaugrund. The LSS electronic stopping power was
corrected by a factor quadratic in the ion velocity, based on
interpolation of experimental data reported by Ormrod,
MacDonald, and DuckworthCan. J. Phys43, 275(1963] and
by Fastrup, Hvelplund, and SautfgMat. Fys. Medd. Dan. Vid.
Selsk.35 (10) (1966 ] and on the compilation of Northcliffe and
Schilling [Nucl. Data A7, 233 (1970]. Slowing down in the
target and target substrate taken into account. A 20% uncertainty
in the electronic stopping power includdel( r) analysis.

[9] 25Si(a,py) (i) Evaporated®®SiO, (100 ug/cm?) on gold.

1.7-1.8 (i) LSS and Blaugrund. Similar procedure as in R& (see
previous item. A 10—-30 % uncertainty in the stopping power
included.F(7) analysis.

[10] S1pthermaln, yy) (i) Red phosphorus.

~0.01 (i) LSS and Blaugrund. Recoil velocities are caused by the
primary y-ray emission.y-y coincidences measured between
primary and secondary rays.F(7) analysis.

[11] 2H(®P,py) (i) Evaporated T{218-260rg/cm?) on Cu, Ag, or Au and then
hydrated Ti to TiD in a deuterium atmosphere.

5.8 (i) Stopping power parametrized 8&v) =S, (v) + Ss(v), where

the nuclear stopping power 8,(v)=1.26K2"(v/v,) "t with
KB equal to the Bohr estimate at=v,=c/137 (c is the
velocity of light) [Bohr, Dan. Vidensk. Selsk. Mat.-Fys. Medd.
18, (8) (1948]. Electronic stopping power described by
So(v)=ag(v/ve)[1+a(v/ve) +as(vive)?+az(v/ve)®] ™t with
the parameterss . . . a3) fitted to experimental data of R¢88]
between 2.6y and 12.7,. For v<2.%,, electronic stopping
power linearly interpolated to zero at=0. A 5% uncertainty in
the electronic stopping power included. Slowing down in the
target not considered. Doppler-broadened line-shape analysis.
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8 — : : : : get (for deducing the initial recoil velocity distribution
(@) . % S g was prepared by implanting 30-ke‘3‘H§ molecular ions
T seins . M I (6.2 X 10'® atoms/cn?) into a 0.3-mm-thick, high-purity,

@29.0 MeV
T=1471s

20

1 crystalline silicon wafer. Changes in thgray yields and
line shapes of strong transitions were monitored during the
1 DSA measurements in order to check the stability of deute-
rium implants under beam bombardment. Some loss of deu-
i L terium from the gold-backed targets was observed but the
12— , . . . . changes in the line shapes were found to be negligible. After
J the DSA measurements the targets were further checked by
4 measuring the depth distributions of deuterium using the
. elastic recoil detection analysifRDA) method[17]. Previ-

1.15-0.51
@29.7 MeV
T=2711s

— 051 sL @ 535115
6 MoV ©24.6 MeV
71s 7=8.0fs

T ous studieg 18] on implanted targets indicate that the im-
1 planted layer has no significant effect on the slowing down
7 y of 32P recoils in gold and silicon and, hence, on the extracted
363;) 3660 3690 43‘20 43‘40 43‘80 — Ilfetlmes
, . , , , Slightly different bombarding energies were us@d.6
' y and 29.7 MeV for the gold-backed target, 24.0 and 29.0
MeV for the silicon-backed targeto ensure approximately
equal center-of-mass energies for thd(3*P,py)3?P reac-
tion in both materials. At these bombarding energies, the
average energy loss within the implantation depth was
~1100 keV in gold and~320 keV in silicon.
L L - The 40% efficient, high-purity Gey-ray spectrometer
Eneray (keV) used in this work was operated in the escape-suppressed
mode(in anticoincidence with a BGO annul{ig]) resulting
FIG. 1. Selected portions of background-correcjedhy spectra  in @ suppression factor of4. The energy resolutioffull
recorded in the?H(®'P,py)3%P reaction measurements with deute- width at half maximum(FWHM)] of the spectrometer was
rium implanted in silicor(a) and gold(b)—(f). The y-ray transitions 2.0, 3.1, 4.0, 4.6, and 5.1 keV Bt,=1, 3, 5, 7, and 9 MeV,
and the energies of the bombardiftP beam are denoted in the respectively. They-ray spectra were accumulated in a
figures (SE = single-escape pepkThe solid lines illustrate the 16 384 channel memory with a dispersion of 0.535
simulated best-fit line shapes corresponding to the lifetimes showReV/channel.
in Table I. The dotted lines itb) demonstrate the change inthe line  The Ge detector was set so that its axis was aligned with
shape due to & 25 fs change in the lifetime. The dot-dashed lines the heam direction. The distance between the target and the
in (c) show each contributing transition separately. Line shapes cofg|gsed end of the detector crystal was 55 mm. In this geom-
responding to a lifetime of<1 fs shown by dashed lines {d)—(f) etry, the solid angle of the crystal was 700 msr. A graded
repreze”t thekeffe,‘:t(s )Of readctigc;] ki”emlf‘ti‘f’s' Th‘ihgray'Shadetfj backpsorber2.0 mm lead, 1.0 mm cadmium, and 1.5 mm cop-
ground peaks in{@ an resuit from e compeling — hop \was inserted between the target and front face of the
*H(*'P.ay)*Si reaction and thé*Cl(thermaln, y)*Cl calibration o0 ct0r 10 reduce the high counting rate resulting from low-
source(see Sec. Il A respectively.
energyy rays and x rays.

The efficiency calibration of the-ray spectrometer was
performed with®%Co and %¢Ga sources placed in the target
position. Relative intensities offCo v rays for energies be-

were chosen to optimize the yield froffP levels and to low 2.60 MeV were taken from Ref19] and for higher
monitor the effects of feeding transitions on theray line  energies from Ref[20]. The intensity values for th&®Ga
shapes. Measurements at 20 MeV failed to produce usefu} rays were given by Trzask21], who applied a correction
results because of the much smaller yield of the reaction. factor to the original data of Ref§22,23 for y rays with
The beams were focused onto @22 mm? spot on the  energies 2E<5 MeV. This correction, suggested in Ref.
target that was set with its surface perpendicular to the beafi24], has been recently confirmé¢as].
direction. The stainless-steel target holder was air cooled. The dependence of the efficiency on the angle between
Carbon buildup on the target surface was kept to a minimunthe detector symmetry axis and the directiomyefay detec-
by (i) the heat generated by the bombarding ion beam angion was measured using a collimatétl.5 X 1.5 mn¥)
(i) by maintaining a vacuum better tharu®Pa in the target beam of%°Co v rays. Placed on a turntable, with the exit at
chamber. the center and 55 mm from the detector crystal, the colli-
The deuterium targets with high stopping powers, essenmated source was rotated such that the detector efficiency
tial to the measurement of short lifetimes, were prepared byesponse was mapped as a function of incident angle. The
first implanting 100-keV?%Ne™* (3.1 X 10%ions/cn?) and  measured response was compared with the response calcu-
then 45-keV2H3 molecular ions(6.2 X 10" atoms/cnf)  lated directly from the measuring geometry and detector di-
into 1.0-mme-thick gold sheets with a 120-keV isotope sepamensions, assuming that afl rays hitting the detector are
rator. The?°Ne implantation provides trapping sites o totally absorbed. Because of the good agreement between the
and prevents its diffusiofiL5,16]. A low-stopping-power tar- measured and the calculated response, the latter one—

5.78 - 2.23 466 - 0 SE

10% Counts
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TABLE lIl. Experimental branching ratios for selected levels. In with the “°K laboratory background served also to monitor
our notation, 472 = 47 =2, 53.022 = 53.0£2.2, etc. AlJ™  gpectrometer stability. At a particular bombarding energy, a
assignments are from R¢B4]. typical data set involved data from 10 runkh each that
were summed together.

Initial state Final state Branchin@o)
E,(keV) J™ E, (keV) Jv Ref.[34] Ref.[35]
B. Analysis
2218 2 0 1 47 2 53022 Selected portions of-ray spectra are shown in Fig. 1. In
78 2" 12 2 12113 the line-shape analysis of high-energy transitioBs=2.7
1149 T 92 11114 MeV) contents of adjacent channels were summed. The DSA
1323 2 321 24013 analysis was performed by the computer simulation of
v-ray line shapes with the Monte Can¥iC) method[27—
3264 z 0 1 2.4 2 16324 33]. Using a 120-MHz Pentium-based personal computer,
8 2 121 1264 the line-shape analysis of a particular peak took onI$0
1149 r 46 2 47.85 min if the peak represented a singteray from a level with
1323 2 18 2 16.8528 a short lifetime. However, several days were required to fully
1755 3 11.7° 8 12.6421 analyze a peak if it was contaminated by a nearby peak
2230 r 10.3 9 84715 transition of similar energy from a different level, an escape
peak, etq.in 2P or 2S or some other isotope. Altogether
4009 2 0 1" 313 27715 more than 50 peaks if’P were analyzed during this study.
8 2" 27 3 24215 The efficiency response of thg-ray spectrometer was
1149 T 5.75 included in the simulations. The effect of the finite target
1323 2" 42 7 6.75 thickness on the initial velocity of the recoilinéfP nuclei
1755 3 6.95 was simulated in the DSA analysis by choosing the reaction
2178 3 1.8524 depth randomly according to th&H depth distribution and
2218 2 2.0332 taking into account the energy loss of tA# beam at that
2579 (0-2 51 depth.
2657 2t 2.1635 A simulated line shape was a sum of the shapes corre-
3005 3t 1.4020 sponding to the direct prompt and delayed feedings of a
3264 s 33 4 20.39 level. The sum was weighted by the experimental fractions
3444 (1,2%) 1.1817 of the feedings. These fractions were obtained from the mea-
sured population of thé?P levels(at different bombarding
4151 3 78 ot 759 14 715 gnergie); and from they-ray branching ratios reported in the
1755 3t 4916 literature [34] in combination with recent results35] ob-
2178 3t <4 tamed from a Qetalled study pf th%ll_:’(thermaln,y) reac-
2218 ot 108 12 6.923 t]on. The experimental byqnchmg ra_tlos for most of the levels
2657 > 133 10 12226 listed in Table | are explicitly given in '_I'ables I, IV, and V.
3264 o 5512 For most Ie\_/e_zls, the delayed feedings were _observed to
3149 & <9 have an insignificant eﬁeqt on the deduced Ilfet_lme values.
Four levels that showed significant effects are discussed be-
5509 . 0 1+ 3.0 2 245 low. _In deduc_ing the lifetime value for the 1149-keV level,
. ' ‘ feeding fractions of(29.3 =0.7)%, (1.0 =0.3)%, and
8 2 847 (0.9 £0.3)% from the 3264-, 4009-, and 2218-keV levels,
114% +l . 62 4 69.316 respectively, were used at the bombarding energy-a#
2313 17-37) 423 MeV. At ~29 MeV, the corresponding fractions we(25.8
2740 r 2.24 +0.9)%, (1.0 =0.3)%, and1.1 +0.3)%. Several other lev-
4036 T 23 4 2009 els with short lifetimes and small feeding fractions do feed
4205 T 6.15 the 1149-keV level, but their effect on the deduced lifetime

was found to be negligible. For the 3264-keV level, delayed
feedings from the 4009-keV level with fractions ¢5.0
corrected for the energy dependence of theray *0.6)% and7.0=*0.6)% at~24- and~29-MeV bombard-
absorption—was used for other th&’Co y-ray energies. ing energies, respectively, were taken into account. At both
The energy calibration of the spectrometer up to 8.6 MeVbombarding energies, a fraction ¢4.0 =0.5)% from the
was performed using &°Cl(thermaln,y)3¢Cl [26] source 4151-keV level was used for the 2657-keV level aisdd
which consisted of 10-kg NaCl surrounding an encapsulated: 0.6)% from the 5509-keV level for the 4036-keV level.
252Cft fission sourcelabout 18 neutrons/s Neutrons were The observed line shape depends on the triple angular
moderated to thermal energies in polyethylene sheets thabrrelation between beam direction, emitted proton direction,
were inserted between the fission source and NaCl. Thand y-ray-detection angl€36,37]. This relationship is most
vy-ray detector was shielded from fast fission neutrons byronounced if the level lifetime is short€ 20 fs). Instead
borated paraffin blocks. Th&Cl(n, y) ®Cl source together of including the full triple correlation in the simulation, a

aSpurious level according to R€f35].
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TABLE IV. Comparison of experimental and calculated branching ratios and mixing ratios for positive-
parity states in?P. Only those branchings that differ significantly from zero are givenJAlassignments
are from Ref[34].

Initial state Final state Branchin@bo) Mixing ratio 5(E2/M1)2
E, (keV) J” E, (keV) J” exg’ calc. exp. calc.
513 o* 0 1* 100 100
1149 1 0 1* 757 1.2 +0.73
78 2t 42.8 13 0.5 —-0.14 7 +0.17
513 0* 50 2 98.3
1323 2 0 1* 59.4 10 49.7 +0.35
78 2t 40.6 49.7 —0.22
1755 3 0 1t 215 0.01
78 2 959 5 97.7 +0.79 8 —0.40
1323 2" 2.0 2.2 +0.12 10 —0.01
2178 3 0 1+ 9.0 9 55.1
78 2+ 91.0 39.1 -0.14 3 -0.36
1323 2 <3 1.7 —0.06
1755 3" <1 3.8 —0.05
2218 2t 0 1" 53.0 22 9.8 +0.5 2 +0.95
78 2+ 12.1 13 79.7 +0.04
513 0" 1.0
1149 1 11.1 14 1.6 +0.19
1323 2 24.0 13 7.9 0.03 —0.07
2230 1 0 1* 6 1 0.2 +4.16
78 2t 92 96.0 +0.21
1149 1" <5 1.2 —-0.37
1323 2" 195 2.4 —-0.04
2657 2t 0 1* 69 4 47.5 —-0.173 —0.10
78 2+ 24 4 344 —0.09
1149 1 <1 9.9 —-0.12
1323 2 <2 6.6 -0.07
1755 3" 72 0.7 —0.05
2740 1 0 1* 27.4 10 10.8 —-0.41
78 2t 51.0 +0.11
513 (0 71.0 11 36.2
1149 1 16 3 0.9 +0.27
1323 2t 1.0 —0.50
1755 3* 0.01
2178 3" <0.01
3005 3t 0 1t 6.7 6 21.2
78 2+ 849 8 52.8 +0.41
1149 1" <2 4.8
1323 2" 4.4 14.8 +1.7 8 +0.56
2178 3" 4.0 3 3.3 +0.11 16 +0.39
2218 2t 25 —-0.12
3149 4" 78 2* 71 3 10.5
1323 2t 594 6 8.7
1755 3" 134 6 71.7 +4.8 12 —0.22
2178 3t 20.2 3 9.2 +0.11 4 +0.08
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TABLE IV. (Continued.

Initial state Final state Branchin@o) Mixing ratio §(E2/M1)
E, (keV) J7 E, (keV) J” exp calc. exp. calc.
3444 (1,2%)¢ 0 1* 38 3 35.7 +0.29
78 2* 39 3 30.5 —-0.07
513 0" 71 1.8
1149 1 <8 6.3 -1.32
1323 2 <7 1.1 +0.67
1755 2" <5 3.6 —0.005
2218 2 3.9 +0.04
2230 1+ 16 3 15.6 +0.05
2657 2t 1.4 +0.15
3792 1+ 0 1* 26.8 -0.16
78 2t 100 47.6 +0.08
513 0" 15.3
1323 2 3.6 +0.42
2218 2" 3.3 +0.07
2230 1 2.4 +0.08
37974 (3% 78 2: 22.0 12 63.6 -065 -0.16
1149 1 <2 15
1323 2" 78.0 12 29.0 0.003 —-0.13
1755 3" <3 1.9 +0.02
2218 2" <4 1.9 —0.08
3880 2 0 1* 68 5 34.2 +0.16
78 2t 325 31.2 —-0.35
1149 1 7.9 —0.05
1323 2" 21.2 —0.13
2230 1+ 1.1 +0.02
2740 1 1.3 +0.004
3990 3 78 2" 100 90.4 +0.03
1323 2" 4.8 +0.04
2218 2 2.9 -0.29
4035 4t 78 2t 352 76.0
1323 2t 5.2
1755 3" 65 2 9.3 0.003 —-0.28
2178 3" 1.3 +68.3
3149 4* 7.4 —0.02
4205 1+ 0 1t 5.6 —0.78
78 21 100 68.3 —-0.02
513 0 16.5
1323 2" 2.7 -0.01
2657 2 5.7 +0.05
4313 3 0 1* 4.8
78 21 100 72.3 —-0.11
1149 1 3.6
1323 32; 8.0 —0.07
1755 7.5 —0.02
2657 1 25 —-0.08
4743 5 1755 3 <4 0.6
2178 3" 28.7 11 31.8
3005 3" 12.211 8.6
3149 4* 46.813 50.7 +0.12 4 +0.09
4035 4* 12.37 8.3 +0.03 5 —0.005

#The sign convention of Rose and BrifiRev. Mod. Phys39, 306(1967] is used for the mixing ratios. The
experimental values are from R¢R4].

bBranching ratios for the levels at 2218, 2740, and 3792 keV are from[BS. all others from Ref[34].

°A one-to-one correspondence between the experimental and calculated level schemes can be established
only if spin-parity 2" is assigned to this state.

dn Ref.[34] the levels at 3792 and 3797 keV seen(iny) and (d,p), respectively, are treated as a single

level at 3793 keV. The branchings from these levels suggest that they are distinct.
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TABLE V. Comparison of experimental and calculated branching ratios for negative-parity states. The
two different calculationsi{=2 orn=3, respectively, is the number of holes in thdsQ orbit) are described
in the text. Only those branchings that differ significantly from zero are givenJAlssignments are from
Ref. [34].

Initial state Final state Experimental Calculated branclifry
E.(keV) Jm E.(keV) J7 branching (%) n=2 n=3
3264 2 0 1+ 1.63 24 0.1 23.4
78 2" 12.6 4 95.6 67.9
1149 1 478 5 35 7.1
1323 2 16.85 28 0.1
1755 3 12.64 21 0.2 0.8
2230 1 8.47 15 0.2 0.4

3321 3 78 2" 75 2 65.9 97.2
1323 2 25 2 27.7
1755 3 <4 3.0 0.2
2178 3 1.2 14
2218 2 1.0
2657 2 0.9 11

3443 4 1755 3 94.0 12 4.1 18.6
2178 3 6.0 12 95.8 60.6
3005 3 0.1 20.7

4009 A 0 1+ 27.7 15 68.1 85.2
78 2+ 24.2 15 21.2 5.6
1149 1 575 2.0 4.8
1323 2 6.7 5 21 0.3
1755 3 6.9 5 2.0 1.8
2178 3 1.85 24 0.1
2218 2 2.03 32 0.9
2230 1 3.4 1.9
2657 2 2.16 35 0.2
3005 3 1.40 20 0.2
3264 2 20.3 9
3444 (1,2%) 1.18 17

4036 T 0 1+ 0.23 2 12.3 13
78 2" 322 6.7 0.1
513 0* 67 3 59.9 72.7
1149 1 21 3 18.9 23.2
1323 2 15 2 0.1 0.1
2230 1 379 14 14
2657 2 185 0.6 0.6
3264 2 15 4

4151 3 78 2" 715 63.8 59.3
1323 2t 21.0 20.1
1755 3 4.9 16 5.6 11.9
2218 2 6.9 23 9.4 45
2657 2 12.2 26 0.1
3264 2 55 12

4275 5 3149 4t 23 12
3443 4 77 12

4411 0 0 1+ 87.2 23 2.2 98.5
1149 1 12.8 23 94.6 1.2

2740 1 2.4 0.3

1705
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TABLE V. (Continued.

Initial state Final state Experimental Calculated branclifry
E.(keV) N E,(keV) J” branching (%) n=2 n=3
4877 r 0 1* 9.7 6 9.4 0.1

78 2" 2.8 2 3.8 41.8
513 0" 68 1 56.5 28.1
1149 1 9.1 5.8
1323 2 8.1 5 0.3 13
2218 2 0.2 1.0
2230 1 9.5 7.4
2740 1 4.0 6 9.9 14.4
3264 2 5 1
3444 2 21 5

@Branching ratios for the levels at 3264, 4009, 4151, and 4411 keV are fromi3&&fall others from Ref.
[34].

simplified approach was chosen: The correlation effect waslicted stopping power values were taken from R&8] for
described as aeffectivecenter-of-mass angular distribution velocitiesv =2.4% (vo=c/137, wherec is the velocity of
of proton emission, which was determined from the linelight). The prediction is based on an interpolation of experi-
shape measured with the silicon-backed target. The triplenental data for’’Al and 3°S ions using the effective charge
angular correlation reduces to an ordinary angular distribuformalism. For lower velocities, the electronic stopping
tion if the y rays are observed with a point detector at 0° power was extended linearly to zerowat 0. The electronic
with respect to the beam directigB6]. Our setup approxi- stopping power of silicon was obtained from RE§9]. The
mates these conditions. uncertainty in §E/dx), was = 6% for gold and*11% for
Because the effective angular distribution is not knownsilicon. These uncertainties are reflected in the uncertainties
initially, an iterative procedure is necessary. An isotropic anquoted for the deduced lifetime values.
gular distribution used for the simulation in gold yields the  The nuclear stopping powed E/dx),, was calculated by
first approximation for the lifetime. This value is then usedthe MC method, where the scattering angles of the recoiling
for the simulation of the angular distribution in silicon. The ions were derived directly from the classical scattering inte-
distribution is adjusted until thg? minimum is reached in gral [27] and the interatomic interaction described by the
the fitting of they-ray line shape. The obtained angular dis- universal Ziegler-Biersack-LittmanZBL) potential[40]. As
tribution is then used for the simulation in gold. The iterationshown in Ref[41], the exact choice of potential is relatively
is continued until the convergence criteria are fiet, untii  unimportant when the recoil velocities are high as in the
the changes in the angular distribution and in the mean lifeeurrent case.
time value are neglible within the statistical uncertainties Except for the slowing-down process, most other aspects
When the level lifetime is short, this iterative procedureof the MC simulation can be checked by analyzing the line
converges, yielding a unique lifetime value and an effectiveshape of an extremely fast transition. In this study, the
angular distribution, only if slowing-down materials with ground-state transition from the 8.13-MeV level ittS
differing stopping powershigh and low are used. On the (7=0.23+0.03 fs[34]) provided a built-in cross check of
other hand, if the level lifetime is about 100 fs or longer, theour analysis.
angular correlation and the slowing-down effects show up in
different portions of they-ray line shape, and a single stop- _ _
ping material is sufficient for achieving convergence. Never- C. Reanalysis of the previous results
theless, data from both Si and Au measurements were used The lifetime results obtained in this work for levels in

for the iteration in all cases, except for the 3005- and 326432p are summarized and Compared with previous|y reported
keV levels. The lifetime values for these levels were basedalues in Table . The DSA results from different lifetime
on the Si data only because tlyeray line shapes were weak measurements show wide variations. To understand these
and contaminated in the Au data. variations further, previous results were critically examined.
The stopping powers of the slowing-down media f8 | those cases for which sufficient details of the experimental
ions were described in the DSA analysis according to theetup, target structure, arf(7) values are given, the data
equation were reanalyzed using our MC-simulation techniques and the
current knowledge of the stopping power. The resulting life-
times are also listed in Table I. In some cases, these values
are significantly different from published values. A short de-
(d_E) :(d_E) 4 1) scription of the essential points that were considered in the
dx dx . reanalysis is given below.
In four of the six previous DSA experiments, the targets
consisted of relatively thick layerseveral hundred nanom-
Because an experimentally verified electronic stoppingeters of SiO, evaporated on carbon or gold backings. The
power dE/dx). of gold for 3P ions is unavailable, pre- accuracy of short lifetimesr< 100 f9 obtained with layered

dE\ ZBL
wl,
n
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targets is limited because there are several possible sourcegnts. Recent electronic stopping power data are not in con-
of large systematical errors; in particul@ the composition tradiction with the older data at the velocities at which the
of the evaporated layer is not know(ii, the density of target previous measurements were performed.

can differ considerablyup to 30% from that of bulk mate- Electronic stopping powers of carbon, phosphorus, silicon
rial, and(iii) the thickness and homogeneity of the target aredioxide, and titanium for phosphorus ions were needed in the
uncertain. reanalysis. We used stopping power values of carbon, phos-

In vacuum evaporation of Si©) a chemical reduction phorus, and oxygen based on the latest parametrization of the
takes place, and the ensuing deposited layer is a mixture cemiempirical model of Ziegler, Biersack, and Littmark
Si, SiO, and SiQ, but the exact fractions are not known [40,51], and assumed the values to be correct to within
[42—-44. Properties of such films strongly depend on the*10%. The predicted electronic stopping power of titanium
conditions under which the deposition is carried ¢45].  for phosphorus was taken from R€f38] for velocities
Composition of the evaporated film changes also during ion=2.4% . For lower velocities, the stopping power was in-
beam irradiation, SiO transforming to Si and Si{#6]. The  terpolated linearly to zero stopping at=0. The Bragg-
bulk densities of Si, SiO, and SiDare between 2.18 and Kleeman rule[52] was applied in calculations of the stop-
2.65 glcnt [47), but in vacuum-evaporated targets, theseping power of the silicon dioxide compound, with the
densities are seldom reached because deposited layers atepping power of silicon taken from Ré¢B9]. It turned out,
often porous and thus of reduced density. Furthermore, cdiowever, that the contribution to the stopping power from
ramics such as oxides of silicon do not easily stick to goldoxygen is relatively unimportant in the cases we tested be-
[48]. cause Si and Si@(they are the extreme cagsgeld identi-

The exact stoichiometryi.e., the relative proportions of cal F(7) curves to within 1-2 %assuming equal densities
Si, SiO, and SiQ in the targetsor the density of the evapo- for Si and SiQ,). Thus, the uncertainty in the deduced life-
rated SiQ, targets have not been critically examined in anytimes caused by the unknown oxygen content is negligibly
of the previous DSA studies of?P levels. Uncertainties in small compared with other sources of erfespecially den-
the target composition translate into unknown variations irsity and stopping power uncertaintiesand the reanalysis
the target density and stopping power. Therefore, in the rewas performed assuming pure Si as a target material.
analysis, we assumed a density of 2.18 gicmith a Excluding Ref[11], all previous lifetime values were de-
+25% uncertainty. In this way, the unknown compositionduced fromF () values. Our work and Refl1] use y-ray
and porous structure of evaporated Si@rgets are ac- line-shape analysis to deduce the lifetimes. In cases of over-
counted for to a reasonable extent. lapping y-ray peaks, the analysis of line shapes gives more

The target thicknesses are usually given as areal densitigsliable results than the analysis of peak centroids.

(in mwglcm?), but in the case of layered targets, a more rel- The lifetimes measured by the Utrecht group involved
evant unit would be nanometer. The uncertainty in the denpy-coincidence requirements in th&Si(a,py) reaction

sity of the target material is directly reflected in the uncer-[5,8,9 and the ?H(®*'P,py) reaction[11]. Therefore, their
tainty of the target thickness. The effect on the deducedesults are relatively unaffected by delayed feedings from
lifetime values is especially important in cases for which thehigher-lying levels or contaminant peaks from other reaction
target and the backing materials have very different stoppinghannels. However, the uncertainties related to the target
powers and the slowing down of recoils takes place in bothstructure and composition remain. The lifetime values
There is also an uncertainty in the target thickness, indeperguoted originally in Refs[5,8,9 were systematically shorter
dent of the density. If this uncertainty was not given in thethan our values. We believe that the main reason for this
original paper, we allowed for & 10% thickness variation in deviation is the use of bulk densities for the evaporated tar-
the reanalysis. gets. If target densities are reduced by 20%, the revised life-

An important source of uncertainty can also be the densityime values are about 10% longer than the original values,
of the backing material. Generally, we used the density valu@and in most cases the revised values agree with our results.
of bulk material in the reanalysis if a metallic backing was The values from Ref[8] (both originally quoted and reana-
used. In the case of the thin evaporated carbon backing usdyred are systematically shorter. The reasons for the devia-
in Ref.[5], we kept the density at the originally quoted valuetions could be the porosity of the silicon dioxide layer or
of 1.95+ 0.15 g/cni—which is 87% of the bulk density of voids between target and backing.
graphite. In the unpublished study by the Utrecht grolfl], a

In all previous DSA analyses, the nuclear stopping powetarget of evaporated titanium on gold, silver, or copper back-
was taken either directly from the Lindhard-Scharff-Sthio ing was used. Because the recoil velocities were relatively
(LSS theory[49] or from an analytic approximation of it. high, the slowing down of the beam or the recoils in the
The large-angle scattering was described by the analytic exarget layer were not included in the original analysis. This
pressions introduced by Blaugrufl]. In some cases, even assumption was tested in the reanalysis by simulating the
more simple approximations have been applied for the dey-ray line shapes for the levels studied in RéfL] and vary-
scription of nuclear stopping power. These approximationsng the thickness of the target layer. The effect of the target
are too crude when the recoil velocities are low and thdayer on the deduced lifetime values was observed to be rela-
slowing-down material has a considerably higher atomidively unimportant, except for the 1149-keV level, for which
number than the recoiling ion. the reanalysis yielded a slightly longer lifetime. The uncer-

Excluding Ref.[11], in all previous DSA analyses, the tainties of the revised values were enlarged accordingly. This
electronic stopping power data were taken directly from theparticular Utrecht study11] is limited to just four levels
LSS theory or modified slightly with the help of experi- below an excitation energy of 1.8 MeV i#fP.
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TABLE VI. Binding energy(in MeV) of the lowest-lying state

in %P and excitation energies of other states relative to this energy 5 .
as a function of the number of holesin the Ods, orbit. These CALCULATION EXPERIMENT. EXPERIMENT
excitation energies are also compared with the experimental ener- - 3 N ]
gies ’ P P /Ta — /7
. L L — |
2
ar =0 =1 =2 =32 full —37 \:
n= n= n= n= u exp. L — 1 .
o~ N2
1" -170.040 0.028 -174.539 -174.748 0.005 0.000 3k 4 ? 4§ o 30 -
2% 0664 -171.772 0.178 0.167 -175.578 0.078 % 2 = T 1
. s | / ______ (0-2) N\2(1)
0 0.703 0.301 0.478 0.235 0.260 0.513 = N T 1
2~ 7.081 4.566 3.985 3.610 3.264 =R “—32 7 727 2(1) |
37 5891 4.463 3.854 3.103 3.321 g \1 T —3:;
4~ 5552 4533 3937  3.155 3.443 w o : - o |
0 7.739 6.599 6.433 5.665 4.411 L L N C
3 orn=3, all configurations were included except those with three ] o 0 i
0ds/, holes and four @5, particles. In addition to the four negative- /z — , 2
parity states listed here, other negative-parity states were calculated 0 p < 4 —u
to lie at 4.494(T), 4.903(3), 4.996(2), 5.332(2), " "
5.393(47), 5.449(1), 5.570(4), 5.572(3), 5.752(2), A=32;T=1 15P17 16516, T=1

5.782(3), 5.962(4°), 6.055(0°), and 6.099(3).

Results by the Liverpool group are based on measure- FIG. 2. Com_p_arison_of calculateo_l and experimental level
. . . . — 32 32 32
ments of singlesy-ray spectra in theZQSI(a,py) reaction  Schemes for posmve-parlt'yf—l states in*P and *“S. The *“S
[7]. Relatively thick SiQ targets on gold were used, but no states are .srglzfted .dO\{Vﬂ by.7003 keV, so that the lowest known
information was given on how the targets were prepared o =1 state in*S 00|_nC|des with the ground state #P. The Ieyels
how the thicknesses were measured., In some caseay shown by dashed lines at 2313 and 2579 keVF3R are spurious.
L . ; ) Il experimental energies anl’; T assignments are from RéB4].
peaks originating from levels if°S and ?°Si [produced in All exper : 9 ~: ! 8ssig
29c: 29 ) . : Uncertain assignments are given in parentheses.

the ““Si(a,ny) and ““Si(a,a’) reactions, respectively
overlapped with the®?P peaks, causing difficulties in the
determination of theF(7) values. For example, the mean
lifetime of the 2.74-MeV level was determined from a 1.60-
MeV v ray, supposedly the 2.74> 1.15 MeV transition. lll. CALCULATIONS
The branching ratio for this transition is, however, only 1.6
+ 0.3% (see Table IV, and the correct assignment would
have been the 3.62: 2.03 MeV transition E,=1596 keVj Shell-model calculations of energy levels anddecay
in 2°Si. The 1149- and 1323-keV levels were reported toproperties were performed for both positive- and negative-
receive some delayed feeding, but because the feeding peparity states in®P using the shell-model prograoxsAsH
centages were not given, the revised lifetime values given fof53]. The wave functions for all positive-parity states were
them in Table | are upper limits. For other levels, the revisedbbtained by constructing all possible configurations within
values are in good agreement with the current ones. the major oscillator shell defined by thel4,, 0ds,, and

The F(7) values given in Refl10] have large uncertain- 1s,,, orbitals (sdshel) and diagonalizing the effective
ties because of apparent difficulties in determining the veryHamiltonian of Wildentha[12]. The y-decay properties for
small y-ray-induced Doppler shifts in the*!P(thermal the positive-parity states were computed using harmonic os-
n,yy) experiment. Assuming a value of 2.16 g/gfor the  cillator radial wave functions with ho=(45A" 13
density of the amorphous red phosphorus target used in Ref: 25A~2%) MeV and effectiveM 1 [13] andE2 [14] opera-
[10], the reanalysis yielded lifetime values that are aboutors. The calculated branching and mixing ratios are given in
20% longer than the quoted ones. Within uncertainties, theyable 1V, in which they are compared with the experimental
are in agreement with our values. values.

In summary, our reanalysis of the previously published To account for negative-parity states, the model space
DSA data has yielded revised lifetime values that are, irmust be extended beyond tkd shell to include % w [one-
most cases, in good agreement with the values measured rarticle, one-hole (fi-1h)] excitations into the next major
the current study. This fact also gives us some confidence oshell—in particular, the ©;,, Ofs;, 1ps;, and Ipy, orbit-
the revised lifetime values of levels that we were not able taals (fp-shell. The effective Hamiltonian was chosen to be the
populate in our current experiment with tRel(3P,py) re-  Warburton-Becker-Millener-Brown(WBMB) sd-fp shell
action. The adopted lifetime values given in Table | wereHamiltonian described in Ref54]. The WBMB Hamil-
calculated as weighted averages of the reanalyzed values atahian consists of the Wildenthal matrix elements for the
our values. The only exception is the 3005-keV level, forsdshell, McGrory’'sfp-shell Hamiltonian for thép-shell ma-
which we disregarded the low value of 44 13 fs. For each trix elementd55], and a modification of the Millener-Kurath
level, the uncertainty in the adopted lifetime value was kepinteraction for the cross-shell componerits6]. Conse-
the same as the uncertainty in the best reported value. quently, in the full sd-fp shell-model space, the 7@

A. Procedure
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TABLE VII. Comparison of experimental and calculated level

. . .29 0 — T — Ty
energies and lifetimes if?P. [ 4000 kev ‘o . ]
L 2 stat ]
Eixp E;alc T(fs) r staie \ . . * )
(keV) (keV) Jm exp. calc? 2 L] . * y
0 5 1] Z1tf *y
78 0 27 402 13 ps 310 ps *q::‘) sk % ]
513 260 0; 2.64 12 ps 2.03 ps E - * .
1149 1047 1; 264 18 348 E’_ 2r Vv + 1
1323 1135 23 487 25 406 X0k + 4
1755 1528 3} 621 40 152 s F + "
2178 2204 35 76 14 321 ¢ ]
2218 2036 25 240 25 43.1 al + T ]
2230 1965 13 <50 58.1 0 MR Ll L
2657 2602 2 12 4 13.2 100, s 10 o s 102 o s 10°
2740 2722 1: 20 7 31.8 Calculation (fs)
3005 2916 3 101 16 221
3149 3168 41: 595 110 104 FIG. 3. Calculated mean lifetimes compared to those experi-
3264 3610 2, 164 22 25 mentally determined. Positive-parity states are shown by circles and
3321 3103 37 272 50 460 negative-parity states by squares. Experimental upper limits are
3443 3155 47 0.387 45ps 12.81 ps shown by open triangles. Calculated lifetimes agree with experi-
3444 3518 2_;; 38 15 24.5 ment to within a factor of 5 inside the shaded region.
3792 3697 17 5.7 20 3.9
3797 3592 3/ 77 43 6.1 tions were based primarily on the number of hategermit-
3880 3587  2¢ <20 55 ted in the @s;, orbit. The properties of the negative-parity
3990 39090 3/ <15 70 states were examined for both=2 and n=3. For the
4009 4996 2, 188 40 6.5 n=3 case, all configurations were included, except those
4035 3727 4t 45 30 25 4 consisting of three @5, holes and four @5, pa}rt_lcles_,. These
Z basis states were excluded because of difficulties encoun-
4036 4494 1; 218 6.2 . o . . .
ul tered while projecting angular momentum and isospin with
4151 4903 3, 30 10 78 . .
1 the shell-model prograraxBasH. The largest, T dimension
4205 3976 1 42 11 2.5 . - .
° encountered in the calculations was 16 606, which occured
4313 4217 35 90 50 10.1 for J™T=3:1
4411 5665 0, 193 0.9 Currently, no reliable information exists regarding effec-
4743 4977 57 160 70 133

tive charges for the computation &fL transition matrix el-
4877 5449 1, 5.7 11 6.4 ements in this mass region. Therefore, bare proton and neu-
dron chargegincluding corrections resulting from the center-
model space with three holes allowed in thds@ orbit, as dis- of-mass motior{57]) were used. The calculated branchings
cussed in the text. The following lifetimes are obtained if two holesOf negatlve-parlty_states are given in Table V, in Wh'.Ch they
are allowed:r(3264 = 41 fs, 7(332]) = 2.430 ps7(3443 = 2.660 &€ compared with experimental results. In addition, the
ps, (4009 = 14.7 fs, (4036 = 6.4 fs, 74151 = 50 fs, positive-parity states were also qbtalngd by requiring the
74417 = 5.8 fs, andr(4877 = 3.5 fs. same truncation on the_dshell configurations. It was founq
that the low-lying positive-parity states had an overlap with
positive-parity states are the same as those insthghell  the corresponding full-space wave functions of better than 89
calculations described above. and 93 % for then=2 and 3 cases, respectively. Hence, the
Negative-parity states arise not only frasdto-fp excita-  truncations used are probably adequate in a test of the shell-
tions but also from p-1h excitations out of the closefO  model interaction for transition amplitudes.
core (i.e., the (b3, and Qpq, orbits) into the sd shell. Be- It is, however, somewhat difficult to predict with an ac-
cause the 05, orbit is essentially filled, theseptlh exci-  curacy of better than-0.5 MeV the excitation energies of
tations should be at a higher excitation energy than theithe negative-parity states relative to the positive-parity states.
sdto-fp shell counterparts. This observation is at least parThis difficulty arises becaud#) the negative-parity states do
tially confirmed by noting that the lowest negative-parity not contain the completsdshell excitations andii) the

g ifetimes for the negative-parity states are calculated using th

state in theT,==*=1/2, A=29-33 nuclides hag™=7/2". same truncation applied to positive- and negative-parity
Thus, the low-lying negative-parity states P are most states contains different levels of completeness. This effect is
likely dominated by p-1h sdto-fp shell excitations. illustrated in Table VI, which shows the shell-model binding

Unlike the positive-parity states, the number of states withand excitation energies of the lowest positive- and negative-
definite angular momentum and isospid, T dimensiong  parity states tabulated as a functionroind compared with
associated with the negative-parity states is on the order afxperimental energies. Generally speaking, we note an over-
30 000-50 000, and is prohibitively large. For this reasonall reduction, and apparent convergence, in the excitation
some model-space truncations were required. These truncanergies of the negative-parity states with 3. In addition,
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TABLE VIII. Comparison of experimental and calculated redubgtl andE?2 transition probabilities for
transitions between positive-parity states’f®.

Initial state Final state B(M1) (W.u) B(E2) (W.u.)

E, (keV) J7 E, (keV) J7 exp. calc. exp. calc.

513 07 0 1y 0.089 3 0.116

1149 15 78 27 0.041 3 0.00036 3.029 0.041
513 07 0.23 2 0.349

1755 37 0 17 027 7 0.0038
78 27 0.0064 5 0.0375 6.19 8.92
1323 25 0.0125 11 0.0583 410 0.053

+ +

2178 3; 0 1] 337 4.74
78 27 0.040 7 0.0037 0.7635 0.475

2218 23 0 1y 0.0052 10 0.0035 117 271
1323 25 0.044 5 0.0810 <21.7 2.10

2657 24 0 27 0.09 2 0.0602 1.78 0.335

2740 1; 513 05 0.10 4 0.0328

3005 3; 0 1y 0.37 7 0.531
1323 25 0.0007 5 0.0034 3.310 1.61
2178 35 0.022 4 0.0073 1.7 39 6.93

3149 af 78 27 0.059 11 0.501
1323 25 6.7 12 5.571
1755 37 0.00011 6 0.0776 5511 8.09
2178 35 0.012 2 0.0305 0.65 0.781

3444 24 513 05 125 0.447

3797 3, 78 27 0.0013 9 0.0631 0.14 13 0.527
1323 25 0.021 12 0.0988 <0.02 1.24

4035 43 78 27 117 4.18
1755 37 0.039 26 0.0091 <0.05 0.585

4743 5; 2178 35 2210 2.91
3005 33 6.5 29 5.51
3149 af 0.023 10 0.0296 0.5543 0.402
4035 43 0.069 30 0.0561 0538 0.011

both the overall structure of the negative-parity spectrum andf spuriosity, transition matrix elements of the SCOM raising
the computedB(E1) values are generally unchanged be-operator defined b{58]
tween then=2 andn=3 calculations.

In shell-model calculations, the spurious center-of-mass + 1 S .
(SCOM) states are removed usually by adding a center-of- B,= PmAhe EL [=1(P)ut Ma(ri) ] 2
mass Hamiltonian with a large coupling constant to the shell-
model Hamiltonian, as was done in this work, which thenwere computed between the lowest positive- and negative-
pushes the SCOM states up to a high excitation energy. Thigarity states. Usually, the square of the reduced matrix ele-
procedure completely removes the spurious states only whements ofBL were found to be less than 10, indicating that
the full 1% & space is used. Our calculations for the negativethe level of spuriosity in the lowest negative-parity states is
parity states did not use the fulkilo space. To test the level small enough such as not to be a major concern.

A
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P perimental ones. These comparisons are reported in Table

.F B(M1) o] VIl and Fig. 3. Except for the 4009-keV, 2state for which

e +f . 3 the calculated lifetime is-1/30 of the measured value, all

°F . ] other calculated lifetimes agree with measurements to within

: a factor of~5, as shown in Fig. 3. The predicted values tend

sE . . E to be slightly shorter.

2f ] In the cases for which the mixing ratio is known experi-

*E T E mentally or the transition is of pure multipole, we have

i T ] shown in Table VIII a comparison of the experimental re-

. T ] duced transition probability with the calculated value. In the

s Ld calculation of predicted lifetimesee Table VI), experimen-

tal energies were used. From these lifetimes and the calcu-

R R lated branching ratios and mixing ratios shown in Table IV,
L BE2) ] the individual transition strengths or matrix elements can be

0k - g . .

oF f¢ E deduced as more mixing ratios become available.

.t + ] The experimental and predicted reduced transition prob-

10°k fﬁ T H . abilities shown in Fig. 4 are also in fairly good agreement.

Experiment (W.u.)

For the most part, it is found thaE?2 transitions in the
~0.5-10 W.u. range are predicted correctly. As in E2
case, the stronged 1 transitions are also quite well pre-
dicted, but the weaker transitions sometimes show quite
large variations when compared to the experimental results.
sal el 3 The comparison between the measured and calculated
2os002 510 2 s 1002 lifetimes for the two lowest 3 states at 1755 and 2178 keV
Caleulation (W.u.) (see Table VIl suggest that the order of these two states
_ _ appears inverted in the predicted spectrum. This assumption,
FIG. 4. Comparison of calculated and experimental reducechowever, is not supported by the calculated branching and

transition probabiliiesB(M1) (uppei; B(E2) (lowen. Experi-  iving ratios(see Table IV, which, for the 1755-keV state,
mental upper limits are shown by open triangles. Calculated valuc(ajare in good agreement with experiments. For the 2178-keV
agree with experiment to within a factor of 5 inside the shade

region state, the calculateq branchi_ng and mixing ratios are not in as
' good agreement with experiments as for the 1755-keV state.
From Table VIII, one can see that for the 1755-keV state, the
B. Results predictedB(M 1) values are overestimated by a factor of 5,
As shown in Fig. 2, the correspondence between predicteghile the predictedB(E2) values are rather good. For the
and experimentally observed positive-parity states4p is ~ 2178-keV state, thd8(M1) value for the transition to the
very good up to an excitation energy of 4.3 MeV. Above this 78-keV state is underestimated by a factor of 10, while its
energy, the level density is high, and the experimental sped3(E2) value and that for the transition to the ground state
trum contains many uncertainties. Therefore, it becomes difare correctly predicted. Also, the lifetimes of the third and
ficult to establish a one-to-one correspondence betweefifth 3" states are poorly reproducdsee Table VI), but
theory and experiment. A notable success of the predictionggain the branching and mixing rati¢see Table 1V are
is that the two suggested levels at 2313 and 2579 keV aréeasonable.
missing from the predicted spectrum. Indeed, it has been In contrast to the positive-parity states, the agreement be-
shown that they rays reported in thé'P(thermaln, y) reac- tween theory and experiment for the lifetimes of the
tion [59] that led to these levels are spuridas). negative-parity states is po¢gee Table VII. For the most
The predicted level stucture for negative-parity states igart, theE1 transitions studied here are rather weak is
compared only for the few lowest states of each angular maalso predicted by the calculationsind thus are sensitive to
mentum(see Tables VI and V)l As was explained in the details of the shell-model wave functions—in particular to
previous section, an accuracy of approximately 0.5 MeV cargancellations between the various components. Usually,
be achieved at best. Given this limitation, it is encouraging toveaker transitions are difficult to reproduce in any shell-
note that the lowest negative-parity states are predicted to ligodel calculation, as is also apparent from comparisons for
very near each other in energy, a feature that is also observdde E2 andM1 transitions described previously. With regard
in the experimental spectrum. The gap between the thre® the influence of the model-space truncations, Bi(&1)
lowest states and other states is reproduced, although tlieansitions are of similar magnitude in time=2 andn=3
width of the gap is exaggerated. The higher lying negativecalculations(see Table IX. The most glaring exception in-
parity states cannot be confidently matched with experimenvolves the first O state, for which not only does the
tal levels. B(E1) value for the ground-state transition change by three
To test the calculations further, electromagnetic decayrders of magnitude, but also this is the larg@gE1) value
properties were also examined. Because only EtBM 1 computed. This large change in thel strength arises be-
mixing ratios for positive-parity states and\2/E1 mixing  cause in botn=2 andn=3 calculations the two lowest
ratios for negative-parity states are experimentally knownp~ states are split by only a few hundred keV and in the
we have chosen to compare calculated lifetimes with the exa=2 case theéE1l strength is concentrated to the higher en-

sBuul 4y 1
s 107
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TABLE IX. Comparison of experimental and calculated reduBddtransition probabilities ir?P. The
two different calculationsi{=2 orn=3, respectively, is the number of holes in thdsQ orbit) are described
in the text. In our notation 28-6 W.u.= (2.8 = 0.5x 107 % W.u.

Initial state Final state B(E1) (W.u.
E, (keV) NG E,(keV) J7 exp. n=2 n=3
3264 27 0 17 2.7 5-6° 7.1-7 2.6-4
78 27 2.3 3-5 7.0-4 8.2-4
1149 15 3.0 4-42 8.8-5 2.9-4
1323 25 1.3 3—42 2.9-8 3.2-6
1755 37 22 3-4 1.2-5 9.2-5
2230 13 45 6-4 35-5 1.4-4
3321 37 78 27 7.8 15-52 7.7-6 6.0-5
1323 25 11 2-4 1.4-5 22-11
3443 a7 1755 37 4.9 6-42 3.1-6 2.9-6
2178 3; 7.4 17-52 1.7-4 2.3-5
4009 25 0 17 2.2 5-5 7.0-4 2.0-3
78 27 2.1 5-5 2.3-4 1.4-4
1149 15 1.3 3-5 5.7-5 3.1-4
1323 25 1.8 4-5 7.2-5 2.3-5
1755 37 317-5 1.2-4 2.3-4
2178 3; 1.6 4-5 1.5-6 1.5-5
2218 23 1.8 5-5 1.1-4 8.6-8
2657 24 45 12-5 1.7-5 1.1-4
3005 3; 7.1 18-5 3.1-6 2.3-4
3444 28 3.4 9-4
4036 17 0 17 1.6 6-5 2.8-4 3.1-5
78 27 2.4 9-4 1.6-4 22-6
513 07 7.1 27-3 2.1-3 2.6-3
1149 13 4.0 16-3 1.2-3 1.5-3
1323 25 35 14-4 4.6-6 1.1-5
2230 15 2.9 13-3 3.5-4 3.8-4
2657 2 3.2 15-3 3.4-4 3.7-4
4151 3, 78 27 3.3 11-4° 1.8-4 1.1-4
1755 37 1.1 5-4 8.0-5 1.1-4
2218 23 3.1 15-4 2.6-4 7.7-5
2657 24 1.2 5-3 3.1-6 2.0-8
4411 07 0 17 5.2 8-4 43-5 1.3-2
1149 15 1.9 4-4 4.6-3 3.8-4
4877 1; 0 1y 14 3-4 2.2-4 1.9-6
78 27 4.3 9-5 9.5-5 5.7-4
513 07 14 3-3 1.9-3 5.1-4
1323 25 3.1 6-4 1.8-5 4.3-5
2740 1; 7.0 17-4 2.8-3 2.2-3
3444 2: 12 4-3 1.53-6

&The M 2/E1 mixing ratios are from Ref34].

ergy state, while in them=3 case theEl strength is more effective charges for thE1l operator can be drawn from the
evenly distributed between the two states. The summedurrent study, although it would be interesting to investigate
strengths of the two states are roughly equal in both calculaa situation for which a full £ calculation could be per-
tions. For the most part, no definitive conclusions regardingormed.
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IV. SUMMARY rectly. A more detailed comparison, especially for levels

i above 4.9 MeV, requires additional information such as un-

Lifetime values have been measured for 26 bound levels " . o . o
I ambiguous]J™ assignments and data &2/M1 mixing ra-

out of ~70 known levels below the excitation energy of 6'4tios
MeV in 32P. The results based on experimental stopping
power in the DSA analysis and realistic MC simulations of
the experimental conditions remove the large uncertainty of
the lifetime values of excited?P levels reported in the lit- This work was sponsored, in part, by the Academy of
erature. Shell-model calculations are able to reproduce thEinland and, in part, by the U.S. Department of Energy under
measured lifetimes to a reasonable degree. Also, the electr@ontract No. DE-AC05-960R22464 with Lockheed Martin

magnetic transition strengths are in most cases predicted coenergy Research Corporatig®ak Ridge.
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