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Mean lifetimes of levels in Si have been measured using the Doppler-shift-attenuation (DSA)
method in conjunction with the reactions '

N( O,pn) Si and Al(p, p) Si. The lifetime values
were determined for 16 bound levels below the excitation energy of 10 MeV and for the 10.42-,
10.67-, 11.10-, and 11.51-MeV alpha unstable states, and the 12.99-MeV proton or alpha unbound
state. The lifetimes of the three last levels are reported for the first time. The targets were prepared
by implanting N into Ta, and Al into Ta and Si substrates. The experimental stopping power
of Ta for Si ions was determined by application of the inverted analysis of DSA data from the
reaction H( SiJvy) Si. Computer simulations with the Monte Carlo method and experimental
stopping power were used in the DSA analysis. Experimental transition matrix elements, based on
the measured mean lifetime values, are compared with predictions of the universal sd-shell model.

PACS number(s): 21.10.Tg, 27.30.+t

I. INTRODUCTION

The nucleus Si is one of the most interesting and
most studied nuclei in the sd-shell region. Since 2sSi is
in the middle of the sd shell, it can be described as hav-
ing either 12 particles or 12 holes in this shell, and thus
represents a challenge for nuclear models. The experi-
mental spectrum of Si has recently been shown to be
reproduced quite well with the universal sd-shell (USD)
model [1]. The USD calculations have bmn carried out
for all 8 & N, Z & 20 systems in the complete space of
Ods12-1sqIa-Ods12 basis vectors [2—4]. The Hartree-Fock
calculations [5] as well as the Nilsson-Strutinski cranking
formalism [6, 7] predict the experimentally established
oblate ground state deformation for 2sSi [8], and a num-
ber of excited prolate and oblate bands which have also
been observed experimentally [1]. Both kinds of bands
have been shown to be reproduced in the USD model
calculations as well [1,9].

In the present work, accurate mean lifetimes of states
in ~sSi have been obtained for the deduction of ex-
perimental electromagnetic transition matrix elements,
mainly E2 matrix elements, and their comparison with
the matrix elements deduced from the shell-model wave
functions. The present work is a continuation of our sys-
tematic study of the short lifetimes in the sd-shell nu-
clei using the improved Doppler-shift-attenuation (DSA)
method as developed at the Helsinki University Acceler-
ator Laboratory [10—16].

Several studies [17, 18] have been reported in the lit-
erature on the lifetime values of states in Si previ-
ous to this experiment. The most extensive studies are
based on the capture reaction 2"Al(p, p)~sSi. The pre-
viously existing information on lifetimes was mainly ob-

tained in low-recoil-velocity DSA measurements with the
Al(p, p) Si and Mg(cr, n) Si reactions [17,18]. High-

recoil-velocity lifetime measurements have been per-
formed only for the first excited state through the re-
action He( Si,cr') sSi [18]. Because a variety of evap-
orated targets with low stopping powers were used in
most DSA measurements of short lifetimes and because
the slowing-down theory [19] was used in many in-
stances without sufficient experimental confirmation, the
reported values have large uncertainties and mutual in-
consistencies.

In the DSA measurements of the current work, the
heavy-ion reaction ~4N(~sO, pn)~sSi and the capture re-
action 27A1(p, p)2sSi have been employed. This work is
the first study on short lifetimes (r ( 1 ps) for the high-
lying excited states where heavy-ion-induced reactions
and high recoil velocities have been utilized. The effec-
tive stopping power is obtained by using implanted 4N

and 2rA1 targets in Ta. In order to get a more accurate
value for the long lifetime (v. & 1 ps) of the 6.28-MeV
state, implanted targets in Si are also used. In compar-
ison with the previous lifetime measurements the use of
implanted targets is an essential advantage in the deter-
mination of short nuclear lifetimes with the DSA method.
Additional advantages are the use of the experimentally
known stopping power, the computer simulation of p-ray
line shapes with the Monte Carlo (MC) method, and the
consistent use of the same technique in the DSA analysis
of the high-recoil-velocity [the reaction ~4N(~sO, pn)2sSi]
and low-recoil-velocity data [the reaction 2rA1(p, p) sSi].
The present technique allows sufficiently accurate deter-
mination of mean lifetime values, in order to extract Ml
and E2 transition matrix elements for a meaningful test
of the USD shell model.
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II. EXPERIMENTAL ARRANGEMENTS

In the ~4N( sO,pn)2sSi reaction studies, 20—28 MeV
~sO beams of about 200 particlenA were supplied by
the 5-MV tandem accelerator EGP-10-II of the Helsinki
University Accelerator Laboratory. The beam spots were
2 x 2 mm2 on the target. In the 7A1(p, p)2sSi reaction
studies, the 5-MV Van de Graaff accelerator of the Insti-
tute of Nuclear Research in Debrecen supplied 0.66—1.32-
MeV proton beams of about 13 pA for measurements
with Ta backing and 3 pA with Si backing. The beams
were collimated to form a spot 5 mm in diameter on the
target.

The ~4N targets were prepared by implanting a
20 pgcm fluence of 100-keV N+ ions into 0.4-mm-
thick Ta sheets at the isotope separator of the Helsinki
University Accelerator Laboratory. The 2~A1 targets were
prepared by implanting a 12 @gem fluence of 60-keV

Al+ ions into 0.4-mm-thick Ta sheets or into 2-mm-
thick high-purity Si wafers at the isotope separator.

The 2H targets for the stopping power measurement
via the 2H(2sSi, p)2sSi reaction were prepared by implant-
ing first 6.0 x 10 at. cm 100-keV Ne+, and then
10~ at, cm 25-keV H+ ions into Ta sheets. The Ne
implantation was necessary in order to provide trapping
sites for 2H at the Ne precipitates and thus to avoid the
outdiffusion of H [20]. The vacancies produced in the H
implantation migrated to the Ne precipitate Ta interface
and then efFectively trapped 2H atoms [20, 21]. In or-
der to check the possible effect of the implanted material
on the stopping power, the targets implanted with only
6.0 x 10 Ne+ and H+ ions cm were also used.

During the measurements, the N and the H targets
were set perpendicular relative to the beam. The target
holder made of copper was air cooled. A vacuum better
than 2 @Pa was maintained in the target chamber to pre-
vent carbon buildup. The deposition of carbon was con-
tinuously monitored by the use of the strong 1369-keV

Mg p-ray peak from the reaction C( O,ap) Mg.
The 27A1 target was set perpendicular to the beam in a
target holder which provided direct water cooling of the
Ta sheet and indirect water cooling for the Si backing.

The p radiation resulting from target bombardment
was detected both in the ~ N(~sO, pn) ~s Si and in the
2H(2sSi, pry)~sSi reaction measurements by an escape-
suppressed spectrometer (ESS), which consisted of an
Ortec HPGe detector (with 40% efficiency) surrounded
with a cylindrical (thickness 4 em and length 22 em)
Harshaw bismuth-germanate (BGO) veto detector. The
BGO detector was surrounded by a cylindrical 3-cm-thick
lead shield. The energy resolution of the spectrometer
was 2.0 keV at E~ = 1.33 MeV and 2.8 keV at E~ =
2.61 MeV. The escape suppression factor was 3—5. In the
27A1(p, p)2sSi reaction measurements, a 25% efficient Or-
tec HPGe detector without escape suppression was used.
The energy resolution of the detection system was 2.2
keV at E~ = 1.46 MeV and 3.0 keV at E~ = 2.61 MeV.
The detector was shielded by a 6-cm-thick lead shield
against the laboratory background radiation.

The p-ray spectra were stored in a 4, 8, or 16
kbyte channel memory with dispersions of 0.29—2.0

keV/channel. The stability of spectrometers was checked
with a Tl p-ray source and the K laboratory back-
ground. The energy and eKciency calibrations of the
p-ray detectors were done with sCo and ssGa sources
[22] placed in the target position. The stop peaks from
the decay of long-lived states were utilized for internal
calibration of p-ray energies.

III. MEASUREMENTS AND RESULTS

A. Stopping power

The stopping power of the slowing-down medium (Ta
or Si) for Si ions was described in the DSA analysis ac-
cording to the following equation:

=f-
I +

I

(dE& (dE /dE &
'"~

(d2:), „(dx „(dx),
The uncorrected nuclear stopping power (dE/dx)„was
calculated by the MC method, where the scattering an-
gles of the recoiling ions were directly derived from the
classical scattering integral [10] and the interatomic inter-
action was described by the universal potential [Ziegler,
Biersack, and Littmark (ZBL)] given by Ziegler et al.
[23]. The correction parameters f„(Ta) = 0.70+0.05 and

f„(Si) = 0.97+0.05 for the nuclear stopping power of
polycrystalline Ta and of single-crystal Si, respectively,
for Si ions, are based on studies on the nuclear stop-
ping power at low velocities done in the University of
Helsinki Accelerator Laboratory [10, 24—26]. The values
of the nuclear correction factor f„,given here relative to
the universal potential, are slightly larger than the val-
ues reported previously for the Thomas-Fermi potential
[f„(Ta) = 0.67+0.05, f~(Si) = 0.95+0.05 in Refs. [25,
26], respectively].

The electronic stopping power (dE/dx), of tantalum
for 2sSi ions at velocities v = 0 —6vo (here vo = c/137
is the Bohr velocity, and c is the velocity of light) was
determined by use of the reaction 2H( sSi, pp) Si with
2sSi beam energies of 23—33 MeV. The well-established
mean lifetime value of the first excited state in Si
(r = 420+15 fs, E = 1273 keV; Ref. [18]) was used
as a standard in the analysis of the line shape of the
1.27 —+ 0 MeV transition. The uncertainty of the elec-
tronic stopping power, shown in Fig. 1 along with the
values of Ziegler et at. [23], was estimated to be +5%.
For more details of the stopping power measurements,
and for the electronic stopping power of silicon for Si
ions, see Ref. [27].

Based on our studies on the effect of implanted target
atoms on the density of the backing material and life-

time values obtained by DSA [10, ll, 25] along with the
fluences of 2ONe, 2H, ~4N, and ~A1, the implanted layers
were assumed to have an insignificant effect on the den-
sity of Ta or Si probed by P = v/c = 0.03 or 0.002 ~sSi re-
coils or P = 0.04 2sSi recoils. This was further confirmed
in the stopping power measurement where no differences
within statistical uncertainty were seen between the line
shapes obtained with low- and high-fluence ~H targets.
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TABLE I. Summary of the lifetimes in Si as obtained
in the present work with the N( O,pn) Si reaction.

E r (fs) as measured at E( 0) (MeV)
(MeV) 20 22 25

4.98
6.28
6.89
7.38
7.42
7.93
8.54
8.95
9.48

10.42
11.10
11.51
12.99

48+2 45+3

46.0+ 1.0
10+2
54+3
18+2
16+2
70+ 12

&10

36+2
10+5
49+3
14+2

70+8

13+3
10+8

64+ 5'
1250+ 130
51.0+ 1.0

13+2
67+3'
12+5

16.5 +0.7

7+3
38+ 10

16.5 +1.4
10+5
26+5

b

(fs)

47+3
1250+150

47+8
11.5+1.5

51+4
16+2

16.4+1.4
70+8'
7+3

38+10
15.9+1.5

13+3
23+5~

Values given are corrected for the feedings and are based on
the line-shape analysis. Only statistical errors are shown.

Weighted average values, which include the 5% uncertainty
in the experimental stopping power.
'EfFective lifetime containing unknown feeding, value rejected
in calculation of the weighted average.

Measurement at E(' 0)=28 MeV yields a lifetime of 58+6 fs
which is not included in the average due to the feeding.
'Measurements at both E( O)=25 MeV and 28 MeV yield
70 fs if a delayed 20-fs 100% feeding is assumed.
Included also in the average is 15+3 fs obtained at 28-MeV

bombarding energy.
sThe value 20+5 fs obtained at E( 0) = 28 MeV is also
taken into account.

Table I. Several p-ray peaks were included in the DSA
analysis for each state when possible.

To control the effect of the feeding transitions on the p-
ray line shapes and deduced lifetime values, the measure-
ments through the reaction ~4N(~sO, pn)ssSi were per-
formed at E( 0) = 20, 22, 25, and 28 MeV. In the
deduction of the lifetime values from the line shapes, the
corrections for indirect feedings were obtained by mea-
suring the population of the Si states at each energy of
the oxygen beam, and utilizing the p-ray decay schemes
of the states extensively studied in the literature [18].

A simulated line shape was obtained as the sum of the
shapes corresponding to the direct prompt and delayed
feeding of the state. The sum was weighted by the ex-
perimental fractions of the feedings. In the deduction of
the lifetime value for the 6.89-MeV state from the data
obtained at bombarding energy of 20 MeV, 8.0+1.0%
feeding from the 8.95-MeV state (r = 70 + 8 fs) and
3.0+0.8% feeding from the 11.51-MeV state (13+3 fs)
was used. The corresponding fractions were 9.2+1.1%
and 5.0+0.9% at E( sO) = 25 MeV. The lifetime value
of the 8.54-MeV state was corrected for the 7.2+0.9%
feeding from the 12.99-MeV state (23+5 fs) at 25 MeV.
The feedings from the 12.99-MeV state to the 11.10-
MeV state with fractions of 8.5+1.2% and 6.0+1.0% at
25- and 28-MeV bombarding energies, respectively, were
taken into account in the analysis.
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FIG. 5. As for Fig. 3, but for the 6.28-MeV state, as ob-
tained in the proton-capture reaction Al(p, p) Si measure-
ments (6.28 —+ 1.78 MeV transition). The slowing-down ma-
terial is Ta. The dispersion is 0.76 keV/channel. The dashed
line illustrates the instrumental line shape obtained from the
6.13-MeV background peak [from the ' F(p, np) 0 reaction];
r(6.28) = 1260+110 fs.

C. The rA1(y, p)~sSi reaction study

The DSA measurements were performed with a de-
tector at angles 0' and 90' to the beam direction and
a target-detector distance of 7.5 cm. The intensity of
low energy p rays and x rays was reduced by use of a
3-mm-thick lead shield between the target and the de-
tector. The corrections for solid-angle attenuation of the
observed Doppler shifts were taken into account by the
use of primary p-ray transitions at the E„= 1317-keV
resonance (I' = 35+4 eV [18]). The accumulated charge
for the p-ray spectra varied between 0.02 and 1.0 C, de-
pending on the strength of the resonance used.

On the basis of the proper p-decay schemes [28, 29]
and p-ray yields high enough for DSA measurements
with implanted targets, the E„=655-, 767-, 992-, 1213-,
and 1317-keV resonances were selected. Figures 5—9 show
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portions of the p-ray spectra from the DSA measure-
f th 6.28- 6.69- 6.89-, 7.80-, and 7.93-MeV

states. The summary of the results is given In a e
II. The F(~) values shown in Table II are averages from
at least two sets of measurements. The DS analysis
was carried out using the MC method in the simulations
of the p-ray line shapes and of F(~) curves [10—16).

FIG. 8. As for Fig. 6, but for the 7.80-MeV state
(7.80 —+ 1.78 MeV transition); r(7.80) = 340+15 fs. (DE
represents double-escape peak).

y~ fit of the simulated and experimental 0' line shape

utilized for very short lifetimes (~ & 30 fs), as shown in
Fig. 9. The broadening of the p-ray line shape at 90'
due to the elastic scattering of the recoil atoms from the
host atoms depends sensitively on the nuclear lifetime in
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(MeV)

4.98
6.28

6.69
6.89
7.38
7.42
7.80

7.93
8.26
8.41
8.59

9.32

9.38
10.67

(keV)

1213
1317

1213
1317
1213
1213
992

1317
992

1213
767
655

1317
767

1317
655

1317

E'(~)
(Fo)

47+5
3.7+0.3

10.9+0.8
17.7+1.5
50.5+1.5
93.3+1.3

12.7+1.6
15.9+1.5

74+5
8+2

70+2
72+11

98.4+1.2
89+4

98.2+0.7
65+5

b

(fs)

51+3
1260+70
1250+100
212+9
49+2

4.4+0.8
50+9'

343+12
330+30

17+2'
20+5

490~160

19+2
24+12
1.2+0.8

4+3
1.8+0.5
31+8

(fs)

51+4
1260+110

212+14
49+3

4.4+1.0
50+9

340+15

17+2
20+5

540+110
19+2

1.3+0.8

1.8+0.6
31+8

TABLE II. As for Table I but as obtained with the
Al(p, p) Si reaction.
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TABLE III. Lifetime measurements of the Si levels (E & 8.5 MeV}.

Ref. Reaction 4.98 6.28 6.69 6.89
E (MeV)
7.38 7.42 7.80 7.93 8.26 8.41

1250+150
1260+110
1350+220
810+490
920+

1100+280
1500+400

[30]
[31]
[32, 33]
[34, 35]

37]

34+12
31+6

41+20[36,
[38]
[29]
[39]
[40]
[28]

54+13 1350+400
890+90
990+23081+13

[41]
[42]
[431
[44]
[45]
Adopted

Si(o. o.') Si
Mg(n, np) Si 60+20 1150+130

27Al(3 He d) 28 Sj
28si(e e'}28Sj

1300+200

49+3 1200+70

This work N( 0, pn) Si 47+3
Al(p, p) Si 51+4 212+14

47+8
49+3

88+12
120+30
100+30

130+30
125+30

180+40

53+6
44+ 13

40+5

67+10
27+8

100+40
70+20

212+14 47+3

7+4
6+5
6+2

8+3
7+4

24+4
40+8
39+5
40+8
30+5
44+10

&15

3.5+0.9
5.7+0.8

9+2
51+4

11.5+1.5 51+4
4.4+1.0 50+9
13+3 40+3

340+15
310+30

190+30

250+75
300+75

250+45

300+100

340+15

16+2
17+2

&6

12+3
9+6

&5
15+10

20+5 540+110
14+6 280' 100

560+150
490+110

8+6 580+400

26+8

14+2 12+4 890+160

50+25
21+11

15.1+1.1 15+3 470+80

Effective lifetime value, probably containing unknown delayed feeding (see the text). Not included in the calculation of the adopted value.

The 7.38-MeV state, instead of the 7.42-MeV state, was assigned to correspond to the data of Ref. [45] (see the text).
Value based on the original data of Ref. [45] ~ Note that cases b and c are mutually exclusive.

the region 5 & ~ & 30 fs. The effect of the primary p-
ray emission on the initial recoil velocity was taken into
account in the simulations, as is illustrated in Fig. 9.
This p-ray-induced line-shape broadening has not been
considered in the previous (p, p) measurements reported
in the literature.

Corrections for delayed feedings from the resonance
state were taken into account in the deduction of the life-
time values of the 4.98-, 6.89-, and the 9.32-MeV states.
At the E„= 1213-keV resonance, the feeding cascades
r —+ 8.26 —+ 4.98 and r —+ 7.93 —+ 4.98, with the fractions
of 14.2+0.5%%uo and 2.0+0.3%, respectively, were used in
the DSA analysis of the 4.98-MeV state lifetime. At the
E„=1317-keV resonance, 7.1+0.5%%uo feeding through the
8.95-MeV state (r=70+8 fs) was used in the analysis of
the 6.89-MeV state, and 16.0+1.0 Fo feeding through the
10.67-MeV state (31+8 fs) in the analysis of the 9.32-

MeV state. The feeding fractions are based on branching
ratios reported in the literature [28, 29]. The eKect of
the feeding on the lifetime of the 6.28-MeV state was
only 5 fs at most, and was therefore taken into account
by increasing the uncertainty of the lifetime value corre-
spondingly. The excitation energy of the 6.69-MeV 0+
state was determined at the E„=1213-keV resonance,
and was found to be 6690.74+0.15 keV, to be compared
with the literature value of 6691.4+0.4 keV [18]. For the
other states, the excitation energies were in agreement
with the literature values [18].

D. Comparison with previous results

The present lifetime values obtained with the
~4N(~sO, pn)2sSi and the 27A1(p, p) Si reactions, are in

TABLE IV. Lifetime measurements of the Si levels (R ) 8.5 MeV).

Ref. Reaction 8.54 8.59

19+2
25+2

&6
13+4
10+3

[30]
[32, 33]
[34, 35]
[36, 37]
[3s]
[46l
[47l
[48]
[29]
[401
t»l
[49]
[50]
[»]
[44]
Adopted

65+12
18+6

15+3
&5

31+7
38+14
58+12
19+8

5+2

12+3
Mg(n, np) Si

Al( He, d) Si &25
16.4+1.4 19+2

This work N( 0, pn) Si 16.4+1.4
27Ai(p ~)28

8.95

70+8

9.32
a. (MeV)

9.38 9.48 10.42

7+3 38+10

10.67 11.10 11.51 12.99

15.9+1.5 13+3 23+5

23+7
65+12

110+))
67+gg

1.3+0.8 1.8+0.6
&10
&5 5+3

&5
&1213+13

23+7

28+

31+8

5+3 11+5
104+8
100+8 &5 27+7
89+10 16+4 22+6
96+19 3.1+1.5 1,4+0.5 13+6 27+11 27+6

&10

& 15 &30 &15

70+8 2 2+1 1 1 7+0.6 8+3 27+4 26+4 15 9+1 5 13+3 23+5

Reanalyzed values, corrected for delayed feedings (see the text).
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a very good mutual agreement, except for the 7.38-MeV
state, where the high-velocity value is considerably longer
than the low-velocity value (11.5 fs vs 4.4 fs). Since short
lifetimes are very sensitive to the effects of delayed feed-
ings, this discrepancy could be due to some unknown
delayed feeding in the heavy-ion reaction. Therefore, we
consider the lifetime value of the 7.38-MeV state based
on the (p, p) measurements to be more reliable than the
value obtained in the heavy-ion reaction. The high-
velocity value is not included in the calculation of the
final adopted value shown in Table III.

The previous lifetime results of the states in Si along
with our measurements are summarized in Tables III and
IV. The experimental conditions of the current and pre-
vious DSA measurements are collected in Table V.

The available data in the literature is based only on
DSA measurements, with the exception of the inelastic
electron scattering experiment of Ref. [45], where the E2
radiative widths for the 7.42- and 7.93-MeV states were
reported. The energy resolution of the electron spectrom-
eter in that experiment was about 170 keV at 7.4 MeV,

which was not good enough to separate the 7.38- and
7.42-MeV states (see Fig. 5 in Ref. [45]). The doublet
at 7.4 MeV was originally assigned to correspond only to
the 7.42-MeV state. This, however, results in a lifetime
value which is shorter than the present one by a factor of
5. We suggest that the peak at 7.4 MeV had a contribu-
tion mainly from the 7.38-MeV state. If this is the case,
the lifetime value of 3.5+0.9 fs for that level is obtained.
This would be in excellent agreement with the present
(p, p) result.

The adopted lifetime values shown in Tables III and IV
are weighted averages of current and all the previously
reported values, except for the 4.98-, 6.69-, 7.42-, 7.80-,
8.54-, 8.59-, 8.95-, 11.10-, 11.51-, and 12.99-MeV states,
where the current values (being the most accurate ones)
were adopted. For the rest of the states, the systematic
errors in previous results were assumed to be covered
by the uncertainty due to the stopping power or large
statistical uncertainties and all the known lifetime values
were taken into account in the deduction of the weighted
averages.

TABLE V. Summary of the experimental conditions in DSA measurements for lifetimes of the Si levels studied in the
present work. If the stopping power from the LSS theory [19] with the large-angle scattering corrections by Blaugrund [52]
have not been used in the DSA analysis, it is marked in the footnotes. The lifetime values are based on the I"(r) analysis if
not stated otherwise.

Ref.

This work

30]
31]
32, 33]
29]
34, 35]
36, 37]
47]
48]
39]
40]
28]
41]
42]
43]
49]
50]
51]
44]

Reaction
14N(160 )

Al(p, p)

2ssi(n, a'p)2ssi
Mg(n, np) Si

Al( He, dp) Si

~/c (%%u)

2.7—3.5
0.13-0.19
0.20—0.21
0.18-0,26
0.13-0,22
0.14-0.25
0.14-0.26
0.14—0.25

0.19
0.27—0.29
0.14-0.19

0.24
0.13-0.19
2.45—2.65
0.70-0.78

0.81
0.84—0.85

0.85
0.89—0.98
0.62—1.11

Slowing-down medium

Ta + implanted ' N (20 @gem )
Ta + implanted Al (12 ygcm )
Evaporated Al (52 @gem ) + Au
Evaporated Al (120 pgcm ) + Ta
Evaporated Al (50 @gem ) + Ta or Cu
Evaporated Al on Ta or Cu
Evaporated Al (100 @gem ) + Ta or Au
Al (130 pgcm ) + Au
Evaporated Al (30 @gem ) + Ta
Evaporated Al (100 @gem ) + Au
Al (100 Ijgcm )
Al (45 y,gem )
Evaporated Al (5—30 @gem ) + Ta
Evaporated Si (0.3 mgcm ) + Au or Mg
Evaporated Mg (114 @gem ) + Ta
Evaporated Mg (114 @gem ) + Ta
Evaporated Mg (45 @gem ) + Ta
Evaporated Mg (48 @gem ) + Au
Self-supporting Mg (300 @gem )
Evaporated Al (250 @gem ) + Ni

DSA analysis

g
g,h
d
g
f

&) J
g~3
g i
d

g i
k

No details were given in Refs. [38] and [46].
Experimental stopping power. Computer simulation of the slowing down. Doppler-broadened line-shape analysis (DBLA).

'An assumed 15% uncertainty in the nuclear stopping power has been taken into account.
Stopping power uncertainty (20%%uo) has been added.

'LSS stopping power values corrected with experimental values by Ref. [53].
A 15% systematic error has been added in quadrature to the statistical error.

~No uncertainty in stopping power was included.
"Computer simulation of the slowing down using LSS stopping powers; DBLA.
'Experimental stopping power based on data from Refs. [54] (electronic) and [55] (nuclear).
' Slowing down in the target taken into account.
"Stopping powers from Ref. [56].
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FIG. 10. A plot of the weights of lifetime measurements
of the Si 4.98-MeV state vs lifetime values. The weight of a
measurement is taken as (b.7.),where A7 is the quoted un-
certainty. If the uncertainty due to the stopping power is not
included in the original paper (see Tables III—V), an uncer-
tainty of 20% has been added in quadrature for the compar-
ison with other values. Two contours at r(adopted) 6 2(Dw)
are also shown.

In the calculation of a weighted average, the weight
of a measurement was taken to be (A~), where 6~ is
the quoted uncertainty of the lifetime measurement. The
procedure is illustrated in Figs. 10—13. An uncertainty of
20% was added in quadrature in those cases where only
a statistical error has been reported in the literature or
where no information is available on the DSA analysis, for
the comparison with the values from those measurements
for which the uncertainty due to the stopping power is
included. Note that even if the literature data include
such an uncertainty, the values obtained without exper-
imental stopping data can still be subject to systematic
errors. For example, the effect of the unequal slowing
down in the target material itself and in its backing ma-

FIG. 12. As for Fig. 10, but for the 6.89-MeV state.

terial has been considered only in a few cases. Further-
more, the densities of the evaporated Al or Mg target
layers can differ from that of bulk material. The use of
the Lindhard-Scharff-Schii|ftt (LSS) stopping theory [19]
with the large-angle scattering corrections by Blaugrund
[52] yields lifetime values which are in general shorter
than the values obtained in the MC simulations. This is
the reason for adopting our lifetime value for the 6.69-
MeV state.

An important source of error is the neglection of the
effect of the delayed feeding in almost all the previous
works. Thus a complete reanalysis of the reported lit-
erature values would be desired. However, experimental
conditions are not reported in such details that reanaly-
sis would be meaningful. Only the lifetimes of the 9.32-,
and 9.38-MeV states (15+2 and 12+4 fs, respectively) re-
ported in Ref. [47] were reanalyzed. Corrections for the
delayed feedings from the 10.67-MeV doublet resulted in
values not in disagreement with the omnibus averages.

100

10

~10 '
C4

I
R

10

500 1000 1500
LIFETIME w (fs)

I

2000 20 40
LIFETIME w (fs)

I

60

FIG. 11. As for Fig. 10, but for the 6.28-MeV state. FIG. 13. As for Fig. 10, but for the 7.93-MeV state.
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TABLE VI. Magnitudes of experimental matrix elements for M1 and E2 transitions between positive parity states in Si,
and their comparison with shell-model calculations.

E.
(MeV)

1.78
4.62
4.98
6.28

6.69
6.89

7.38

7.42

7,80

7.93

8.26

8.54
8.59

8.95

9.32

9.38

9.48

10.42

10.67

11.10
11.51

(MeV)

0
1.78
1.78
1.78
4.62
1.78
1.78
4.62

0
1.78

0
1 ~ 78
1.78
4.62
6.28

0
1.78
4.62
4.98
6.28

0
1.78
4.62
4.98
4.62
1.78
4.62
6.28
4.62
6.89
1.78
4.62
6.28
7.80

0
1.78
6.28
7.93

0
1.78
4.62
4.98
4.62
6.28
7.80
8.95
1.78
4.62
6.28
6.89
7.42
7.80
7.93
9.32
4.62
4.62
6.89

3.T =1

2'T= 1

4
2
3
2
3;T =1

(fs)
686+13'
65+5
49+3

1200+70

212+14
47+3

5.?+0.8

340+15

15.1+1.1

15+3

16.4+1.4
19+2

70+8

2.2+1.1

1.7+0.6

27+4

26+4

15.9+1.5
13+3

Branching
ratio (Fo)

100
100
100

88.2+0.3
11.8+0.3
100

98.71+0.08
1.29+0.08
36.3+0.5
63.4+0.5

94+2
6+2

65.9+1.1
1.32+0.08
32.6+1.1
83.2+1.5

5.5+0.2
4.7+0.2
4.0+0.2
2.4+1.2
9.0+1.5
70+2

4.0+1.0
17.0+1.0
100

87.9+0.4
4.3+1.2
6.9+0.2
61+2
39+2
71+2

0.34+0.06
26+2
1.7+0.4
3.3+0.3

89.3+1.1
4.0+0.2
2.8+0.2
85+2

2.58+0.12
6.4+0.3
4.5+1.5
16+3
75+3

4.6+0.8
4.4+0.9
7.5+0.3
9.0+0.6

24.2+0.8
1.7+0.2

14.8+0.5
1.85+0.14
6.9+0.2

24.1+0.8
100
21+2
58+4

0.056+0.002'
&0.093

0.050
0.011

&0.11

&0.42

0.018

0.008

&0.043
&0.060
&0.022
&0.33

0.018
0.030
0.006
0.055

&0.067 0.008

&0.32

&0.22

0.006

0.025

&0.24
&0.12
&0.34
&0.017'
&0.025K

0.55+0.14"
&0.077

1.3+0.3'
&0.94

0.056
0.056
0.081
0.001
0.004
1.011
0.164
3.494
1.279

0.58+0.10'
&0.47
&1.2

1.105
0.868
0.736

&0.045 0.011

&0.138 0.071

&0.56 0.015

&0.090
&0.24
&0.079

0.029
0.029
0.047

&0.124

&1.39

0.004

0.064

iM(MI) i (p~)
Expt. b SM

18.3+0.2
24.7+1.0

7.0+0.2
0.21+0.03'

&6.7
1.16+0.04
6.7+0.2

&5.8
3.4+0.2

&9.1
1.83+0.07

&0.92
&1.18
&0.82
&25.9

2.67+0.10
&1.30

5.6+0.2
6.9+0.3

&22.8
0.80+0.10

&4.1
4.1+0.7

11.0+1.2
26.3+1.1

&4.3
&3.6
&17.7

7.2+0.4
37+2~

0.09+0.09"
&2.0

10+10'
&74

1.0+0.2
0.8+0.5'

&18.2
&103

2.4+0.4
&0.70

3.5+0.6
3.5+0.9

&2.8
14.3+1.1
11.1+1.3

&46
0.62+0.05

&1.77
&6.5
&2.5

10.7+0.8
&5.2

11.3+0.9
&123

7.6+0.4
3.3+0.4
15+2

19.9
31.7
8.1
0.14
6.7
2.08
8.4
7.3
1.2
7.4
2.16
5.20
0.06
2.28

19.2
0.56
2.23
3.5

10.5
4.0
2.30
0.27
3.3
2.9

35.5
1.7
2.9
4.7
7.3

30.1
0.16

0.74
2.7
2.0
2.9
0.84

18.6
10.7
11.3
2.70
5.47
5.0
2.0
0.47
3.6
5.8

13.8
1.8

14.7

~~(~~)~ (etm')
Expt. b SM
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TABLE VI. (Continued).

(MeV)

12.99

Ff
(MeV)

9.16
8.54
11.10

7k

(fs)

23+5

Branching
ratio (%%uo)

21+4
91+3
9+3

0.61+0.07'
&0.70

0.028

]M(M1) i (y,~)
Expt. b SM

23.2
10.9
24.6

~M(E2)~ (efm )
Expt. ' SM

49+7
2.6+0.9'

&44

Except for lifetimes, the values are taken from Ref. [18].
If the mixing ratio is not known, the experimental matrix element value (upper or lower limit) is given for a pure multipole.

'Taken from Ref. [18].
Taken from Ref. [57].

'6(E2/M1) = —0.14+0.02.
[6] ) 15 or 6 = —0.19+o'oq from Ref. [1]. Tabulated value calculated with the larger value of ~6[. The smaller value of ~6[

yields ]M(Ml)[ = (0.255+0.015)p~ and ~M(E2)~ = 1.3+0.3 e fm .
']6] & 25.
"S= —0.01+0.01.
'6 = 0.2+0.2.
'6 = —0.09+0.05.
"Experimentally the spin values 5—7 are possible [51], the spin-parity assignment 7+ is based on shell-model calculations [1].
'6 = —0.17+o'o& from Ref. [1].

Taken from Ref. [1].

IV. DISCUSSION

Absolute values of the Ml and E2 matrix elements
for transitions between positive parity states in Si were
deduced from the lifetimes (as measured in the current
experiment and combined with previous results as de-
scribed above) and the branching and mixing ratios tab-
ulated in Ref. [18]. These experimental matrix element
values are compared in Table VI with theoretical absolute
values calculated from the full sd-shell wave functions of
the USD Hamiltonian [2]. For completeness of the com-
parison, the first 2+ and 4+ states are included in Table
VI, with the mean lifetimes taken from Refs. [18] and
[57], respectively. When determining the correspondence
between the experimental and the theoretical states, the
model state with the correct spin and isospin values and
nearest in energy to the experimental one was chosen. In
the case of the 7.38- and 7.42-MeV 2+ states, an inver-
sion of the order of the states would result in a better
agreement of the matrix elements.

The USD wave functions have been shown to yield a
generally good accounting for spectroscopic features of
sd-shell states when combined with the appropriate ef-
fective operators [4]. For a more detailed discussion of
this "renormalization" of the Ml and E2 operators by
use the effective g factors and effective charges, respec-
tively, see, e.g. , Refs. [58, 13].

Most of the transitions measured in Si occur between
states which nominally have T = 0. They hence have
isovector transition strength only by virtue of isospin
mixing. The model wave functions have rigorously good
isospin and hence transitions between T = 0 states are
purely isoscalar. As such, their Ml strengths are very
weak because of the cancellation of the neutron and pro-
ton terms in the isoscalar M1 operator.

The usefulness of the lifetime data for the M1 matrix
elements is unfortunately limited, since the mixing ratios

6(E2/Ml) are measured only for seven transitions, and
in two of these the mixing ratios imply only upper lim-
its for ~M(M1)[. Of the AT = 0 cases, the theoretical
matrix elements agree well with the experimental value
only for the 6.28 ~ 1.78 MeV transition. The transition

10

10'—

10
~0

~ II

VT

3 ~ '

10-'
0

I I I I I

2 4 6 8 10 12
LEVEL ENERGY E„(MeV)

FIG. 14. Ratios of experimental to shell-model R2 tran-
sition matrix elements [M(E2)~,„~q/~M(E2)[sM in Si as a
function of the initial state excitation energy (solid circles
with error bars), and upper limits of these ratios [open cir-
cles with downward arrows, in cases where the mixing ratios
6(E2/Ml) are unknown]. Exact agreement between experi-
ment and theory corresponds to points which lie on the hori-
zontal line drawn in the figure.
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12.99 —+ 8.54 MeV has an experimental matrix element
which is 22 times the shell-model value. This discrepancy
could be evidence of isospin mixing in the experimental
wave functions at the level of a few percent. In the other
AT = 0 cases the theoretical values are well below the
experimental upper limits.

The T=l, J = 3+ analog of the zsA1 ground state
occurs at 9.32 MeV in zsSi and decays by predomi-
nantly isovector transitions to several lower-lying states.
The Ml matrix element magnitudes range experimen-
tally from 0.08@~ to 1.3p,~. These values are about half
the magnitudes of the model values, but the model values
reproduce the relative strengths of the various branches
quite well. The 9.38-MeV state in Si is the T = 1,
J = 2+ analog of the 0.031-MeV first excited state of
sAl, and decays by isovector transitions to lower states.

The experimental matrix elements are again only about
half of the model magnitudes. Either the model wave
functions (presumably the 3+ and 2+, T = 1 wave func-
tions in particular) do not yield enough cancellation of
the M1 strengths, or the experimental mean lifetime val-

ues of these states are too long. Similar differences be-
tween model values and experimental values for LT = 1
isovector Ml transitions have been observed previously
in Mg at about the same excitation energy [13]. It is
not clear if this discrepancy could indicate a need for a
model allowing isospin mixing.

The E2 matrix elements can be compared for 27 transi-
tions where the mixing ratios are not needed (in addition
to the seven cases mentioned above), and thus can yield

more detailed information. Comparisons of the experi-
mental and theoretical E2 values are illustrated in Fig. 14
where the ratios ]M(E2)[,»t/[M(E2)[s~ are plotted vs
initial state excitation energy. The agreement between
theory and experiment seems to be reasonably good up
to about 6 MeV, above which there is considerable scat-
ter in the ratios. The model values are systematically
too large or too small. These differences could be an in-
dication of diKculties in the shell model, i.e., the sd-shell
model space is not large enough to describe the struc-
ture of the higher-lying levels. This conclusion is further
supported by the evidence reported in Ref. [59] that the
12.80-MeV 6+ state includes a ggyq single-particle com-
ponent of 20—30% in a nearly stretched proton configu-
ration of (gsIzdz&z).

In summary, the present reliable and accurate lifetime
data combined with the data from literature, yield evi-
dence for a need of multishell calculations (with the pos-
sibility of isospin mixing in the model wave functions) of
the higher excited states in sSi.
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