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Abstract:Mean lives of low-lying states of %Gi, 29Si and %i have been measured with the coincident 

high-velocity DSA method by 28Si bombardment of ‘H, 3H and 4He targets. The recoils with an 

initial velocity of about 0.048~ are slowed down in Mg, Cu, Ag and Au. The emitted y-ray Doppler 
patterns are observed with a Ge(Li) detector at BY = O” in coincidence with outgoing particles. 

The results are: **Si, 5, (1.78 MeV) = 688k26 fs; 29Si 420+ 15, 442k 14, 26.6k1.6, 46&3 and , 
3740+ 190 fs for states at 1.27, 2.03, 2.43, 3.07 and 3.62 MeV,respectively; 3oSi, 5, (2.24 MeV) = 
358+ 18 fs. The deduced transition strengths are compared with shell-model calculations. Stopping 

powers obtained from Ziegler’s effective charge parametrization are compared to experimental 
data. The usual DSA procedure is also reversed in the sense that a well-established mean life is 

used to deduce the electronic stopping power for Si ions in Mg. The result found is verified by other 
DSA measurements. 

NUCLEAR REACTIONS 4He(28S, ar), E = 53 MeV; 2H(28Si, py), E = 29, 33 MeV; 
E 3H(28Si, py), E = 33 MeV; measured coincident y-ray Doppler patterns; deduced electronic 

stopping power for Si in Mg. 28, 29* 3oSi levels, deduced T,,,. 

1. Introduction 

Among the several DSA techniques those which employ a high initial recoil 
velocity offer a number of advantages. The high velocity gives a large effect and 
leads to detailed Doppler patterns. Although the lifetime finally extracted from 
such a pattern strongly depends on the absolute value of the stopping power, the 
detailed shape makes it possible to check in a relative way the stopping power used 
in the analysis. Furthermore, due to the high velocity, the recoil nuclei quickly 
leave the target with its often uncertain composition and stopping properties, and 
the interpretation of the pattern in terms of a mean life is more reliable as generally 
the slowing down of heavy ions at these velocities is better known experimentally. 

Addition of a coincidence restriction with a particle makes a high-velocity method 
even more powerful as the coincidence enables the selection of the excited state 
of the recoiling nuclei so that delayed feeding is excluded. The coincidence further- 
more selects a well-defined initial recoil velocity and drastically reduces the back- 
ground in a spectrum. 
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In the present work the coincident high-velocity DSA method is used in the 
reactions 4He(28Si, cry)28Si, 2H(28Si, py)2gSi and 3H(28Si, py)30Si to obtain accurate 
mean lives for low-lying levels of the Si isotopes. The mean lives range from about 
20 fs to 4 ps. 

In subsect. 3.1, stopping powers generated by an effective charge parametriza- 
tion, recently given by Ziegler ‘), are compared to experimental data of Forster 
et al. 2). 

In subsect. 3.2, the usual DSA procedure is reversed; a well-established mean 
life is used to deduce the, experimentally lacking, stopping power for Si ions in 
Mg. The result found is verified by means of other DSA measurements. 

Subsects. 3.3-3.5 give the lifetime results for the three Si isotopes. A comparison 
with previous work and with a shell-model calculation is given in sect. 4. 

2. Experimental method 

High-velocity (B N 0.05) monoenergetic and unidirectional recoils of 28Si, 
2gSi and 3oSi in excited nuclear states, are generated by means of the reactions 
4He(28Si, a)28Si, 2H(28Si, P)~‘S’ I and 3H(28Si, p)30Si. The Si beams are obtained 
from the Utrecht EN tandem accelerator. Specific experimental details for each of 
the three reactions are given in the following: 

(a) The 4He (28Si, a)‘*S i reaction. The 4He targets are prepared by implanting 
10 keV 4He in 25 pm thick Mg and 25 keV 4He in 15 pm thick foils of Cu and Ag. 
The targets are bombarded with 53 MeV ‘*Si*+ of about 70 nA (electrical). Alpha 

particles are detected at 8, = 0” in a Si detector with a solid angle of 200 msr. The 
detector was shielded from elastically scattered particles and light by a 1 pm thick 
Ni foil and a 19 pm thick mylar foil. The y-rays are detected with a 115 cm3 Ge (Li) 
counter at 8, = O”, in coincidence with the a-particles. The Ge (Li) detector sub- 
tended a solid angle of 500 msr. 

(b) The 2H(28Si, P)~‘S~ reaction. In the measurements a very thin 38 pg/cm2 
TiD target on a 0.3 mm thick Au backing and 190 pg/cm2 TiD targets on 0.3 mm 
thick Mg, Cu and Au backings were used. Beam energies from 29 to 33 MeV were 
chosen to optimize the yield for certain levels. For the short-lived 2gSi states at 
2.43 and 3.07 MeV a 38 pg/cm2 TiD target and a beam energy of 29 MeV was used 
while for the long-lived 3.62 MeV state a Mg backing and E(28Si) = 33 MeV were 
employed. Beam currents up to 400 nA, 2*Si5+ (electrical) are used. The protons 
are detected around 1 80° with an annular Si detector with a solid angle of 230 msr. 
The detector was shielded by a 2 pm thick Ni and a 12 pm mylar foil. The y-rays 
are detected with a 104 cm3 Ge(Li) crystal, in coincidence with the protons. The 
Ge(Li) was positioned at 8, = O” and subtended a solid angle of 800 msr. 

(c) The 3H(28Si, p)30Si reaction. A 200 pg/cm’ TiT target on a 0.3 mm thick 
Mg backing is bombarded at E(28Si5f) = 33 MeV with a beam current of 400 nA 
(electrical). The TiT was covered with a protective layer of 45 pg/cm’ Al. The 
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ALPHA-ENERGY (MeV) 

Fig. 1. Singles a-spectrum, observed around zero degrees, from the 4He(28Si, a)28Si reaction. The 
resolution is mainly due to the straggling in the 15 pm thick Ag backing. 
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Fig. 2. Singles proton spectrum, observed near 18W, from the ‘H(r8Si, p)29Si reaction with a target of 
190 pg/cm’ TiD on a 0.3 mm thick Mg backing. The beam energy was chosen to optimize the yield of 

the E, = 3.62 MeV level. 
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protons are detected with an annular Si detector shielded by a 2 pm thick Ni 
and a 12 pm mylar foil and with a solid angle of 380 msr. The y-rays, coincident 
with the protons, are observed with a 125 cm3 Ge(Li) crystal at 0, = 0” and with 
da = 1650 msr. 

The a-y and p-y coincidence measurements are performed with standard elec- 
tronics and event-mode recording techniques using a PDP 1 l/40 computer. Windows 
on time and particle energy have been set to select only those events that correspond 
to the direct population of the level under study. Random coincidences and contribu- 
tions from the background in the particle spectrum have been subtracted. 

Singles particle spectra, as shown in figs. 1 and 2, were continuously monitored 
and the target spot was regularly changed during the experiment to minimize the 
influence of radiation damage, carbon build-up and the loss of implanted 4He. 
The carbon build-up was also reduced by a liquid N, cooling trap in front of the 
target. 

3. Analysis and results 

The precision to which mean lives may be extracted from observed Doppler 
patterns is finally limited by the accuracy of the description of the slowing-down 
process. In the present work we have used experimental electronic stopping powers 
from Forster et al. ‘). Their accuracy is stated as 4-6 %. 

In the velocity region of interest (u 5 80, E 8c/137) the total stopping power is 
parametrized as 

1.26KBoh’(u/v,)- ’ + K,(u/v,) - K3(v/v,J3 

- [&I = {/l+B(&)-C(f)ia,S 

(1) 

Values for Krhr were obtained from Bohr’s estimate 3, of the nuclear stopping 
power at u = uO. The parameters describing the energy loss for Si ions in several 
materials are listed in table 1. 

The calculated Doppler pattern is fitted to the experimental data in a least-squares 
procedure with the mean life as variable. The initial velocity and the position of the 
stopped peak are also adjusted slightly, i.e. within the errors of the values calculated 
from the experiment. A detailed description of the effects incorporated has been 
given in ref. “). 

3.1. ELECTRONIC STOPPING POWERS CALCULATED FROM ZIEGLER’S EFFECTIVE 
CHARGE PARAMETRIZATION COMPARED TO EXPERIMENTAL DATA 

The effective charge concept relates the elctronic stopping power of an ion with a 
certain velocity in a given material to the stopping power of other ions with the 
same velocity in that material. Several authors have given formulae for such a 
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TABLE 1 

517 

Parameters of the stopping powers of Si ions with (v/u,) 5 8 using the parametrization ‘) discussed in 
the text 

Stopping Stopping 
material power b, 

Mg 
SWAP 

S s&.+Jatrn 
S t9 

Ti SF 

cu SF 
SSCAP 

Ag 
$A, 

Au SF 

1.26 
KLlobr c 

” ) Ke 

0.695 5.501 0.144 2.500 1.777 
0.695 3.802 0.036 6.302 15.532 
0.695 3.497 0.020 6.750 - 56.930 

0.535 3.062 -0.014 2.500 - 3.493 5.972 0.544 3.4 

0.490 1.908 - 0.024 2.500 -2.165 3.674 0.275 0.2 
0.490 2.157 - 0.009 2.500 - 1.952 3.845 0.314 1.0 

0.380 1.661 - 0.035 2.500 - 2.924 3.879 0.332 0.6 
0.380 1.828 - 0.003 2.500 -1.178 2,932 0.241 3.0 

0.253 0.963 - 0.021 2.500 -1.529 

WJ,), A B c 

5.312 0.524 
0.335 0.062 

21.318 1.523 

2.150 0.164 

D2 d, 

Il.6 

1.6 

The parameters KFhr, 4, K,, A, B and C are given in keV . cm*/gg. 
“) dE ---= 

1 

1.26K~/(~/Zl~) + K,(v/v,)- K,(tr/oo)3, for (I@~) 5 (r,/r~& 

dfpx) A + B(l~/Z~,)- ccz~/r?O)* for (q/c& $ (c/c,,) s 8. 
b, SF: experimental stopping power from Forster et al. 2). 

S,, : stopping power of Si in Mg as deduced from the experimental Doppler pattern for “Si( 1.27 MeV) 
together with T, = 420 fs. 

S schwa,,,,: stopping power of Si in Mg as given in table 3 of ref. ‘). 
SscAP: scaled proton stopping power, see text subsect. 3.1. 

“) See text, the values given are for 29Si; for ‘sSi and s”Si the values are about 0.04 lower, respectively, 

scaling. The most recent one is proposed by Ziegler ‘), who investigated experimental 
data for 127 ion-medium combinations, with ions ranging from “C to 238U, energies 
from 200 keV/u to 22 MeVju and media from Be to Au, both gaseous and sohd. 
He relates ,!&(u, Z,), the electronic stopping power of a heavy ion with atomic 
number Zu,, at velocity u in a medium with atomic number Z, to the stopping power 
of protons S&v, Z,), with the same velocity in that medium in the following manner: 

with 

ye&u, Z,,) = 1 - (exp [-B-0.0378 sin (+cB)]) 

x ~1.034-0.1777 exp [-O.O8114Zn,]), 

with B = 0.88qv~v~)Z~~i3 and v, = c/137. The formula is valid for E/A > 200 
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keV/u. For lower values S,, is extended linearly in u totvards the point S,, (u, 2,) = 
0 at u = 0. The medium dependence of Sn, is entirely furnished by the medium 
dependence of S, as the scaling factor yeff depends only on properties of the moving 
ion, i.e. atomic number and velocity. 

With the extensive compilation of proton stopping powers of Andersen and 
Ziegler 5), the scaling of eq. (2) is reported ‘) to be accurate with a standard error 
of 4.5 ‘? relative to the extensive experimental data set investigated. 

In the following some experimental stopping power data from Forster et al. 
are compared to those obtained from Ziegler’s effective charge parametrization 
and proton stopping powers of Andersen and Ziegler. The use of the latter proton 
stopping powers gives a slight complication as the stopping formulae for the proton 
energy range lCL999 keV and the range 1000-100000 keV, given in table 1 of ref. 5, 
are discontinuous at E,, = 1000 keV. For the stopping of hydrogen in silver e.g. 
the difference for E, = 999 keV and E, = 1001 keV amounts to 4 %. After some 
consultation “) this inconvenience is remedied as follows. Denoting the lo-999 
keV stopping formula of table 1 in ref. 5, as Sp” and the 1000-100000 keV stopping 
formula as S:, we have taken the proton stopping S, to be as 

$9 for E = l&500 keV/u (3) 
S, = (l-.>$+uS$ for E = 5004300 keV/u (4) 

SF, for E > 800 keV/u, (5) 

with a defined as c1 = (E-500)/300. The heavy-ion electronic stopping powers 
generated on basis of eqs. (2)-(5) are termed scaled proton electronic stopping 
powers, xCAP. 

For Si ions slowing down in Ti, Fe, Ni, Cu, Ag and Au, scaled proton electronic 
stopping powers are compared to experimental results of Forster et al. in fig. 3. 
The agreement is rather good for Cu and Au, but bad for Ti and Ag. 

To see whether this behaviour is particular to Si ions a more detailed comparison 
for F, Mg, Al, S and Cl ions in the same media as above is made in fig. 4. The ratia 
of S,’ (the experimental electronic stopping power from Forster et al.) and SFAP 
is plotted as a function of u/v,, for the 30 ion-medium combinations. 

For v/v0 > 8 (equivalent to 1.6 MeV/u) the ratio differs less than 5 % from unity, 
and thus at higher velocities the description of the slowing down process by SyAp 
is quite adequate. For lower velocities, however, the difference is seen to be as large 
as 20 %. 

It is also apparent from fig. 4 that for a given medium the ratio Sr/SfcAp is quite 
similar for the different ions, as the remaining spread could be explained e.g. by 
the experimental error of about 5 y0 in Sr. Or phrased differently, for a given medium 
eq. (2) would correctly describe the scaling from F to Cl. 

A simple explanation for the up to 20 % deviations from unity for the ratio 
SF/ s:*p could be the incorrectness of the proton stopping powers used, as in 
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- FORSTER ET AL. 

- - - SCALED FROM PROTON OATA 

Fig. 3. Experimental electronic stopping power data from Forster et al. ‘) for Si ions in Ti, Fe, Ni, Cu, 
Ag and Au compared to those calculated from Ziegler’s effkctive charge parametrization and proton 

stopping powers of Andersen and Ziegler (g”^‘). 

the calculation of SyAP the proton stopping power for a given medium is common 
to all ions slowing down in that medium. Inspection of the proton stopping data 
for the media of interest in the compilation of Andersen and Ziegler ‘) makes clear 
that it is possible that their adopted proton stopping data could indeed be incorrect 
to such an extent. 

So for the inadequacies observed in fig. 4, the functional form of y(v, Zn,) or, 
more seriously, the effective charge concept itself, does not as yet necessarily have to 
be blamed. 
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Fig. 4. A comparison between experimental electronic stopping powers of Forster et al. (Sf) and scaled 
proton values (ec”4 for ions of F, Mg, Al, S and Cl slowing down in Ti, Fe, Ni, Cu, Ag and Au. The 

ratio S~/S~CAP IS plotted as a function of o/u0 for the 30 ion-medium combinations. 

3.2 CONSTRUCTION OF THE STOPPING POWER FROM THE DOPPLER PATTERN AND 
THE MEAN LIFE 

For the interpretation of Doppler patterns observed for excited Si ions slowing 
down in magnesium it is necessary to know the stopping of Si in Mg. Since direct 
experimental data are lacking, S, scAp(Si + Mg) was calculated, as outlined in the 
previous section. 

The result is shown as the dashed line in fig. 5. Use of this SFAP stopping power 
in the analysis of the Doppler pattern measured for the 1.27 MeV, first excited state 
of 29Si gave very poor results. The mean life search yielded no value at all with an 
acceptable fit. The lowest x2 obtained was 5.3, corresponding to the dashed fit 
shown in fig. 6. This result implies that gcAP(Si + Mg) is certainly incorrect. 

The dotted curve in fig. 5 represents the electronic stopping power of Si in Mg as 
given by Schwalm et al. in table 3 of ref. ‘). Use of this stopping power, denoted as 
S schwalm in our table 1, improved the fit to the data of fig. 6 appreciably (lowest 

x - 2 - 2.2) but it was still not satisfactory. 
To obtain the stopping power directly from the experimental Doppler pattern 

of fig. 6 we performed a least-squares search for the parameters of the stopping 
power parametrization of eq. (1) with the mean life kept fixed at z, = 420 fs. The 
result z, = 420 + 15 fs for the mean life of 29Si( 1.27 MeV) is obtained from separate 
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Fig. 5. The three electronic stopping powers for Si in Mg as discussed in subsect. 3.2. 
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Fig. 6. The y-ray Doppler pattern of the *%i( 1.27 4 0 MeV) transition for Mg as slowing-down material. 
The position of the stopped peak is given by E,. The dashed line is the best result obtained for the stopping 

power SscaP. The drawn line corresponds to rm = 420 fs and the present stopping power S,,. 

experiments, in which Doppler patterns measured with Cu and Au backings are 
analysed with experimental stopping powers of Forster et al. (see subsect. 3.4.1). 

The stopping power for Si in Mg obtained in this way is denoted in table 1 as 
S,, and is given by the drawn line in fig. 5. The accuracy is about 5 % since it is 
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basically the accuracy of the directly measured ‘) stopping powers for Si in Cu and 
Au. The accuracy of SSchwalm is also given ‘) as about 5 %. The accuracy of PAP 
is difficult to assess, as noted in subsect. 3.1. 

For velocities u < 5v,, the stopping powers S,, and SSchwalm differ by less than 
4 %. For somewhat higher velocities, however, S,, is appreciably larger. For e.g. 
u = 7v,, S,, exceeds SSchwalm by 15 %. 

With respect to the result of fig. 5 it should be remarked that the electronic stopping 
power at low velocities (u/u, < 2.5) is extended linearly in u/u0 towards zero. Up to 
now we have no evidence that this assumption is incorrect; see e.g. the fit to the 
28Si(2[ + 0:) pattern with excellent statistics in fig. 8. The present curve in fig. 5 
is derived from the data for velocities up to u/v,, = 6.8; the analytic continuation 
of the parametrization is shown up to u/u0 = 8. 

The drawn line in the Doppler pattern of fig. 6 (with x2 = 1.5) corresponds to 
S,, and rm = 420 fs. 

As a further test of S,, we have measured three additional Doppler patterns 
emitted by excited Si ions slowing down in Mg. The three states investigated are 
28Si(1.78 MeV, r, = 688+26 fs), 29Si(2.03 MeV, r,,, = 442+ 14 fs) and 3oSi(2.24 

Fig. 7. Verification of the present stopping power S,,. The y-ray Doppler patterns measured with a Mg 
backing for s’Si(2.24 MeV), %(1.27 MeV), 29Si(2.03 MeV) and %i(1.78 MeV) are analysed with the 
three stopping powers S,,, SSEhwalm and SscaP. The figure shows for each of the four states the variation 
of x2 as a function of the mean life. The a priori known mean lives (see text) are indicated by the vertical 

arrows. The total number of coincidence counts in each pattern is also given. 
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MeV, r, = 363-r-20 fs). The mean lives, which vary almost a factor of two, are 
again obtained from separate experiments, in which Doppler patterns measured 
with Cu, Ag and Au backings are analysed with experimental stopping powers ‘) 
(see subsects. 3.3-3.5). 

The Doppler patterns measured with Mg are analysed with the three stopping 

powers S,,, SSchwalm and SscAP, discussed above. The x2 results are shown in fig.7. 
The a priori known mean lives are indicated by the vertical arrows. Also the total 
number of coincidence counts in each pattern (between 8000 and 32000) is given. 

The result for 29Si(l.27 MeV) is not surprising since S,, was optimized for this 
level. For 3oSi(2.24 MeV) and 29Si(2.03 MeV) the curves for S,, are lowest and dip 
at the expected values of 7,. They thus corroborate S,,. 

The broad x2 dips and low x2 values for 28Si( 1.78 MeV) reflect the rather large 
statistical errors of the data points of the pattern, which are caused by the back- 
ground from unwanted 28Si+ 24Mg reactions. At E(28Si) = 53 MeV, which energy 
was chosen on the basis of the yield, the background from the Mg backing is rather 
strong in comparison with the background from heavier backings such as Ag. 

For r, = 688 fs, the 28Si(1.78 MeV) pattern has x2 = 0.69 for S29 and x2 = 0.63 

for &chwalm. So this measurement makes practically no distinction between the two 
stopping powers. 

Fig. 7 shows that the x2 curves corresponding to SSCAP are the worst for all four 
patterns. Nevertheless the lifetimes, deduced by means of SSCAP, almost would 
have the correct value. So in the analysis of a Doppler pattern it is possible to have 
a wrong stopping power, a bad fit but, nevertheless, a correct result. Inspection of 
fig. 5 shows that here this effect accidentally is due to the present starting velocity 

I r I I I / 

1000 1 

I I 1 + ; 

18co 1850 1900 

Ey(keV) 

Fig. 8. Gamma-ray Doppler pattern of the ‘sSi( 1.78 + 0 MeV) transition measured with a Ag backing. 
The fit, given by the solid line, is obtained with the stopping power data of Forster et al. ‘). The error 

given for 5, is statistical only. 
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TABLE 2 

Summary of present coincident high-velocity DSA results 

Nucleus (M:V) (k%) P(O) 
(%I 

Slowing”) 
TiD down 

(pg/cm’) material 

%i 1.78 1778 

‘%i 1.27 1273 

2.03 2028 

2.43 

3.07 

3.62 

%i 2.24 

2425 

1194 

1595 
2028 

2235 

5.02 ? Ag 
5.02 d) cu 

4.86 
4.77 
4.76 
5.01 

4.84 
4.78 
4.71 
4.86 

4.75 

4.76 38 Au 

4.82 190 Mg 
4.73 190 Mg 

4.91 ‘) Mg 

38 Au 
190 Au 
180 cu 

190 Mg 

38 Au 
190 Au 
180 cu 

190 Mg 

38 Au 

683 1.5 
695 1.2 

429 1.4 
432 0.9 
410 I.6 

‘) 1.5 

458 1.3 
437 1.2 
434 I.1 
449 1.6 

26.6 1.8 

45.8 2.0 

3710 I.1 
3720 1.6 

358 I.2 

Statis Adopt- 
tical ed b, 
error error 

(fs) (fs) 

9 
17 

35 
39 

22 
22 
21 

22 

5 23 
4 22 
6 23 
7 24 

1.0 1.6 

1.3 2.6 

IO 200 
50 190 

3 18 

Adopted ‘) 

(f:; 

688 f 26 

420 f I5 

442 f I4 

26.6+ I.6 

46 k 3 

3740 +190 

358 + I8 

“) For Au, Ag and Cu the experimental stopping powers of Forster et a/. ‘) are used. The Mg data are 
analysed with S,,, see text. 

b, Quadratic addition of statistical error and 5 “/A stopping power error. 
‘) See text. 
“) Targets of 25 keV 4He implanted in 15 pm thick foils of Ag and Cu. 
‘) The experimental Doppler pattern together with 5, = 420 fs is used to deduce the stopping power of Si 

in Mg, see text. 
‘) Target of 200 pg/cm’ TiT on thick Mg. 

of the Si recoils of v(O)/v, x 7. An experiment with a starting velocity of u(O)/u, x 3 
would have yielded, independently of the lifetime, 35 % shorter lifetimes with SscAP 
than with S,,. 

3.3 THE 4He(28Si, ay)“Si REACTION 

The singles particle spectrum is shown in fig. 1. The resolution of the E-spectrum, 
observed around zero degrees, is mainly due to the straggling in the 15 pm thick 
Ag backing. Fig. 8 displays the y-ray Doppler pattern measured with Ag as the 
slowing down material. The results for Ag and Cu in table 2 lead to r,[*%i(1.78 
MeV)] = 688+ 26 fs. 
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3.4 THE ZH(28Si, py)‘%i REACTION 

The singles particle spectrum given in fig. 2, shows that the proton groups corre- 
sponding to the lowest five excited states of 29Si are rather well separated. In addition, 
it follows from the decay scheme *) in fig. 9 that the 2.43 MeV level decays with a 
ground-state branch of 87 % and no branch to the 2.03 MeV level. A small contri- 
bution of the 2.43 MeV proton peak, contained in a slightly imperfect gate on the 
2.03 MeV proton peak, will thus not disturb the E, = 2028 keV pattern (except 
for a somewhat increased Compton background). Also a contribution of the 2.03 
MeV proton peak, from a slightly imperfect gate on the 2.43 MeV proton peak, will 
not contribute to the E, = 2425 keV pattern. 

3.4.1. The E, = 1.27 and 2.03 A4eV levels. The measurements on the first two 
excited states of 29Si are performed with a Mg backing, a Cu backing and two Au 
backings (see table 2). Fig. 10 shows the patterns observed with the 190 pg/cm’ 
TiD on Au. The 1.27 MeV pattern for the Mg backing is given in fig. 6 (see sect. 3.2). 
The results obtained are listed in table 2. 

The two measurements for the 1.27 MeV level with an Au backing but (a factor 
of five) different target thicknesses agree well with each other and average to 431 
fs with a statistical error of 3 fs and an adopted error of 22 fs. The two measurements 
for the 2.03 MeV level with an Au backing are in poor agreement with each other. 
They average to 445 fs with an (external) statistical error of 10 fs and an adopted 
error of 24 fs. 

The statistical errors (column 9) contribute less than half to the adopted errors 
(column 10) which are dominated by the 5 ‘A stopping power error. The x2 values 
in column 8 vary between 0.9 and 2.0. The imperfections of the fits are thought to 
be due to small shortcomings in the geometrical smearing function of the Ge(Li) 

3.62 2 89 9 7/2- 
I 

1595 
3.07 80 20 5/2* 

1 
1794 

2.43 87 13 3/2+ 
1 

2426 
2.03 9.4 0 . . 5/+ 

I 
2028 

1.27. . . . 3/2+ 

I 
1273 

0 . . M’ 

29 
Si 

Fig. 9. Level scheme of %i for E, < 3.7 MeV. The transitions which have been used in the present work 
are indicated with their y-ray energies. The branching ratios are form ref. *). 
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2H C’%,pyr?“Si 

looOF 
E = 29 MeV, e,=O”, 190 vg/cm* Ti D on Au 

2028 keV y-ray 

FIVE -CHANNEL 

1273 keV y-ray 

FIVE-CHANNEL 

iil=_ 

A__-_- .- 

E, (keV> 

Fig. IO. Gamma-ray Doppler patterns of the “Si(2.03 -P 0 MeV) and 29Si(1.27 -+ 0 MeV) transitions 
measured with a Au backing. The solid lines are calculated with the stopping power data of Forster et al. ‘). 

The error given for r, is statistical only. 

detector and to small deviations of the form of the actual energy loss curve from that 
enforced by the parametrization of eq. (1). 

The adopted mean lives in the last column of table 2 are the weighted mean of 
the results for the different slowing-down materials with the adopted errors as 
weights. 
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Fig. 11. Gamma-ray Doppler patterns of the “Si(2.43 + 0 MeV) and 2pSi(3.07 -B 0 MeV) transitions 
measured with a thin TiD target on thick Au. The insert gives for q,, = 27 fs the mean decay length 
VT, = /I(O) crm = 0.36 pm in gold in comparison with the target thickness of 0.08 pm. The influence of the 
geometrical smearing in the 2425 keV pattern is shown by the width of the dotted shape, which would 

correspond to q,, = 1 fs. The errors given for T,,, are statistical only. 

3.4.2. The E, = 2.43 and 3.07 A4eV levels. As the mean lives of about 20 fs of 
these two levels are rather short, the measurements are performed with a thin 38 
pg/cm* TiD target on thick Au. Gamma-gamma coincidences from 6oCo and ‘sY 
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are simultaneously recorded for an internal energy calibration. The observed Doppler 
patterns are shown in fig. 11. The position of the stopped peak E,, is indicated by the 
vertical arrow. The insert gives, for the mean life of 27 fs, the mean decay length 

“7, = p(O)% = 0.36 pm in comparison with the total target thickness of 0.08 pm. 
In the analysis a uniform production in the target is assumed. About 10 % of the 
recoils then decay in the targ&t. The low yield is compensated for by a large solid 
angle of 800 msr of the Ge(Li) detector. The influence of the accompanying geo- 
metrical smearing is shown in the 2425 keV pattern by the width of the dotted shape, 
which would correspond to r, = 1 fs. 

3.4.3. The E, = 3.62 MeV level. Since the lifetime is rather long (2: 4 ps), Mg is 
used as slowing-down material. Coincident with the proton group populating the 
3.62 MeV level, two y-ray Doppler patterns appear in the spectrum, namely the 

, I I i 
1600 1650 1700 

2028 kaV z,-ray 

I p (0)=4.7% 

r,(3.62)=3.72tO.O4fx 

2700 
I 

2050 
I I J 

2100 2150 

EykV) 

Fig. 12. Gamma-ray Doppler patterns of the *%(3.62 + 2.03 MeV) and “Si(2.03 -P 0 MeV) transitions 
in coincidence with protons populating the 3.62 MeV level. The 1595 keV Doppler pattern is situated 
on the (inevitable) Compton background of the 2028 keV y-ray. The 2028 keV pattern involves two 
lifetimes and is fitted with a cascade decay with ~,(2.03 MeV) fixed at 442 fs. The dotted line would be the 
shape for rJ2.03 MeV) = 0. The patterns are analysed with the stopping power S,,, obtained in 

subsect. 3.2. The errors given for r,,, are statistical only. 
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Fig. 13. Gamma-ray Doppler pattern of the ?ji(2.24 + 0 MeV) transition measured with a Mg backing. 
The pattern is analysed with the stopping power S,,, obtained in subsect. 3.2. The error given for T, is 

statistical only. 

decay of the 3.62 to 2.03 MeV level (1595 keV y-ray) and the subsequent decay of 
the 2.03 MeV level to the ground state (2028 keV y-ray). The data are shown in 
fig. 12. The 1595 keV Doppler pattern involves only the 3.62 MeV lifetime but is 
riding on the inevitable Compton background of the 2028 keV y-ray. For the 2028 
keV pattern, the background is a factor 14 lower but the Doppler pattern involves 
two lifetimes. 

Both patterns are analysed with the stopping power S,, to obtain the mean life 
of the 3.62 MeV level. The 2028 keV pattern is fitted with a cascade decay with 
r,(2.03 MeV) fixed at 442 fs (see table 2) and r,(3.62 MeV) as a parameter. The 
dotted line in fig. 12 would be the shape of the 2028 keV pattern for r,(2.03 MeV) 
set at zero. The patterns yield values for r,(3.62 MeV) which agree with each other 
within the statistical errors (see table 2). They average to r,(3.62 MeV) = 3740+ 190 
fs. The error is the quadratic sum of the statistical error in the mean and a 5 % 
stopping power error. 

3.5. THE 3H(28Si, py)30Si REACTION 

The Doppler pattern for 3oSi ions, in the first excited state at 2235 keV, slowing 
down in Mg is shown in fig. 13. The measurement is used to corroborate the stopping 
power S,,, see fig. 7. The present data lead to a mean life oft, = 358_+ 18 fs (see 
table 2). 
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4. Discussion 

The present results are compared with previous high-velocity DSA measurements 
in table 3. Omnibus averages from ref. *) are also given. The five high-velocity DSA 
measurements for the first excited state of **Si agree very well with each other; their 
spread around an average of 684 fs is less than 3 %. The results of Schwalm et al. ‘) 
for 29Si(1.27 MeV) and 29Si(2.03 MeV) are also in good agreement with the present 
work. The present result for 29Si(3.07 MeV) is a factor of two longer than the omnibus 
average of ref. *). 

The results for the first excited state of 3oSi are conflicting. The most serious 
discrepancy is the very recent result of Fewell et al. l 2), which is 69 f 38 fs lower than 
the present measurement. From fig. 7 follows that an analysis of the present data 
with the stopping powers SSchwalm or SscAP would result in even longer mean lives. 
The reason for the low value found by Fewell et al. is not understood. An analysis 
of their data for the quadrupole moment under the restriction of r,,, = 360 fs would 
be of interest. 

Table 4 gives a comparison between experimental strengths and the corresponding 
shell-model results. The calculation of Wildenthal and McGrory 14) has been carried 
out with a modified surface-delta interaction in the configuration (d$“(s+)“‘(dJ”’ 
with n, = 8, n2 = 4, n3 = 1 and all 13-particle combinations for which n, 2 9. 

TABLE 3 

Comparison of present mean lives with previous results 

Nucleus (ML) high-velocity DSA 
omnibus “) 

present previous 
average 

‘*Si 1.78 688 + 26 689+25 b, + 700* 20 
697 f 39 ‘) 
667 k 35 d, 
679 f 22 ‘) 

‘?Si 1.27 420 k 15 42Ok60 b, + 400+ 30 
2.03 442 f 14 450+ 10 b) + 42Ok 30 
2.43 26.6* 1.6 20* 5 
3.07 46 + 3 20+ 6 
3.62 3740 +190 4200 k 400 

a’Si 2.24 358 + 18 260+70 “) + 360+ 20 
289+34 ‘) 
363+20 ‘) + - 

“) Ref. *). ‘) Ref. ‘). ‘) Ref. ‘). d, Ref. I”). 
‘) Ref. I’) Coulomb excitation. 
‘) Ref. i2) Coulomb excitation. 8) Ref. i3). 
’ Included in the omnibus average. 
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TABLE 4 

Comparison of experimental and theoretical strengths for transitions between low-lying states of %i 

Ei -+ Ef 
(MeV) ‘-J’ (2) 

Branching “) 

(%) 

E2 strength M 1 strength 

(W.U.) (mW.u.) 

exp th ‘) exp th ‘) 

1.27 -+ 0 + +f’ 420 &15 100 -0.197~0.009 4.OkO.4 4.9 35* 1 17 
2.03 + 0 :+ -+ f’ 442 +I4 94.0*0.5 0 9.3kO.3 7.5 

+ 1.27 -+ 3’ 6.OkO.5 + 0.03 * 0.03 0.1 kO.2 0.9 IOk 1 6 
2.43 -+ 0 t+ + f’ 26.6* 1.6 87 +l +0.32 kO.07 5 +2 4.3 65+ 5 84 

-+ 1.27 + 3’ 13 &I -0.09 +0.08 3 *5 7.5 99&10 170 
+ 2.03 + j’ 0.4kO.l PI Y 1.3 75+19 260 

3.07 + 0 j’ + f’ 46 + 3 <3 0 < 0.4 1.3 
+ 1.27 -+ t+ 80 +4 - 0.26 + 0.02 8.9* 1.5 6.2 88& 7 17 

+ 2.03 -+ j’ 20 54 - 0.04 + 0.02 0.9kO.9 0.2 12Ok26 34 

+ 2.43 + 3’ <2 co1 Y < 52 

“) From ref. s). 
‘) The mixing ratio is assumed to be zero. 
‘) From ref. t4). 

The calculated Ml and E2 strengths are generally within a factor of two in agreement 
with the experimental results, except for the decay of the second 2’ level at E, = 3.07 
MeV, where the difference amounts to about a factor of 5. This may be caused by the 
truncation on the number of d, holes. 

The present result for the slowing down of Si ions in Mg, as deduced from the 
observed Doppler pattern, is given in fig. 5 and table 1 (subsect. 3.2). Verification 
by other methods would be of interest. The results in fig. 4 suggest that the velocity 
region 0 > 9u, = 0.07~ is rather free from stopping power problems. It seems 
possible that lifetimes, established in the latter velocity region, could be used in 
lower-velocity regions to determine slowing-down characteristics. 

This work was performed as part of the research programme of the ,,Stichting 
voor Fundamenteel Onderzoek der Materie” (FOM) with financial support from 
the “Nederlandse Organisatie voor Zuiver-Wetenschappelijk Onderzoek” (ZWO). 
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