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Abstract: Mean lives of low-lying states of '20, 3°Si, *3S and 3*S have been measured with the Doppler-
shift attenuation method by heavy-ion bombardment of 2H and *H targets. The y-ray Doppler
patterns are observed with a large Ge(Li) detector at 0° in coincidence with protons around 180°,
so that the experiments are performed with high-velocity, mono-energetic and unidirectional beams
of nuclei in well-defined excited states. Interpretation of the y-ray patterns measured with Mg, Al,
Cu and Ag as slowing-down material, with accurately known experimental stopping powers yields
consistent results with small errors: 120, 7, (1.98 MeV) = 2790+ 110 fs; 3°Si, 7, (2.24) = 351 £ 19 fs
and 1,,(3.50) = 89+8 fs; *3S, 7,(0.84) = 1650450 f5 and 7,(2.31) = 206 +8 fs; 3*S, 7_(2.13) =
470120 fs and 7,,(3.30) = 196 + 13 fs. The deduced transition strengths are compared with results
from large-scale shell-model calculations.

NUCLEAR REACTIONS 3H(*%0, py), E = 20 MeV; *H(®*®Si, py), E = 33 MeV;
E| 2H(®2S,py), E=38 MeV; *H(®S,py), E = 38 MeV; measured y-ray Doppler patterns.
180, 308j 33§, 348 levels deduced t,,, transition strengths.

1. Introduction

Several lifetime measurements ') in recent years have shown the results obtained
with the Doppler-shift attenuation method to be strohgly dependent on the slowing-
down material. A most illustrative example is the wide range of values from 0.29
to 0.54 ps for the lifetime of 22Ne(3.34 MeV), measured by Broude et al. ?) with 39
different backing materials.

The large systematic deviations observed may probably be attributed to two main
causes, both stemming from the low initial recoil velocities (v =~ 0.01 ¢) generally
involved. (i) Lack of information on experimental stopping powers at low velocities
often forces previous work to rely on the theoretical stopping cross sections of
Lindhard ez al. #), as worked out by Blaugrund *). (ii) Due to the short range in the
slowing-down material the results are most sensitive to surface effects and local
disturbances. Also the uncertain atomic composition and density of some chemical
compound targets can be rather troublesome.

t Permanent address: Institute of Atomic Physics, P.O. Box 5206, Bucharest, Rumania.
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The higher initial velocities required to overcome these problems may be obtained
from inverse reactions in which very light nuclei like 'H, 2H, 3H and “He are bom-
barded with heavy ions®~%). At high recoil velocities (v > 0.01¢) the stopping
power of heavy ions in several materials is accurately known experimentally; the
electronic stopping power dominates here the slowing-down process whereas the
nuclear stopping power, which is difficult to treat and not well investigated, affects
only the last part of the path of the ions.

The high initial velocities also mean that the recoiling nuclei spend little time in the
target (with its often uncertain properties) and quickly reach the backing, for which
a wide choice of slowing-down materials is available. Furthermore the Doppler
effect at 0° is large compared to the 2-3 keV resolution of a Ge(Li) detector. Thus the
Doppler pattern, which for a given lifetime reflects the slowing-down process, can
be studied in detail.

Detection of the y-radiation in coincidence with the outgoing particles enables the
selection of the excited state of the nuclei. This not only excludes feeding from higher
levels, but also greatly reduces background. The coincidence restriction confines the
contributing nuclei to a narrow cone of about 1° half-angle. Since the initial velocity
spread is small too (dv/v =~ 0.01), the recoils approximate a high-velocity, mono-
energetic and uni-directional beam of nuclei in a well-defined excited state.

This paper reports on coincident high-velocity DSA line-shape measurements in
which 2H and 3H targets are bombarded with several heavy-ion beams from the
Utrecht EN tandem accelerator. Preliminary results presented earlier”-°~!') are
superseded by the present paper.

2. Experimental method

Thin 200 gg/cm? TiD and TiT targets on a 0.3 mm thick backing are bombarded
with 1603*, 288i3* and 32S%* beams. The tritium targets have a (protective) layer
of 45 ug/cm? Al or Au. During an experiment the target spot was changed about
every two hours to prevent carbon build-up and radiation damage. The carbon
build-up would e.g. give rise to particles from 2C(HI, xn yp z«) reactions. So far
as their stopping properties are concerned the backing materials Mg, Al and Cu are

Ta DIAPHRAGMS
' TARGET
32
S O
BBMN% mm
X_12 pm MYLAR rmesr

Fig. 1. The experimental set-up. The solid angle of the particle detector amounts to 75 msr. The recoiling
nuclei are moving forward within a cone of 0.6° half-angle.



LIFETIME MEASUREMENTS 223

in the approximate ratio of 1 :2 : 3, with Mg being the softest; Ag resembles Cu in
this respect. The bombarding energies used produce nuclei recoiling at an initial
velocity of v/c = 0.05.

The experimental set-up is shown in fig. 1. The y-ray patterns are observed with a
259 efficient Ge(Li) detector at 0° in coincidence with protons. The latter are
detected in an annular Si counter at 180° which is shielded from elastically scattered
beam particles by a 12 um thick mylar foil. These positions are most favourable with
respect to the following. At 0° the Doppler pattern is widest and the geometrical
smearing, due to the finite solid angle of the detector, is smallest. Although the solid
half-angle of the y-detector amounts to 21°, the variation of the cosine over the solid
angle is only 7 %,. At the position on the axis the solid angle of the Si detector causes
the smallest kinematical broadening of the particle spectrum, as illustrated in fig. 2
for the p, group in the *H(32S, p)*3S reaction. In the experiments solid angles
between 75 and 150 msr were used for the particle detector.

T T T T T T
2H(*%5,p) Fsy)

32
3 EC?S)=38Mev  TARGET oeam ]

w
@]
T

'COUNTER
2.0

1.0

KINEMATICAL ENERGY SPREAD (MeV)

O, ,pin degrees

Fig. 2. Kinematical broadening of the p, group in the reaction 2ZH(*2S, p)335(1) at 38 MeV as a function
of detector position for three different solid half-angles. The point at 8,,, =180° on the a = 12° curve
represents the experimental situation.

The resolution of the particle spectra is determined by several effects, of which
the kinematical energy spread due to the solid angle contributes most. Other con-
tributions stem from detector resolution, target thickness and straggling in the 12 um
mylar foil.

Event-mode recording techniques were used employing a CDC 1700 computer
and standard electronics. Windows on energy and time (= 5 ns FWHM, see fig. 3)
were set to select only those events that correspond to the direct population of the
level under study. A typical value for the time it takes to record a spectrum is that
of the 2ZH(®2S, py)*3S measurement with the Mg backing, namely about 50 hours
at a beam intensity of 250 nA (electrical).
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Fig. 3. Time spectrum for the 840 keV **S(1 — 0) transition i coincidence with tne p, group in the
reaction ZH(32S, py)*3S.

3. Analysis

The energy loss of the recoiling nuclei in the target and backing material was as-
sumed to consist of a nuclear part, —[dE/d(px)],, which becomes important at
low velocities, and an electronic part, —[dE/d(px)]., dominating the major part
of the stowing-down process because of the high initial recoil velocities involved.
The total stopping power then is given by

~ien) =~ Lsal s g
diex)]  Ldex),  Ld(ex) ]

The nuclear stopping power, which is not well known experimentally, is param-
etrized ®) as —[dE/d(px)], = K,/(v/vo) where v is the recoil velocity and v, = 37 ¢.
Values for K, were obtained by using Bohr’s estimate '?) of the nuclear stopping
power at v = v,. The lifetime results were found to be rather insensitive to K.

Values for the electronic stopping power were taken from the semi-empirical
compilation of Northcliffe and Schilling '?). Their results were fitted with the
analytical functions

_ [ dE ] _ {Ke(v/vo)—K3(v/vo)3 for (v/v0)< (v/ve) (2a)
dpx)J. A+ B(v/vo) — Clv/vo)* — Kof(v/vo)  for (v/vo)y < (v/ve). (2b)

The constraint that both —[dE/d(px)]. and its derivative be continuous at v/vy =
(v/vo), imposes two relations upon the six parameters. Therefore K., K;, (v/vg),
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and A are chosen as independent parameters, while B and C are calculated from the
relations

B = 3K, /(v/vo); + K.+ K3(v/v0); —2A/(v/vo)s, (3a)
C = 2K /(v/vo); +2K3(v/vo)— A/(v/vo); (3b)

In order to reproduce the Northcliffe-Schilling results as well as possible, the
electronic stopping power data were fitted only over the velocity range of interest for
the present work, i.e. (v/vy) < 7.1. For the ions and slowing-downmaterials used the
parameters of eq. (2) have been collected in table 1. These values reproduce the
Northcliffe and Schilling data for (v/v,) < 7.1 with an accuracy of about 19, as
can be seen from the last column of table 1.

The expressions for the total stopping power follow from eq. (1) and (2):

B [ dE ] B {Kn/(u/vonKe(v/vo)—Ks(u/voP for (v/vo) < (v/vo)y  (42)
dipx)] A4+ B(v/v)— Clv/ve)?* for (vfve)g < (v/vo).  (4b)

In order to arrive at eq. (4b) without introducing an unnecessary discontinuity
in the total stopping power, the term — K /(v/v,) has been included in eq. (2b) of
the parametrization of the electronic stopping pow=rt. Since K, depends on the
atomic weight of the recoiling ion the stopping power parameters are slightly dif-
ferent for different isotopes, as can be seen e.g. in table 1 for the energy loss of *3S
and 3*S. The analytical expressions for the pattern that can be derived from egs.
(4a) and (4b) assuming no change in direction of the recoiling nuclei, haye been given
explicitly by Warburton et al. in eq. (B14) of ref. *#) and eq. (5) of ref. °), respectively.

In the calculation of the theoretical pattern it is assumed that all recoiling nuclei
originate from the middle of the thin target. Normalization of the different parts of
the pattern upon leaving the target or reaching (v/v,), is accomplished by demanding
the number of still excited nuclei to be a continuous function of the recoil velocity.

The following effects are incorporated in the analysis.

(i) Geometrical smearing. Because of the finite solid angle of the Ge(Li) detector
the y-radiation is detected between —21° and + 21°. To account for this geometrical
smearing the detection probability has to be considered as a function of the angle
between the direction of the y-ray and the beam direction. This probability was taken
proportional to 1 —exp [ — u(E)x] where x is the path length in the crystal and u(E)
the absorption coefficient. Due to the solid angle the y-ray intensity is integrated
over energy from E,[140.936()] to E,[1+ B()] with the geometrical smearing
function as weight. This yields for E, = 1 MeV and p(0) = 0.05 an initial integration
width of 3.5 keV for the high-energy side of the pattern. So the spatial integration
over the solid angle of the Ge(Li) detector corresponds energywise to an integration
interval comparable to or smaller than the FWHM of the detector response function.
The width of the integration interval shrinks with decreasing f(¢), resulting in a J-
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function for the stopped peak. The geometrical smearing function for a 0.84 MeV
y-ray and the present set-up is shown in fig. 4.

From the considerations above -also follows that possible angular correlation
effects will hardly distort the pattern. For an angular correlation of the form
W(0) = 1+ A4, P, (cos 8) the relative intensity variation over the solid angle of the
Ge(Li) detector is given by [W(0°)— W(21°)]/W(0°) =~ A,/(5+54,). For 4, =0.3
this results in an intensity variation of less than 59 over the energy integration
interval mentioned above. Its influence would be detectable first at the high-energy
end of the pattern for high-energy y-rays. Formally the angular correlation function
W (0) can be incorporated in the directional efficiency function of fig. 4. In the present
work W(0) is taken to be constant over the solid angle of the Ge(Li) detector.
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Fig. 4. Geometrical smearing function for the set-up of fig. 1 and a 840 keV y-ray. The straight arrow on the
axis of symmetry indicates the direction of the recoiling nuclei. The solid-angle reduction coefficients.
OV and ‘Q?, depend weakly on the y-ray energy for y-rays between 0.5 and 2.5 MeV (see table 2).

(ii) Detector response function. After applying geometrical smearing the the-
oretical pattern has to be folded with the intrinsic detector response function. For
the description of this function three components were used: a Gaussian, an_ex-
ponential and a step function. The analytical expressions are given by

H exp [ —(E— Ey)?*/267] for Eg < E (5a)

R(E, Eo) =< (H—B) exp [ —(E—Eo)*/20*]+B for E,—~T < E < E, (5b)
(H—B)exp [T{2E—Ey)+T}/26*]+B  for E < Eo—T, (5¢)
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where E,, is the y-ray energy, H the peak height and B the height of the flat Compton
ridge (see fig. 5). Because at energies below E, a flat Compton ridge B is added, the
normalization factors of the two Gaussians in egs. (5a) and (5b) have to be slightly
different to ensure continuity. At E = E,—T there is a smooth transition from a
Gaussian to an exponential function to account for a low-energy tail in the response
function. The parameters 7, ¢ and B/H were determined from fitting to calibration
spectra.

The parametrization given above describes the detector response above the
Compton edge. Hence it is only applicable if the Compton edge of the fully shifted
part of the pattern is well below the stopped peak, which can be expressed by the
condition that E, f(0) < 511/[2+511/E,(1+ p(0))] with E, the energy of the un-
shifted y-ray in keV and ¢f(0) the initial recoil velocity. For the present work this
leadsto E, <4.8MeV.

(ili) Higher-order terms in . At the velocities involved (B & 0.05) relativistic
effects are no longer negligible. The energy of a y-ray emitted at an angle 0 relative
to the direction of motion of the nucleus travelling at velocity v(f) = ¢f(¢) is given by
E®@, O/E(v=0)=,/1- B®*/[1—B(¢) cos §], which to second order in B(£) leads to

E (v, )/E(v = 0) = 1+ (¢) cos 6+ p*(t)[cos® 0 —1%]. 6)

Since for the set-up of fig. 1 cos 6 is always close to unity (see also sect. 4 eq. (7))
the ratio between second-order and first-order terms is about 48. Thus for the y-ray
pattern an alinearity of less than 2.59 is introduced in the relation between energy
(i.e. channel number) and velocity.

(iv) Lorentz and efficiency corrections. Due to the motion of the recoiling nuclei
the solid angle of the Ge(Li) detector is larger for higher values of §. This Lorentz
correction factor of (1+ B)/(1 — B) has been combined with an E; ! energy dependence
for the variation of the detector efficiency over the pattern to give a resulting cor-
rection factor of (1 + ) which the theoretical lineshape has to be multiplied with.

Finally it should be noted that, due to the rapid (~ 107 '€5) filling of electron
orbits during the slowing-down process, effects related to hyperfine interactions play
no role in this kind of measurements as opposite to e.g. recoil-distance type ex-
periments.

A set of possible y-ray patterns as a function of the mean life 7, calculated with the
present formalism is shown in fig. 6 for Mg as slowing-down material. The same
shapes also apply (in first approximation) to Al and Cu as slowing-down material
if the indicated values for 7, are divided by factors of 2 and 3, respectively.

A lower limit to the lifetimes that can be measured with the present set-up is set
by the target thickness. The 0.44 um thickness of the 200 ug/cm? target corresponds
for B = 0.05 to a crossing time of about 29 fs. For a mean life of 20 fs and a
uniform cross section throughout the target about half of the excited nuclei will
decay in the target with its uncertain slowing-down properties. For z,, = 50 fs the
number of excited nuclei decaying in the backing is about 75 9. These considerations



LIFETIME MEASUREMENTS 229

T | T | T l T I
E DETECTOR RESPONSE FUNCTION ' H 3
E t ]
i E ]
i T=0.5x FWHM ' )
- _J
EE B=0.005 xH E
wE E
ZE E
wt ]
EE ]
Fa R J
w
2 -3
= F b
SEs. ]
ol
el E
E 1 | _§
-4 -2 2

E-Eg in units of FWHM

Fig. 5. Detector response function and its components for realistic values of the parameters. Expiicit
formulas are given in the text (eq. (5)). The parameters 7, FWHM and B/H are determined from fitting
to calibration spectra.
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Fig. 6. A set of possible y-ray patterns with Mg as slowing-down material as a function of the mean

life. The same shapes also apply (in first approximation) to Al and Cu as a slowing-down material if the
indicated values for 1., are divided by factors of 2 and 3, respectively.

show that with the targets presently used no reliable results can be obtained for life-
times shorter than about 40 fs. The shortest mean life reported in the present work is
89 fs.

4. Results

A survey of all results is given in table 3. The theoretical pattern was fitted to the
experimental data in a least-squares procedure by varying the mean life 7, and the
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width of the pattern. The width AE is given by
AE = Eo[QVB(0)+30B(0)*], (™)

and yields for known y-ray energy E, and solid-angle reduction coefficients Q")
and Q'? (see table 2) the initial recoil velocity cf(0).

The results for $(0) obtained in this way are given in column 4 of table 3. The errors
of less than 0.5 9 are more than five times smaller than the second-order term ineq. (6).
A change of x % in $(0) brings about a change of at least x %/ in 1,,. The B(0) values

TABLE 2

Solid-angle reduction coefficients?) for the set-up of fig. 1

(MEVV) Q(l) Q(2)
€
0.5 0.9826 0.9317
1.0 0.9831 0.9335
L5 0.9833 0.9343
2.0 0.9834 0.9347
2.5 0.9835 0.9350

#) The solid-angle reduction coefficients, Q') and Q*?, are obtained by averaging cosf and 2(cos26—3),
respectively, over the solid angle of the Ge(Li) detector with the geometrical smearing function as weight.

are furthermore in good agreement with those calculated from the kinematics under
the assumption of a uniform cross section over the stated ! target thickness.

The results for 7, given in column 12 will be discussed separately in the following
sections.

The attenuation factor F(z,), defined as the normalized centroid of the pattern,

is given by
F(r,) = '[v dcl:fv(v) dv / (0) _jdz’l(]v) dv,

with dN(v)/dv the number of nuclei deexciting at recoil velocity v. The quite different
values of F(t,) obtained for the same 7., with different slowing-down materials,
reflect the large variations observed in the y-ray patterns. The attenuation factors
for the data points and the calculated shape are listed in columns 6 and 7 of table 3,
respectively. Their mutual agreement is good, as expected already from the x? values
for the fit in column 8.

The error AF in F(1,,,) is compounded from the uncertainties in (i) the centroid of

* Nukem, Hanau, W. Germany.
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the pattern, (ii) the position of E, and (iii) the value of §(0). For all measurements
the largest contribution stems from (i). So the error AF is mainly determined by the
total area of the pattern. It leads to the statistical error (47, )y, in the mean life 7,
via

(Al T = AF/F(1—F). ®)

A small error in F(z,,) is therefore a prerequisite for an accurate lifetime measurement.
For a given mean life and area the smallest (47,,), is obtained with that slowing-
down material which will give F(t,) = 0.5. The errors (47, )., are listed in column
10 of table 3.

The background underneath the pattern is in general negligible for the present
clean coincidence experiments as will be discussed in the following sections with
specific results.

A more fundamental source of error stems from the imperfect knowledge of the
—dE/d(px) and for the present high-velocity measurements more specifically of the
electronic stopping power. A change of x9] in the electronic stopping power data
used will induce a x %, change of opposite sign in 7.

On the basis of recent measurements ' °) of stopping powers for “He, 60 and 33Cl
ions at 1-3 MeV per nucleon and investigations '°) of the effective charge concept
we have adopted an error of 5% in the phenomenological stopping power results of
Northcliffe and Schilling !3). Also the good internal consistency in the present work
for 7,[33S(1)] results obtained with the slowing-down materials Mg, Al, Cu and
Ag shows that the relative stopping powers of ref. !%) are correct to about (3+2)%.
Information about the absolute magnitude of the stopping power should be obtained
from a comparison of the present results with those from non-DSA techniques
(see subsect. 5.1).

The influence of the nuclear stopping power is small and obviously affects the
longer mean lives more than the shorter ones. A (reasonable) change of 209, in the
value of K, has a less than 2 %/ effect on the reported mean lives. This shows that for
the present purpose the simple first-order description of the nuclear stopping power
is quite adequate.

Quadratic addition of the statistical error (47,)y, and a stopping power error of
0.05 7, gives the adopted error of column 11 in table 3. The adopted result in column
12 is the weighted mean of the t,, values measured with the different slowing-down
materials with the values of column 11 as weights. The internal error belonging to
these weights, which in all cases is larger than the corresponding external error, has
been adopted as the final error listed in column 12. This implies that the error in the
adopted result is taken inversely proportional to the square root of the number of
slowing-down materials used. The results will now be looked into in some more
detail.
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4.1. THE REACTION *H(*¢0, py)'*0

A 200 pug/cm?® TiT target was bombarded with a 20 MeV ‘03 * beam. The reaction
has a rather low Q-value of 3.71 MeV.

As arelatively long lifetime *7) of a few ps is involved only the soft backing materials
Mg and Al were used to slow down the 80 ions. The pattern of the 1982 keV tran-
sition from the first excited state to the ground state recorded with the Mg backing
is shown in fig. 7. The background of 2.6 counts per channel, which is visible to the
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3 3H("™O,py) ®O 10 E
C 1982 keV y-ray ]
i B1=488% ©,=0° Mg-backing 1
4
Z 100 E
O o ]
() C B
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m e " - + o]
T P F(tm)=(30820.4)% . aerace oF
b = Tm =282 2006 ps v /REE CHANELS 7
z C X2=109 A A S
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1r - . * —
] 1 | 1 I
1900 1950 2000 3050 3160 2150 Ev(keV)

Fig. 7. Doppler y-ray pattern of the *80(1 — 0) transition méasured with a Mg backing. The solid line
represents the least-squares fit to the data, calculated with the stopping powers given by Northcliffe
and Schilling !3), see text. The background of 2.6 counts per channel, which is visible to the right of the
pattern, is assumed to be constant. To the left of the stopped peak the accumulated (flat) Compton
contributions from all y-rays in the pattern raise the level above the background.

right of the pattern, is assumed to be constant. To the left of the stopped peak the
figure shows the background plus the accumulated (flat) Compton contributions
(see eq. (5)) from all y-rays in the pattern. The total net area amounts to 6300 counts.
The solid line represents the least-squares fit to the data. It should be noted that the
error in 7, given in the figure is statistical only. Because Al is not as soft a material
as Mg a greater part of the total area will be contained in the stopped peak, which is
reflected in a smaller F(z,,) value (see table 3).

The values for 7, obtained with the Mg and Al backings are in excellent mutual
agreement and lead to a mean life of 27904110 fs for the 1.98 MeV level.

4.2. THE REACTION *H(?*Si, py)*°Si
The particle spectrum of this inverse (t, p) reaction, with Q = 10.60 MeV, is shown

in fig. 8. The number of investigated transitions is limited by unresolved proton
groups corresponding to excited states with overlapping y-ray patterns.
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Fig. 8. Particle spectrum of the *H(?8Si, p)>°Si reaction. Because of the high Q-value of 10.60 MeV the
protons at backward angles have energies up to 7 MeV. The resolution is mainly determined by the

solid angle.
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Fig. 9. Proton spectrum produced in the ZH(*S, p)*S reaction. The resolution is mainly determined by
the solid angle.

Because of the relatively short lifetimes involved a Cu backing was used in this
experiment. From the transition to the ground state a value of 351419 fs was
extracted for the mean life of the first excited state at 2.24 MeV. The (1) of
(54.0+0.6)%, approximates the optimum value of 509 (see eq. (8)). The transition
from the second to the first excited state has F(r,) = (82.1 £1.2)%, resulting in a
value of 89 +8 fs for the mean life of the 3.50 MeV level. The shape of these patterns
can be estimated from fig. 6.
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43. THE REACTION 2H(*2S, py)>*S

Doppler y-ray patterns are determined both by the lifetime of the level involved
and by the slowing-down process. An important test on the reliability of the stopping
power used therefore is to repeat the measurement with different backing materials.
This was done with the 2H(32S, py)*3S reaction (Q = 6.42 MeV) at a bombarding
energy of 38 MeV, the particle spectrum of which is shown in fig. 9.

Four different backing materials were used: Mg, Al, Cuand Ag. For three of these
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Fig. 10. Doppler y-ray patterns for >3S(1 — 0) in slowing-down materials of Mg, Al and Cu; E, and E,
denote the positions of stopped and fully shifted peak, respectively. The contribution from randoms and
background, less than 0.5 counts per channel, is neglected. The errors given for 7, are statistical only.
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the pattern of the 840 keV transition from the first excited state to the ground state
is shown in fig. 10. The net areas amount to 4800, 7000 and 18600 counts for Mg,
Al and Cu, respectively. The pattern from the Ag backing, which is not shown here,
“contains 9000 counts. The errors for 7, given in the figure are statistical only; £, and
E, denote the positions of the stopped and fully shifted peak, respectively. The width
of the pattern is about 42 keV, many times the detector resolution of 2.7 keV FWHM.
Background and randoms amount to only 9.5 counts per channel.

In spite of the quite different slowing-down processes, reflected in the different
F(z,) values, the 1, results, with a statistical ac-uracy of about 2%, show good
consistency (see table 3). Increasing the nuclear stopping power by 209 did not
decrease the result from the Cu backing more than 1.6 9. The average value adopted
for the mean life of the 0.84 MeV level is 1650 + 50 fs.

The transition from the third to the first excited state was used to determine the
mean life of the 2.31 MeV level. The consistent results obtained with Al, Cu and Ag
backings lead to a final value of 206 + 8 fs.

4.4. THF REACTION *H(32S, py)3*S

This reaction (Q = 11.58 MeV) was carried out at a bombarding energy of 38
MeV. The resulting proton spectrum is shown in fig. 11.

As the lifetimes of interest were relatively short, Cu and Al were chosen as slowing-
down material. The y-ray patterns for the transition from the first excited state to the
ground state have net areas of 2000 and 1750 counts, respectively. Thev are shown

T B T T T
HEs,ps
14 ) E=38 MeV
Z 489 o .
2 P+ 165°<0, <172 1
b o 33 °
N 411 ]
01099 823 | 407 |
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)
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Fig. 11. Particle spectrum of the >H(32S, p)*“S reaction. The resolution is mainly determined by the solid
angle.

in fig. 12. A 1.0 count per channel contribution from randoms and background has
been subtracted. The result obtained with the Cu backing showed a variation of
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Fig. 12. Doppler y-ray patterns for the 34S(1 - 0) transition measured with Al and Cu as backing material.
A 1.0 count per channel contribution from randoms and _bacl';ground has been subtracted in each case.
The errors given for 1, are statistical only.

1.0 for 209, change in K,. The value adopted for the mean life of the 2.13 MeV
level is 470+ 20 fs.

From the patterns of the transition from the third to the first excited state a value
of 196+ 13 fs was extracted for the mean life of the 3.30 MeV level.

5. Discussion

The values from the present work are compared with previous measurements in
table 4. Asterisks denote the results from previous experiments employing heavy-ion
beams. These are most suitable for comparison, though none but one 22) comes from
a coincident measurement. The values from ref. 23) are averages of independently
obtained results which in general show considerable spread.

The agreement of the Coulomb excitation results of Schwalm ez al. 1°) is excellent
for 338(1) and 3#S(1) but poor for *°Si(1). The result of 370+ 60 fs from the work of
Olin et al.?*) for the mean life of 3*S(1) differs 1.5 standard deviation from the
present value of 470 + 20 fs.
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TABLE 4

Comparison of present mean lives with previous results

Nucleus E, T, (PS) Method?®) Ref.
(MeV) -
present previous
180 1.98 2.79 +0.11 340 +0.34 CE 18)
2.73 +0.05* CE 19)
297902 DSA 20
3.58 +0.18* RD 17y
3.35 +0.20* RD 2h
290 +0.12* RD 22y
30g; 2.24 0.351+£0.019 0.34 +0.03 DSA h
0.34 +0.04 DSA 23
0.26 +0.06* CE 16)
3.50 0.089 +0.008 0.100+0.020 DSA 23y
333 0.84 1.65 +0.05 1.70 +0.15 DSA 23)
20 +0.3* DSA )
1.69 +0.18* CE 16y
. 2.31 0.206 +0.008 0.160+0.020 DSA 23)
348 2.13 0.47010.020 0.41 +0.04 DSA 23
0.37 +0.06* CE 24
0.47 +0.03* CE 16)
3.30 0.196+0.013 0.1651+0.020 DSA 23

Asterisks denote previous results obtained with heavy-ion beams.
3y \CE = Coulomb excitation, DSA = Doppler shift attenuation and RD = recoil distance.

The Coulomb excitation result for '20(1) of B(E2, 0% —2%) = (488+8)
x 107 3¢? - b? (corresponding to 7, = 2.73+0.05 ps) obtained by Kleinfeld et al. 1°)
by scattering of 80 projectiles from a thin 2°°Bi target, agrees perfectly with the
present value of 2.79 4+ 0.11 ps. The recoil-distance results for this level are discussed
in the next section.

5.1. DSAM VERSUS RDM

The use of high recoil velocities in DSA as well as in recoil-distance (RD) mea-
surements has extended the range of both essentially different techniques, so that at
present they overlap for the 1-10 ps region. Hence the lifetime of the first excited
state in 180 is suitable for a comparison of the two techniques, a detailed discussion
of which is given below.

Berant et al. 17) obtained a value of 3.58 +0.18 ps in a plunger measurement using
the 180(a, «)!30(1) reaction. From their experimental details it is not clear, however,
whether the a-particle bombarding energy used was low enough to avoid excitation
of the 3.55 MeV, J™ = 4* level, which has a mean life of 25 ps and decays 100%, to
the first excited state. Even a small amount of feeding from this long-lived level would
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result in an increased apparent lifetime of the first excited state.

Another RD measurement by McDonald et al. ?!), employing the inverse (t, p)
reaction as in the present work, resulted in a value of 3.3510.20 ps. Feeding from
the second excited state was accounted for in this singles measurement, but of the
21 plunger distances used only four are determinative for the lifetime of the first
excited state.

A third RD measurement has been performed recently by Asher et al.??) with
the 'H(*®0, p)!30(1) reaction at a bombarding energy of 47.3 MeV. Population
of higher-lying 180 levels is excluded at this energy, equivalent to 2.63 MeV for the
normal (p, p’) reaction. The result of 2.90+0.12 ps from several runs at many
target-stopper distances has to be compared with 2.791+0.11 ps from the present
work. For these two results the ratio tRP/7254 would amount to 1.04 +0.06.

A similar comparison can be made for the mean life of 2*Mg(1). The weighted
average of two accurate, recent DSA measurements, 1.82+0.14 ps [ref. ®)] and
1.92+0.10 ps [ref. 1)], is 1.89 +0.08 ps while the weighted average of two accurate
RD measurements, 2.11 +0.16 ps [ref. 2%)] and 2.09 +0.13 ps [ref. 26)], is 2.10+0.10
ps. So the ratio tRP/t254 for 24Mg(1) would be 1.11 +£0.07.

These results do not exclude the possibility that X is slightly larger than 1254, a
suggestion worthwhile to be checked with improved experimental accuracy and for
more cases because of its implications.

Another (less accurate) comparison *>7) between RDM and DSAM for *°V ions
slowing down in Ti, yielded the conclusion tRP/tD5A = 1.0+0.3.

5.2. COMPARISON WITH MODEL CALCULATIONS

The results from the present work have been used for comparing experimental
transition strengths with theoretical calculations in table 5. Where necessary,
branchings and mixing ratios have been taken from ref. 23).

Five out of the 15 transition strengths listed are pure (2* — 0%) E2 transitions,
so that experimentally the strength is solely determined by the mean life and the
branching ratio. For the four mixed M1/E2 transitions the absolute value of the
mixing ratio is less than 0.2, so that the E2 admixture of less than 4 9 hardly affects
the M1 strength. The appreciable errors in the mixing ratios, however, result in large
errors for the admixed E2 strengths. Therefore table S contains only nine transitions
with an experimental error smaller than 109/ in the strength.

For !80 the best agreement with experiment is obtained by McGrory 3°) with an
excited-core calculation. All other calculations yield too low a strength.

For the three (s, d) shell nuclei two sets of shell-model calculations are available.
One 3!) uses a modified surface delta interaction in a model space taking into account

all 2s, and 1d; states and up to two holes in the 1d; shell, and the other *?) uses a
[free-parameter surface delta interaction in the same model space. In general the two
calculations give very similar results.
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For two of the nine well-determined transition strengths mentioned above the
calculated strengths deviate considerably. In 3°Si the 27 — 27 MI transition is
calculated too strong by a factor of 30 while in S the similar 25 — 2{ M1 transition
is calculated too weak by a factor of 3. Considering only the best theoretical result
for each of the seven remaining transitions (five of E2 and two of M1 character) one
observes that although the calculated strength is within 409, of the experimental
value, the average disagreement with experiment in units of standard deviation still
amounts to 3.8 (if the calculated results are assumed to have no errors).

These considerations show that model calculations still leave something to be
desired.

6. Conclusions

The present work gives seven accurate mean lives with final errors between 3 9, and
9% for low-lying levels (four first-excited states) in 80, 3°Si, 33S and 3“S. They
result from analysis of Doppler y-ray patterns measured with the coincident high-
velocity DSA method in inverse reactions.

The coincidence condition avoids delayed feeding and removes troublesome
background. The high initial velocity not only allows for existing accurate experi-
mental stopping powers to be used in the interpretation of the data but also results
experimentally in a detailed Doppler pattern, which provides a check on the de-
scription of the slowing-down process.

The method is applicable for 0.04-10 ps and has for 7,, 1 ps a useful overlap
with the recoil-distance method.

For 33S(1) recoils slowed down in Mg, Al, Cu and Ag, mean lives mutually
consistent to within (34+2)9 are obtained, which implies that the relative stopping
powers used are correct to that order.

The y-ray patterns contain, for unknown mean life, no information about the
absolute value of the stopping powers. A comparison between accurate DSA and
RD measurements for 120(1) and 2*Mg(1) leads for the time being to the conclusion
that the two methods are consistent to within 10 .

The accurate mean lives now available are a challenge to the large scale shell-
model calculations presently being performed *4).

This work was carried out as a part of the research program 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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