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INTRODUCTION AND SUMMARY

Nuclear lifetime measurements by means of the Doppler Shift Attenuation

(DSA) method at low recoil velocities (S < 0.01) are notoriously difficult.

The problem foas been pointed out especially by Broude et al. by means of

a measurement of the lifetime of 22Ne(3.36 MeV) with 39 different

slowing-down materials and 3(0) between 0.6 and 1.4 %. Recently these
2)

measurements have been confirmed and supplemented by Toulemonde and Haas

The analysis of Broude, Toulemonde and Haas yields results for this mean

life which vary between 0.3 and 0.7 ps (see e.g. figure 4 of chapter 1).

The observed strong dependence of the extracted lifetimes on the slowing-

down material is characteristic for many DSA experiments at low initial

velocities. It is mainly caused by the lack of reliable stopping power

data for these velocities and the absence of an adequate theory to com-

pensate for that.

In chapter 1, the above problem of the determination of the correct

mean life for the lowest Jïï = 4 state of 22Ne is solved by measurements

with the coincident high-velocity DSA method. With this method, introduced

by Hermans et al. and Forster et al. , excited nuclei of high initial

velocity [B(0) % 0.05] are generated by the bombardment of light targets,

such as ^H, 2H, 3H and ^He, with beams of heavy ions. The combination of

high initial velocity and coincidence restriction offers many advantages

over the conventional techniques. The effect studied is an order of mag-

nitude larger than the resolution of the Ge(Li) detector sothat a detailed

Doppler pattern is observed. Also the slowing down of heavy ions at these

velocities is better known experimentally. Furthermore, the coincidence

restriction not only drastically reduces the background, it also enables

the selection of the excited state of the recoiling nuclei so that delayed

feeding cannot falsify the lifetime. The measurement of the mean life

of 2 2Ne (3.36 MeV) by means of this technique is reported in the first

chapter of this thesis. The state is populated with the "+He(19F,py)22Ne

reaction and the observed y-xay Doppler patterns are analysed with experi-

mental stopping powers . The resulting mean life is also used as a feed-

back to the stopping theory for low velocities of Lindhard et al. .



In chapter 2 the coincident high-velocity DSA method is used to determine

mean lives of low-lying excited states of the silicon isotopes 28»29»30Si.

The observed Doppler patterns are analyzed with experimental stopping powers

and the resulting mean lives range from about 25 fs to 4 ps. The Doppler

patterns measured for 28Si(1.78 MeV), 29Si(1.27 MeV), 29Si(2.03 MeV) and

Si(2.24 MeV) ions stopping in Mg offer the interesting possibility to

vary the mean life while the atomic slowing-down process (Si ions in Mg) is

the same (see fig. 7), in contrast with the usual situation.

In chapter 3 the mean lives of the first excited state of 180 and

some low-lying levels of 35S are determined from Doppler patterns

analyzed with experimental stopping powers . As a Doppler pattern stems

from the interplay between the nuclear mean life and the atomic slowing-

down process, the interpretation of a Doppler pattern with knowledge

about one aspect yields information about the other. Experimentally

lacking stopping powers for 0, Si and S ions in Mg are therefore deduced

from similar DSA measurements in combination with the earlier esta-

blished lifetimes. The electronic stopping power for the velocity region

of interest is for that purpose parametrized in a simple functional form

(eq. 3). Figs. 9, 10 and 11 display the presently obtained electronic

stopping powers. They are seen to deviate appreciably from the "best

available" results given in the recent phenomenological compilation of

Ziegler 8).

The present stopping results for 0, Si and S ions in Mg are also analyzed

in terms of the effective charge concept described in chapter 3. It is

concluded that at the present level of accuracy of about 5 % the obtained

results are consistent with this concept. To determine the level of break-

down of eqs. 4 and 5 or to establish the existence of a master stopping

curve with better accuracy, data are needed extended as well in ion species

as to higher initial velocities.

Chapters 1 and 2 have been published ' } and chapter 3 has been sub-

mitted for publication in Nuclear Physics.
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C H A P T E R 1

LIFETIME MEASUREMENT OF "Ne(4+)
WITH THE HIGH-VELOCITY COINCIDENCE DSA METHOD

L. P. EKSTRÖM \ D. E. C. SCHERPENZEEL, G. A. P. ENGELBERTINK,
H. J. M. AARTS and H. H. EGGENHUISEN

Abstract: The mean life of 22Ne(4*) has been measured by means of the high-velocity coincidence DSA
method with the 4He('9F, py)22Ne reaction. The 22Ne recoils are slowed down in Ti, Cu, Ag and Au
and the y-ray Doppler patterns are observed with a large Ge(Li) detector at 0° in coincidence with
protons. Interpretation of the patterns with recent experimental stopping powers yields tm[22Ne
(3.36 MeV)] = 328 + 10 fs. The present result serves as a calibration measurement and helps to
reduce uncertainties in calculated stopping powers for low-velocity DSA measurements.

1. Introduction

The high-velocity coincidence DSA method, as developed in experiments with
inverse reactions ' ~ 6), has shown to be a powerful tool for accurate measurements of
lifetimes of low-lying nuclear states. The coincidence with particles removes the
problems associated with y-ray background and with cascade feeding from higher-
lying levels of non-negligible lifetime, while the high initial velocity (/? « 0.05) not
only leads to a velocity region in which the necessary stopping powers are more
reliably known, but also results experimentally in a detailed y-ray Doppler pattern
which provides a check on the description of the slowing-down process in a relative
sense 6).

In this type of measurement, the largest uncertainty in the derived lifetime arises
from insufficient knowledge of the slowing-down of the recoils. This situation has
now been improved considerably by recent stopping power measurements 7) for
several ions in Ti, Fe, Ni, Cu, Ag and Au.

In the present work, the high-velocity coincidence DSA method is used in con-
junction with these experimental stopping powers to obtain the mean life of
22Ne(4+).

The apparent results for this lifetime as determined in low-velocity DSA
f Present address: Oliver Lodge Laboratory, PO Box 147, Liverpool L69 3BX. England.



measurements (/? 5= 0.01) have played an important role in the error analysis of this
type of experiment. The present result serves as a calibration measurement and
helps, together with recent empirical corrections to the stopping power theory, to
reduce uncertainties in lifetimes determined with low-velocity DSA measurements.

2. Experimental method

High-velocity, monoenergetic and unidirectional 22Ne(4j+) recoils are generated in
the 4He(19F, p)22Ne reaction at a bombarding energy of 21 MeV. The 1 9 F 4 + beam
of 100-500 enA is obtained from the Utrecht EN tandem accelerator. The beam
energy is chosen to optimize the yield and the quality of the proton spectrum.

The 22Ne recoils with initial velocities of j5(0) = 0.038 were slowed down in Ti,
Cu, Ag and Au.

The 4He targets were prepared by implanting 25 keV 4He ions in 25 jim thick foils
of Ti, Cu, Ag and Au to a concentration of about 2 jUg/cm2. The mean range of the
4He ions is about 105 jug/cm2 (0.23 jum) for Ti and about 140 jug/cm2 (0.073 jum)
for Au. The 4He distribution is approximately Gaussian with a FWHM of about
half the range. The mean range of the 14 MeV 22Ne recoils e.g. in Ti is about
6 /urn, such that the target can be considered as an infinitely thin production layer.

The carbon deposited on the surface of the foils during the implantation was
removed in the following way. Before the implantation at thin (10-J5 jug/cm2) layer
of NaCl was evaporated onto the foil. The carbon and NaCl could then afterwards
easily be removed with water and a soft tissue.

The singles proton spectrum (see fig. 1) was continuously monitored and the target
spot was changed regularly during the experiment to prevent radiation damage,
loss of implanted 4He and carbon build-up. The carbon build-up was also reduced
by a liquid N2 cooling trap.
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Fig. I. Singles proton spectrum of the 4He(l9F, p)"Ne reaction. The excitation energies are in MeV.



Gamma rays were detected with a large, 125 cm3 Ge(Li) detector at 0° in
coincidence with protons at 0°. The solid angle of the Ge(Li) detector was 780 msr. The
Si detector has a solid angle of 180 msr and was shielded from elastically scattered
particles with a mylar foil.

Simultaneously with the p-y experiment, a y-y experiment was performed in order
to measure the response function for the 0° y-ray detector. For this purpose 60Co
and 88Y radioactive sources were placed close to the target and a second Ge(Li)
detector was situated at 120°. The p-y and y-y coincidences were distinguished with
label bits. Conventional event-mode recording techniques were employed using a
CDC 1700 computer and standard electronics. Windows on energy and time have
been set to select only those events that correspond to direct population of the
3.36 MeV level. Contribution of y-rays from the background under the proton peak
and random coincidences have been subtracted.

The measurements took about 50 h per backing.

3. Analysis and results

The precision to which lifetimes can be extracted from Doppler patterns is finally
limited by the accuracy of the description of the slowing-down process. In the
present work, the electronic stopping powers measured by Forster et al. ) have been
used. The accuracy is given as 4-6 %.

The nuclear stopping power, which is not well known experimentally, is
parametrized as - [dE/d(pxy]n = aKJ(v/v0) where v is the recoil velocity, v0 = c/\ 37
and Kn the Bohr estimate8) of the nuclear stopping power at v = t>0. The parameter a

TABLE 1

Parameters for the energy loss ") of 22Ne ions with (v/v0) g 6.3 in Ti, Cu, Ag and Au, using the param-
etrization b) discussed in ref. 3)

Stopping
material

Ti
Cu
Ag
Au

26 Kn )

0.289
0.265
0.204
0.137

2.815
1.603
1.411
0.875

*>

0.045
0.010
0.004
0.003

< * *

3.000
3.000
3.000
3.000

A

-1.197
-1.398
-2.195
-0.996

B

4.115
2.712
2.980
1.613

C

0.425
0.234
0.284
0.140

D2d)

1.78
0.57
0.59
0.06

The parameters K„, Ke, Ky A, B and C are given in keV • cm2/jig.
") Experimental electronic stopping power from Forster et al. 7).

)~d(px)= [A + B(vlvo)-C(vlvo)
2 forOVi'o)^ (v/v0) £ 6.3.

c) See text.

-) *» = Z \\(— V- f — ri/0-01 ( - - ) " } )^"4) with N - 6.7 I L \ d(pjc) /ei V d(px) / cj II \ d(px) ) ei J '
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is used to simulate the effects of large-angle scattering and, as in ref. 9), its value
was chosen as a = 1.26. The lifetime results were found to be rather insensitive to a
as a 25 % change in a gives less than 1.5 % change in xm (see table 2).

The parametrization of the stopping power has been discussed before 1 8 > 3) .
Table 1 shows the values for the parameters obtained from a least-squares fit to the
experimental stopping power data 7). The fits have been confined to the velocity
region of interest, i.e. v/v0 ^ 6.3. Fig. 2 displays the fits of the stopping powers for
the 22Ne recoils in the stopping media used.

The experimental Doppler patterns for the 22Ne(3.36 -» 1.27 MeV) transition with
a y-ray energy of 2082.1 ±0.3 keV are shown in fig. 3. The net areas amount to
3300 (Ti), 5400 (Cu), 5300 (Ag) and 4500 counts (Au). They determine predominantly
the statistical errors given in the figure.

The dispersion and y-ray detector response function is determined from the
spectrum generated from the y-y experiment.

The small constant background on the high-energy side of the pattern has been
extrapolated to lower energies and subtracted. The statistical error in rm includes
the small error due to the uncertainty of this background subtraction.

The theoretical Doppler patterns are fitted to the experimental data in a least-
squares procedure by varying the mean life, initial recoil velocity and position of the
stopped peak. A detailed description of the analysis and the effects incorporated
has been given in previous publications 3-6) .

TABLE 2

Results for the mean life (in fs) of the "Ne(3.36 MeV) level from the *He(19F, p)22Ne reaction at 21 MeV
bombarding energy

Slowing-
down

material

Ti
Cu
Ag
Au

311
341
333
329

P(0)

3.7
3.8
3.8
3.8

ï2

1.4
1.2
1.9
1.5

Statistical
error")

11
10
8
9

Error from

1 1
Ld(px)J n

1
5
5
5

Error from
r d£ -i <)

Ld(px)J e

16
17
17
16

adopted

average

final

result

311 + 19
341+20
333 ±19
329±19

328+10

a) Uncertainties due to background subtraction are incorporated.
b) Assuming 25 % uncertainty in the nuclear stopping power.
c) 5 % error in the electronic stopping power.

The results are given in table 2. They lead to an adopted average of
xm = 328+10 fs. We have assumed that the errors for the different stopping media
are independent, i.e. for equal weight the error in the adopted average is taken
inversely proportional to the number of backing materials.

r



4. Discussion

An extensive test of the LSS theory 10) in low-velocity DSA measurements has
been made by Broude et al. u ) , who measured the lifetime of 22Ne(4j+) for stopping
in thirty-nine different materials and observed a difference of a factor of 1.8 between
the highest and the lowest values obtained using the LSS theory to describe the
stopping power. Similar variations in apparent lifetimes have earlier been reported
by Currie et al. 12) and Bister et al. 13), but for fewer slowing-down materials.

The 22Ne measurements of Broude et al. n ) have been extended by Toulemonde
and Haas 14) with three new stopping materials (Li, Na and Sr) and the results of
ref. 11) have been confirmed by them for eleven other materials. The discrepancy for
carbon (see fig. 4) may be due to an incorrect value for the density of the carbon
stopper in ref. u ) .

•BR 72
«TO 77

PRESENT

20 40 60
ATOMIC NUMBER

80

Fig. 4. Apparent mean life of 22Ne(3.36 MeV) from refs. ' l > 1 4 ) as a function ofthe atomic number of the
stopping medium. The present result is indicated with a horizontal line.

Qualitative attempts to explain the data of ref. ' *) have been made by Latta and
Scanlon 15). They noted that the size of the atoms of the slowing-down medium
could be a significant parameter since a size parameter for solids (proportional to
AT* with iV" the number of atoms per unit volume) showed a variation with the
atomic number (Z2) very similar to the Z2 variation of the derived lifetimes.

Recently, Robertson 16) proposed a modification to the Lindhard formula for
the electronic stopping power by introducing the ratio between the atom size
ratom Cref- 17)3 a n d the characteristic Thomas-Fermi size rTF as a correction factor.
The rTF values are taken as Xa0Z\l(> with a0 the radius ofthe first Bohr hydrogen orbit
and A an adjustable constant. In a reanalysis ofthe DSA results of refs. U i 14), this
correction decreases the strong variation with stopping medium and significantly

12



improves the internal consistency 16). The absolute value of rTF is, however, rather
arbitrarily [/. = 1.2 corresponds16) to an average Tm value of 300 fs] and gives rise
to an uncertainty in the scaling.

The present result of tm = 328 ± 10 fs leads to rTF = 1.3a0Zj/6, about 10%
larger than the estimate proposed by Robertson 16), and to the following empirical
recipe for the modified stopping power Smod = (ralom/1.3aoZ]'6)5Und, where SLind

is the Lindhard value 10) for the electronic stopping power. The use of this modified
stopping power should give more reliable results for lifetimes obtained with the low-
velocity DSA method.

This work has been carried out as 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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C H A P T E R 2

COINCIDENT HIGH-VELOCITY DSA LIFETIME MEASUREMENTS
ON EXCITED STATES OF Si ISOTOPES

AND STOPPING POWER INVESTIGATIONS

D. E. C. SCHERPENZEEL, G. A. P. ENGELBERTINK, H. J. M. AARTS,
C. J. VAN DER POEL and H. F. R. ARCISZEWSKI

Abstract :Mean lives of low-lying states of 28Si, 29Si and 30Si have been measured with the coincident
high-velocity DSA method by 28Si bombardment of 2H, 3H and 4He targets. The recoils with an
initial velocity of about 0.048c are slowed down in Mg, Cu, Ag and Au. The emitted y-ray Doppler
patterns are observed with a Ge(Li) detector at &y = 0° in coincidence with outgoing particles.
The results are: 28Si, Tm (1.78 MeV) = 688 + 26 fs; 29Si, 420+15, 442+14, 26.6±1.6, 46+3 and
3740± 190 fs for states at 1.27, 2.03, 2.43, 3.07 and 3.62 MeV, respectively; 30Si, zm (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.

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, ay)28Si, 2H(28Si, py)29Si and 3H(28Si, py)3oSi 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 (P cz 0.05), monoenergetic and unidirectional recoils of 28Si,
29Si and 30Si, in excited nuclear states, are generated by means of the reactions
4He(28Si, <x)28Si, 2H(28Si, p)29Si 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 *He (2sSi, ot)2SSi reaction. The 4He targets are prepared by implanting
10 keV 4He in 25 fim thick Mg and 25 keV 4He in 15 nm thick foils of Cu and Ag.
The targets are bombarded with 53 MeV 28Si8+ of about 70 nA (electrical). Alpha
particles are detected at 0a = 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 pan thick
Ni foil and a 19 /an thick mylar foil. The y-rays are detected with a 115 cm3 Ge (Li)
counter at 6y = 0°, in coincidence with the a-particles. The Ge (Li) detector sub-
tended a solid angle of 500 msr.

(b) The 2H(28Si, p)29Si reaction. In the measurements a very thin 38 fig/cm2

TiD target on a 0.3 mm thick Au backing and 190 pig/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 29Si states at
2.43 and 3.07 MeV a 38 /ig/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 £(28Si) = 33 MeV were
employed. Beam currents up to 400 nA, 28Si5+ (electrical) are used. The protons
are detected around 180° with an annular Si detector with a solid angle of 230 msr.
The detector was shielded by a 2 jum thick Ni and a 12 pan 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 6y = 0° and subtended a solid angle of 800 msr.

(c) The 3H(28Si, pf°Si reaction. A 200 /ig/cm2 TiT target on a 0.3 mm thick
Mg backing is bombarded at £(28Si5+) = 33 MeV with a beam current of 400 nA
(electrical). The TiT was covered with a protective layer of 45 fig/cm2 Al. The
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protons are detected with an annular Si detector shielded by a 2 /xm thick Ni
and a 12 nm 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 0y = 0° and with
dJ2 = 1650 msr.

The oc-y and p-y coincidence measurements are performed with standard elec-
tronics and event-mode recording techniques using a PDP11/40 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 vvas 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 N2 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. 2). Their accuracy is stated as 4-6 %.

In the velocity region of interest (t> g 8v0 = 8c/137) the total stopping power is
parametrized as

_ r _ d £ l ^ {LieK^iv/Vor' + KMvJ-Ktiv/Vof for (v/v0) g (v/vo)s,
\_d{px)J {A + B{v/v0) - C(v/v0)

2 for (v/vo)e ^ (v/v0) ̂  8.

(1)

Values for K%°hr were obtained from Bohr's estimate 3) of the nuclear stopping
power at v = v0. 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. 4).

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

Parameters of the stopping powers of Si ions with (v/v0) g 8 using the parametrization a) discussed in
the text

Stopping Stopping
material powerb)

Mg

Ti

Cu

Ag

Au

The
a)

5SCAP

^Schwalm

s2g

sF

SF

SSCAP

SF

1.26
£Bohr c)

0.695
0.695
0.695

0.535

0.490
0.490

0.380
0.380

0.253

paometers ffJJ01", Kc, K3,

d£ [1.26jRj°h7(p/j;0)'

5.501
3.802
3.497

3.062

1.908
2.157

1.661
1.828

0.963

A, B and

d(px) [A + B(v/vo)-C(v/vo)
2

* 3

0.144
0.036
0.020

-0 .014

-0 .024
-0 .009

-0 .035
-0 .003

-0.021

(<V»o)g

2.500
6.302
6.750

2.500

2.500
2.500

2.500
2.500

2.500

C are given in keV

- K^v/Vg)3, for

for

A

1.777
15.532

-56.930

-3 .493

-2.165
-1.952

-2.924
-1.178

-1.529

• cm2//ig.
{v/v0) £ (v/vo)g

(v/v0), g (r/t'o)

B

5.312
0.335

21.318

5.972

3.674
3.845

3.879
2.932

2.150

< 8 .

C

0.524
0.062
1.523

0.544

0.275
0.314

0.332
0.241

0.164

Z>2d)

11.6

3.4

0.2
1.0

0.6
3.0

1.6

g
b) SR : experimental stopping power from Forster et ai. 2).

S29: stopping power of Si in Mg as deduced from the experimental Doppler pattern for 29Si( 1.27 MeV)
together with xm = 420 fs.

Sschwaim: stopping power of Si in Mg as given in table 3 of ref.7).
S^-AP: scaled proton stopping power, see text subsect. 3.1.

c) See text, the values given are for 2 9Si; for 28Si and 30Si the values are about 0.04 lower, respectively,
higher.

with /V = 7 for SF and N = 14 for S***1".

scaling. The most recent one is proposed by Ziegler'), who investigated experimental
data for 127 ion-medium combinations, with ions ranging from 12C to 238U, energies
from 200 keV/u to 22 MeV/u and media from Be to Au, both gaseous and solid.
He relates .SH,(t;, Z2), the electronic stopping power of a heavy ion with atomic
number ZH1, at velocity v in a medium with atomic number Z2 to the stopping power
of protons Sp(v, Z2), with the same velocity in that medium in the following manner:

SHl(v, Z2) = [yeft(v, ZHI)ZHJ2 Sp(v, Z2) (2)

with

ye{f(v, ZHI) = 1 - {exp [ -5 -0 .0378 sin (ircfi)]}

x {1.034-0.1777 exp[-0.08114ZHI]},

with B = 0M6(v/vo)Zuf13 and v0 = c/137. The formula is valid for E/A > 200
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keV/u. For lower values SHI is extended linearly in v towards the point Sm (v, Z2) =
0 at v = 0. The medium dependence of SHl is entirely furnished by the medium
dependence of Sp 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 10-999 keV and the range 1000-100000 keV, given in table 1 of ref. s)
are discontinuous at Ep = 1000 keV. For the stopping of hydrogen in silver e.g.
the difference for Ep = 999 keV and Ep = 1001 keV amounts to 4 %. After some
consultation 6) this inconvenience is remedied as follows. Denoting the 10-999
keV stopping formula of table 1 in ref. 5) as Sj1 and the 1000-100000 keV stopping
formula as Sp

H, we have taken the proton stopping Sp to be as

S*1, for E= 10-500 keV/u (3)
(1 _ a)5M+«5", for E = 500-800 keV/u (4)
S£, for E > 800 keV/u, (5)

with a defined as a = (E — 5OO)/3OO. The heavy-ion electronic stopping powers
generated on basis of eqs. (2) -(5) are termed scaled proton electronic stopping
powers, S^AP.

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 ratio,
of 5f (the experimental electronic stopping power from Forster et al.) and Sf2*9

is plotted as a function of v/v0 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 Sf2**
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 Sf/Sf0*1* is quite
similar for the different ions, as the remaining spread could be explained e.g. by
the experimental error of about 5 % in Sf. 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
could be the incorrectness of the proton stopping powers used, as in
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SCALED FROM PROTON CA TA
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Fig. 3. Experimental electronic stopping power data from Forster et al. 2) for Si ions in Ti, Fe, Ni, Cu,
Ag and Au compared to those calculated from Ziegler's effective charge parametrization and proton

stopping powers of Andersen and Ziegler (SffFAV).

the calculation of SfCAP 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 Ziegler5) 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, Zm) or,
more seriously, the effective charge concept itself, does not as yet necessarily have to
be blamed.

t
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ratio $*/S*CAF is plotted as a function of v/v0 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, SfCAP(Si -»• Mg) was calculated, as outlined in the
previous section.

The result is shown as the dashed line in fig. 5. Use of this S^CAP 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 SfCAP(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. 7). Use of this stopping power, denoted as
sschwaim i n o u r table 1, improved the fit to the data of fig. 6 appreciably (lowest
%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 xm = 420 fs. The
result rm = 420+15 fs for the mean life of 29Si(1.27 MeV) is obtained from separate

f
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Fig. 5. The three electronic stopping powers for Si in Mg as discussed in subsect. 3.2.

1OOO

800h

2H(28Si.PY)29Si
E=33MeV. 6Y=0°

180 M-9'an2 TiD on Mg

8

Fig. 6. The y-ray Doppler pattern of the 29Si( 1.27 -» 0 MeV) transition for Mg as slowing-down material.
The position of the stopped peak is given by Eo. The dashed line is the best result obtained for the stopping

power S*0*1*. The drawn line corresponds to Tm = 420 fs and the present stopping power S29.

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
S29 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 2) stopping powers for Si in Cu and
Au. The accuracy of Sschwaim is also given 7) as about 5 %. The accuracy of 5SCAP

is difficult to assess, as noted in subsect. 3.1.
For velocities v < 5v0, the stopping powers S29 and Sschwaim differ by less than

4 %. For somewhat higher velocities, however, S29 is appreciably larger. For e.g.
t' = 7v0, S29 exceeds Sschw,llB by 15 %.

With respect to the result of fig. 5 it should be remarked that the electronic stopping
power at low velocities (v/v0 < 2.5) is extended linearly in v/v0 towards zero. Up to
now we have no evidence that this assumption is incorrect; see e.g. the fit to the
28Si(21

+ -> 0^) pattern with excellent statistics in fig. 8. The present curve in fig. 5
is derived from the data for velocities up to v/v0 = 6.8; the analytic continuation
of the parametrization is shown up to v/v0 = 8.

The drawn line in the Doppler pattern of fig. 6 (with / 2 = 1.5) corresponds to
S29 and Tm = 420 fs.

As a further test of S29 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, zm = 688 + 26 fs), 29Si(2.03 MeV, Tm = 442 ±14 fs) and 3OSi(2.24

t
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2

1 —

ANALYSIS OF DOPPLER PATTERNS

OF S> ions SLOWING DOWN in Mg

• PRESENT SP

« SCHWALM SP

o SCALED PROTON SP

2 9 S i ( 2 O 3 M e V )
Skcounts

SBS| (178MSV) I
lOkcounts
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Fig. 7. Verification of the present stopping power S29. The y-ray Doppler patterns measured with a Mg
backing for 30Si(2.24 MeV), 29Si(1.27 MeV), "Si(2.03 MeV) and 28Si(1.78 MeV) are analysed with the
three stopping powers S29 , S^^^^ and S^*1". 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, Tm = 363 + 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 2)
(see subsects. 3.3-3.5).

The Doppler patterns measured with Mg are analysed with the three stopping
powers 52 9 , Sschwaim a n d <S'SCAP, discussed above. The y2 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(1.27 MeV) is not surprising since S29 was optimized for this
level. For 30Si(2.24 MeV) and 29Si(2.03 MeV) the curves for S29 are lowest and dip
at the expected values of im. They thus corroborate S29.

The broad %2 dips and low #2 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 £(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 Tm = 688 fs, the 28Si(1.78 MeV) pattern has x2 = 0.69 for S29 and x

2 = 0.63
for Sschwain,. So this measurement makes practically no distinction between the two
stopping powers.

Fig. 7 shows that the •£ 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
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TABLE 2

Summary of present coincident high-velocity DSA results

Nucleus

28Si

29Si

30Si

(MeV)

1.78

1.27

2.03

2.43

3.07

3.62

2.24

(keV)

1778

1273

2028

2425

1794

1595
2028

2235

0(0)
(%)

5.02
5.02

4.86
4.77
4.76
5.01

4.84
4.78
4.71
4.86

4.75

4.76

4.82
4.73

4.91

TiD
(/ig/cm2)

d)
d)

38
190
180
190

38
190
180
190

38

38

190
190

f)

Slowing")
down

material

Ag
Cu

Au
Au
Cu
Mg

Au
Au
Cu
Mg

Au

Au

Mg
Mg

Mg

(fs)

683
695

429
432
410

e)

458
437
434
449

26.6

45.8

3770
3720

358

1.5
1.2

1.4
0.9
1.6
1.5

1.3
1.2
1.1
1.6

1.8

2.0

1.1
1.6

1.2

Statis-
tical
error
(fs)

9
17

5
3
4
3

5
4
6
7

1.0

1.3

70
50

3

Adopt-
ed b)
error
(fs)

35
39

22
22
21
22

23
22
23
24

1.6

2.6

200
190

18

Adopted c)

(fs)

688 + 26

420 ± 15

442 ± 14

26.6+ 1.6

46 ± 3

3740 ±190

358 ± 18

t

a) For Au, Ag and Cu the experimental stopping powers of Forster el al.2) are used. The Mg data are
analysed with S29, see text.

b) Quadratic addition of statistical error and 5 % stopping power error.
c) See text.
d) Targets of 25 keV 4He implanted in 15 jum thick foils of Ag and Cu.
c) The experimental Doppler pattern together with tm = 420 fs is used to deduce the stopping power of Si

in Mg, see text.
f) Target of 200 /ig/cm2 TiT on thick Mg.

of the Si recoils of v(Q)/v0 « 7. An experiment with a starting velocity of v(0)/vo w 3
would have yielded, independently of the lifetime, 35 % shorter lifetimes with SXAP

than with 52 9 .

3.3 THE *He(28Si, <xy)28Si REACTION

The singles particle spectrum is shown in fig. 1. The resolution of the a-spectrum,
observed around zero degrees, is mainly due to the straggling in the 15 /im 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 Tm[28Si(1.78
MeV)] = 688±26fs.
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3.4 THE 2H(28Si, py)"Si 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 8) 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 Ey = 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 Ey = 2425 keV pattern.

3.4.1. The Ex = 1.27 and 2.03 MeV 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 fig/cm2

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 % stopping power error. The ^2 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)
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Fig. 9. Level scheme of 29Si for Èx < 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. 8).

27



1000

Ou

10

E = 29 MeV, 9v=0°, 190 ng/cm2 Ti D on Au

2000

CD 1000-

100-

1 0 -

1250

2028 keV Y-ray

BO = 4.8%

Tm = 437!4fs

X? =1.2

.2028 . 5/2
f

94%

O i 1/2*
a9S,

FIVE-CHANNEL
AVERAGE-

2050 2100 2150

.1273

0

3/2

•©O"/»
I
I

i 1/2*

FIVE-CHANNEL
AVERAGE

1300 1350 1400

Fig. 10. Gamma-ray Doppler patterns of the 29Si(2.03 -» 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. z).

The error given for xm 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 Z9Si(2.43 -> 0 MeV) and 29Si(3.07 -> 0 MeV) transitions
measured with a thin TiD target on thick Au. The insert gives for tm = 27 fs the mean decay length
vxm - 0(0) cx

m = 0.36 fim in gold in comparison with the target thickness of 0.08 /im. The influence of the
geometrical smearing in the 2425 keV pattern is shown by the width of the dotted shape, which would

correspond to tm = 1 fs. The errors given for tm are statistical only.

3.4.2. The Ex = 2.43 and 3.07 MeV levels. As the mean lives of about 20 fs of
these two levels are rather short, the measurements are performed with a thin 38
/ig/cm2 TiD target on thick Au. Gamma-gamma coincidences from 60Co and 88Y
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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 Eo is indicated by the
vertical arrow. The insert gives, for the mean life of 27 fs, the mean decay length
vxm = j8(O)cim = 0.36 fim in comparison with the total target thickness of 0.08 jan.
In the analysis a uniform production in the target is assumed. About 10 % of the
recoils then decay in the target. 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 xm = 1 fs.

3.4.3. The Ex = 3.62 MeV level. Since the lifetime is rather long (~ 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

103

1O2

1595 keV v-ray
p(0).4.8*/.

Tm(3.62).377tQO6ps

X2=1.13

E=33MeV, eY=O*

Mg backing
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P (0)=4.7%
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X2=155

1700

N.3.62
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—W- tm=442fs

20.28 K«V!O2i

29 Si

\ AVERAGE OF
.*, FIVE CHANNELS

• V \ T . - . _ _ •

2000 2050 2100 2150

Fig. 12. Gamma-ray Doppler patterns of the 29Si(3.62 -• 2.03 MeV) and 29Si(2.03 -» 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 Tm(2.03 MeV) fixed at 442 fs. The dotted line would be the
shape for tm(2.03 MeV) = 0. The patterns are analysed with the stopping power S2g, obtained in

subsect. 3.2. The errors given for xm are statistical only.
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Fig. 13. Gamma-ray Doppler pattern of the 30Si(2.24 -* 0 MeV) transition measured with a Mg backing.
The pattern is analysed with the stopping power S2g, obtained in subsect. 3.2. The error given for Tm 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 S29 to obtain the mean life
of the 3.62 MeV level. The 2028 keV pattern is fitted with a cascade decay with
Tm(2.03 MeV) fixed at 442 fs (see table 2) and Tm(3.62 MeV) as a parameter. The
dotted line in fig. 12 would be the shape of the 2028 keV pattern for tm(2.O3 MeV)
set at zero. The patterns yield values for Tm(3.62 MeV) which agree with each other
within the statistical errors (see table 2). They average to tm(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 S29, see fig. 7. The present data lead to a mean life of Tm = 358+18 ft (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.8) are also given. The five high-velocity DSA
measurements for the first excited state of 28Si agree very well with each other; their
spread around an average of 684 fs is less than 3 %. The results of Schwalm et al.7)
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. 8).

The results for the first excited state of 30Si are conflicting. The most serious
discrepancy is the very recent result of Fewell et ai. 12), which is 69+38 fs lower than
the present measurement. From fig. 7 follows that an analysis of the present data
with the stopping powers Sschwaim or s50** 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 Tm = 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^)"1^)"2^)"3

with nl = 8, «2 = 4, «3 = 1 and all 13-particle combinations for which nt ^ 9.

TABLE 3

Comparison of present mean lives with previous results

*»<&)
Nucleus

28Si

29Si

0Si

(MeV)

1.78

1.27
2.03
2.43
3.07
3.62

2.24

high-velocity DSA

present

688 + 26

420
442

±
±

26.6±
46

3740

358

±

15
14
1.6
3

±190

± 18

previous

689±25V
697 ±39')
667 ±35")
679 ±22')

420+60 V
450±10b)t

260±70b) f

289+34 f)
363 + 20 V

omnibusa)
average

700+ 20

400± 30
420± 30
20± 5
20± 6

4200 ±400

360± 20

') Ref. 8). b) Ref.7). c) Ref. 9).
') Ref. M) Coulomb excitation.
f) Ref. I2) Coulomb excitation. g) Ref.
' Included in the omnibus average.

Ref.
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TABLE 4

Comparison of experimental and theoretical strengths for transitions between low-lying states of 29Si

Ei - » E t ft
(MeV)

1.27-0 f +

2.03 - 0 f +

- 1.27
2.43 - 0 1+

- 1.27
- 2 . 0 3

3 . 0 7 - 0 1 +

- 1.27
- 2 . 0 3
- 2 . 4 3

— J"
~* f

- r
-»r- r- r
— $ +

(fs)

420 ±15
442 +14

26.6+ 1.6

4 6 + 3

Branchinga)
(%)

100
94.0±0.5
6.0 ±0.5

87 +1
13 ±1
0.4 ±0.1

< 3
80 +4
20 ±4

< 2

-0.197 + 0.009
0

+ 0.03 ±0.03
+ 0.32 ±0.07
-0.09 +0.08

[0]b)
0

-0.26 ±0.02
-0.04 ±0.02

[0]b)

E2 strength
(W.u.)

exp

4.0 ±0.4
9.3 + 0.3
0.1+0.2
5 ±2
3 ±5

< 0.4
8.9+1.5
0.9 ±0.9

thc)

4.9
7.5
0.9
4.3
7.5
1.3
1.3
6.2
0.2

Ml strength
(mW.

exp

35+ 1

10+ 1
65+ 5
99+10
75+19

88+ 7
120±26
< 52

u.)

th')

17

6
84

170
260

17
34

a) From ref. 8) .
b) The mixing ratio is assumed to be zero.
c) From ref. 1 4) .

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 | + level at Ex = 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 v > 9v0 = 0.07c 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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CHAPTER 3

LIFETIMES AND ELECTRONIC STOPPING POWERS
DETERMINED FROM DSA EXPERIMENTS

WITH HIGH-VELOCITY 1 80 AND 3 5S RECOILS

D.E.C. SCHERPENZEEL, G.A.P. ENGELBERTINK,

C.J. VAN DER POEL, H.F.R, ARCISZEWSKI and E.J. EVERS

18 35

Abstract: Mean lives of low-lying states of O and S have been mea-

sured with the coincident high-velocity DSA method by heavy-ion
1 2 3 4

bombardment of thin H, H, H and He targets. The recoils with

an initial velocity of (4-7) % of c are slowed down in Mg, Cu, Ag

and Au. The emitted Y~ray Doppler patterns are observed with a

large Ge(Li) detector at 9 = 0 in coincidence with outgoing par-
Y ] Q

tides. The mean lives obtained are: 0, x (1.98 MeV) =

2870 + 110 fs; 3 5 S , 2635 +. 150, 1208 + 63, 42 ̂  6 and 47 + 7 fs

for states at 1.57, 2.35, 2.72 and 2.94 MeV, respectively. For

known mean lives the detailed Doppler patterns are used to deduce

the electronic stopping power for 0 ions in Au and 0, Si and S

ions in Mg. The stopping power curves obtained in this way deviate

appreciably from the results given in the recent phenomenological

compilation of Ziegler. Interpretation of the present stopping

power curves for Mg with the effective charge concept shows that,

at the present level of :bout 5 % accuracy, the data are consis-

tent with a single master stopping curve for Mg.
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1. Introduction

An experimental y-ray Doppler pattern contains information both on

the nuclear lifetime and on the atomic slowing-down process. Interpre-

tation of a pattern with knowledge about one aspect yields information

about the other. Coincidence DSA experiments at high initial recoil ve-

locity offer the possibility to measure a Doppler pattern in detail.

The high velocity removes the recoil nuclei fast out of the target re-

gion, with its often uncertain composition and stopping properties. The

coincidence requirement with a particle enables one to select the rele-

vant excited state so that delayed feeding is excluded. The coincidence

furthermore drastically reduces the background in the yray spectrum

and thus increases the reliability of the measurement of a Doppler pat-

tern.

In the present work the coincidence high-velocity DSA method is used

in the reactions J H ( 1 8 O , P Y ) 1 8 O , 3 H ( ! 6 O , P Y )
1 8 O , 4He(I8O,aY)18O and

H( S,PY) S to measure Doppler patterns from the first excited state
18 35

of 0 and from low-lying states of S.

In the analysis the Doppler patterns are used for the extraction of

the mean life or for the determination of the electronic stopping power

experienced by the recoiling ion.
18

In section 4.1. the mean lives for 0(1.98 MeV) and low-lying sta-
35

tes of S are reported.

In section 4.2. the electronic stopping power for 0 in gold and for

0, S and Si in magnesium is described.

Section 5 describes the behaviour of the electronic stopping powers,

deduced in this manner, with respect to the effective charge concept

and its corresponding scaling laws.

2. Experimental method

t

18
High-velocity.monoenergetic and unidirectional recoils of 0 and

35
S in excited nuclear states are generated by means of the reactions
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4He(18O,aY)
I8O, 3H(16O,pY)

18O, 'H( I 8O,PY) I 8O and 2H(34S,pY)
35S. The

beams are obtained from the Utrecht EN tandem accelerator. Specific ex-

perimental details for each of these reactions are given in the follow-

ing.

(a) The He( O3ay) 0 reaction. The He target is prepared by im-

planting 25 keV He in a 15 ym thick Ag foil. The target is bombarded
1 ft 6+

with 34 MeV 0 of about 150 nA (electrical). Alpha-particles are

detected in a Si detector positioned at 0 (6 = 0 - 17 ) and with a

solid angle of 265 msr. The detector is shielded from elastically scat-

tered particles and from light by a 1 ym thick Ni foil. The Y-rays are

detected in a 126 cm Ge(Li) counter at 6 = 0 , in coincidence with

a-particles. The Ge(Li) detector subtends a solid angle of 650 msr.

(b) The 3H(16O3py)
18O reaction. Thin 200 yg/cm2 TiT targets on a 0.3

mm Mg or Au backing are bombarded with 20-30 MeV 0 with an (electri-
2

cal) beam current of 80-150 nA. The TiT is covered with a 45 yg/cm Al

or Au protective layer. The protons are detected with an annular Si de-

tector which subtends a solid angle of 280 msr (0 =160 - 170 ) and

is shielded by a 1 ym thick Ni foil. The y-rays, coincident with pro-

tons are detected in a 115 cm Ge(Li) crystal at 6 = 0 with a solid

angle of 1750 msr. The Ge(Li) detector is shielded from low-energy y-

rays by a 2 mm thick Pb foil. Beam energies of 20 and 30 MeV are used

for the Au backing, while for the Mg backing a beam energy of 22.5 MeV

is chosen to reduce the magnitude of the competing fusion-evaporation

reactions with the light Mg backing.
1 18 18 2.

(c) The H( O3py) 0 reaction. Thin 70 yg/cm TiH targets on a
18 7+

25 ym thick Cu or Au foil are bombarded with a 47.3 MeV 0 beam to
18 +

produce 0(2.) recoils with an initial velocity of v/c * 0.07. The pro-

tons are detected in a Si counter placed at 0 with a solid angle of

140 msr (0 = 0° - 12°). The detector is shielded with a 1 ym Ni foil

and a 19 ym mylar foil. A 126 cm Ge(Li) detector at 6 = 0 ° is used to

observe the y-rays in coincidence with protons. The Ge(Li) subtends a

solid angle of 700 msr.

(d) The H(34S3py)
35S reaction. Thin 210 yg/cm2 TiD targets on a 0.3

mm backing of Cu or Mg are bombarded with a S beam at 41 MeV and

with beam currents from 80 to 200 nA (electrical). The protons are de-

r
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tected at 9 =165 - 171 in an annular Si detector with a solid angle
P

of 140 msr. The detector is shielded by a 1 um thick Ni foil. The y-rays
3

are observed with a 90 cm GAMMA-X crystal, shielded from the target

with a 2 mm thick Pb foil to eliminate low-energy y-rays and X-rays. The

GAMMA-X detector subtends a solid angle of 1800 msr. The a-y and p-y co-

incidence measurements are performed with standard electronics and event-

mode recording techniques by means of the program SPECTR on a PDP-11/34

computer. Windows on time and particle energy are set to select only

those events that correspond to direct population of the level under

study. Random coincidences and the background contribution in the par-

ticle spectrum are subtracted in the analysis. Singles particle spectra,

as shown in figs. 1 and 2 are continuously monitored and the target spot

is regularly changed during the experiment to minimize the influence of
4

radiation damage, carbon build-up and e.g. the loss of implanted He.

Carbon build-up is also reduced by a liquid N_ cooling trap in front of

the target.

3. Analysis

t

3.1. STOPPING POWERS

The accuracy to which mean lives may be extracted from Doppler line-

shapes is finally limited by the accuracy of the description of the

slowing-down process. The total stopping power S is written as

S = Sn + Se (1)

n e

with S the nuclear stopping power and S the electronic stopping power.

In the present work the influence of the nuclear stopping power is

rather small as initial velocities of about 0.05 c are employed. It is

therefore sufficient to use for S the first-order description

n n /(v/vo) (2)

with K r the Bohr estimate of the nuclear stopping power at v = v .
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The factor a is used to simulate the effects of large-angle scattering
n 2)

and, in accordance with ref. , its value is chosen as a =1.26. The

lifetimes and stopping powers deduced from the Doppler patterns are ra-

ther insensitive to a , because e.g. a 20 % change in a gives less tha
n n

3 % change in x .
m

In the following sections the electronic stopping powers used in the

analyses are described.

3.1.1. Simple parametrisation of the electronic stopping power. For

the handling of experimental values for the electronic stopping power

or for the determination of electronic stopping powers from Doppler li-

neshapes, it is practical to use a simple functional form of the elec-

tronic stopping power for the velocity region of interest. The few pa-

rameters of such a function should then be fitted to the available mea-

surements or in a lineshape analysis to an observed Doppler pattern.

For the region of interest (v < 0.10 c) the following simple parame-

trisation appears to be adequate

ao(v/vo)

-S e = 5 3 . (3)

This function is fitted to experimental electronic stopping power
3)

data and table 1 gives the values of the parameters for the ion-

stopping medium combinations used in the present work. The parametrisa-

tion reproduces the data points with an accuracy of about 1.5 % as fol-

lows from the last column of table 1.

The results from the procedure to deduce for a given mean life the

stopping power from a measured Doppler pattern are discussed in section

4.2.

3.1.2. Effective-charge scaling of electronic stopping powers. The
effective-charge concept relates the electronic stopping power of an

ion with a certain velocity in a given material to the stopping power

of another ion with the same velocity in that material. Specifically,

the electronic stopping power S. of an ion with atomic number Z. at

velocity v in a medium with atomic number Z_ is in this concept written

as •
Sion(v>Z2> " 2

t

41



to

Table 1

a)
Parameters of the electronic stopping powers

3)
for the experimental data of Forster et al.

Ion

18Q

35g

Stopping

material

Ti

Cu

Ag

Au

Ti

Cu

1.

0.

0.

0.

0.

0.

0.

26 K B o h r

n

1910

1743

1344

0898

6891

6338

1.

1.

1.

0.

2.

2.

a
o

8130

1338

0565

7105

1247

1373

10

-2.

-1.

-0.

-0.

-2.

-0.

al

095

108

576

756

591

684

100 a2

6.277

2.959

0.501

2.768

4.786

1.146

1000 a3

-0.713

0.277

3.479

0.240

-1.372

0.524

D2b)

6.7

2.0

4.8

3.9

0.5

3.6

The parameters K and a are given in keV . cmz/yg.
) n o

s = sn + s e ,
- S n = 1.26K*o h r ( v / v , ) " 1 ,

- S e = a (v/v ) / [ l + a (v/v ) + a (v/v ) 2 + a , (v /v ) 3 ] .
•r \ U ü I O Z O J O

D2 = I {[S? - S ? x p ] / 0 . 0 1 S? X p } 2 / (N - 4 ) , w i t h N = 12.
i= l x x L

- • / - • . : • - .



The expression is the product of two functions, one concerning the

projectile and the other mainly describing the slowing-down medium. As

the factor y. only depends on properties of the moving ion, i.e. ato-

mic number and velocity, the underlying assumption is that the effective

charge of a moving ion is independent of the stopping material and only

a function of its velocity. The medium dependence of S. is entirely

furnished by S , which is the master stopping power function for

ions with velocity v in a material with atomic number Z_.

Expression (4) is not well justified theoretically, but to date it

is the most accurate way to correlate and predict stopping for partially

stripped energetic ions.
4)

For heavy ions Ziegler gives the following expression

y. = l-[exp{-B-0.0378 sin(|irB)}]

x [1.034-0.1777 exp{-0.08114 Z. }]
ion

—2/3
with B = 0.886(v/v )Z. ' and v = c/137. The formula is valid for ions

o ion o
with Z. £ 4 and E/A > 200 keV/u (equivalent to v/v > 2.8). Expression

(5) is based on experimental data for 127 ion-medium combinations, with
12 238

ions ranging from C to U, energies from 200 keV/u to 22 MeV/u and

media from Be to Au, both gaseous and solid.

For hydrogen and helium, Ziegler gives the following expressions

Y H = l-[exp-{0.2 y^+0.0012 y+1.443xlO~
5 y2}], (6)

with y the hydrogen ion energy in keV/u and

Yu = 6 Yu['-exp-{0.7446+0.1429 x+0.01562 x
2

He H

-0.00267 x3+1.325xl0~6 x8}] (7)

with x the natural logarithm of the helium ion energy in keV/u and

& =l+(0.007+0.00005 Z2)exp[- {7.6-x}
2] (8)

with Z 2 the atomic number of the slowing-down material. Fig. 3 shows the

t
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2
Y. curves as a function of v/v for the ions H, He, 0, Si and S. The
ion „ °

quantity Y™ differs less than 1 ppm from unity for v/v > 2.8, i.e. the
H O

region of validity of eq.(5), in which case eq.(4) leads to SH(v,Z2> =

We have used the hydrogen stopping powers of Andersen and Ziegler

to calculate heavy-ion stopping values via the formula

S. (v,Z„) = [Y« Z. ] S (v,Z_) for v/v > 2.8 . (9)
ion z ion ion ti z o

For the lower velocities the stopping power at v/v = 2.8 is linearly

extrapolated to S. = 0 at v/v = 0.
r ion o 7^

Similarly, helium stopping powers from Ziegler are used to calcu-

late heavy-ion stopping values via the formula

2 2
S. (v,Z_) = [Y- Z. 1 S„ (V,Z_)/4YTI for

I

3.2. THE CALCULATION OF DOPPLER PATTERNS

The calculation of a Doppler pattern is split into some rather inde-

pendent parts, which are briefly described below.

(a) Velocity-time relation. The velocity v as a function of time t

for a unidirectional, monoenergetic beam of slowing-down recoils with

atomic mass m is obtained from the two coupled differential equations

(11)

^ = v
dt v

with p(x) the density and S(v,x) the total stopping power at a depth x

in the medium. The solutions v(t) and x(t) for a given initial velocity

are calculated numerically by means of a fourth-order Runge-Kutta proce-

dure.

The time-dependent decay of an ensemble of nuclei in an excited sta-

te with mean life Tffl is given by N(t) = N(0) exp(-t/t ). Use of the re-

lation between v and t obtained above yields the number of excited nuclei
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as a function of the velocity. The intensity distribution or Doppler

pattern L(v) which represents the number of nuclei decaying at veloci-

ty v, is then given by

L(v) = N ( v ) [ - ^ + 6(v)]. (12)

The 6-function accounts for the nuclei decaying after having come to

rest.

(b) Doppler shift and geometrical smearing. The energy of a y~ray ob-

served at an angle 9 relative to the direction of motion of the nucleus

traveling at velocity v(t) = cg(t) is given by

Ey(B,9) = EY(g=0)[l-B
2]i/(l-Bcos6) . (13)

The y~ray energy distribution is calculated by integration of L(v) over

the solid angle of the detector. The detection probability in the crys-

tal is taken proportional to l-exp[-y(E)x] where x is the path length

in the crystal and y(E) the absorption coefficient. The solid angle is

corrected for relativistic effects.

(e) Detector response function. In the calculation of the pattern the

energy distribution is finally folded with the intrinsic detector res-

ponse function. The response function is taken as a Gaussian with a low-

energy exponential tail summed with a step function for energies below

the y-ray energy.

The Doppler pattern calculation is part of the DPA (Doppler Pattern

Analysis) program. The program is written in Pascal and runs on a PDP

11/70 computer.

3.3. LEAST-SQUARES PROCEDURE

The least-squares procedure used ii„ the program DPA is based on the

Marquardt algorithm as described by Bevington .

For the determination of a mean life from an experimental Doppler

pattern a fit is made with the mean life as principal parameter and the

initial velocity, the position of the stopped peak and the parameters

of the detector response function as slightly adjustable with respect
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to the values obtained separately from kinematical calculations and y~

ray sources.

For the determination of stopping powers from a Doppler pattern the

stopping power parameters are varied while also the initial velocity,

the position of the stopped peak and the parameters of the response func-

tion are slightly adjusted.

4. Results

4.1. MEAN LIVES
18

4.1.1. First exoited state of 0 at 1.98 MeV. The reactions
4He(18O,ay)18O and ^(^O.py) 180 are used to produce 180 ions in the

first excited 2 state with initial velocities of 4.3 % and 7.1 % of c,

respectively. The recoils are slowed down in Ag and Cu. The observed

Doppl'jr patterns for the 1982 keV -y-ray are analysed with the experimen-
3)

tal electronic stopping powers of Forster et al. . The parameters des-

cribing these stopping data are given in table 1. Specific experimental

information and results are given in table 2.

The two measurements of the mean life mutually agree within the sta-

tistical error of 1.5 %. After adding in quadrature a 5 % error due to

ancertainties in the stopping data, the two measurements are averaged

to the present result of T (1.98 MeV) = 2.87 i 0.11 ps.

Other measurements of this lifetime published after 1975 are compiled

in table 3. The results stem from three different methods: Coulomb ex-

citation, recoil distance and Doppler shift attenuation. The values are
2

displayed in fig. 4 as a plot of the weight (i.e. 1/(AT ) with AT the
m m

error) versus the mean life. The recent measurements of 3.50 +̂  0.16 ps
by Fewell et al. ' (point c in fig. 4) and of 3.32 + 0.12 by Void et

14)
al. (point f in fig. 4) are seen to deviate appreciably. Measurement

c we have left out of the average. The weighted mean of the other seven

measurements amounts to t

adopted for further work.
4.1.2. The E = 1.57, 2.35, 2.72 and 2.94 MeV states of 3SS. Recoils
35 .

of S in different excited states and with an initial velocity of

nnn

measurements amounts to T (1.98 MeV) = 2.95 + 0.08 ps which value is
m —

r
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Table 2

Present coincident high-velocity DSA results for 18O(1.98 MeV)

Reaction Beam

energy

(MeV)

B(0) E Slowing

(keV) down

material

m
(fs)

Statis-

tical

error

(fs)

Adopted

error

(fs)

Adopted

T

m
(ps)

4He(18O,aY)18O 34.0 4.33

B0 47.. 3 7.08

1982

1982 Cu d>

2886

2850

1.3

1.1

40

38

153

147
2.87 ± 0.11

a) 3)
The experimental stopping powers of Forster et al. are used.

b) Quadratic addition of statistical error and 5 % stopping power error.

Target of 25 keV ^He implanted in 15 ym thick Ag foil.

* Target of 80 pg/cm2 TiH on 25 um thick Cu foil.



Table 3

Mean life of 18O(1.98 MeV)

Ref.

Kleinfeld et al. (1975)

Hermans et al. (1975) 10'

Asher et al. (1976)

Lilley et al. (1976)

Void et al. (1977)

Flaum et al. (1977)

Fewell et al. (1979)

present value

9)

11)

12)

13)

U)
15)

16)

Method a^

CE

DSA

RD

RD

CE

CE

CE

DSA

weighted mean

T
in

2.78

2.81

2.99

3.10

3.32

2.94

3.50

2.87

2.95

(ps)

± 0.12

± 0.11

+ 0.12

+ 0.20

± 0.12

± 0.17

±0.16 b )

± 0.11

± 0.08 C )

denoted in

fig. 4 as

d

g

e

a

f

b

c

h

r

a)

CE = Coulomb excitation, DSA = Doppler shift attenuation and RD

recoil distance.

Not used in calculation of the weighted mean (see text).
c)

External error.
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0.05 c are generated with the reaction H( S,py) S. The singles par-

ticle spectrum in fig. 2 shows that the proton groups which correspond
35

to the S levels at 1.57, 1.99 and 2.35 MeV are well separated. In ad-

dition, inspection of the decay scheme in fig. 5 learns that for a

given proton gate unwanted contributions from the level above the gated

level do not disturb the Doppler pattern of the y-rays from the level

under study.
35

Doppler patterns emitted by S nuclei slowing down in Cu are used

to determine the mean lives of the 1.57, 2.35, 2.72 and 2.94 MeV levels.

For the 2.35 MeV level also data from Mg as stopping medium are used to

extract the mean life. The Doppler patterns of the 2347 keV y-ray for

stopping media Cu and Mg are displayed in fig. 6. The mean lives are ob-
3)tained with the stopping powers of Forster et al. for S-ions in Cu

and Ti. For S-ions in Mg the stopping derived in section 4.2.3. is used.
35

For the short lifetimes of the 2.72 and 2.94 MeV levels of S we

have an additional source of error. For a constant production of excited
35 2

S nuclei over the 210 yg/cm thick TiD target about 30 % of the decay

of the 2.72 and 2.94 MeV levels takes place in the target. Because of

the somewhat uncertain composition and stopping in the TiD layer in ad-

dition to the unknown production function we have added a 10 % error to

the statistical error.

The resulting mean lives are given in table 4. They are in reasonable

agreement with the omnibus values from the compilation of ref.

4.2. STOPPING POWERS DEDUCED FROM DOPPLER PATTERNS

4.2.1. Oxygen ions in gold. The Doppler pattern for the first excited
1 8

state of 0 is also measured with Au as slowing down medium. The re-
1 18 18

coils with 6(0) = 7.0 % are produced with the H( 0,py) 0 reaction at
18

E( 0) = 47.3 MeV. Calculation of the pattern by means of the experimen-

tal stopping data of Forster et al. in combination with x = 2.95 ps
m

(established in section 4.1.1) yielded (unexpectedly) a bad fit to the
data, which shows that the three ingredients (pattern, T and dE/dx)

m

are mutually inconsistent to a large extent.

To check the measured pattern, subsequent measurements under diffe-

rent experimental circumstances have been performed with the

r
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Ex(MeV)

2.94

.TE

2.72

2.35 73 27

1.99

1.57

1572

775
t

3/2.5/2)'*
5/2+

3/2-

7/2'

1/2*

2347 2717 2939

3/2*
35,

t

F-ig. 5. Level scheme of 35S' for E < 3.0 MeV. The transitions which have

been used in the present work are indicated with their y-ray energies. The

branching ratios ave from ref.
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Fig. 6. Gamma-ray Doppler patterns of the i5S(2.35 -*• 0 MeV) transition

measured with Cu and Mg as stopping media. The solid lines are least-

squares fits to the datapoints. The error given for' T is statistical only.
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Table 4

DSA mean lives of 35S

Ex
(MeV)

1.57

2.35

2.72

2.94

E
Y

(keV)

1572

2347

775

2717

2939

Stopping
a)material

Cu

Cu

Mg

Cu

Mg

Cu

Cu

m
(fs)

2635

1241

1153

1200

1194

42

47

X

0.

0.

0.

0.

0.

0.

0.

2

73

87

81

56

99

67

64

Statis-

tical

error

(fs)

76

26
39 d)

41

43 d )

5e>

6e>

Adopted

x m (fs)

2635 ±

K 1208 ±

42 ±

47 ±

b)

150

63

6

7

Omnibus

average

T (fs)

3300 ±

1290 ±

100 +

c)

500

180

35

a)

b)

Stopping powers for Cu from Forster et al. (parameters in table I) and for Mg

from section 4.2.3 (parameters see table 5).

Error from stopping power added quadratically to error in weighted average.

Compilation of ref. ,
d)

e)
Statistical error from stopping power included.

See text.



3 H ( 1 6 O , P Y ) 1 8 O reaction. At E(160) = 20 and 30 MeV excited recoils of

3(0) = 4.9 % and 5.9 %, respectively, are produced and slowed down in

Au. The resulting Doppler patterns showed similar inconsistencies.

Analysis of the three patterns with different B(0) with the stopping

data of ref. would result in correct fits, but only for x =

2.57 +_ 0.02 ps (statistical error). This value is, however, at variance

with the measurements reported in section 4.1.1, much lower than x

and unacceptable in view of the results shown in fig. 4.
3)

We have therefore assumed that the stopping data of Forster et al.

for 0 in Au are incorrect, and have used the three measured Doppler pat-
PT7T7

terns and x = 2.95 ps to generate the present stopping power of oxy-
m

gen in gold.

The results are given in fig. 7. The upper part of the figure dis-

plays the three Doppler patterns measured in Au for the initial veloci-

ties as indicated. The mean life is kept fixed at x = 2.95 ps and the
m

fits (drawn lines) correspond to the stopping power labeled "present"

in the lower part of the figure. This stopping power curve is described

by the three parameters in table 5, which for x = 2.95 ps produced ex-

cellent fits to all three Doppler patterns simultaneously as shown by
2

the x values.

The error in the deduced stopping power curve has two components.

One component stems from the statistics in the measured Doppler patterns.

It amounts to less than 2 % and is indicated in fig. 7 by the vertical

arrows. The second component stems from the uncertainty in the lifetime

used in the analysis. A small change in the lifetime induces a change

in the stopping power, which can be simulated by multiplying the stop-

ping curve with a factor close to unity. A 5 % decrease of x corres-
m

ponds to multiplying the stopping power with a factor of 1.05.
The present stopping curve for v/v = 5 is about 15 % lower than the

3) °

measurements of Forster et al. and about 7 % lower than the curve gi-

ven in the 1980 compilation of Ziegler . The Ziegler stopping power

would result in correct fits to the patterns but only for x =
m

2.66 +_ 0.02 ps (statistical error).

4.2.2. Oxygen ions in magnesium.

is measured for Mg as slowing-down medium. The recoils with (3(0) = 5.15 %

1 O

4.2.2. Oxygen ions in magnesium. The Doppler pattern for 0(1.98 MeV)
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stopping power of 0-ions in Au. The present result is displayed in the
lower part of the figure, together with measurements from Forster et at.
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Table 5

Parameters of the electronic stopping power

deduced from observed Doppler patterns

a)

Excited

(MeV)

180(l.
180(l.
29Si(l
35S(1.

state

98)

98)

.27)

57)

Mean life used
in the analysis

Tm ( f s )

2950 + 80

2950 ± 80

420 ± 15

2635 ± 150

stopping

material

Au

Mg

Mg

Mg

1.26KBohr

n

0.0898

0.2517

0.6940

0.8875

a
o

0.6045

3.0724

4.3404

3.4766

10

-0

0

0

-0

a.
i

.972

.458

.889

.753

100 a,
z

3.285

3.099

0.137

2.043

The parameters K ° and a are given in keV . cm2/ug.
a> s = s* + s e , n

- s
-s £

n 1.26

n

,Bohr (v/v

aQ(v/vo)/[l a,(v/vo)

O l



are produced with the 3H(16O,py) I80 reaction at E(160) = 22.5 MeV. The

data are shown in fig. 8. In the analysis the mean life is kept fixed

at T = 2.95 ps and a least-squares search is made for the stopping

power. The drawn line in fig. 8 corresponds to the stopping power para-

meters in table 5. The present stopping power curve is shown in fig. 9

together with the stopping powers scaled from hydrogen (eq. 9), sca-

led from helium (eq. 10) and from the 1980 compilation of Ziegler

The statistical error for the stopping curve deduced from the Doppler

pattern increases from 1.5 % at v/v = 2 to 2 % for v/v = 7.
o o

4.2.3. Sulphur ions in magnesium. The 1572 keV Doppler pattern from
35

excited S(1.57 MeV) recoils slowed down in Mg is used to extract the

stopping power for S-ions in Mg. The reference mean life for the 1.57

MeV level is taken from section 4.1.2. as T (1.57 MeV) = 2635 + 150 fs.
m —

The stopping power curve obtained in this way is given in fig. 10, to-

gether with the curver scaled from hydrogen and from helium stop-

ping. Also the result from the 1980 compilation of Ziegler is given.

The statistical error in the present result is about 3 % and the total

error, including the error from the reference mean life, is 6.5 %. The

parameters which describe the present stopping power curve are given in

table 5. The lower part of fig. 6 shows the 2347 keV Doppler pattern with

the mean life extracted by means of the present stopping power.

4.2.4. Silioon ions in magnesium. We have interpreted the Doppler pat-
29

tern of the 1273 keV y-ray of Si (1.27 -»• 0 MeV) from earlier measure-
18)

ments with the present stopping power parametrisation. The resulting

stopping power parameters are given in table 5. Fig. 11 displays the pre-

sent curve, together with the curves of scaled hydrogen and helium

stopping and results from the 1980 compilation of Ziegler . The sta-

tistical error is about 3 % which leads, together with the error in the

reference mean life, to a total error of 5 %i

5. Discussion

In section 4.2. experimental Doppler patterns in combination with the
18 29 35

mean lives of the first excited states of 0, Si and S are used to
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deduce the stopping powers for 0 in Au and 0, Si and S in Mg. For this

purpose, obviously, detailed Doppler patterns have to be available for

analysis.

The present result for the electronic stopping power of 0 in Au is

shown in the lower part of fig. 7. The appreciable deviations (10 to 15%)
3)

with the stopping data of Forster et al. give cause for worry and a

verification would be of interest.

The presently deduced electronic stopping powers for 0, Si and S in

Mg are displayed in figs. 9, 11 and 10, respectively. Direct experimen-

tal measurements for comparison are not available in the literature. Cur-

ves a and b are obtained by scaling from hydrogen and helium as outlined

in section 3.1.2. The description of the helium and hydrogen stopping

power is taken from Ziegler and from Andersen and Ziegler , respec-

tively.

The best phenomenological prediction available to date is represented

by curve c which is taken from the 1980 compilation of Ziegler . The

results in figs. 9-11 show that in all three cases curve d is less steep

than curve c and that the position of the maximum occurs at a higher ve-

locity for curve d than for curve c. The shape of curve d which is di-

rectly connected with the shape of the Doppler pattern thus differs ap-

preciably from curve c.

As the curves d in figs. 9-11 represent stopping data for 0, S and Si

in Mg obtained by a technique different from the one employed usually,

it is interesting to see if these results are consistent with a single

master stopping curve for Mg in view of the scaling relations in eqs. 4

and 5 of section 3.1.2.

Fig. 12 thus gives the stopping data for 0, Si and S in Mg reduced to

the master electronic stopping power in Mg, S , by application of

eq. 4 of section 3.1.2. The errors of about 5 % in the figure are the

total errors, i.e. the statistical error combined with the error in the

reference mean life (see table 5).

We conclude that at the present level of accuracy of about 5 % the

results are consistent with a single master curve, as changes of a few

percent in the mean lives would be sufficient to bring the curves to co-

incidence.
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reference mean lives given in table 5.
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An extension of the Z. range (e.g. Be and Cu ions in Mg) is obvious-

ly of interest to see if a possible small residual Z. effect is present.
ion

Finally, to determine the level of breakdown of eqs. 4 and 5 or to esta-

blish the existence of a master curve with better accuracy, more exten-

ded and improved data are needed.

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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SAMENVATTING

Het meten van levensduren van kernniveau's met behulp van de DSA

(Doppler Shift Attenuation of gereduceerde Dopplerverschuivings-) methode

bij lage beginsnelheid (8(0) <, 0.01) is moeilijk. Het probleem is duide-

lijk naar voren gebracht door Broude et al. door middel van metingen van

de levensduur van Ne(3.36 MeV) met 39 verschillende afremmaterialen en

3(0) tussen 0.6 en 1.4 %. Deze metingen zijn recentelijk bevestigd en

uitgebreid door Toulemonde en Haas. De analyse door Broude, Toulemonde en

Haas leverde resultaten op variërend van 0.3 tot 0.7 ps (zie fig. 4 van

hfdst. 1). De waargenomen sterke afhankelijkheid van de gevonden levens-

duur met het afremmateriaal is karakteristiek voor vele DSA-experimenten

bij een lage beginsnelheid. Het wordt vooral veroorzaakt door het gebrek

aan betrouwbare afremgegevens bij deze snelheden, terwijl evenmin een

goede theorie bestaat ter vervanging hiervan.

In hoofdstuk. 1 wordt het bovengenoemde probleem van de bepaling van de

correcte levensduur voor de laagste J = 4 toestand van Ne opgelost

met de coïncidente DSA-methode bij een hoge beginsnelheid. Met deze me-

thode, geïntroduceerd door Hermans et al. en Forster et al., worden aan-

geslagen kernen met een hoge beginsnelheid [3(0) * 5 %] geproduceerd door

het beschieten van lichte kernen, zoals H, H, H en He, met een bundel

zware ionen. De combinatie van de hoge beginsnelheid en de coïncidentie-

voorwaarde heeft vele voordelen boven de conventionele techniek. Het be-

studeerde effect is een orde van grootte groter dan het scheidend vermo-

gen van de Ge(Li)-detector zodat een gedetailleerd Dopplerpatroon wordt

waargenomen. Ook is het afremvermogen van zware ionen bij deze snelheden

experimenteel beter bekend. De coïncidentie-voorwaarde elimineert niet

alleen de ondergrond, maar biedt vooral de mogelijkheid om de gewenste

aangeslagen toestand van de eindkern te selecteren, zodat eventueel ver-

traagde voeding de meting niet kan beïnvloeden.

Het bepalen van de correcte levensduur van Ne(3.36 MeV) door middel

van deze techniek is beschreven in het eerste hoofdstuk van dit proef-
4 19 22

schrift. Het niveau is aangeslagen met behulp van de He( F,py) Ne re-

actie en de waargenomen Dopplerpatronen van de y-straling zijn geanaly-

seerd met experimentele afremgegevens. De gevonden levensduur is ook ge-
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bruikt om de theorie van Lindhard et al. voor de afremming van ionen bij

lage snelheden te verbeteren.

In hoofdstuk 2 wordt de coïncidente DSA-methode bij een hoge begin-

snelheid gebruikt om de levensduren van laaggelegen aangeslagen toestan-
28 2.Q *iö

den van de silicium isotopen ' ' Si te bepalen. De waargenomen Dopp-

lerpatronen zijn geanalyseerd met experimentele afremgegevens en de ge-

vonden levensduren liggen tussen de 25 fs en 4 ps. De gemeten Dopplerpa-

tronen van silicium-ionen in aangeslagen toestanden met zeer verschillen-

de levensduren afremmend in Mg bieden de interessante mogelijkheid om de

levensduur te variëren terwijl het atomaire afremproces (Si-ionen in Mg)

hetzelfde blijft (zie fig. 7), dit in tegenstelling met de gebruikelijke

situatie.

In hoofdstuk 3 worden de levensduren van de eerste aangeslagen toe-
18 35

stand van 0 en enkele laaggelegen toestanden van S bepaald uit Dopp-

lerpatronen met behulp van experimentele afremgegevens. Aangezien een

Dopplerpatroon ontstaat door het samenspel tussen het nucleaire vervals-

proces en het atomaire afremproces, zal de interpretatie van een derge-

lijk patroon met kennis over het ene proces gegevens kunnen opleveren

over het andere. De experimenteel ontbrekende afremgegevens voor 0-, Si-

en S-ionen in Mg zijn daarom bepaald uit soortgelijke DSA-metingen in

combinatie met de eerder bepaalde levensduren. Het electronisch afremver-

mogen voor het onderhavige snelheidsgebied is voor dit doel geparametri-

seerd met een eenvoudige functie (vergelijking 3). De figuren 9, 10 en

11 geven de, aldus verkregen, electronische afremvermogens. Zij wijken

nogal af van de "beste beschikbare" gegevens uit het recente fenomenolo-

gisch overzicht van Ziegler.

De huidige afremgegevens voor 0-, Si- en S-ionen in Mg zijn ook geana-

lyseerd op basis van het principe van de effectieve lading, zoals beschre-

ven in hfdst. 3. De conclusie is dat met de Huidige nauwkeurigheid van

ongeveer 5 % de resultaten overeenstemmen met dit principe. Om de gren-

zen van het geldigheidsgebied van de vergelijkingen 4 en 5 te bepalen of

om een "master" afremkromme met betere nauwkeurigheid vast te leggen,

zijn gegevens voor meerdere soorten ionen en bij hogere beginsnelheid no-

dig.
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Stellingen behorende bij het proefschrift

Nuclear lifetimes

and

the slowing down of heavy ions in solids

1. Met behulp van DSA metingen bij zeer hoge beginsnelheid van

het ion, d.w.z. groter dan 10 % van de lichtsnelheid

(E/A > 4.7 MeV/u), is het mogelijk om zowel nucleaire levens-

duren als atomaire afremvermogens, bij lagere snelheden,

nauwkeurig te bepalen.

2. De "beste waarden" voor het afremvermogen van helium in Mg

vermeld in deel 5 (ref. 2) van de serie boeken over het af-

remmen van ionen, zijn ongeveer 10 % hoger dan de "beste waar-

den" vermeld in deel 4 (ref. 1) uit dezelfde serie.

1) J.F. Zieglev3 Helium stopping -powers and vanges in all
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ions in mattev" (Pevgamon Pvesss New Yovk, 1979).

3. Doppler-patronen van gammastraling afkomstig van niveaufs met

levensduren groter dan de afremtijd kunnen, experimenteel ge-

zien, het best bij een voorwaartse hoek gemeten worden. Voor



het meten van een levensduur die veel korter is dan de

afremtijd, verdient een detektor bij achterwaartse hoek

de voorkeur.

4. De formule voor de effectieve lading van het helium ion

zoals gegeven door Ziegler, schendt de onderstelling dat

de effectieve lading onafhankelijk is van het afremma-

teriaal.

J. F. Ziegler, Stopping cross-sections for energetic ions

in all elements, Vol, 5 of "The stopping and ranges of

ions in matter" (Pergamon Press, New York, 1979).

5. De formules voor de effectieve lading van helium zoals

gegeven in vgl. (11) van ref. 1 en ref. 2 zijn op dezelf-

de wijze incompleet.
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2) J.F. Ziegler, Nucl. Instr. 168_ (1980) 17.

6. Beschouwingen over het voorkomen van kanker aan de hand

van "multi-stage" theorieën gaan vaak ten onrechte voor-

bij aan het feit dat het succes, van deze theorieën niet

noodzakelijk te danken is aan hun juistheid, maar veeleer
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aan de lage waarschijnlijkheid voor het kwaadaardig

worden van een cel.

N.F. Day and C.C. Brown, J. Nat. Cancer Inst. 64_

(1980) 977.

M.C. Pike, Biometrics 22_ (1966) 142.

7. De door Rundel en Nachtwey gegeven formule ter berekening

van de biologische versterkingsfactor voor UV-carcinoge-

nese in humane populaties is niet in overeenstemming met

de redenering die er aan ten grondslag ligt.

R.D. Rundel and D.S. Nachtwey, Photochem. Photobiol. 28_

(1978) 345.

F.R. de Gruijl and J.C. van der Leun, J. Theor. Biol. 83_
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8. Bij het berekenen van de vorming van de binnenplaneten uit

kleine stukken moet rekening worden gehouden met de in-

vloed van de buitenplaneten.

G.W. Wetherill, Scientific American £ (1981) 131.

9. Bij de verklaring van hun 1^^Au(d,xnyp) excitatiefuncties

in termen van pre-equilibrium- en equilibrium-emissie van

nucleonen introduceren Jahn et al. (ref. 1) schilleneffee-

ten op een wijze die strijdig is met het door hen gebruik-

te model (ref. 2).

1) P. Jahn et al.3 Nucl. Phys. A209 (1973) 333.
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10. Een electrostatische chopper aan de ingang van een tandem-

versneller is voldoende om een bundel, gepulst in het micro-

seconde gebied, te maken met een op eenvoudige manier te

variëren pulsfrequentie en duty cycle.

11. Foutieve gamma-gamma coïncidentie- en levensduur-metingen

met de reactie 36Ar(a,pY)39K leiden Nolan et al. (ref. 1)

tot de onjuiste conclusie dat in 39K op E = 7.78 MeV twee

niveau*s met hoge spin aanwezig zijn (ref. 2).

1) P.J. Nolan et al., J. of Phys. G7_ (1981) 189.

2) C.J. van der Poel et al. 3 wordt gepubliceerd.

12. Het bestaan van een goede software ondersteuningsgroep

naast de mechanische en electronische service-afdeling van

de subfaculteit natuurkunde is aan te bevelen.

13. Het verbieden van nachtwerk voor vrouwen is in tegenspraak

met het gelijkstellen van de man en vrouw in het arbeids-

proces.

14. De "Hollanditis" (ref. 1) moet niet gezien worden als een

ziekte, maar als een uiting van de werkelijke wens tot vrede.

1) Zie dagbladen in de maand augustus 1981.

15. Kernfysici worden maar al te vaak aangezien voor "kernkoppen"

12 oktober 1981 D.E.C. Scherpenzeel


