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Stellingen behorende bij het proefschrift

NUCLEAR LIFETIME MEASUREMENTS WITH THE DSA COINCIDENCE METHOD

IN INVERSE REACTIONS

1. Door van Rijswijk en Smit is aangegeven hoe de invloed

van de konstante dode tijd van de tijd-amplitude omvormer

op de gekonditioneerde waarschijnlijkheidsverdeling voor

gesloten pulstijdenintervallen in rekening kan worden

gebracht. De door hen gegeven uitdrukking heeft echter

het verkeerde teken, hetgeen voor een Poissonproces op

eenvoudige wijze kan worden aangetoond.

F.C. van Rijswijk en C. SmLt3 Physiaa 49_ (1970) 549

2. Het deeltjesspektrum van een reaktie weerspiegelt recht-

streeks het niveauschema van de eindkern terwijl het

y-spektrum informatie over energieverschillen bevat. Voor

het plaatsen van nieuwe y-lijnen in het niveauschema ver-

dienen coïncidentiemetingen van het type deeltje-y dan

ook de voorkeur boven die van het type y~Y»

3. De door Booth en Grant in de parametrizering voor de ef-

fektieve lading van zware ionen vermelde koëfficienten

reproduceren hun grafische voorstelling van deze groot-

heid niet.

W. Booth en I.S. Grant* Nucí. Phys. £3 (1965) 481 I



4. Als een praktikumhandleiding bij een proef naar een be-

paald boek verwijst, dan is het wel wenselijk dat de

daarin voorkomende gegevens die dienen als vergelijkings-

materiaal voor de uitgevoerde experimenten niet bijna een

faktor twee fout zijn.

H.H, Heekman en P.W. Starving; Nuclear physics and the

fundamental particles (Holt, Rinehart and Winston, Inc.,

New York, 1963), biz. 137 en 138

5, Bij levensduurmetingen met de vluchtwegmethode wordt de

verhouding R tussen de intensiteit van de gestopte piek
s

en de totale intensiteit van de yove^gang bepaald als

funktie van de vluchtweg D. Naarmate de te meten levens-

duur korter is beantwoordt de situatie minder aan het

onderliggend ideale beeld dat het totstilstandbrengen

van de kernen momentaan geschiedt. Als in de analyse de

totale intensiteit echter genormeerd wordt op een

andere, volledig gestopte piek in het Spektrum en de

levensduur bepaald wordt uit de helling van de erikel-

logarithmisch uitgezette R (D)-kurve, dan heeft dit
s

niet-ideale aspekt geen invloed op het eindresultaat.

6. De door Dybdal et al. gebruikte methode om de verzadiging

van magnetisatie aan het oppervlak van polykristallijne

ijzerraampjes vast te stellen is onbetrouwbaar. Een betere

methode is een meting met behulp van het Kerr-effekt.

K. Dybdal, J.L. Eberhardt en N. Rud. Phys. Lett. 64B

(1976) 414



7. Bij het ongevouwen Dopplerpatroon dat wordt waargenomen

onder een hoek van 0 ten opzichte van de bewegings-

richting der eindkernen, bestaat er een een-éénduidige

relatie tussen y~energie en snelheid. Bij een waarnemiñgs-

hoek 0 tussen 0° en 90 kan deze één-eenduidigheid door

relativistische effekten teniet gedaan worden: aan de ge-

stopte piek bijvoorbeeld dragen niet alleen kernen met

snelheid ß = 0 maar ook die met ß = OS¿ bij.

8. Een operationele versterker, twee toongeneratoren en een

oscilloskoop vormen geschikte hulpmiddelen om op een

praktikum het verschijnsel van zwevingen zowel kwalita-

tief als kwantitatief te bestuderen.

9. Voor het meten van levensduren korter dan ongeveer 50 fs

met de DSA methode zijn de eigenschappen van de y-áete\a-

tor zowel wat responsie als geometrie betreft erg belang-

rijk. Het verdient dan ook aanbeveling om dergelijke me-

tingen op een relatieve manier uit te voeren, d.w.z. het

met een snel afremmend materiaal (zoals goud) waargenomen

patroon te vergelijken met het vrijwel volledig verschoven

patroon dat verkregen wordt met magnesium als afremmate-

riaal.

10. Gezien de kwaliteit van hun experimentele data mag het

verwondering wekken dat Nolan et al. aan de door hen

met de vluchtwegmethode gemeten levensduur van het
36C1(1.16 MeV) niveau een fout van slechts 7% toekennen.

P.J. Nolan et al.3 J. Thy8. A6_ (1973) L37



11. Bij snelheidswedstrijden dient veelal het afvuren van een

pistool als startsein. Gelet op de voortplantingssnelheid

van het geluid is liet dan doorgaans niet zinvol de tijd-

waarneming tot in honderdsten van sekonden uit te voeren

tenzij er speciale voorzorgsmaatregelen getroffen worden.

12. In de beschouwing van Gordon over de beoordeling van ter

publikatie aangeboden artikelen ontbreekt het verschijnsel

van de "home referee". Gezien de heftige diskussies die

dit onderwerp van tijd tot tijd op ander gebied teweeg

vermag te brengen, valt dit te betreuren.

M. Govdon3 New Saienfist ?7> (1977) 342

13. Het voornemen van British Rail om de bekleding van de zit-

plaatsen in de eerste en tweede klas kompartimenten van

een nieuwe trein voor het trajekt van London naar Edin-

burgh uit te voeren in de tartan dessins van respektieve-

lijk Thomson en Maclean of Lochbuie, kan mogelijk gezien

worden als onderdeel van een verdeel-en-heers taktiek

tegenover de sterker wordende Schotse afscheidings-

beweging.

The Times, 10 december 1976

J.A.J. Hermans 30 maart 1977
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INTRODUCTION AND SUMMARY

In 1955 Devons et al. have demonstrated how the Doppler

effect in the emission of y—radiation by nuclei slowing down

in matter can be used to determine the mean life of excited

states. The atomic slowing-dowh process establishes the time
-14 -12

scale, so the method is suitable for lifetimes (10 - 10 s)

that do not differ much from the slowing-down time.

The Doppler shift AE for a Y-tlU£tntum of energy EQ, emitted

by a nucleus at velocity v(t) - cß(t) and observed at an

angle 9 relative to the direction of motion, is (to first or-

der in f5) given by £E = E-ßcosö. For the common initial velo-

cities of ß(0) % 0.01 the associated effects amount therefore

to AE/EQ its 0.01.

In the early days this kind of measurements was greatly

impeded by the poor resolving power of the then available

y-ray detector, a Nal crystal with AE/E % 0.07, and the insta-

bility of the electronics.
2)

In 1963 Litherland et. al. interchanged the role of target

nucleus and projectile and bombarded a tritium target with a

0 beam in order to measure effects that were almost as large

as the detector resolution and hence somewhat less sensitive

to electronic drifts. The limited availability of heavy-ion

beams, however, both as for diversity of projectiles and for

suitable accelerators which had to meet special requirements,

as well as the developments that followed soon after kept

these inverse reactions from being generally applied.

The advent of the Ge(Li) detector in the early sixties with

a resolution of 2-3 keV for a 1 MeV y-x&y meant an essential

step forward and revolutionized the field of DSA (Doppler-

.1
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Shift Attenuation) measurements. A multitude of reactions,
3)e.g. even low-energy proton-capture reactions , could be

employed now to measure Doppler shifts. In these days the

emphasis was on measuring the small shifts reliably. Special
4")

techniques were developed to eliminate the remaining in-

stabilities in the meanwhile considerably improved electronics

The next difficulty turned out to be the interpretation of

the measured Doppler shift in terms of a mean life. This pro-

blem was signalled especially by Broude et al. in 1972 by
22means of a measurement of the mean life of Ne(3.34 MeV)

with 39 different slowing-down materials and (3(0) between 0.6

and \.4 %. The analysis yields lifetimes varying between 0.29

and 0.54 ps, which result is characteristic for many DSA

measurements at low initial velocities. The strong dependence

of the mean lives obtained on the slowing-down material is

caused by the lack of reliable stopping power data for these

velocities and the absence of an adequate theory to make up

for that, as well as the sometimes uncertain composition of

the slowing-down material. Unknown surface effects and irregu-

larities in tfc.3 material constitute interfering factors that

affect the data at low velocities in particular. The results

of Brcude et al. have been verified recently and also supple-

mented to some extent by the work of Toulemonde and Haas

A first step to circumvent the above problems was made in

1973 by Warburton et al. who combined the Ge(Li) detector

with inverse reactions. These reactions produce nuclei re-

coiling at a high, 3(0) ̂  0.05, well directed and uniform

initial velocity, which is ideal for measurements employing

the Doppler effect. The large ratio between the magnitude of

the effect and the resolution of the v~*ay detector (% 20 for

'3;

'i- t$

12



E = 1 MeV) makes i t possible to observe a detailed Doppler

pattern. The experimental data, however, were troubled by

two problems. Firstly the distribution of the total intensity

over the wide pattern made the measurements sensitive to

background, particularly to background structures underneath

the Doppler pattern, and secondly the apparent mean l i fe of a

level could be longer in the singles measurements by unknown

feeding from higher levels.

The large (125 cm3) Ge(Li) detectors of high (25 %) effi-

ciency that became available in the seventies made coincidence

measurements possible so that the two problems above could be

solved.

This thesis describes lifetime measurements with the DSA
2

coincidence method in inverse reactions. Bombardment of H
3

and H targets with heavy ions of energies up to 50 MeV pro-

0.05 c.

Si,

Si, ° P, S, Cl and 'cl are at present available from

the Utrecht 6 MV EN tandem accelerator. The recoil nuclei are

slowed down in Mg, Al, Cu, Ag or Au and the yray Doppler

pattern is observed with a large Ge(Li) detector in coinci-

dence with protons. The coincidence restriction selects the

final nucleus and its excited state, initial velocity and

direction. The stopping properties of the first three ma-

terials are in the approximate ratio 1:2:3 whereas Ag and Au

resemble Cu in this respect. This factor of about 3 represents

the largest difference to be found among easily available

solid stopping media. The stopping time (see appendix) in Mg

amounts to.about 1 ps.

The Doppler pattern represents the number of nuclei decaying

duces nuclei recoiling at in i t ia l velocities of v(0) %
• v * 11- 12„ 14„ 16„ 18„ 19,, 27A1

Heavy-ion beams of B, C, N, 0, 0, F, Al,

S

13



at a velocity v, so for a given lifetime this pattern reflects

the slowing-down process in the medium concerned. The observed

Doppler pattern is characteristic for the combination of the

mean life x and the stopping power -dE/d(px). For known stop-

ping power T can be extracted from the Doppler pattern in a

sensitive way (see fig. 6 of chapter I).

The combination of high initial recoil velocity and coin-

cidence restriction offers many advantages over the conventio-

nal DSA techniques 3" 5» 8 ).

a) The effects are large. For 3(0) = 0.05 and E = 1 MeV the

Doppler pattern extends over 50 keV, which is many times

larger than the 2-3 keV resolution of the Ge(Li) detector.

b) The slowing down of heavy ions at these velocities is well

known experimentally, particularly by the recent work of

Ward et al. 9).

c) A detailed analysis of the Doppler pattern - possible be-

cause of the large width - offers a check on the descrip-

tion of the slowing-down process. The patterns are not

arbitrary; only certain shapes occur (see fig. 6 of chapter

I).

d) The recoil nuclei quickly leave the target with its often

uncertain composition and the range in the backing - in

first approximation proportional to v(0) - is considerably

longer so that surface effects and local irregularities are

of less importance.

e) The coincidence restriction with the outgoing light particle

not only drastically reduces the background in the spectrum,

it also enables the selection of the excited state of the

recoiling nuclei so that delayed feeding cannot falsify

the lifetime.

14



f) The already small spread in direction and magnitude of

the initial velocities in singles measurements is even

further reduced by the coincidence restriction (angular

spread £1° and Av(0)/v(0) % 1 % ) .

Although the coincidence restriction imposes a longer

measuring time (up to 150 hours) the limit to the accuracy

is not necessarily set by the statistics (see e.g. table 3

of chapter II).

The first measurements with the DSA coincidence method in

inverse reactions have been performed at Utrecht with the
2H( 3 2S,PY) 3 3S reaction 10^ and at Chalk River with the
4„ ,35.. v38. t. 11)
He( C1,PY) Ar reaction

In chapter I of this thesis the possibilities of the method

are investigated for a number of lifetimes differing less than

about a factor three from the characteristic stopping times.

The measurements are interpreted with the semi-empirical stop-

ping power data of Northcliffe and Schilling. The results ob-

tained with the different slowing-down materials are mutually

consistent to within 5 %; this constitutes not only an im-

portant improvement over the results from conventional tech-

niques, but also a verification of the relative stopping

powers for the recoil-medium combinations involved.

The method is insensitive, however, to systematic over-

all errors in the stopping power. An overall increase of the

stopping power by a given factor would result in decreasing

the mean life by the same factor. Therefore a comparison with

an essentially different technique is important. Lifetimes

longer than a few ps can be determined fairly well with the

RD (Recoil-Distance) method which is independent of the

slowing-down process to a very large extent. Until now the

'«'IA»!-
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overlap between the two methods had almost been negligible.

Chapter II describes measurements in which the DSA method

is extended to the x = 20 ps region. Analysis of the Doppler
m 9)

patterns with recent stopping power data shews the DSA

and RD methods to agree to within 10 %, The comparison is

hampered, however, by the spread in the RD results (see table

4 of chapter II).

The recent stopping power data have also been usad for a

reinterpretation of the measurements in chapter I. The changes

in the final results are smaller than 4,5 %.

For the theoretical Doppler pattern the appendix gives

analytical expressions following from the parametrization

used for the description of the slowing-down process.
Chapter I has been published

13)
submitted for publication .

12)
and chapter II has been

16
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CHAPTER I

PRECISION LIFETIME MEASUREMENTS WITH THE COINCIDENT
HIGH-VELOCITY DSA METHOD IN INVERSE REACTIONS

J. A. J. HERMANS, G. A7P. ENGELBERTINK, M. A. VAN DRIEL
H. H. EGGEÑHUISEN and D. BUCURESCLP

:-í

Abstract: Mean lives of ¡ow-lying states of l 8O, 30Si, 33S and 34S have been measured with the Doppler-
shift attenuation method by heavy-ion bombardment of 2H and 3fi .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, AI,
Cu and Ag as slowing-down material, with accurately known experimental stopping powers yields
consistent results with small errors: 18O, tro (1.98 MeV) = 2790+110fs; 30Si, Tro(2;24) = 351 +19 fs
and xm(3.50) = 89+8 fs; 33S, TTO(0.84) = 1650+50 fs and Tra(2.31) = 206±8 fs; 34S, tm(2.13) =
470+20 fs and Tm(3.30) = 196+13 fs. The deduced transition strengths are compared with results
from large-scale shell-model calculations.

i

1. Introduction

Several lifetime measurementslf 2) in recant years have shown the results obtained
with the Doppler-shift attenuation method to be strongly 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.3) 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 c) 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 et al.4), as worked out by Blaugrund5). (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.

f 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 4He are bom-
barded with heavy ions6"8). At high recoil velocities (u > 0.01c) 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 Io half-angle. Since the initial velocity
spread is small too (áv/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 earlier7'9"11) are
superseded by the present paper.

2. Experimental method

Thin 200 fig/cm2 TiD and TiT targets on a 0.3 mm thick backing are bombarded
with 16O3+, 28Si5+ and 32S6+ beams. The tritium targets have a (protective) layer
of 45 ¿ig/cm2 AI 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 l2C(HI, xn j p za) reactions. So far
as their stopping properties are concerned the backing materials Mg, Ai and Cu are

Ta DIAPHRAGMS
1cm

*—12 (im MYLAR

Ge(Li)

125 cm3

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

The experimental set-up is shown in fig. 1. The y-ray patterns are observed with a
25% efficient Ge(Li) detector at 0c 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 jüm 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 thé 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 2H(32S, p)33S reaction. In the experiments solid angles
between 75 and 150 msr were used for the particle detector.

5 2H(32S,p)33S(i)
, 3 2 , TARGET

t »-BEAM

"COUNTER

180

6LABin degrees

Fig. 2. Kinematical broadening of the p1 group in the reaction 2H(32S,p)33S(l) at 38 MeV as a function
of detector position for three different solid half-angles. The point at 0|,b = 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 fim
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 2H(32S, py)33S measurement with the Mg backing, namely about 50 hours
at a beam intensity of 250 nA (electrical).
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reaction 2H("S,py)33S.

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)~]n, which becomes important at
low velocities, and an electronic part, — [d£/d(px)]e, dominating the major part
of the slowing-down process because of the high initial recoil velocities involved.
The total stopping power then is given by

(1)[d(px)J Ld(px)Jn

The nuclear stopping power, which is not well known experimentally, is param-
etrized6) as - [d£/d(px)] n = KJ(v/v0) where v is the recoil velocity and u0 = l i r c-
Values for Kn were obtained by using Bohr's estimate12) of the nuclear stopping
power at v = v0. The lifetime results were found to be rather insensitive to Kn.

Values for the electronic stopping power were taken from the semi-empirical
compilation of Northcliffe and Schilling13). Their results were fitted with the
analytical functions

d(px)Je

l X ( v o ) 3 ( y o )
{A + B(v/v0) - C(v/v0)

2 - Kj(v/v0)
for (o/»o)^ (»/»o)B

for {v/vo)s < (v/v0).
(2a)
(2b)

The constraint that both -[d£/d(px)] e and its derivative be continuous at v/v0 =
(v/vo)g imposes two relations upon the six parameters. Therefore Ke,K3, (v/vo)g

•'s

I

Ml
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and A are chosen as independent parameters, while B and C are calculated from the
relations

B = 3KJ(v/vo)¡ + Ke

C =

- 2A/(v/vo\, (3a)

(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/v0) < 7.1. For the ions and slo wing-down materials used the
parameters of eq. (2) have been collected in table 1. These values reproduce the
Northcliffe and Schilling data for (vjv0) < 7.1 with an accuracy of about 1 %, as
can be seen from the last column of table 1.

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

3 for (v/v0) ^ (v/vo)e (4a)

for (v/vo)e < (v/v0). (4b)
-M =

A + B(v/v0) - C(v/vQ)2

In order to arrive at eq. (4b) without introducing an unnecessary discontinuity
in the total stopping power, the term —KJ(v/v0) has been included in eq. (2b) of
the parametrization of the electronic stopping power. Since Kn 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 33S
and 34S. The analytical expressions for the pattern that can be derived from eqs.
(4a) and (4b) assuming no change in direction of the recoiling nuclei, have been given
explicitly by Warburton et al. in eq. (B14) of ref.14) and eq. (5) of ref.6), 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/vo)g 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 [—fi(E)x] where x is the path length in the crystal and /i(E)
the absorption coefficient. Due to the solid angle the y-ray intensity is integrated
over energy from Ey[l+0.93ß(tj] to Ey[l+ß(ty] with the geometrical smearing
function as weight. This yields for Ey = 1 MeV and ß(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 energy wise 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 ß(t), resulting in a S-

'AI

• , - i J
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TABLE I

Parameters for the energy loss of ions with v < 7.1 ro
a)

Ion

I 8 O

30Si

" S

3 4 S

Stopping
material

Mg
Al
Ti

Ti
Cu

Mg
Al
Ti
Cu
Ag

Al
Ti
Cu

(keV'cm2//ig)

0.200
0.188
0.152

0.427
0.391

0.699
0.659
0.541
0.497
0.386

0.662
0.544
0.500

K
(keV'cnr'/ig)

2.976
2.847
I.S97

2.504
1.954

4.329
4.154
2.726
2.139
1.710

4.155
2.726
2.139

(keVcm2 / / jg)

11.065
0.066
0.031

-0.027
-0.039

-0.005
-0.001
-0.032
-0.043
-0.035

-0.001
-0.032
-0.043

(t'/«o).

3.802
3.602
4.500

1.897
1.997

1.796
1.597
1.998
1.998
1.998

1.597
1.998
1.998

A
(keV-cm'/ig)

5.329
4.530
4.311

-0.983
-1.242

-0.889
-0.260
-1.225
-1.167
-0.966

-0.257
-1.222
-1.164

(keVcm27<g)

1.153
1.230
0.623

3.799
3.337

5.951
5.253
4.230
3.508
2.827

5.251
4.229
3.507

<keVcm2//igi

0.132
0.133
0.066

0.296
0.254

0.497
0.422
0.314
0.244
0.199

0.422
0.314
0.244

D2i)

1.05
1.08
2.65

0.76
0.69

1.09
1.09
0.63
0.47
0.64

1.09
0.63
0.47

°) The parametrization is discussed in the text (see eqs. (4a) and (4b)).
b) Bohr's estimate, see text.
c) The continuity condition for the stopping power and its derivative at (v/vo)t yields two equations for the six parameters. Therefore B and C are

calculated from the four other parameters with eqs. (3a) and (3b) in the text.
d) D2 s ll(N-4)Yli

Nl{(dE/dU>x)yc!
r-(dEld(px))^}l0.0\(dE/á(px)^s-i2 with N= 25.



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(9) =l+A2P2 (cos 0) the relative intensity variation over the solid angle of the
Ge(Li) detector is given by [^(0°)- W(21°)]/*F(0o)« A2/(5+5A2). For A2 = 0.3
this results in an intensity variation of less than 5% 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 angulai correlation function
W(&) can be incorporated in the directional efficiency function of fig. 4. In the present
work W(6) is taken to be constant over the solid angle of the Ge(Li) detector.

GEOMETRICAL
^SMEARING FUNCTION

0.93 0.93ßEY
•pEvCOS(0)

Fig. 4. Geometrical smearing function for the set-up of fig. • 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
QIU and Qa\ 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

for Eo ¿ £ (5a)
for Eo-T á £ < £0(5b)
for £ < EQ-T, (5C)

R(E, £0) = 1 (H - B) exp [ - (£ - £0)2/2<T2]+B

{(H-B) exp [ r{2(£-£ 0 )+ T}/2<r2] + B

w
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where Eo is the y-ray energy, if the peak height and B the height of the flat Compton
ridge (see fig. 5). Because at energies below EQ a flat Compton ridge B is added, the
normalization factors of the two Gaussians in eqs. (5a) and (5b) have to be slightly
different to ensure continuity. At E= Eo—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 T, a 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 £yjß(O) < 511/[2+511/£:y(l+j8(0))] with Ey the energy of the un-
shifted y-ray in keV and c/J(O) the initial recoil velocity. For the present work this
leads to Ey á4.8MeV.

(iii) Higher-order terms in ß. At the velocities involved (ß « 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(i) = cß(t) is given by
Ev(v, 9)¡Ey(v = 0) = yJ\-ß(tfHl - ß(t) cos 0], which to second order in ß(t) leads to

Ey{v, 0)/Ey{v = 0) = 1 +ß(t) cos 0 + j32(t)[cos2 0 - | ] . (6)

Since for the set-up of fig. 1 cos 0 is always close to unity (see also sect. 4 eq. (7))
the ratio between second-order and first-order tenns is about \ß. Thus for the y-ray
pattern an alinearity of less than 2.5 % 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 ß. This Lorentz
correction factor of (1+ /?)/(l — ß) has been combined with an E~l 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 ( « 10~16s) 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 Tm 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 Tm 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 /im thickness of the 200 ¿ig/cm2 target corresponds
for ß = 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 rm = 50 fs the
number of excited nuclei decaying in the backing is about 75 %. These considerations
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i

:—i 1
T=CX05ps

x=1.0 ps

T>0.2 ps
F(x)=0.86

i FW=0.47

840 880 840 880

T=2.OpS

FW.0.40

t«0.6 ps
FW«

840 880
Ev inkeV

LINE SHAPES
MAGNESIUM BACKING

v(o)=0.050c
e-y=o8

840keV Y-RAY
AE=42 keV
2.8 keV FWHM

840 880 840 880

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 ñrst approximation) to Al and Cu as a slowing-down material if the

indicated values for rm 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.

• • I

j, -ís

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 tm and the

27



width of the pattern. The width ÚE is given by

AE = Eo[QaW>)+2Q(2)/J(O)2], (7)

and yields for known y-ray energy Eo and solid-angle reduction coefficients Q(1)

and Qm (see table 2) the initial recoil velocity cß(0).
The results for 0(0) obtained in this way are given in column 4 of table 3. The errors

of less than 0,5% are more than five times smaller than the second-order term iheq. (6).
A change of A: % in /?(0) brings about a change of at least x% in tm. The j5(0) values

TABLE 2

Solid-angle reduction coefficients0) for the set-up of fig. 1

(MeV)

0.5
1.0
1.5
2.0
2 5

gin

0.9826
0.9831
0.9833
0.9834
0.9835

gtf)

0.9317
0.9335
0.9343
0.9347
0.9350

a) The solid-angle reduction coefficients, Qw and g(2), are obtained by averaging cosö and 2(cos20—£),
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 statedf target thickness.

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

The attenuation factor F(tm), defined as the normalized centroid of the pattern,
is given by

with dN(v)/dv the number of nuclei deexciting at recoil velocity v. The quite different
values of F(xm) obtained for the same xm 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 x2 values
for the fit in column 8.

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

f Nukem, Hanau, W. Germany.
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TABLE 3

Summary of coincident high-velocity DSA results

Nucleus

(Ex in MeV)

18O(1.98)

3OSi(2.24)

3OSi(3.5O)

33S(0.84)

33S(2.31)

34S(2.13)

34S(3.30)

Reaction
and

bombarding
energy

3H(16O,.py)18O
20 MeV

3H(28Si,py)30Si
33 MeV

3H(28Si,py)30Si
33 MeV

2K(32S,py)33S
38 MeV

2H(32S,py)33S
38 MeV

3H(32S,py)34S
38 MeV

3H(32S,py)34S
38 MeV

(keV)

1982.0

2235.4

1262.7

840.4

1471.7

2127.3

1176.1

0(0)

4.88 ±0.02
4.72 ±0.02

4.79 ±0.02

4.76 ±0.02

5.05 ±0.02
5.04±0.02
4.95 ±0.02
4.95 ±0.02

5.01 ±0.02
4.91 ±0.02
4.91 ±0.02

4.72 ±0.02
4.88 ±0.02

4.70 ±0.02
4.86+0.02

Slowing
down

material

Mg
Al

Cu

Cu

Mg
Al
Cu
Ag

Al
Cu
Ag

Al
Cu

Al
Cu

(%)

30.8+0.4
22.2 ±0.5

54,0 ±0.6

82.1 ±1.2

42.7+0.5
32.7+0.4
19.3+0.3
19.3±0.3

80.0 ±0.9
68.2+0.9
67.6 ±1.0

64.3 ±1.3
46.1+0.8

78.8 ±1.5
65.4 ±1.5

30.6
21.5

54.3

84.5

42.5
32.8
19.5
19.6

80.6
68.7
67.3

65.1
46.2

79.3
67.6

X2

1.1
1.2

1.5

1.2

1.1
1.0
1.5
2.0

1.6
0.9
1.1

1.1
1.0

1.0
1.1

(fs)

2821
2763

351

89

1659
1646
1596
1705

198
201
221

450
490

201
193

Statisti-
cal

error
(fs)

59
77

8

7

35
31
32
35

11
8

10

25
15

18
13

Adopt-
ed

error")
(fs)

153
158

19

8

90
8S
86
92

15
13
15

34
29

21
16

Adopt-
ed

resultb)
(fs)

2790±110

351± 19

89± 8

1650± 50

206 ± 8

470± 20

196± 13

a) Quadratic addition of statistical error and 5 % stopping power error.
b) See text.
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the pattern, (ii) the position of Eo and (iii) the value of 0(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 (¿lTm)stat in the mean life tm

via

A small error in F(rm) is therefore a prerequisite for an accurate lifetime measurement.
For a given mean life and area the smallest (¿lTm)stat is obtained with that slowing-
down material which will give F(xm) - 0.5. The errors (¿ÍTm)stat 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(ßx) and for the present high-velocity measurements more specifically of the
electronic stopping power. A change of x% in the electronic stopping power data
used will induce a x % change of opposite sign in tm.

On the basis of recent measurementsl5) of stopping powers for *He, 16O and 35C1
ions at 1-3 MeV per nucleón and investigations16) of the effective charge concept
we have adopted an error of 5 % in the phenomenological stopping power results of
Northcliffe and Schilling13). Also the good internal consistency in the present work
f° r Tm[33S(l)] results obtained with the slowing-down materials Mg, Al, Cu and
Ag shows that the relative stopping powers of ref.13) 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
(seesubsect. 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 20% in the
value of Kn 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 (Ax^^ and a stopping power error of
0.05 rm gives the adopted error of column 11 in table 3. The adopted result in column
12 is the weighted mean of the Tm 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. --; i
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4.1. THE REACTION 3H( l 6O,pv) l 8O

A 200 /ig/cm2 TiT target was bombarded with a 20 MeV 16O3 + beam. The reaction
has a rather low ß-value of 3.71 MeV.

As a relatively long lifetime17) of a few ps is involved only the soft backing materials
Mg and Al were used to slow down the 18O 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

1000 r

100fr-

1982 keV y-ray
ß(o)-4.88»/. eY=

• • • a
• • • • • • • • m • J

Mg-backing

t m = 2.82 ±0.06 ps

Xa-1.09

AVERAGE OF
THREE CHANNELS

. . . . . . .

1 . lm

I
1900 1950 2000 2050 2100 2150

Ev(keV)

Fig. 7. Doppler y-ray pattern of the 18O(1 -»0) transition measured with a Mg backing. The solid line
represents the least-squares fit to the data, calculated with the stopping powers given by Northcliffe
and Schilling13), 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 im 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(xm) value (see table 3).

The values for xm obtained with the Mg and Al backings are in excellent mutual
agreement and lead to a mean life of 2790 ± 110 fs for the 1.98 MeV level.

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

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 3H(i8Si,p)30Si reaction. Because of the high ö-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(32S,p)33S 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 251 ±19 fs was
extracted for the mean life of the first excited state at 2.24 MeV. The F ( T J of
(54.0+0.6)% approximates the optimum value of 50% (see eq. (8)). The transition
from the second to the first excited state has F ( T J = (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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4.3. THE REACTION 2H( J 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)33S reaction (g = 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, Cu and Ag. For three of these

Fit) = (42.7 10.5)»/

x m= 1.66 s 0.04 ps

X 2 =111

820 840 860
EY(keV)

880 900

Fig. 10. Doppler y-ray patterns for 33S(1 -> 0) in slowing-down materials of Mg, Al and Cu; Eo and £ k

denote the positions of stopped and fully shifted peak, respectivaly. The contribution from randoms and
background, less than 0.5 counts per channel, is neglected. The errors given for tm are statistical only.

33



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 rm given in the figure are statistical only; Eo and
Ek 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 0.5 counts per channel.

In spite of the quite different slowing-down processes, reflected in the different
F(xm) values, the xm results, with a statistical accuracy of about 2%, show good
consistency (see table 3). Increasing the nuclear stopping power by 20% did not
decrease the result from the Cu backing more than 1.6 %. The average value adopted
for the mean life of the 0.84 MeV level is 1 6'JO ± 50 fs.

Ti;e 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. THE REACTION 3H(32S,py)34S

This reaction (g = 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. They are shown

in

I 4.89
4.88

E = 38 MeV
165o<ep<172o

o woef H l
UJ

500

4.11
407

4.69 3.91 3.30
¿4.62 -160 keV

PROTON ENERGY (MeV)

Fig. 11. Particle r ¡ «ictrum of the 3H(32S, p)34S 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 v-ray patterns for the Í4S(1 ->• 0) transition measured with Al and Cu as backing material.
A 1.0 count per channel contribution from randoms and background has been subtracted in each case.

The errors given for xm are statistical only.

1.0% for 20% change in Kn. 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 et al.16) is excellent
for 33S(1) and 34S(1) but poor for 30Si(l). The result of 370+60 fs from the work of
Olin et al.2i) for the mean life of 34S(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

30Si

"s

Tm (PS) Method0) Ref.
ivievj

1.98

2.24

3.50
0.84

2.31
2.13

3.30

present

2.79 +0.11

0.351 ±0.019

0.089 ±0.008
1.65 ±0.05

0.206 ±0.008
0.470±0.020

0.196+0.013

previous

3.40 +0.34
2.73 +0.05*
2 9+0.9

3.58°±0.18*
3.35 +0.20*
2.90 ±0.12*
0.34 +0.03
0.34 +0.04
0.26 ±0.06*
0.100+0.020
1.70 ±0.15
2.0 +0.3*
1.69 ±0.18*
0.160+0.020
0.41 +0.04
0.37 ±0.06*
0.47 +0.03*
0.165+0.020

CE
CE
DSA
RD
RD
RD
DSA
DSA
CE
DSA
DSA
DSA
CE
DSA
DSA
CE
CE
DSA

1B)
1 9 )

20)

1 7 )
2 l )

")

" )
. 6 )

" )

" )
6 )

16)

23)

23)

!?
23)

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

The
x K T V

Coulomb excitation result for 18O(1) of B(E2, 0+ -»• 2+) = (488 + 8)
b2 (corresponding to Tm = 2.73+0.05 ps) obtained by Kleinfeld et al.19)

by scattering of 18O projectiles from a thir. 209Bi target, agrees perfectly with the
present value of 2.79+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 18O 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 18O(a, a')18O(l) reaction. From their experimental details it is not clear, however,
whether the a-pariicle 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.21), employing the inverse (t, p)

reaction as in the present work, resulted in a value of 3.35+0.20 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.22) with
the XH(18O, p)l8O(l) reaction at a bombarding energy of 47.3 MeV. Population
of higher-lying 18O 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 2.79+0.11 ps from the present
work. For these two results the ratio T*D/TmSA would amount to 1.04+0.06.

A similar comparison can be made for the mean life of 24M¿(1). The weighted
average of two accurate, recent DSA measurements, 1.82+0.14 ps [ref.8)] and
1.92+0.10 ps [ref.16)], is 1.89+0.08 ps while the weighted average of two accurate
RD measurements, 2.11 +0.16 ps [ref.25)] and 2.09±0.13 ps [ref.26)], is 2.10+0.10
ps. So the ratio T*D/T£SA for 24Mg(l) would be U1 ±0.07.

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

Another (less accurate) comparison 27) between RDM and DSAM for 49V ions
slowing down in Ti, yielded the conclusion tmD/T^SA = 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% hardly affects
the Ml strength. The appreciable errors in the mixing ratios, however, result in large
errors for the admixed E2 strengths. Therefore table 5 contains only nine transitions
with an experimental error smaller than 10% in the strength.

For 18O the best agreement with experiment is obtained by McGrory30) 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.
One31) uses a modified surface delta interaction in a model space taking into account

all 2si and ld^ states and up to two holes in the ldf shell, and the other32) 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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00 TABLE 5

Comparison of transition strengths with theoretical calculations

Nucleus E¿£j

1BO 1.98-0

30Si 2.24-0-

3.50 - 0

3.50-2.24

"S 0.84-0

2.31-0

2.31-0.84

34S 2.13-0

3.30-0

3.30-2.13

•T

2t

2t

2 2

(Dr

(f>2+

(DÍ

2Í

2Í

- o r

- o r
- o r
- 2 Í

—(Dr

—(i)r

—(i),+

- o r
- o r
—2r

*m(PS)

2.79 ±0.11

0.351 ±0.019

0.089 ±0.008

0.089 ±0.008

1.65 ±0.05

0.206+0.008

0.206+0.008

0.470 ±0.020

0.196±0.013

0.196±0.013

Branching

100

100

47 ±2

53 ±2

100

32±2

68±2

100

47±2

53±2

1*1

0

0

0

0.18+0.04

0.11 ±0.08

0

0

0.13+0.04

Multi-
polarity

E2

E2

E2

Ml
E2

Ml

E2

Ml

E2

Ml

E2

E2

E2

Ml

E2

Strength (W.u.)

exp

3.34+0.13

7.4+0.4

1.45 ±0.14

(0.50±0.05)xl0~2

3.2+1.8

(3.14±0.10)xl0"2a)

4.5 ±0.9»)

<O.44xlO"2

<3.3

(3.21+0.17)xl0-2

0 7+1-4

6.0+0.3

0.74+0.06

(5.1±0.4)xl0-2

2.5 ±1.5

theory

11
1 Q
1.8
4.3
4.5
3.1
1.8
2.5

16x10'2

5.4
5.0

3.1 x]ß"2

6.7 xlO"2

5.0
3.7

0.2 xlO"2

0.95 xlO"2

2.6
2.5

4.3 xlO"2

2.4x I0"2

6.5
6.0
8.4
5.3
0.1
0.85

1.7 xlO"2

1.8 xKT2

11
5.3

1
ref. 1

2 1
30)

!?
3 1 )

3 1 )
32)

31)

3 Z )
31)

32) |3') I
3? I

") I») 1
" ) 1) 13 I) lI2? i
" ) 13 1 ) 1
32) •
3.) M

Where necessary, branchings andmixingratioshave been taken fromref.23).

The E2 strength has been deduced from the ß(E2)T value of (19+4) x 10" V • b2 given in ref."). It couesponds to a mixing ratio of \6\ = 0.158±0.017.



For two of the nine well-determined transition strengths mentioned above the
calculated strengths deviate considerably. In 30Si the 2j -*• 2J" Ml transition is
calculated too strong by a factor of 30 while in 34S the similar 2\ -> 2^ Ml transition
is calculated too weak by a factor of 3. Considering only the best theoretical result
for each of thé seven remaining transitions (five of E2 and two of Ml character) one
observes that although the calculated strength is within 40 % 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 tó 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 % and
9% for low-lying levels (four first-excited states) in 18O, 30Si, 33S and 34S. 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 tm ^ 1 ps a useful overlap
with the recoil-distance method.

For 33S(1) recoils slowed down m Mg, Al, Cu and Ag, mean lives mutually
consistent to within (3+2)% 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 vahr. *f the stopping powers. A comparison between accurate DSA and
RD measurements for 18O(1) and 24Mg(l) 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 performed34).

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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CHAPTER II

HIGH-VELOCITY DSA MEASUREMENTS IN THE 1-20 PS LIFETIME REGION

COMPARISON BETWEEN DSA AND RD

J.A.J. HERMANS, G.A.P. ENGELBERTINK, L.P. EKSTRÖM,

H.H. EGGENfflJISEN and M.A. VAN DRIEL

•S

Abstract: Mean lives in the range 1-20 ps of low-lying states of C, N, 0 and

Cl have been measured with the Doppler-shift attenuation method by heavy-ion
2 3bombardment of H and H targets. The recoils are slowed down in Mg, Al, Cu, Ag

and Au. The Y~ray patterns are observed with a large Ge(Li) detector at 0° in
i o

coincidence with protons; for C the patterns are measured in singles with a

Compton-suppression spectrometer. Analysis of the y-ray patterns with He-scaled

stopping power data of Horthcliffe and Schilling yields the following results:l3C, T (3.85 MeV) = 12.6 + 0.3 ps; 16N, x (0.40 MeV) »5.1 +0.3 ps; 20O,
m — m —

Tm(1.67 MeV) - 9.8 ¿0.7 ps;
 J DC1, T J O . 7 9 MeV) - 19.9 + 1.7 ps, T (1.16 MeV) =

9.2 ¿0.6 ps and x (1.60 MeV) = 0.94 ¿0.06 ps. A comparison with results obtain-

ed with the recoil-distance method shows agreement to about 10 Z, with a slight

tendency to somewhat longer lifetimes for the recoil-distance technique. The above

stopping power is also used to reanalyze our previously published measurements.

The new mean lives differ less than 4.5 % from the previous results.

1. Introduction

The coincident high-velocity Doppler-shift attenuation

method in inverse reactions has recently proven to be a po-

werful tool for precision measurements of nuclear lifetimes

. The coincidence condition avoids delayed feeding and

removes troublesome background while the high initial velo-
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3)

city (ß % 0.05) results experimentally in a detailed y~

Doppler pattern which provides a check on the description

of the slowing-down process. Also the necessary stopping

powers are more reliably known at these velocities.

The method has been applied so far to mean lives in the

0,09-3 ps region and the final uncertainty in the results a-

rises from insufficient knowledge of the stopping powers for

the recoils in the slowing-down materials. The work of ref.
33

has shown the interpretation of Doppler patterns from S(l)

recoils in Mg, Al, Cu and Ag with the stopping data of North-

cliffe and Schilling ' (hereinafter referred to as NS) to

result in mean lives mutually consistent to within 5 %. Not

only is this consistency a substantial improvement compared

with the large scatter in lifetime results commonly observed
7—11}

in low-velocity experiments with different backings ,

it also implies that for the above recoil-medium combinations

the relative stopping powers used are correct to that order.

For unknown mean life,however, the Doppler broadened y-vay

patterns contain no information about the absolute value of

the stopping power. An overall increase of the stopping power

by a factor of 1.3 for instance would result in a mean life

that is decreased by the same factor whereas the fit to the

experimental Doppler pattern remains unchanged.

A comparison with an essentially different technique like

the recoil-distance (RD) method is therefore of interest.

However, since the shortest mean lives measured with the RD

method are in the vicinity of 1 ps, there is hardly any over-

lap with the DSA method, certainly not as far as accurate RD

results are concerned. To improve this situation we have ex-

tended in the present work the range of the high-velocity

42



DSA method to about x = 20 ps. For lifetimes longer than 2 ps

a number of KD results with errors of about 5 % are available

from the literature, thus allowing a comparison between the

two independent techniques with an accuracy of 5 to 10 %.

la the present work high-velocity, mono-energetic and uni-

directional beams of C, N, 0 and Cl nuclei in well-
2 12 13

defined excited states are generated in the H( C,p) C,
3H(l4N,p)16N, 3H(18O,p)20O and 2H(35Gl,p)36Cl reactions at

projectile energies of 15,12, 20 and 50 MeV, respectively,

and subsequently slowed down in Mg, Al, Cu, Ag or Au. Mean

lives between 1 and 20 ps are deduced from the coincident

Doppler patterns analyzed with the modified stopping powers

of Northcliffe and Schilling. The modification consists of

scaling the NS values, for a given medium and at a given ion

velocity, by the ratio between the values in the NS tables

and in those by Ward et al. for He ions in the same me-

dium and at the same velocity.

The scaled stopping powers are also used for a reinterpre-
3)tation of the previously published line-shape measurements.

13)
Preliminary results presented earlier are superseded by
the present paper.

•'h

si

3

2. Experimental method

o
Thin (usually 200 yg/cm ) TiD and TiT targets on a 0.3 mm

thick backing are bombarded with beams of 1 2C 3 +, 14N3+, 1 8 0 4 +

35 7+
and Cl from the Utrecht EN tandem accelerator. The tritium

o

targets have a protective layer of 45 yg/cm Al or Au. To pre-

vent radiation damage and carbon build-up the target spot is
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changed regularly during the experiment. The carbon build-up

is also reduced by a liquid nitrogen cooling trap. Because of

the longer lifetimes involved, Mg has predominantly been used

as slowing-down material, supplemented with Al, Cu, Ag and Au.

The bombarding energies, selected for different reasons that

will be elucidated further on, produce nuclei recoiling at

v/c values between 3.6 % and 5.7 %.

The standard version of the technique consists of obser-

ving the y-radiation with a large, 125 cm Ge(Li) detector

at 0 in coincidence with protons around 180 ; typical values

for the solid angles are 350 and 150 msr, respectively. The

advantages of these positions have been mentioned in a pre-
3)vious paper . A few of the present experiments require a

different handling though.

At backward angles near 180 the energy of the p. protons
3 18 20

from the H( 0,py) 0 reaction is too low for suitable de-

tection. Therefore the annular Si counter is replaced by a

normal one at 0° with a solid angle of 50 msr.

With increasing lifetime the shifted part of the Doppler

pattern becomes smaller and harder to discern from the back-

ground. Accurate results therefore demand good statistics in

the shifted part and a low background. In the measurement of
13

the lifetime of the C third excited state both requirements

can reasonably be met by performing the experiment in singles

at a resonance bombarding energy and detecting the y-radiation

with a Compton-supprassion spectrometer . Extensive inves-

tigations ' of the C(d,p) C reaction reveal a strong

resonance in the formation of the third excited state at a

deuteron bombarding energy of 2.50 MeV, which in the inverse
12

reaction corresponds to E( C) = 15.0 MeV. Fig. 1 shows this
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resonant behaviour measured in the inverse reaction with the

Compton-suppression spectrometer at 90 , The width of the

peak is mainly determined by the % 700 keV thickness of the
2

200 yg/cm TiD target, the inverse resonance width being about

240 keV, The experiment has been carried out at the measured

resonant bombarding energy. Higher levels cannot be excited

so there exists no feeding that might increase the mean life

in this singles measurement. To prevent the pattern of the

ground-state transition from the third excited state to be

disturbed by the fully shifted component of the ground-state
18)

transition from the short-lived (T = 1.6 fs ) second
m

excited state the detector cannot take its usual place at

6 = 0 ; it must be moved as far away as 0 =57 before the

width of the patterns is sufficiently reduced.

For the particle-y coincidence measurements event-mode

recording techniques have been employed using a CDC 1700 com-

puter and standard electronics. Windows on energy and time

have been set to select only those events that correspond to

the direct population of the level under study.

3. Analysis

The precision to which lifetimes may be extracted from

Doppler patterns is finally limited by the accuracy of the

description of the slowing-down process. A number of measure-
19—26)

ments ' have demonstrated that at a given ion velocity

the dependence of the stopping power both on the atomic num-

ber of the incoming ion (Z.) and on that of the stopping me-

dium (Z„) is not a smooth function but varies appreciably.
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Whereas the Z oscillation effects are shown to be negligible

at energies in excess of 0.1 MeV per nucleón the Z_ oscilla-

tions persist to energies that are an order of magnitude

higher 27).
12")Ward et al. ' have compiled a table of stopping powers

for a-particles in several materials, the accuracy of which

is believed to be better than 3 %. Based upon these data and

a number of stopping power measurements for heavy ions, which
27)

both exhibit the same Z_ behaviour, they have described

the smooth Z. dependence at energies above 0.1 MeV per nu-

cleon by means of the effective charge concept. In this con-

cept the stopping properties of a given medium for different

ions A and B at the same velocity are related by

(YZV
JS-.1 =

(YZ)B

' dE

d(px)
B

where yZ is the effective charge of the ion at that velocity.

Stopping powers for heavy ions can be generated from those
27)

for a-particles by using the parametrizations in ref. for

Y and y and the above equation. Results very similar to

these 2 7) can be obtained by scaling the NS data . The NS

tables contain the proper Z. behaviour because of the effec-

tive charge approach employed there too but fail to repro-

duce the Z 2 oscillations; the lack of detailed data at that

time then led to a smooth interpretation between stopping

media.

The scaling procedure is defined at each velocity by the

prescription

dE

d(px)
= K (medium, velocity)

HI Ld<P*>_

NS

HI
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Fig. 2 Scaling factor K as a function of ion energy for the slowing-dovn media used; K is independent
of the atomic number of the incoming ion. The stopping powers obtained by scaling the NS tables
as described in section 3 reproduce the Z_ oscillations.



with K E
j I E l

Ward
dE

d(px)

NS

a

. The scaling factor K is

independent of the recoiling ion. In fig. 2 it is given as a

function of energy for the target material and the slowing-

down media presently used with the exception of Mg which is

not included in Ward's stopping power table for He. At ener-

gies above about 1.0 MeV per nucleón all K-values are equal

to unity within the intrinsic errors of approximately 4 %.

This reflects the damping of the Z„ oscillations and the un-

ambiguity of electronic stopping powers at these high velo-

cities. The stopping powers obtained with the above scaling
28 29}

procedure which has been applied before * are believed
27)

to be accurate to better than 10 % over the energy range

from 0.1 to 10 MeV per nucleón. These new stopping powers,

completed with the NS values for Mg (i.e. K = 1 for Mg), have

been used to interpret the present experimental patterns and

to reinterpret the previously published measurements.

Use of the extensive a-particle stopping power table of
26)

Ziegler and Chu instead of that of Ward et al. would

yield, up to energies of 0.5 MeV per nucleón and for the slow-

ing-down materials considered here, scaling factors that agree

within 2 %. At higher energies the Ziegler and Chu results are

mainly based on theoretical considerations and the derived

scaling factors tend to deviate from those by Ward et al. At

1 MeV per nucleón the agreement is typically within 5 %.

The parametrization of the stopping power which has been

used to give analytical expressions for the theoretical pat-
3)

terns has been discussed before . Columns 4 through 9 of

table 1 show the values for the parameters obtained from a

least-squares fit to the scaled stopping power data. As the

fi
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Teble 1.

Parameter» for the energy loss a ) of ions with (v/vQ) í

The paranetrUation b ) i s discussed in ret .
3)

Ion

I3C

16N

1 80

2 0 0

» S i

3 3 S

»s

36C1

Stopping

material

Hg
Al

Ti

Cu

Ag

Au

Hg

Ti

«8
Al

Ti

"8
Ti

Ti

Cu

Mg

Al

Ti

Cu

Ag

Au

Al

Ti

Cu

Mg

Ti

a ) 4He-scaled

b)

c) K

r

dE

[«to«)

Ke. K

0,116
0.109

0.087

0.079

0.061

0.040

0.156

0.118

0.200

0,188

0.152

0.202

0.155

0.427

0.391

0.699

0.659

0.541

0.497

0.386

0.258

0.662

0.544

0.500

0.781

0.607

2,392
2,327

2.099

1.005

0.881

0.583

2.751

2.329

2.976

2.857

2.564

2.882

2.364

3.663

1.625

4.329

4.144

3.989

1.797

1.448

1.010

4.146

3.989

1.761

4.511

4.151

stopping power data

r ycv/v 0 ) • Ke

L A + B(V/V0) -

A, B and C are giv

•i

3

0.072

0.094

0.065

0.015

0.015

0.010

0.074

0.056

0.06Í

0.087

0.352

0.000

0.052

0.047

-0.030

-O.0C5

0.055

0.046

-0.031

-0.046

-0.021

0.056

0.046

-0.037

-0.011

0.046

(v/v.)_
0 g

3.384

2.620

3.273

3.753

4.479

4.040

3.403

3.704

3.802

2.571

4.154

1.259

4.180

4.973

2.998

1.796

2.235

5.401

3.187

2.547

2.735

2.227

5.401

3.007

1.664

5,555

of Northcliffe and

(v/v0) - K3

ccv/y2

(v/v0)3

en in MeV «¿/mg.

c)

5,154

2.967

3.734

0.066

1,844

0.651

4.388

3.778

5.329

1,787

5.689

-0.378

7.689

6.024

-4.286

-0.889

0.268

10.385

-5.409

-3.140

-1.990

0.279

10.386

-4.737

-0.425

12.883

B<>

0.203

0.832

0.534

1.195

0.363

0.430

1.068

1.078

1.153

2.126

0.748

3.875

-0.180

2.461

4.343

5.951

4.576

1.548

5.020

3.795

2.413

4.572

1.548

4.740

5.838

0.994

c C )

0.045

0.088

0.079

0.109

0.042

0.042

0.132

0.142

0.132

0.199

0.106

0.449

-0.001

0.233

0.325

0.497

0.312

0.150

0.364

0.297

0.178

0.3U

0.150

0.336

0.457

0.102

Schilling (see section 3).

for

for

<v/v¿ í <v/vo)g

(v/v0) «

2.69

1.35

1.78

0.15

4.04

0.82

1.07

0.41

1.05

0.78

0.65

0.81

0.29

1.60

1.06

1.09

4.81

1.57

1.10

1.79

0.91

4.81

1.57

1.51

1.27

1.44

7.1
7.1

7.1

7.1

7.1

7.1

6.0

6.0

7.1

7.1

7.1

5.3

5.3

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

8.0

8.0

d ) D2 = I/(H • 4 )^[{ (dE/d(px) )P a r - (dE/d(px))e .} / 0 . 0 I ( d E / d ( p x ) ) e . ] 2 with H between 8 and 26.
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fits have been confined to the velocity region of interest

for each case, the range of validity of the listed parameter

values is indicated in the last column. The table also con-

tains the parameters necessary for the reinterpretation of

the previously measured patterns.

A detailed description of the analysis and the effects in-
3)

corporated has been given in a previous paper , However,

the different experimental techniques applied in some cases

here require a modified approach which is discussed below.

3.1. THE REACTION 2H(12C,py)13C

In this singles measurement carried out at the 15 MeV

resonance the ensemble of recoiling nuclei resembles only

approximately a mono-energetic, unidirectional beam; the

initial v/c values range from 4.0 % to 4.8 % and their direc-

tions vary within a cone of 4.5 half-angle around the beam

axis. This angular spread would have been negligible with

the Y~ray detector at 9 = 0 , but in its present position

at 8 = 57° (see sect. 2 ) it means a variation from 0.48 to

0.61 in the cosine of the angle between recoil direction and

detector, which cosine determines the width of the pattern.

The angular distribution of the p~ proton group at E, =
16")

2.50 MeV has been measured by Katman et al. . Their work
shows that in the cm. system the shape of the distribution

2
can fairly well be described by a(0 ) = 1 + 1.475 cos 9 .

cm cm
From this expression and the kinematics of the reaction we

have constructed the distribution of the recoil nuclei in the

laboratory system (see fig. 3). All recoil directions, for

nuclei with the same initial velocity, lie on a cone around

the beam axis. Each recoil angle corresponds to two velocities,
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Fig.

-4 o -2° 0° 2o

AJO-

4.6

E 4.4

U

4.2

4.0

-4° -2° 0° 2° 4°
RECOIL ANGLE IN THE LAB. SYSTEM

13„3 Distribution of the C (3.85 MeV) recoils in the laboratory system.

The distribution has been constructed from the measured angular

distribution of the p„ group at the 2.50 MeV (d,p) resonance

and the kinematics of the reaction. The spread in recoil direction

and initial velocity has been taken into account in the analysis of

this singles lifetime measurement.
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as can be seen in the lower half of fig. 3 . The dashed part

of the curve belongs to nuclei travelling in forward direc-

tions in the cm. system.

In constructing the theoretical pattern for a given value

of T the initial velocity range is divided into six parts,
m

the corresponding nuclei of which are moving between two

cones. The angle 6 between recoil direction and y~^ay detec-

tor is not the same for all nuclei on a cone; it varies with

the direction of the velocity vector. To account for this

effect, each of the six conical regions is further divided

into six segments. To each of the so obtained 36 segments be-

longs a certain value for ß(0) and 9 ; the associated theo-

retical patterns are calculated and then added with the appro-

priate weights.

Due to detection of the y~^adiation with a Compton-sup-

pression spectrometer the geometrical smearing function is

no longer determined by the dimensions of the Ge(Li) crystal

but by those of the tungsten collimator instead. The solid

angle subtended by the detection system amounts to 7.4 msr

in the present set-up.

It turns out that the simple parametrization given in
3)ref. is somewhat less suitable for the reproduction of the

intrinsic detector response in this case because of the ex-

ceptional statistics. Therefore the following procedure has

been applied. With the best response parameters available

and for a reasonable value of the lifetime, the shifted part

of the pattern - i.e. without any contributions from the

stopped peak - has been calculated and subsequently subtrac-

ted from the experimental pattern. The remaining stopped peak

is then taken to represent the detector response numerically

1
4

"'4.

-"I

it
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Table 2.

Summary of present high-velocity DSA resul ts .

Nucleus Reaction E
and T

boiribarding
(Ex in MeV) energy (MeV) (keV)

B<0) Slowing- F(T ) F(T )
down r

<*>

down
material

(Ï) (X) (ps)

statisti-
cal

error
(ps)

adopt-
ed
error
(ps)

adopt-
ed
result
(pa)

b)

13CC3.B5) 2H(12C,pY)13C 3853

15 MeV

ÍJ.40 +_ 0.05 C ) Mg 9 .20^0.14 9.28 2.0 12.1 0.2

Al 6 .47+0.12 6.44 0.9 12.4 0.3

Cu 3 . 3 3 + 0 . 0 9 3.31 1.3 12.7 0.3

Ag 3.40 ¿ 0.09 3.31 1.2 13.1 0.3

Au 2.84 + 0.09 2.79 1.4 12.9 0.4

0.6

0.7

0.7

0.7

0.B

12.6 + 0.3

l6H(0.40)

2OO(..67)

33S(0.84)

36Cl(0.79)

36Cl(l.l6)

36CU1.60)

3H(14NiPY)
I6N

12 HeV

VVY) 2°0
20 HeV

3S HeV)

2 H ( 3 5 C 1 . P Y ) 3 6 C 1

50 MeV

2 H ( 3 5 C 1 , P Y ) 3 6 C 1

50 MeV

2 H ( 3 5 C 1 , P Y ) 3 6 C 1

50 MeV

397 I

277 J

1674

840

789

1165

1601

4

3

5

5

5

5

.13 +

.66 +_

.05 +

.70 +_

.69 +_

.68 i

0.

0.

0.

0.

0.

0.

,02

06

02

02

02

02

Mg

Mg

Au

Mg

Mg

Mg

17

10

18

5

II

62

.7

.3

.2

.6

.5

.0

+ 0.2

+ 0.5

+ 0.4

+_ 0.4

+_ 0.4

+ 1.0

17

10

17

5

11

61

.6

.1

.5

.6

.6

.5

2

'

1

0

1

1

.6

.4

.3

.8

.1

.0

5

9

1

19

9

0

.07

.8

.60

.9

.2

.94

0

0

0

1

0

0

.04

.5

.04

.3

.3

.04

0.3

0.7

0.09

1.7

0.6

0.06

5

9

1

19

9

0

.1 +

.8 +_

.60 +_

.9 +_

.2 +_

.94 *_

0.

0.

0.

1.

0.

0.

3

7

09

7

6

06

a)

b)

c)

d)

Quadratic addition of statistical error and 5 Z stopping power error.

See text.

Average value, see text.

Incorporated are uncertainties due to subtraction of background.



and has as such been implemented in the program.

Furthermore a technique less sensitive to errors is em-

ployed in this case, the relative area of the shifted part of the

experimental pattern is compared to that of theoretical pat-

terns calculated for a number of values of the lifetime.

Looking into an overall property of the patterns only this

method disregards, of course, the detailed stopping power in-

formation in the shifted part.

o lo on
3.2. THE REACTION JH( O,py) 0

In this coincidence experiment the protons are detected

at 0° for kinematical reasons. Placed in between Ge(Li) de-

tector (also at 0°) and targets the silicon detector with its

diaphragm and housing causes angle-dependent absorption of

the Y~radiation, thus affecting the geometrical smearing

function. These absorption corrections are accounted for in

the analysis. Like other parameters concerning geometrical

smearing such as anisotropy of the radiation, their influence

is of minor importance in the set-up with the y~ray detector

at 0°.

••4

4. Results

Long lifetimes imply that, even for soft stopping media,

the shifted part of the pattern is rather small, which makes

it difficult to achieve good accuracy partly because of sta-

tistics and partly because of residual background; the latter

will finally limit the applicability of the method.

The results from the present measurements are summarized

1 -'S
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in table 2. The theoretical patterns are fitted to the ex-

perimental data in a least-squares procedure with the mean
13

life T as a free parameter. In the case of C, however,

the mean life has been deduced fröm an overall property,

namely the ratio between the shifted part of the pattern and

the total net area. The relative smallness of the shifted part

is reflected in the F(T ) values (column 6 of table 2), which
m

are as small as 3 L

The final precision of lifetime measurements with the DSA

method is limited by the accuracy of the slowing-down des-

cription. The electronic stopping powers generated by scaling

the NS data as described in sect. 3 are claimed to be accu-

rate to within 10 %. In view of the good internal consisten-
13 33

cy of the results for C and S obtained with five different

stopping media we have adopted a 5 % uncertainty in the stop-

ping powers used. This uncertainty has been added quadra-

tically to the statistical errors to give the adopted errors

in column 11.

Because of the high initial recoil velocities the results

are rather insensitive to uncertainties in the nuclear part

of the stopping power. In all of the present cases a 25 %
3)change in the nuclear stopping power parameter K [ref. ]

affects the lifetimes by less than 2 %.

For lifetimes measured with more than one slowing-down

medium the final results (last column of table 2) have been

obtained by averaging the different values in column 9 with

the inverse squared adopted errors as weights. The internal

error corresponding to these weights is taken as the final

error. In this averaging procedure we assume the errors

stemming from the different stopping media to be independent
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Fig. 4 Gamma-ray Doppler patterns of the 3C (3.85 •*• 0 MeV) transition

measured with Mg and Au as stopping media. The results from the Al,
Cu and Ag backings are in between these extreme shapes.
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function of the mean l i fe . The indicated experimental bands incor-
porate the uncertainties due to subtraction of background.



i . e . for equal weights the error in the adopted result is taken

inversely proportional to the square root of the number of

backing materials.

The errors in T quoted in figs. 4, 7, 9, 11, 12 and 13 are

s ta t i s t ica l only.

4 .1 . THE REACTION 2H(12C,pY)13C
13,The Doppler broadened pattern of the * G(3.85 •> 0 MeV)

transition has been measured with the slowing-down materials

Mg, Al, Cu, Ag and Au. The application of hard backing ma-

terials to a long lifetime has been possible in this case by

the opportunity to perform the experiment in singles at the

resonance bombarding energy while the background is reduced

by the Compton-suppression spectrometer. The two extreme pat-

terns, measured with Mg and Au, are shown in fig. 4. The net
4 4

areas range from 1.2 x 10 counts for Mg to 3.6 x 10 counts

for Au, The rear of each target has been bombarded too to en-

sure that reactions of the carbon beam with the backings con-

tribute only a negligible background underneath the patterns.

Reactions of the beam with the carbon build-up on the target,

however, give rise to some transitions in Mg and Na that

show up underneath and vicinal to the pattern. Therefore a

carbon target has been bombarded too and a (normalized) frac-

tion of the resulting spectrum has been subtracted from the

original experimental patterns.

As explained in section 3.1 the lifetimes have been de-

rived from a comparison between theory and experiment of the

shifted fraction R , i.e. the ratio between the area of the
s

shifted part of the pattern and the total area. Fig. 5 shows

this ratio of the theoretical patterns for Mg and Au as a

AT'

t

'3

I

'S
id
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to separate the p_ and p. groups. This has no consequence for the ground-state transition

from the 0.40 MeV level.



function of the mean life. The indicated experimental R
s

bands incorporate the errors from the subtraction of back-

ground. The results which show good internal consistency

(see table 2) lead to an adopted value of T =12.6 ĵ  0.3 ps

for the mean life of 13C(3.85 MeV).

4.2. THE REACTION 3H(14N,pY)
16N

The insert in fig. 7 shows the 0.40 MeV level to decay via

two branches of 27 % and 73 % with Y~J*ay energies of 397 and

277 keV, respectively. This case therefore offers a check on

the internal consistency of the analysis as the mean lives

extracted from the Soppier broadened patterns of the two

transitions, measured simultaneously with the same target and

backing, should be the same.

Some precautions have to be taken, partly because the p„

and p- proton groups are not resolved in the particle spec-

trum (with a resolution of 65 keV, see fig. 6). Not to have

the stopped peak of the ground-state transition from the

long-lived, T = 95 +_ 20 ps [ref. 30*] , 0.30 MeV level super-

imposed on the shifted part of the 3 ->• 1 pattern the initial

recoil velocity is reduced by using the rather low bombarding
133

energy of 12 MeV. Measurements with a Ba source and low-

energy Y~*ays from Coulomb excitation of Au show that the

pattern of the 0.40 •+ 0.12 MeV transition is not spoiled by

the Compton edge of one of the higher-energy y-rays.

The patterns of the transitions to the first excited state

and the ground state are displayed in fig. 7. The net areas
4 4

amount to 6.7 x 10 and 2.3 x 10 counts, respectively. In

sorting the experimental data stored on tape a narrower gate

on the p_ proton group has been used for the 3 -> 1 than for
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Fig. 7 Gamma-ray Doppler patterns from the deexcitation of the 0.40 MeV

level of N. The solid lines are least-squares fits to the data.

The lifetime results from the two transitions agree within the in-

dicated statistical errors.
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the 3 -»• 0 transition in order to suppress the 2 ->• 0 pattern

and its flat Corapton ridge. The values of T = 5.12 + 0.08

and 5.05 jt_ 0,05 ps (statistical errors only) are in good

mutual agreement. The finally adopted value is T = 5.1 ̂ 0.3

ps.

4.3. THE REACTION 3H(18O,pY)
2°O

The particle spectrum at 0° is shown in fig. 8. The reso-

lution of 0.5 MeV which is sufficient for our purpose is

mainly determined by proton straggling in the 0.3 mm thick
18

Mg backing. The continuous background stems from 0 + Mg

reactions in which there is more than one particle in the

exit channel. The projectile energy of 20 MeV is a compro-

mise between this background and the yield in the p. group.

In sorting the data, a gate has been set in between the p~

and p groups to check whether the continuous background is

associated with a y-v-iy of which the pattern might overlap

with that of the 1 •* 0 transition. A fraction of this lo-

cally structureless background has been subtracted prior to

the analysis.

The pattern from the 1 -*• 0 transition is displayed in

fig. 9. Twenty percent of the net area of 5000 counts is

contained in the shifted part. The initial recoil velocity

of ß(0) = 3.66 % is taken from the kinematics. The adopted

result for the 1.67 MeV level is T =9.8+ 0.7 ps.
m — f

4.4. THE REACTION 2H(32S,py)33S

The additional measurement with the Au backing has been

carried out under the same experimental conditions as those
3)

with the other slowing-down materials reported earlier .
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The 7500 counts collected in the pattern result upon inter-

pretation with the newly generated stopping power in a mean

life of 1,60 +_ 0.04 ps (statistical error) for the 0.84 MeV

level. The shape of the distribution closely resembles that

obtained with the Cu backing.

4.5. THE REACTION 2H( 3 5C1,PY) 3 6C1

The rather low cross section of this reaction has been

found to increase monotonically with bombarding energy from

38 MeV upwards. The experiment was performed at 50 MeV, the

highest energy available. To obtain sufficient statistics,
2

use has been made of a 400 yg/cm TiD target, twice the usual

thickness, and a special target chamber. This chamber enables

the yray detector to subtend a large solid angle of 1.0 sr,

which corresponds to a maximum geometrical smearing width of

16 % at the end of the patterns. The resolution of the particle

spectrum in fig. 10 is 90 keV, most of which is due to the so-

lid angle of the Si detector.

The patterns for the ground-state transitions from the first,

second and third excited states are displayed in figs. 11, 12

and 13, respectively. The well defined width of the latter has

been used to determine the initial velocity of the corresponding

nuclei. The initial velocities of the nuclei belonging to the

other two patterns then have been derived by kinematical sca-

ling (see table 2). The disttibution of the 2000 counts in

the 3-^0 pattern yields a mean life of 0.94 +_ 0.06 ps. From

the other two patterns with areas of 4000 and 5000 counts mean

lives of Tm = 19.9 +_ 1.7 and 9.2 +_ 0.6 ps have been extracted

for the 0.79 and 1.16 MeV levels, respectively.
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4.6. REANALYSIS OF PREVIOUS MEASUREMENTS WITH THE He-

SCALED STOPPING POWERS

The availability of new and more reliable stopping powers

inevitably induces a reinterpretation of the previous measure-

ments. Therefore we have reanalyzed all our previous Doppler
3) 4patterns with the He-scaled NS stopping data, the outcome

of which is compared with that of the original analysis in

table 3.

The changes are not drastic and their qualitative behaviour

is obvious from fig. 2 and the initial recoil velocities in-
On On

volved. The shortest mean lives, for Si(3.50), °S(2.31)
34

and S(3.30), are slightly decreased because the scaling

factors K exceed unity in the velocity region v/c = 4 % - 5 %.

With increasing lifetime the lower velocities become important

too and with the exception of that for Au the average scaling

factors become smaller than unity, which explains why the

other mean lives from the analysis with the scaled stopping

powers are somewhat longer than the original ones. Fig. 2 al-
33

so explains why the increase in the mean life of S(0.84) is

larger for Cu than for Al. The almost constant scaling factor

for Au of 1.10 over the velocity region of interest is reflec-

ted in a 9 % decrease of the mean life.

The presently adopted mean lives differ less than 4.5 %

from the previously adopted results.

Looking at the quality of the fits (columns 6 and 10) there

appears to be only a minor improvement with the new stopping

powers. The spread in the results from different backings has

remained about the same too.

With Ti, Fe, Ni, Cu, Ag and Au as slowing-down media for
the measurement of the T = 0.7 ps 2.17 MeV level in

m v

38Ar
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Table 3.

Reinterpretar.ion of previous line-shape measurements vith recent stopping power data.

Nucleus

(Ex in HeV)

190(1.98)

30Si(2.24)

3°Si(3.50)

33S(0.84)

33S(2.31)

3"S(2.13)

3'*S(3.30)

B(0)

(I)

4.9
4.7

4.8

4.8

5.1

5.0

5.0

5.0

5.1

5.0

4.9

4.9

4.7

4.9

4.7

4.9

sloving-
down
material

Mg

Al

Cu

Cu

Mg

Al

Cu

Ag

Au£)

Al

Cu

Ag

Al

Cu

Al

Cu

\

(fs)

2821

2763

351

89

1659

1646

1596

1705

1755

198

201

221

450

490

201

193

previous

statis-
tical
error

(fs)

59

77

8

7

35

31

32

35

41
11

8

10

25
15

18

U

with 1

2
X

1.1

1.2

1.5

1.2

1.1

1.0

1.5

2.0

1.3

1.6

0.9

!.!

1.1

1.0

1.0

1.1

,_dE_)HS
 b )

adopt-
ed
result

(fs)

2790 +. 110

351 i 19

89 *_ 8

1670 • 40 g )

206 +, 8

470 ¿ 20

196+ 13

(fs)

2821

2793

363

85

1659

1672

1732

1799

1595

192

198

219

452

517

196

189

present

statis-
tical
error

(fs)

59

78
9

7

35

32

35

37

37

11

8

10

25

16

18

13

2
X

1.1

1.2

1.5

1.2

I.I

1.1

1.5

1.9

1.3

1.5

0.8

1.1

1.1

1.0 .

1.0

1.1

with (j
d E _ ) W

c )

adopt- "adopt-
e d d) e d , e)
error result

(fs)

153

160

20

8

90
90

93

97

88

15

13

15

34

30

21

16

(fs)

2810 + 110

363 *_ 20

85 i B

1690 + 40

202 £ 8

490 +. 30

192 +_ 13

' Kef. '.

Stopping power of Northcliffe and Schilling .

Stopping power of Northcliffe and Schilling multiplied vith the factor K ; (J^_,1)"
ard / (_ä£__)^s

d)

e)

f)

g)

scaling factor depends on the sloving-down material and the velocity, see sect. 3 ¡aid fig. 1.

Quadratic addition of statistical error and 5 Z stopping power error.

See text.

New measurement.

The adopted result includes the measurement with the Au backing.



4)
Forster et al. have observed a better mutual consistency up-

4
on interpretation with the He-scaled stopping powers than

with the NS data. The behaviour of their results for Ti, Cu,

Ag and Au is in qualitative agreement with the scaling curves

in fig. 2.

5. Discussion

The comparison with recoil distance results has been the

incentive for measuring a series of long lifetimes with the

DSA method. Table 4 compares the available plunger results

with those from the present work. Other DSA data for these

long lifetimes are rare and with the exception of some lower
46 47)

limits given by Warburton et al. ' none stems from a

high-velocity experiment employing a Ge(Li) detector. Also
18

included in the table is the first excited state of 0 which
3)

has been reported on before ; the slightly different DSA

value presented here results from a reanalysis of the experi-

mental data with the new stopping powers (see also sect. 4.6).

Column 3 shows that the recoil distance results do not very

well agree mutually. The spread is not consistent with the small
errors quoted. The adopted RD values in column 5 have been ob-

13
tained from different considerations. For C it is just the

weighted average of all available data. The motives for cre-

diting the coincidence value for 0 in ref. have been
3). The mean lives of the lowest two excited

states in Cl have been measured both by Nolan et al. and
43)

by Costa et al. . The ratio of the mean lives for the first

and second excited states which for the DSA result is indepen-
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Table 4-

Comparison between high-velocity DSA andRD.

Nucleus

13C

I6N

1 8 0

2 0 0

36C1

(MeV)

3.85

0.40

1.98

1.67

0.79

1.16

RD
m

(ps)

10.7
15.4
9.9

12.4
13.0

6 . 5

3.58

3.35

2.99

14.2

30

23

32.3

7.1

10.4
13

± 1

± 2

± 0

± 0

± 0

± 0

± 0.

t 1

± 2

± 2.

± 0.

t 0.
± 4

.0

.0

.9

.8

.4

.5

.18

.20

.12

,8

5

5

5

Hef.

30
32)

34)

35)

36)

37)

38)

39)

40)

41)

42)

43)

44)

42)

44)

45)

12

6

2

14

23

10.

adopted

RD
Tm

(ps)

. 4 ± 0

. 5 ± 0,

.99 i 0.

.2 ± 0.

± 2

A ± 0 .

.6

.5

12

8

5

present

DSAa)

(ps)

12.1

12.4

12.7

13.1

12.9

5.07 b>

2.82
2.79

9 . 8

19.9

9.2

statis-
tical
error

(ps)

0.2

0.3

0.3

0.3

0.4

0.04 b>

0.06

0.08

0 . 5

1.3

0 . 4

slouing-
dovm
material

kg

Al

Cu

Ag

Au

Mg

Mg

A l

Mg

Mg

Mg

5(0)

Z

4.40

4.40
4.40
4.40
4.40

4.13

4.88
4.72

3.56

5.70

5.69

1.02

1.00

0.98

0.95

0.96

1.28

1.06

1.07

1.45

1.16

1.13

/tDSA
m

± 0.05

± 0.05

± 0.05
± 0.05
± 0.06

i 0.10

± 0.05
+ 0.05

±0.11

± 0.13

0.07

For stopping powers used see section 3.

Weighted average of the results for the transitions 0.40 + 0.12 and 0.40 •• 0 MeV.



dent of a possible overall scaling factor of the stopping

power may be used as a tool of distinction. The values for
42) 43)

this ratio following from refs. and and the present

work are 4.2 +.0.3, 2.21 ¿0.22 and 2.16 ¿0.17, respectively.

We have therefore adopted the RD results from Costa et al.

Comparison of the adopted RD and DSA values in the last

column shows that for the separate cases with the exception

of 0 and possibly N there is no significant difference
20 18

between the two methods. The 0 case is very similar to 0.

The mean lives of the first excited J = 2 states have been

measured by Berant et al. ' with the RD method in singles.
18
0 experiment their bombarding energy may not have

In the

been low enough to avoid excitation of the x
m

25 ps [ref.

] 3.55 MeV, J = 4 level, which would explain their high
20

value. In the 0 experiment they may have excited the 3.57

MeV, J = 4 level too; their bombarding energy of 30 MeV in

the inverse (t,p) reaction is well in excess of the kinema-

tical limit. Unfortunately the mean life of this level which

decays 100 % to the first excited state presently studied,
18

is not known experimentally. Comparison with 0, however,
suggests a long mean life, which is supported by theoretical

48) 49)

calculations of Halbert et al. and Arima et al. yiel-

ding values of 18 and 260 ps, respectively.
20The discrepancy between DSA and KD for 0 cannot be blamed

on the stopping power. The excellent agreement for the mean
i g

life of the 0 first excited state between the plunger re-

sult of 2.99 ¿0.12 ps, [ref. 4 0 ^ ] , the Coulomb-excitation

value of 2.78 ¿ 0.12 ps [re ] and the present DSA measure-

ment with Mg backing oí: 2.82 ¿_ 0.06 ps proves the slowing-

down of oxygen ior^ in Mg to h./ve been described correctly.
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Without 0, the weighted average of the remaining numbers

in the last column of table 4 amounts to < T / T > =

1.03 j^ 0.02, which result does not indicate any significant

difference between the two techniques.

6. Conclusions

The present work gives mean lives in the range 1-20 ps

for low-lying states of C, N, 0 and Cl. These result

from Y~*ay Doppler patterns measured with the high-velocity

DSA method in inverse (d,p) and (t,p) reactions and analyzed
4with He-scaled stopping powers of Northcliffe and Schilling.

The final errors are between 2.4 and 8.5 % (table 2).

The extension of the method up to the 20 ps lifetime

region makes a comparison with recoil distance measurements

possible. Although the plunger experiments concerned are not

perfect, we conclude that the two methods agree to about 10 %

with a slight tendency towards longer lifetime results for

the RD technique (table 4).

The stopping powers mentioned above are also used to re-
3")analyze our previously published measurements. The new

mean lives differ less than 4.5 % from the previous results

(table 3).

This work was carried out as a part of the research pro-

gram of the "Stichting voor Fundamenteel Onderzoek der Mate-

rie" (F.O.M.) with financial support from the "Nederlandse

Organisatie voor Zuiver Wetenschappelijk Onderzoek" (Z.W.O).
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APPENDIX

ANALYTICAL EXPRESSIONS FOR THEORETICAL

GAMMA-RAY DOPPLER PATTERNS

In DSA coincidence measurements with inverse reactions the

recoil nuclei produced are mono-energetic, unidirectional and

of high initial velocity. The large-angle scattering which is

important at low velocities, is practically negligible. These

features appreciably simplify the analysis.

The energy of a y-ray observed at an angle 0 relative to

the direction of motion of the nucleus travelling at velocity

v(t) = cß(t) is to second order in fS(t) given by

E (ß,9) = E (ß=0){l+ßcos9+ß2[cos29-^]}.

For E (ß=0) = 1 MeV, 9 = 0 ° and ß = 0.05, the increase in ener-

gy amounts to 51 keV, many times the resolution (about 2 keV)

of the Ge(Li) detector.

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

excited state xíith lifetime x is described by the expression

N(t) = N(0) exp(-t/x). (1)

Use of the relation between v and t in this equation gives

the number of excited nuclei as a function of the velocity.

The intensity distribution or Doppler pattern L\v) which

represents the number of nuclei decaying at velocity v, is

then given by

L(v) = N(v) {- --jp + 6(v)}. (2)

The 5-function between the brackets accounts for the nuclei

that decay after coming to rest.

The time needed to slow down an ion of energy |Mv(0)2 to
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an energy |Mv(t)2 in a medium of density p and stopping power

-dE/d(px), is given by

M v (
r
ü )r d E

— ƒ i-37
(3)

Substitution of this expression in eqs. (1) and (2) yields

v
N(v) = N(v(0)) exp{- — ƒ

PT v(0)

V) = N(V) {- Sj.

(4a) and

(4b)

For suitable parametrization of the stopping power the

integration in eq. (4a) can be performed analyticallj', which

results in analytical expressions for the Doppler pr.ttern

L(v). As explained in chapter I of this thesis the total

stopping power (nuclear plus electronic) has been parametrized

for this purpose by

dE
for (v/vo)<(v/vQ)g (5a)

for <v/vo)>(v/vo)g, (5b)

with vQ = c/137.

A. The low-velocity region: (v/vn) <. (v/v~)

For convenience we use the dimensionless velocity w, de-

fined as w = v/v• an index i denotes the initial velocity.

We further introduce the auxiliary constants

K =

e+ = -

2 + 4 K K 3 ) ,

+ K)/2K3,

a = MvQ/pK,

e = - - K)/2K and

5 (w? + e+)/(w? + e_). The constant a (with the dimension
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of time) is generally called the stopping time for that par-

ticular ion-medium combination. It is given in ps by

a = 0.2268 M/pK for M expressed in a.m.u., p in g/cm3 and K in

MeV/(mg/cm2). Substitution f the stopping power parametrization

of eq. (5a) in eqs. (3) and (4) yields the expressions

tlQw(w) = -a/2
 elog{n(w2 + e_)/(w2

lQw

N, (w) = N(w.) {n(w2 + e )/(w2 + E J )
low i - +

w(e - e_)
L. (w) = N. (w) {- ±

ÏOW 1OWV ï / 2
(w¿

<a/2T>

e+)(w
2

(6a) and

. (6b)

B. The high-velocity region: (v/vQ) >

a' = Mvo/pQ,

Use of the definitions

Q = (B2 + 4AC)5,

Y + s -(B + Q)/2C, Y_ = -(B - Q)/2C and

z, E (w. + Y.)/(w. + Y_) and substitution of eq. (5b) in

eqs. (3) and (4) lead to the expressions

h i h(w) = -a'
 elog{?(w

\igh ( w ) = N ( w i )
(a'/r)

T (w + Y+)(w + Y_) '

(7 a) and

(7b)

As the two stopping power parametrizations apply to differ-

ent velocity regions the Doppler pattern is given by a combi-

nation of eqs. (6) and (7). The expressions are matched at

w = (V/VQ)_J which parameter gives the initial velocity for

the expressions concerning the low-velocity region. The finite
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target thickness is accounted for in the analysis so that the

pattern may consist of up to four parts described by different

formulas. The so obtained Doppler pattern is subsequently

folded with the geometrical smearing and intrinsic detector

response functions (see section 3 of chapter I).

Column 10 of table 1 in chapter II shows that the para-

metrization of eq. (5) reproduces the electronic stopping

power data with an accuracy of about I %, which is well below

the presently adopted experimental uncertainty of 5 %. As the

initial recoil velocities increase beyond the maximum of the

stopping power curves, however, the description of the slowing-

down process with the simple parametrization starts deterior-

ating. One should then discard the analytical expression for

the pattern and directly use the experimental stopping power

data to calculate the integral in eq. (4a) numerically.

The numerical approach would also allow the nuclear part

of the stopping power to be accounted for in a more refined

way. So far it has been taken inversely proportional to the

recoil velocity (see section 3 of chapter I) in order to ob-

tain an analytical expression for the pattern. Because of the

high initial velocities the nuclear stopping power affects

only a small part of the slowing-down process and the life-

time results turn out to be rather insensitive (< 2 %) to

even fairly large (20 %) variations in K . A more sophisti-

cated treatment of the nuclear stopping power could be real-

ized for instance by the use of the recent universal formula

of Kalbitzer et al. ^
2)

scription

scattering.

in combination with Blaugrund 's pre-

for handling the accompanying large-angle
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SAMENVATTING

Dit proefschrift beschrijft levensduurmetingen van aange-

slagen toestanden in kernen met behulp van de DSA (Doppler-

Shift Attenuation of gereduceerde Doppler-verschuivings)

coïncidentiemethode in inverse reakties, d.w.3. reakties

waarin de gebruikelijke rollen van trefplaat en projektiel

verwisseld zijn. Met de Utrechtse 6 MV EN tandem Van de Graaff

generator kunnen thans bundels zware ionen van B, C, N,
16rt 18rt 19W 27.. 28O. 30o. 3lB 32O 35n1 37„n

0, 0, F, Al, Si, Si, P, S, Cl en Cl ver-

sneld worden tot een energie van ongeveer 50 MeV. Beschieting
2 3 .

van H en H trefplaatjes met deze zware ionen levert aange-

slagen kernen met een beginsnelheid v(0) % 0s05 c. De eind-

kernen worden afgeremd in Mg, Al, Cu, Ag of Au en het Doppler-

patroon van de in coïncidentie met protonen gedetekteerde

y-straling wordt waargenomen met een Ge (Li) kristal. Met de

coïncidentievoorwaarde wordt geselekteerd naar eindkern, aan-

geslagen toestand, beginsnelheid en beginrichting. De afrem-

mende eigenschappen van de eerste drie materialen verhouden

zich ongeveer als 1:2:3, terwijl Ag en Au in dit opzicht op

Cu lijken. Deze faktor van ongeveer drie vormt het grootste

verschil dat tussen geschikte vaste afremmaterialen optreedt.

De afremtijd (zie appendix) in Mg bedraagt ongeveer 1 ps.

Het Dopplerpatroon geeft het aantal kernen weer dat ver-

valt bij snelheid v, zodat dit patroon voor gegeven levens-

duur het afremproces in het desbetreffende materiaal weer-

spiegelt. Het waargenomen Dopplerpatroon is karakteristiek

voor de kombinatie van levensduur x en afremvermogen. Voor
m

bekend afremvermogen kan uit het Dopplerpatroon op gevoelige
wijze (zie fig. 6 van hoofdstuk I) x bepaald worden.

m
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De hoge beginsnelheid van de eindkernen in kombinatie met

de coïncidentievoorwaarde heeft een groot aantal voordelen

t.o.v. de gebruikelijke DSA technieken, waardoor vroegere

moeilijkheden gereduceerd of omzeild konden worden.

a) De optredende effekten zijn groot. Voor v(0) = 0,05 c en

I MeV y q u a f a strekt het Dopplerpatroon zich uit over on-

geveer 50 keV, hetgeen vele malen groter is dan het 2 ä 3

keV scheidend vermogen van de Ge(Li) detektor.

b) De afremming van zware ionen met dergelijke snelheden is

experimenteel goed bekend, vooral ook door het recente

werk van Ward e.a.

c) Een gedetailleerde analyse van het Dopplerpatroon - goed

realiseerbaar vanwege de grote breedte van het patroon -

biedt een kontrole op de gebruikte beschrijving van het

afremproces. De patronen zijn niet geheel willekeurig;

slechts bepaalde vormen komen voor (zie fig. 6 van hoofd-

stuk I).

d) De eindkernen hebben het trefplaatje met zijn vaak onzekere

samenstelling snel verlaten en de afgelegde weg in het af-

remmateriaal - in eerste benadering evenredig met v(0) -

is aanzienlijk groter, waardoor grenslaageffekten en lo-

kale onregelmatigheden van geringere invloed zijn.

e) De coïncidentievoorwaarde met het uitgaande lichte deeltje

vermindert niet alleen drastisch de achtergrond in het

spektrum, maar selekteert ook de eindkernen naar aangesla-

gen toestand zodat indirekte voedingen de levensduur niet

kunnen vertekenen.

f) De reeds geringe spreiding in richting en grootte van de

beginsnelheden in enkelvoudige metingen met inverse reak-

ties wordt door de coïncidentievoorwaarde nog verder gere-
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duceerd (richtingsspreiding < 1 en Av(0)/v(O) ̂  1%).

Hoewel de coincidentievoorwaarde leidt tot een langere

meettijd (tot 150 uur toe), hoeft de nauwkeurigheid niet nood-

zakelijk door de statistiek bepaald te worden (zie bijv. ta-

bel 3 van hoofdstuk II).

De eerste metingen met de DSA coïncidentiemethode in inver-
2 32 33

se reakties zijn verricht in Utrecht met de H( S,py) S re-
4 35 38

aktie en in Chalk River met de He( C1,PY) Ar reaktie.

In hoofdstuk I van dit proefschrift zijn de mogelijkheden

van de methode onderzocht bij een aantal levensduren die min-

der dan ongeveer een faktor drie van de karakteristieke af-

remtijden verschillen. De metingen zijn geïnterpreteerd met

de semi-empirische afremgegevens van Northcliffe en Schilling.

De resultaten verkregen met de verschillende afremmaterialen

zijn binnen 5% onderling konsistent, hetgeen niet alleen een

grote verbetering betekent t.o.v. resultaten verkregen met

gebruikelijke technieken, maar ook een verifikatie van de re-

latieve afremgegevens voor de betreffende eindkern-afremmedium

kombinaties.

De methode is echter ongevoelig voor bepaalde systematische

fouten in de beschrijving van het afremproces. Een vergroting

van het afremvermogen met een bepaalde faktor zou resulteren

in een levensduur die met dezelfde faktor is verkleind. Een

vergelijking met een andere, principieel verschillende methode

is daarom van belang. Levensduren langer dan enkele ps kunnen

vrij goed bepaald worden met de RD (Recoil-Distance uf vlucht-

weg) methode die in zeer goede benadering onafhankelijk is

van afremprocessen. Tot nu toe was er echter nauwelijks een

gebied waarin beide methodes elkaar overlapten.

In hoofdstuk II worden metingen beschreven waarin de DSA
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methode is uitgebreid tot het T = 20 ps gebied. Analyse van

de Dopplerpatronen met recente afremgegevens van Ward e.a.

laat zien dat de DSA en de RD methode binnen 10% met elkaar

overeenstemmen. De spreiding in de RD resultaten (zie tabel

4 van hoofdstuk II) bemoeilijkt echter enigszins de vergelij-

king.

Met de recente afremgegevens zijn ook de metingen uit

hoofdstuk I opnieuw geanalyseerd. De veranderingen in de uit-

eindelijke levensduren zijn kleiner dan 4,5%.

De appendix geeft analytische uitdrukkingen voor het theo-

retische Dopplerpatroon. Deze uitdrukkingen volgen uit de ge-

bruikte pararaetrizering van het afremproces.

90



CURRICULUM VITAE

De schrijver van dit proefschrift werd in 1948 te Obbicht

geboren. Na het behalen van het einddiploma Gymnasium ß aañ

het St. Jan Lyceum te Hoensbroek begon hij in 1966 zijn

studie aan de Rijksuniversiteit te Utrecht.

Het kandidaatsexamen natuurkunde met bijvakken wis- en

scheikunde werd afgelegd in juli 1969, waarna het doktoraal

examen experimentele natuurkunde met bijvakken toegepaste

wiskunde en technische natuurkunde volgde in oktober 1972.

Sinds januari 1973 is hij als wetenschappelijk medewerker

van de Stichting voor Fundamenteel Onderzoek der Materie i

werkzaam in de Utrechtse vakgroep kernfysika, alwaar het ;'•;•

onderzoek voor dit proefschrift werd verricht. Daarnaast v

assisteerde hij bij natuurkundepraktika voor studenten in ?\

de natuurkunde, chemie en biologie. 1;|
"P.

91


