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Abstract :

This volume of t ho Proceedings of the XXI M.iswrlun l.nkes Surmm-i

School contains the contributed papers, presented nrally or in the form

of posters. Vol.1, comprising the invllod lectures and the panel

discussion, is published by A. Hllger. I.O.F. Publishing Ltd., Bristol,

f 'ng! a nd.

The scope of both volumes In limited to Heavy Ions l'hyslrs,

nuclear as well as atomic. The inclusion of the latter in the program of

our School Is no accident. The new generation vi heavy ion accelerators

.providing us with beams of Ions of nearly any stable or long lived

nuclear species with any desired charge, cooled and stored In rings If so

wished, has brought about a dynamic growth of a new field : the high

energy atomic physics.We expect a continuing healthy cross-fertilization

of these two subflelds of heavy ion physics.

One of the objectives of the School was to take a "snapshot" of

the quickly changing field of nuclear physics at the turn of the decade.

We hope that the Proceedings will help the Reader to find at least sorm-

answers to the leading question of the Panel Discussion at the end of the

School : "Quo Vadis, Nuclear Physics ?"

flpeAJiaraeMfeiH BmMaHMio MMTaTeneJł BTopoa TOM Tpy/vos

XXI-fl JleTHeft OIKOJUII no SlAepHoH *H3HKe coAepwMT pa6oTbi

y»iacTHHKaMM B BHAe AOKJiaAOB Ha ceMHHapax MJIM

AoicnaAOB. Aoicnayvu npoiHTanHbie aeropaMM Ha Ulkiojie a

MaTepn.inij naHenbHoR AUCKVCCMM orryfSjiMKOBanw B nepeoM ToMe

CA. H l l q e r , I . O . P . P u b l i s h i n g L t d . , B r i s t o l , E n g l a n d } .

TeMod TpyAOB noMeueHHbix' B o G e u x TOMax siBJisieTcsi 4>W3Hica

T*i)ł<ejibix H O H O B Taoc $uvepHasi itaK aTOMHasi. BKJirmeHHe nocneAHed TCMM

He cJiv^attHO. B HacToaojee BpeM5i npoHcxoAMT BHeApeHMe

HOBOH r e H e p a u M n . KOTopue Aarrr BO3Mo»<HocTb

noMTM jimGbie HV^KH cTa6n/it>Hbix KJIM AOJirownBymvix

sfleKTpoHOB B JTIQROM ^apsiAOBOM cocTasmnH,
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IIO Ht>o6xo AH MOCTH B l iakonx T»? iliiHbl V. KO/lbUilX . OS71.)IKdblBaeMMM H

yt;Kop*n»Mbix AO Gojifeiunx r»neprnvi. 3 T H noBue

BUJMUJKHOCTK BW^BaXIH AMHaMH'«CkO6 pa^BUTe HOBOro

aTOMHuH tJjH^MKH ni4i:OKMX SHeprHR. BjlMCKaSl CBfl^b MeWflV »THMH ABVMS!

pa^aejraMU i()H3HkH Tttwejibix HOHOB : siaepnoH u aTOMHMOd

HPOOMIIPHHO IIJlOAOTBOpHa.

3AepHaa »|>H3MK«a 8O-9O roaoB noaBcpraeTcs! neoG

H rnvfioKHM K3MeHeHH»iM MM HaAeeMcsi, MTO TpyAta

noMorvr MHTdTejiio HaHTH no kpaHHefl Mepe neKOTopbie oTBeTM H.=»

t? Bonpocu .̂aKJim-ieHHbie B naMi>jibMu(i AKCKVCCMH "QUO Vadi s ,

Streszczenie :

Oddawany do rąk Czytelnika tom II Materiałów XXI Letniej Szkoły

Fizyki Jądrowg zawiera prace zgłoszone przez uczestników, prezentowane w

postaci wygłoszonych seminariów lub też na sesjach plakatowych. Teksty

wykładów na zaproszenie oraz materiały dyskusji panelowej zawarte są w

Tomie Pierwszym (A.Hilger, I.O.P. Publishing Ltd., Bristol, England).

Przedmiotem prac zawartych w obydwu tomach jest Fizyka Ciężkich

Jonów, zarówno Jądrowa jak i atomowa. Włączenie tej ostatniej do naszego

programu nie Jest przypadkowe. Jesteśmy świadkami oddawania do użytku

akceleratorów nowej generacji, pozwalających na uzyskiwanie wiązek

dowolnych niemal, stabilnych lub długożyciowych Jąder atomowych,

obdartych z elektronów do dowolnego stanu ładunkowego, gromadzonych w

razie potrzeby w pierścieniach zbiorczych, chłodzonych i przyspieszanych

do wielkich energii. Te nowe możliwości techniczne spowodowały dynamiczny

rozwój nowej dziedziny : fizyki atomowej wysokich energii, ścisłe związki

między tymi dwoma działami fizyki ciężkich jonów : jądrową I atomową są

niewątpliwie wzajemnie korzystne.

Fizyka jądrowa na przełomie lat osiemdziesiątych i

dziewięćdziesiątych podlega niezwykle szybkim 1 głębokim przemianom. Mamy

nadzieję, że Materiały naszej Szkoły pomogą Czytelnikowi w znalezieniu

przynajmniej niektórych odpowiedzi na tytułowe pytanie dyskusji panelowej

"Quo Vadls, Fizyko Jądrowa ?".
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PREFACE

We are witnessing a major roorientation of the research In

nuclear physics a change of subjects as well a<: of the worki n>>

style. Like it or not. "the nineties" aro heading towards large

scale experiments, large International collaborations,

concentrated around l\:w, high energy, hiwwy Ion or electron

facilities. There Is, hopefully, a lot to ho gained in this

pursuit. There are also pitfalls of sometimes blindly following

the fashion. There may be worthy areas of research unjustly

neglected, there Is an irreparable loss of the life-style,

especially that of individuals worklrg in small teams.

One of the objectives of the XXI Masurian Lakes Summer School

(Mikołajki, Poland, August 26 - September 5, 1990) was to take a

"snapshot" of the quickly changing field of nuclear physics at the

turn of decade. We hope that the Proceedings will help the reader

to find at least some answers to the leading qviestion, expressed

by the title of the panel discussion at the end of the School:

"Quo vadls, nuclear physics?"

The Proceedings are divided into two parts: volume 1, edited

by A. Hilger, I.O. P. Publishing Ltd, Bristol., England, comprising

the invited lectures and the panel discussion, and this volume,

containing the contributed papers, presented during the School

orally or in the poster sessions.

The scope of both volumes is limited to heavy Ion physics:

nuclear as well as atomic. The Inclusion of the latter in the

program of our School is no agcident. The new generation of heavy

ion accelerators, providing us with beams of ions of nearly any

charge and mass within the periodic table, cooled and stored In

rings If so desired, has brought about a dynamic growth of a new

field: the high energy atomic physics. We may expect a continuing

healthy cross-fertilization of these two subfields of the heavy

ion physics.

This School has been sponsored bv the Atomic Energy Agency,

the Warsaw University and the Sol tan Institute for Nuclear

Studies. The "Polcolor" TV factory has provided us with a

comfortable bus transportation and printed our program.
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17i© procpss of dissipation of k inet ic energy and i t s

redist r ibut ion among the various degrees of freedom in a

complex nuclear reaction i s of high signif icance for

under staridi ng of the romped reaction mechanism. During the

past decade a number of experiments and analyses have been

performed which shed l i g h t on various aspects of

excitation-energy sharing i n damped col l is ions. Several early

experiments Csee e.g. Ref. 111D suggest that thermal

equil ibrium might be achieved very early i h the damping

process, perhaps as low as E = SO MeV. However, subsequent
LOSS

works t2-51 have indicated that excitation energy is shared

nearly equally between the reaction partners in early stages

of damping. In addition, some of these studies have also

indicated that the partition of excitation energy Is
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I n Hil<5 pxppi I iiiouL mast;, A , and nliai CIP, V. , of ł li<=>
n.r ri.r

pi o | " r l 1 ) P 1 1 V , P f i a q m p | i ( ( PI ,F.) W P I P 1 t V n t I ( t o i l u ^ i n ą a

r o m h l r i a l i o n c^V 1 ln° A E - R a n d (. .1 m«? • o f f 1 I q l i t . ł c?clni l <]ii«?^ . T h e

ni l i n a i y m.155 o f PI..P' b e f o r e I i ciM. p a r t i c l e p v a p o r a i . l o n , A"

wa<; d»r i v sd f rom a n g u l a r c o r r e l a t i o n h p t w e e n th»? f̂ I .F and t.he
lllce fragment. Applying s ta t i s t ica l niodr?l pi *?dl r >. i 011s

in an i terat ive f»vunL-hy-event procedure information on

exrJtation enercjy of the* TL.F fracjineiit was extracted from the

measured evaporated mass. As słiown by Toke et al . 19) in such

coincidence measurement instrumental effects may significantly

modify experimental results especially for low energy losses.

In order to extract information on the excitation energy

division in a way less dependent on experimental conditions

the data were reanalyzed using an alternative method. The new

approach (9.1O3 is based on the fact that the mass resolution

for secondary fragments is much better than the resolution for

the primary reconstructed mass. Additionally resolution for

secondary fragments does not dependent on the energy loss.

In the new procedure we were assuming different possible

correlations between E ,-,/E and A' to be Used In the

Monte Carlo calculations. The generated mean value of

evaporated mass, <*A> = < A ' p L r ~ ^PLI^> ' v e r s u s At,L|r dependence

was than compared to the experimental one. The assumed

dependence E /E was linear:
PL.F TOTAL



rt.r TOTAL
A' + b C i

A' represents the "LrUi?" primary mass of Pi

in thrs Mont© Carlo procedure. Values of coe f f i c i en t '

p> and b wsre treated in our procedure as free parameters

Final r e su l t are shown ^s diamonds in Tig. 1 and a. se t 01

s t ra igh t l ines In Fly. £ r epr essnt.t ng Eq. 1. The ©qua.

exc i ta t ion energy divis ion l imi t i s represented by

horizontal l i ne . The dotted l i ne ind ica tes the equs!

temperature l imi t .

A

V

00 - 40 MEV

40-50

90-70 MEV

60 65 70 76 00

1 2 0 - H O MEV

tOO-180 MEV ^Q~o

4 •

160 - 100 MfcV

J ° «o

80 65 70 76 00

PL?

Flg.l The average evaporated mass versus the secondary mss

for energy l o s s ind ica ted on t h e p i c ture . C i r c l e s r epresen t .

the experimental data . diamonds r e s u l t s of Monte Carl-'

s imulat ion . The s o l i d l i n e for each energy l o s s bin r e p r e s e n t s

t h e average <*A> dependence on secondary mass e s t a b l i s h e d J:.

the i t e r a t i v e procedure.
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Sensitivity of our method on the primary mass resolution

is prosonted in both parts of Fig. 3. The average evaporated

o
F •

MO

/0

M)

n. .,

10

n

— i , - r , T - - 1

,-' / ;V« rc«
ii t»

i. i- -1—i . i . i . - i . i _.i i i . i., i . i i . i „ i . i i
fi 5 G5 6/ 09 J\ IS 75 7/ 7g R1

A PLP

30 -
40 -

60 -

loo -

120 -

150 -

40

50

70

120

140

190

HeV
MeV

MeV

MeV
MeV
MeV

Fig. 2 Excitation energy division ratio dependence upon

primary mass described by Eq. 1 for energy loss bins indicated

on the figure. Additionally the equal excitation energy

division limit is represented by a horizontal line. The dotted

line indicates the equal temperature limit.

mass is there depicted by circles as a function of the

secondary mass Cleft part} and the reconstructed primary mass

Cright part}. The data are compared With two different Monte

Carlo predictions. Diamonds represehl simulation for the case

where the recoil and experimental angular resolution effects

are neglected. The crosses correspond to the full simulation.

Comparison between these two different Monte Carlo predictions

show that <AA> as a function of the secondary mass is

practically Insensitive to the finite primary mass resolution.



Iho lamp quanti ty pi cioiil. pr) a? a function of A" shows a bl a

ill«;creparipy betwpen both ca^w.

A

V

' 1 1 •- - • t~ T • T-

.-I . . ... 1 . . . . . . . I . . . . . . I t_, ̂  .1 .

no or> 70 75 no

• I - r - - T 1

- MO MfcV

r,**

o

60 fl!3 7 0 7 5 0 0

Fig. 3 The dependence of the average evaporated mass upon the

secondary mass Cleft part} and the reconstructed primary mass

Crlght part}. The data Cclrcles3 are compared with two

different Monte Carlo predictions. Diamonds represent

simulation for the case where the recoil ahd experimental

angular resolution effects are neglected. The crosses

correspond to the full simulation.

tri a more transparent fashion the mass dependence of

E /E is shown in Fiq. 4. Here dependence of the
PLF TOTAL

excitation energy division on the PLF primary mass is

presented for two representative energy loss windows.

Additionally to experimental results CcirclesD the Monte Carlo

simulation ratios are given by diamonds. The dashed 11 he gives

the "true" dependence described by Eq. 1. Comparison between

dashed jines and diamonds gives for both cases the magnitude

of instrumental effects.
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nn

no

A 40

J- 20
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Li
n.

tO
V

no

60 - 70 MKV

120 - HO MKV

.it9-

. - . I . ..... ^ . I ..._._.•_.. L_...
(15 70 75

!
HO

Ficj.4 Dependence of the

excl tfl l. l on energy on the

PLF primary mass Tor two

t'pprpseht.al.i ve energy loss

window?;. The experimental

resul ts are given by

circtPSc the Mot-łLe Carlo

predictions: by diamonds.

The dashed 11nes

coil p<;pond to the " t r u e "

d<*pr>ndenc» described by

In conclusion, evldetice on physical corre lat ions of heat

leneratlon mechafiisms Is presented. At I n i t i a l stages of the

:ol 1 i"si on, r e f l e c t e d i n low t o t a l k i n e t i c energy losses, does

he heat, generated via the nticleon pxchahge mechanism show a

lear acceptor-donor asymmetry.

D. Hllscher et a l . , Phys.Rev. C2O, B76 Cl9793

T. C. Awes et al . .Phys. Rev. Lett . B?., 251 C1994^

H.Sohlbach et a t . . Z.Phys. A32B, 2O3 C19873

R.Vandenbosch et a l . , Phys.Rev.Lett. 52, 19B4 C19843

D. R. Renton et al . , Phys. Rev. C39, 12O7 C1988)

R.Płaneta et a l . . Phys.Rev. C39, 1197 C1909)

K.Kwiatkowskl et a l . , Phys.Rev. C41, 959 Cl99O?

el. al . , University of Rochester Report NSRL-339,

9 J.Toke et a l . . University of Rochester Report NSRL-35O.

1999

10 J.Toke et al . . Abstract Submitted for the Meeting of the

APS. Apri l 16-19. 199O
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OPTICAL MODEL WITH CRITICAL ANGULAR MOMENTUM CUT

OFF FOR THE FUSION OF LIGHT HEAVY-ION SYSTEMS

J.Czakański, J.Kisiel, M.Kostrubiec, W.Zipper

Intitute of Physics, Silesian University, Uniwersytecka 4,

40-007 Katowice, Poland

P. von Brentano

fnstitut fur Kernphysik der Universitat zu Koln,

Zulpicher Str.77, D-5000 Koln 41, Federal Republic of Germany

ABSTRACT.

The extended optical potential model with separate

absorptive part for fusion and critical angular momentum cut

off was proposed for the calculation of fusion excitation

functions. As an example a calculated fusion cross section was

presented for the C+ C, C+ N, C+ O and O+ 0 systems

for the existing experimental data above Coulomb barrier

energy.

The fusion excitation function have been measured for many

years for a large number of combinations of colliding ions [1].

The experimental fusion cross section o (E) is rather smooth

function of energy although for some system the oscillatory

structure is observed. For the energies above the Coulomb

barrier o (E) usually follows the total reaction cross

section a (£). Above the certian energy l7

r,19(
E) becomes

considerably smaller than °R(
E^ a n d finally c^^CE) is

propotional to the inverse of bombarding energy. Some models

were applied for the theoretical description of such behavior



of afu,(E) [2]. Because the fusion cross section is a part of

the total reaction cross section it is tempted to use for the

fusion the optical model potential U (r) which is different

form the optical model potential U (r) describing the elastic

scatterting and the total reaction cross section. Such model

with Saxon-Woods form of the potential gives a satisfactory

result up to energy region in which o (E) decreasing rapidly

with increasing energy [3]. We extend this idea by the

assumption of a critical angular momentum 1 above which no

fusion is possible. This allowed us to describe the fusion

cross section in whole energy region starting from the Coulomb

barrier energy.

In our model the fusion cross section was calculated

according to the formula:

lcr

where the fusion transmission coefficients T (1,E) were

obtained by using the optical model potential U (r). As a

real part of U (r) was taken Satchler-Love microscopic double
f U B

folded (M3Y) potential V (r) which has only one parameter - the

renormalizating factor N [4]. This potential give a good

description of elastic scatterting and the total reaction cross

section in a wide energy range. The imaginary part of Ufus(r)

has a standard Saxon-Woods form. U (r) can be writeen as
r us

follows

U (r) = N V (r) + iW f „(r;R ,a ) . (2)
fua 8 a f(i» 5^-W fug fus
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F he critical angular momentum 1 was calculated from the
f- r

inflexion point of the effective real potential curve so it is

no a free parameter, The renormalizating factor N takes the

value 1.0 according to the review paper of Satchler and Love

f4] so the real part of the optical models potentials for

elastic scattering and fusion ate the same. From the fits it

was found that f (E) depends very weakly on W if only W
run fus fUB

is greater than lOMeV. Taking into account the overlap nuclear

matter radius the fusion absorption radius r has a standard
TUB

value around l.Ofm [5J. futhemore for all reported system the

same value of a ~ 0.2fm was obtained from fitting procedure.
fun

for more details of the model and discusion of parameters see

ref.[6]. The parameters of the optical model potential U (r)

together with 1 value are presented in table 1.
Table 1.

Reaction

1 zc +
l z c

1'?C +
1 4 N

16 1(5

0 + 0

N

i.O

1.0

l.O

1 .0

W
r u s

[MeV]

10.0

9.8

10.0

10.0

r II s

[fm]

1 .00

1 .08

1 .CO

1 .00

[fm]

0.20

0. 18

O.2O

0 . 20

1

[*]

22

25

27

34

1 ?. \?. \?. 14 1 ?. 1i-

I he results of the model for C+ C, C+ N, C+ O and

Oi 'o systems are shown in ficj.l. Cross sections »re obtained

by using the optical model potential paratnaf.prs given in rab.J.

1 hf! calculated fusion cross sections follow the experimental

flints in the wide energy range. This good fit was achieved by

the w, ing only one parameter a which taker- the same val»fj "•
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t l I I I I I I I I [ I I I I I I I I _
5 30 55 80

EOT (MeV)

200
I I _1 I I J...L.J 1 . 1_ I 1

Fig. l. Comparision of calculated (solid curves) and

12 12

exper imenta l f us i on cross sec t ions f o r the systems : C+ C

(exper imenta l data from r e f . [ 7 ] ) . tzC+14N [8 j , 1ZC+ l60 [1O]

and 16O+16O [ 9 ] -
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o.l'fm for all react ins considered. The extensive experimental

data for the fusion excitation functions below Coulomb barrier

exist for systems which were taken into account in this

contribution. The model presented is verified now for the

energy region bellow Coulomb barrier.

This work was partly suppored by the Polish Ministry of

National Education under contract CPBP 01.09 and by the 8MFT

under contract No
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COMPETITION BETWEEN pn AND d EMISSION

IN a+51V, 54Fe REACTIONS AT 26.5 MeV.
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T.Pawlat, J.Styczeń.

H.Niewodniczanski Insticuteof Nuclear Physics, Cracow, Poland

ABSTRACT

The competition between pn and d evaporated from compound nuclei created In
the fusion of 26.5 MeV a-particles on S1V and Fe was studied. The
nuclear level density parameter a=A/9.3 for excited nuclei populated In
these reactions was extracted.

In a compound nucleus decay the same evaporation residuum may often

be reached by different sequences of emitted particles. For example,

emission o: np or pn as well as emission of deuterons leads to the same

residuum with A =A -2, Z -7. -1. The difference is that the cascades
RFIS CN RES CN

of np or pn pass through an "intermediate nucleus" [A -1,2 ] or
v K r- o CN CN

[A -1,2 -1], respectively, whereas d-evaporation brings the decaying
CN CN

system directly to the final nucleus. Because in both cases the evaporation

residuum is the same, one might expect that, the competition between these

two processes (np and pn or d-evaporation) would reflect the structure of

the "intermediate nuclei".

Two nuclear reactions were chosen to look at the pn and d

competition. The 26.5 MeV a-beam from U-120 Cracow cyclotron was focused on

the V and Fe metallic foils. During two, long runs the coincidences

between ^-rays and light charged particles were recorded event by event on

the magnetic tape, y-rays were measured In the Ge(Ll) detector whereas

p,d,t and a's were detected in the AE-E silicon telescope. The telescope

was placed at the backward angle e =140 to select only particles

evaporated from the CN. Particle spectra associated with different reaction

channels were generated off-line requiring the coincidence with

characteristic â -rays.

Fig. 1 shows proton-spectra for particular evaporation channels after

a+54Fe fusion reaction. Protons emitted in the (a.p) channel are in average

much more energetic. In fact, being followed only by y-ray cascades they

have to bring the decaying system close to the yrast line, where the
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competltlon between particle and jr-ray starts to be significant. Deviations

between proton-spectra for (a,pn) and (a,2p) channels reflect the fact,

that protons in (a.pn) channel are emitted prevalently In the second step

of the cascade where the emitting system has much lower excitation energy.

In the (a,2p) case one deals with protons evaporated In both steps: the

first at a high excitation energy and the second with much lower excitation

energy.

The deuteron-spectra from (a,d) channel are too poor for presentation

10

<n

due to a very low counting

rate of d-y coincidences.

Nevertheless, the statis-

tics in the coincidence

y-spectra was good enough

that the <r to c ratio
pn d

51
in the two cases of «+ V

54

and a+ Fe could be easily

calculated (Fig.2).

It is rather well

established that the CN

decay, at the excitation

energy considered here,

20 can nicely be described in

the frame of the statis-

tical model. Therefore,

the calculations we report

here were performed with

the evaporation code CAS-

CADE [1]. They included the emission of four particles n,p,d,a and

y-decay. In Fig.2 we show the predictions of the statistical model with

standard input parameters (the level density parameter a=A/8) for the

cr /<r . It is seen that they overestimate the experimental values by a
pn d

factor of 2.

In order to understand this result a number of additional CASCADE

calculations have been performed. It turns out that the calculated <r /<r
pn d

ratio is Insensitive neither to changes of the level density parameter

nor to variations of other statistical model parameters which characterize

10
E (MeV)

Fig.1. Spectra of protons emitted
In particular channels of
a+ Fe reaction. The solid
lines are drawn to guide
the eye.



200

150

a too

50 :

0

calc. a=A/8
calc. a=A/9.3

$ exp. value

a+ 6 1 V

Fłg .2 . The (Tpn/crd r a t i o s obtained
from experiment and
CASCADE c a l c u l a t i o n s for
a+ V, Fe reac t ions .

[A -1,Z -1]
CN en

the evaporation residuum

[A -2,Z -1). Noticeable
CN CN

changes of the o- /<r
pn d

ratio can be achieved

exluslvely by varying the

level density in the

"Intermediate nucleus"

I.e. [A -1,Z ] or
CN

In fact,

the calculations with the

level density parameter

a=A/9.3 are able to

account for the measured

pn to d ratios as shown in

Fig. 2.

Similar conclusion

regarding the leveldensity

parameter has been drawn

in Ref. [2), where the

value a-A/9.5 is necessary

Cu system, neighboring to the

to describe the GDR y-ray spectrum from hot

systems studied in the present work.

As a conclusion, the pn and d competition seems to be very sensitive

to the nuclear level density of decaying equilibrated systems and can be

used as an easily measurable probe for this quantity at excitation energes

of about 20 MeV.
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Abstract
' 34 32 *•

The anaiyzing power anguJar distributions for the S(p,t) S(gs,0 )

reaction, measured at 30 and 40 MeV of protons, are compared with

predict ions of the finite-range DUBA model. The experimental results can

be reproduced correctly, without including the sequential transfer

process.

A mechanism of the (p,t) reaction, used, among other things, for an

investigation of the neutron pair correlations in nuclei, Is still not

fully understood [1]. Predictions of the simple model of mechanism as a

one- step transfer of the two neutron pair coupled to a spin equal to zero

can not fit properly the measured total cross-sections nor the excitation

functions.

Theoretical estimations show, that a refinement of the model (by

accounting for the s' and d sfates of triton, the tensor forces, the

excitation of both the target nucleus before transfer and the final

nucleus after transfer of a neutron pair does not change the total cross

section very much. Only the mechanism of the sequential transfer of

neutrons may Influence the reaction cross section significantly [2].

In general the analyzing power of the (p,t) reaction depends on two

factors: the Intrinsic structures of the target and final nuclei and the

mechanism of transfer of two neutrons.

According to the final range DWBA calculations, in our case of 0 - 0

transfer on the S nuclei, the analyzing power practically does not

depend on the intrinsic structure of the neutron pair wave function.

Differences in analyzing power calculated with the wave function of

Wlldenthal [3):
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In which amplitudes of 2s
1/2

Id and Id components are set
3/2 5/2 r

consecutively zero, are insignificant (see Fig. 1).

Ep :

20 40 60 80
Theta icm)

Fig. 1

In case of the one-step transfer of a spin zero neutron pair between

states with spins 0 , the analyzing power is produced by the spin-orbit

Interaction In the entrance and exit channels. The 1-s interaction in the

Ep :40MeV

20 40 60 80
Theta (cm)

Fig.2
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proton channel is much stronger, so it has a dominant Influence on the

analyzing power. This is depicted in Fig.2 In which the angular

distributions of the analyzing powers for three cases:' 1) V (p) /0,

V (t) /0; 2) V (p)=0. V (t) /0; 3) V (p) /o, V (t)=0 are shown.
Is Is I s ' Is la

On the other hand, in case of the sequential transfer of two neutrons

the spin-orbit Interaction in an intermediate stage of the reaction may

cause changing of the angular distribution shape of the analyzing power,

which could be observed when the contribution of this process is

significant. According to Igarashl 12), the analyzing powers for these two

mechanisms have opposite sign at small angles.

An analysis of the proton energy dependence of the reaction

differential cross section M] shows, that for proton energies up to about

20 MeV, the cross section of the sequential mechanism Is comparable, or

even predominates the one-step transfer cross section. With increasing the

energy of protons the sequential transfer contribution decreases, and at

80 MeV of proton energy the one-step transfer prevails (over 80% of total

cross section ). However, similarity of shapes of the cross section

angular distribution for both the one-step and the sequential transfer

processes makes that the conclusions drawn from cross section experiments

are doubtful.

A few years ago, the attention was drawn to the possibility of

determination of the one-step and sequential transfer mechanism

contributions from the measured analyzing power. Some drastic changes in a

shape of the analyzing-power observed in certain region of incident energy

[5] were interpreted as being a result of opening of the sequential

reaction channel or at least a predominance of this channel over the

one-step process.

In the present work we make an attempt to observe an effect of a

variation of contributions of both processes on the reaction analyzing

power. The S(p,t) S(gs.,0 ) reaction was chosen for investigation. The

analyzing power measured at proton energy of 30 and 40 MeV is shown in

Figs 3 and 4.

The experiment was performed using the beam of the INS cyclotron of

Tokyo University. In Figs 3 and 4 the solid lines represent the results of

the finite range DWBA calculations (DWUCK 5, [6]), in which one-step

transfer of a neutron pair is assumed.

Results of calculations fit pretty well the angular distributions of

analyzing power for angles greater than 20 deg. In the range of small
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angles the experimental results taken at proton energy of 40 MeV show

minimum around 10 deg. , which feature Is predicted correctly by one step

model. In case of the experiment at. 30 MeV such minimum Is 'not observed at

HIPSPS angles. It Is not

0 20 iO 60 80
Theto fcm)

20 • 10 60
Theta (cm)

Fig.3 Fig.4

reproduced by calculations. This disagreement between calculations and the

experiment may be a result of 'kinematic effect'.

In Fig.3 I fie caIculaled angular distributions of analyzing power as a

function of the incident proton energy are given. Our calculations

repi oduce t tie expoi i mental distributions at 30 MeV pretty well if the

!ncid<.'n( proton energy is shifted slightly down by about 0.5 - 1.0 MeV.

The quite similar effect can be obtained by slightly etianging the Q-value

of I tie reaction. We conclude, that the quasi-resonant behavior of positive

bump of analyzing power is caused mainly by variation of the kinetic

energy in the reaction exit channel.

The difference:; in the shapes of analyzing power of the

Sip, t ) 'Sfg.s. ,0 J ;i t 3D ara) 40 MeV do not give any reason that a new

miM haul sin of t tie reaction, the sequential transfer, should be included In

ca 1 cu 1 ;\ t. i ons.

It must, be noticed that a similar quas i-resonant positive bump in_ the

analyzing power distributions of the reaction can be reproduced in the

zero range DWBA calculations, but the incident proton energy must be

shifted, nearly by 5 MeV.

In conclusion, the analyzing power' angular distributions measured can

be reproduced successfully by calculations in a frame of the one-step

transfer model, without any contribution of the sequential transfer.
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Unfortunately, the cross section predicted is 5 to 8 times smaller than

the measured one, while the zero range DWBA calculations with semi
4 3 2

empirical constant D =22*10 fm /MeV differ no more than a factor of two.
0

It remains still a serious, well known drawback of the finite range DWBA

calculations of the (p,t) reaction.

In order to make our conclusion more convinced we Intend to expand

our measurements over smaller and higher proton energy regions.
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MULTIPOLE DECOMPOSITION OF DOUBLY DIFFERENTIAL CROSS SECTIONS

- A MODEL INDEPENDENT ANALYSIS
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INTRODUCTION

We propose here a new, model independent method which can be

used to analyze high quality data from inelastic scattering or

charge exchange reactions. Such data contain resonances observed

as bumps superimposed on a smooth continuum generally assumed to

be background (see fig. 1). The major problem in these studies is

the decomposition of data into bumps originating from nuclear

excitations and the underlying continuum.

PROTON

Fig.1 Simulated doubly differential cross section from

1?'C(n, p)1?'B reaction at E =100 M<-V.
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Addł tłonally, the resonance part of the spectrum should be

disentangled Into multlpole components. We have prepared a method

of data treatment, which in a model Independent way extracts

strengths and angular distributions of successive giant

resonances.

Our approach Is exclusively based on measured quantity i.e. doubly

differential cross section. The analysis makes no explicit

assumptions on the shapes of the resonances contributing to the

cross section, allowing all shapes with no functional form to be

assumed.

MULTIPOLE DECOMPOSITION OF EXPERIMENTAL DATA

In order to unfold doubly differential cross section

d2cr
-T—-rę into multlpole components a matrix method have been

developed. In this method the experimental data are represented by

a two dimensional array. One dimension provides the energy

intervals and the other the momentum transfer intervals.

Assuming factorization of the cross section, the experimental

doubly differential cross section data can be treated as a fold of

several ' multipole strength distributions and corresponding

momentum transfer distributions. As the first step in our method

we establish the number of components that contribute to the input

data (i.e. background and a number of multipoles). We test the

hypothesis concerning the lowest acceptable value of the rank of

the double differential cross section matrix (equal to the number

of components).

In the next step the continuous background is subtracted. We

fit the smooth function describing two dimensional surface in

order to determine continuous part of the spectra. Extracted in

that way the continuous background is subtracted from input data

to get the resonance part R .The correctness of this procedure

can be tested as after subtracting the background correctly, the

number of components of remaining double differential cross

section should be lower by one than the initial number of

components.
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Finally the partition of the remaining - resonant part R

into individual multlpoles is performed. If we denote the energy

dependence of the strength distribution of multlpole A by S (E),
A

and the momentum transfer distribution of outgoing particles

exciting a giant resonance of multpolarity A by T (q), then the
A

matrix R Is decomposed into A matrices to fulfill the
1J max

equation:

The matrix R. consists of i x J data points where i
1J max max max

denotes number of energy bins and j number of momentum transfer
max

bins. S and T are two-dimensional matrices dimensioned
1A 1 A

1 >A and j /.A respectively. In our approach the matrix
max max "max max

elements S and T are unknown quantities. The necessity

condition to obtain solution is

A x(j + i ) < j x i (2)
max max max max max

Generally, decomposition of R. . into multlpole components R . is

non-unique. In order to obtain reasonable (physical) solution an

additional assumption is introduced, namely that the distributions

of multlpole strength, S.. and momentum transfer T are non
i A A J

n e g a t i v e f o r e v e r y s u b s c r i p t A, i and j . A s i m i l a r idea [ 1 ] , w a s

used to analyze the inelastic scattering (e.e'p) and (e.e'a) data

leading to excitation of giant resonances.

In order to find unknown matrices S and T , a model
i A A J

independent method was developed, which solve eq. 1 by iterative

procedure. To start decomposition, zero approximation for both,

the strength and momentum transfer distribution should be assumed.

Reasonable zero approximation can be obtained by assignment of
selected rows in R, , to S_, and columns to T. .. The first

ij lA Aj

approximation of the solution Is obtained by solving set of

ovf?rdetermined linear equations finding by least-squares method
T .Having T we can solve once more the set of linear
Aj Aj

equations finding now S. .
1 A
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Generally, having k approximation of the solution S, and
(k)

T we must solve two successive sets of linear equations in
th

order to obtain (k+1) approximation of the solution

A

"** (k) (k+l)

(3)

V" (k+1) (k + 1)
If, in successive Iterations, the desired degree of convergence Is

obtained, the procedure is stopped after the n-th iteration. The

matrices S and T are accepted to be solutions of matrix
1A A J

equation (1). The output at this stage are the energy and momentum

transfer spectra of each Individual multlpole, which can be

compared with theory to extract the physical information.

ANALYSIS

Prior to applying the method to experimental data, it was

subjected to a computer test. The experimental matrix was

generated (see Flg.l), and then unfolded by Iterative procedure In

order to find distribution of strength S (E) and momentum transfer
A

T (q). In the simulation of experimental data two giant resonances
A

were assumed to have a concentrated gausslan distribution located
on the continuous background. Momentum transfer distributions were

2 2

formed to have Bessel function dependence JQ(q), and J.(q)

respectively. Matrix R was folded as a product of S ancl T and

randomly disturbed by statistical errors of Polsson distribution.

The simulation was performed in order to generate matrix R of

dimension 32x30 (32 channels in energy spectrum and 30 channels In

momentum transfer distribution). The solutions were found using

the method described above and compared to generated functions

T. (q) and S (E) in order to check validity of the method. Ten
A A
iterations leads to the solution of eq.(1) shown in Figs. 2 and 3.
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Fig. 2 Unfolded momentum

transfer distribution of two

multłpole components and the

background. The circles

represent the solutions and

assumed Input distributions

are denoted by dashed lines.
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Fig. 3 Unfolded strength

distribution of two mulltpoJe

components and the background.

The solutions are denoted by

histograms and the assumed

Input distributions by

dashed 1ines.

The generated functions describing strength and momentum transfer

distributions are denoted by dashed lines in Figs.2 and 3 while

the solutions are denoted by circles and histograms respectively.

The energy distributions and momentum transfer distribution

functions are very close to input functions. As we see the

reproduction of strength widths and positions of extiacted

distributions are good. Even in the case of the unfavorable

conditions (I.e., statistical fluctuations In the data or zero

approximation far from the minimum ), the procedure applied to

the Monte-Carlo generated data was found to work very well.
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CONCLUSIONS

Our model Independent method of unfolding the measured doubly

differential cross section was demonstrated to work properly even

In the case of overlapping resonances and very weak strength. It.

was found that the result of the decomposition does not depend on

the assumed zero approximation solutions needed to start

Iterations. Our method of data decomposition allows us to analyze

the differential cross section measured over the full angular

range of the first diffraction peak. It means that various giant

resonances can be studied using this approach. Moreover, the

method allows to avoid many problems which faced the "traditional

approach" of data decomposition. The method Is to be applied to

the (n.p) experiments, like l2C{n,p) reaction at E =100 MeV [2].

This work has been supported by the National Research Program

CPBP 01.09.
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Nuclear Charge Distribution in Symmetric and Asymmetric Fission
Induced by Light Charged Particles

Pekka P. Jauho*
Depaitment of Physics, University of JyvlskylS
40100 JyvSskyta, Finland

We have studied the charge dispersion by determining the yields of elements in isobaric

mass chains at A - 80, 82, 84, 110, 112, 114, 116, 118, 120 using proton and dcuteron

induced fission of 238 TJ. There have been extensive studies of independent ussion yields using

thermal neutron induced (asymmetric) fission [1], but little is known about yields in the case of

nearly symmetric fission studied in this work.

The (p,f)-studics were performed using 20 MeV protons from the MC-20 cyclotron in

Jyva'skylii. The (<J,f)-reaction was studied at the Louvain-la-Neuve K= 120 heavy ion cyclotron

using 18, 25, and 41 McV deutcron energies and continuous beam. We used the IGISOL

facility in JyvaskyHi and the Louvain-la-Neuve LIGISOL to separate the mass chains. The

IGISOL method is fast since no ion source is needed. The efficiency is also practically

independent of the chemical properties of nuclides making the method well suited for charge

dispersion studies. Standard spcctroscopic methods were used to determine the level structure

of isotopes in the mass chains. In Jyvaskyla we have measured y-abundances, i.e. y-intensitics

per 100 P-decays, by resolving exponential components in time spectra when the beam is in

pulsed mode. For this purpose we detected y-singlcs, fi-singles (with P-telcscope) and "yflł)-

coinddencc-s simultaneously in the same setup.

Our experimental values for the mean isobaric charge Z and the standard deviation o*z and

the relative merits of the (d,f)- and (p,f)- reactions as means of producing extremely neutron

rich isotopes in this mass region will be discussed.

[1] A.C. Walil, Atomic Data and Nuclear Data Tables 39,1 (1988)

This work has been supported by the Academy of Finland.
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Figure 1. Independent yields Y (Z -ZUCD. A) of fission products in the isobaric mass chains A= 110,
112, 114 in the reaction 238U (p, f), Ep= 20 MeV. ZUCD i s taken from the unchanged charge
distribution hypothesis:
ZUCD= (ZF M F ) ( A +V(A)), where v(A) is the mean number of prompt neutrons evaporated.

Table 1. Average charge numbers Zave (mea) and variances cornea) have been calculated on the data
shown in figure 1. The values for thermal neutron induced fission (Wahl) are represented for comparison
(ref. 1).

Zave(mea) oz(mea) Zave(Wahl) oz(Wahl) Zave(mea) -

no
112
114

44.01+-0.20
45.24
45.86

0.71
0.60

43.16
44.21
45.17

0.58
0.62
0.60

44.16
44.94
45.72

-0.15
0.30
0.14
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The Mean-Square Charge Radii of Ba Isotopes*

B. Nerlo-Poinorska, K. Pomorski, B. Skorupska
Department of Theoretical Physics, University M.C.S., Lublin, Poland

Abstract
The microscopic calculations of the mean-square charge radii and the quadrupole

moments of Ba isotopes where done. It was shown that the pairing mean field
deformation A influences strongly the magnitude of the isotopic shift of < r2 >.

The newest development of the measurement, techniques of nuclear mean-square charge
radii of nuclei gives us more accurate dala (I] demanding a. theoretical effort in order to
explain diversing nuclear sizes and shapes mechanisms.

The microscopic '•almlation of < r2 > was done for the neutron deficient nuclei
with 50 < Z, /V < 82. The deformed single-particle Nilsson potential with the universal
set of the parameters [2] was used. 1 he calculations were performed using the generator
coordinate method (Ci(JM) and assuming the extended gaiissian overlap approximation
(GOA). The BCS wave function depending on qupdnipole (e) and hexadecapole (e.\)
deformation was taken as the generator function. The expectation value of the r2 operator
between the ground state wave function of the collective GCM+GOA hamiltonian gives
the theoretical estimate of < r2 > [3].

The results of the calculation for Ha isotopes are compared with the experimental
data in Fig. 1. The absolute values of < r2 > are not given by experiment, so we have
assumed the radius of the magic isotope l'wBa to be equal to the size of the spherical
liquid drop.

-3.5 r

B 2

21.0
75 80

Figure 1: The microscopic estimates of < 7-2 > for Ba isotopes compared with the experi-
mental data(o).

'Paper supported by the Polish Ministry of Education, project CPBP-01.09 .
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The slopes(sc called isotopic shift) of the theoretical curve are larger than that

fygn\ measurement.In order to explain this discrepancy we performed the analysis of the
influence of some parameters on the value of the mean-square charge radius of nuclei.
The dependences of < r2 > for yiC'Ba isotope on e, e4 and A are pjotted in Fig.2 a, b
and c. correspondingly. All dependencies are taken around the equilibrium point which is
marked by arrows on the plots.

23.0

22.5

-0.5 -0.3 -0.1 0.1 0 3

23.2 r—

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

Figure 2: The dependences of < r2 > for 1KBa isotope on e (a), e4 (b) and A (c).

It is seen that the change of < r2 > with respect to £4 or A is similar.lt means that
the pairing gap A is as important parameter as the hexadecapole deformation e4.

Assuming that the experimental value of quadrupole moment Q20 establishes well
the quadrupole deformation r v.e can estimate £4. Namely, we have evaluated within
the deformed liquid drop model the values of quadrupole {eLD) and hexadecapole (e%n)
deformations which reproduce the experimental [1] < r2 > and Q2o and comparedthem
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with the microscopic equilibrium deformations (e" 7 ,^ ' ) . In Fig. 3 we can see that they
differ much from each other especially for the heaviest Ba isotopes.

o io -

Figure 3: The microscopic equilibrium points (*) and their estimates deduced from the
experimental values of < r2 > and Q-2o (o).

This discrepancy means that the other factors in spite of e , and e4 deformations
could be important.

For the. next investigation we took the qiiadriipole deformation of the Nilsson po-
tential {e ) and the pairing £,ap (A ) and we vary them free in order to reproduce in
microscopic calculation the experimental values of < r2 > and Qi0- The results of this
analysis on £ and A plane are plotted in Fig. 4 for Ba isotopes.

1.6

1.2

<3 i.o

0.8 -

0.4

—©72

78

*70

7 8 ;

0.0 0.1 0.2 0.3

Figure 4: The quadrupole deformations and energy gaps obtained microscopically (*) and
from experimental masses (o) and extracted from < r2 > and Q20 (n) .

The equilibrium values (£ f ' ,A e ' ) as well as the estimates of A ' r p obtained from the
experimental masses [4] are marked. The values of A which reproduce the experi-
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mental < r7 > and Q20 are almost half of their estimates from masses. This result coul<i
be understood in the dynamical pairing model [5] in which the most probable A is much
smaller as that, corresponding to the minimum of the IK'S energy.

The following conclusion can be drawn from our imestigation. The quadrupol.
and hexadecapole deformations should be taken into account in order to reproduce th>
experimental isotopic shifts of < r2 > of the neutron deficient nuclei. But the deformation
€ and s4 can not alone explain the experimental data. The dependence of < r2 > on £:
is also important. The more careful dynamical treatment of pairing degrees of freedom i
necessary.

Further improvement of the single particle scheme and probably taking into accouiu
the cjuadrupole-pairing term are planned.
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BETA-DECAY HALF-LIVES OF VERY NEUTRON RICH
Ni, Co, Fe ISOTOPES PRODUCED BY THERMAL FISSION
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S. Czajkowski' and J.I,. Sida*
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- I n t r o d u c t i o n

Thermal neutron or low energy fusion ha? long been (he unique way to produce neutron rich

iso tope . On the extremely light side of the light fission products, we have identified unambiguously

several new n-ricli isotopes of Nickel and Copper in the thenn.il neutron fission of 23r'U at the ILL high

flux reactor in Grenoble [l]. These isotopes, the lightest masses ever observed in binary thermal fission,

have a significant neutron excess since they profit from the large in utron to proton ratio of the fissioning
2M'!> parent nucleus, but they are produced with low rates. Identified in (he focal plane of the Lohengrin

spectrometer, the isotopes are well separated, but rare compared to other fission product?. Therefore,

facing this experimental challenge, we developed a novel met hod to determine fi~ decay half-lives out

of a few events.

Previous studies of fl -decay of light fission products have already been extended down to *"Zn

[2,.1|. More recently half-lives and P - 7 decay schemes have also been reported for 7 4 Cu J4,5|, 7 V ' u |4,f>],

' ' ' ( 'u and '"Cu [4|. In all these cases, on-line ma?? separator techniques were applied. With the available

ion sources, the study of A'I. isolopes is still difficult since this element can not be efficiently extracted.

However, r'''/V;, the heaviest A'i isotope for which the half-life is known, was indeed separated by this

technique |7]. The heaviest Ni isotopes, '" Ari [8] and 08A'i j'J] for which nia^s excess and spectroscopic

fealures are known, were studied by quasi-elastic transfer reaction.-.

'.'sing time correlations, we remensured the half-life of "'Cu and "'('u to validate our method and

to confirm the only result published for 'r'Cu at that time [ l \ This method was extended to the new-

isotopes of 7 l A't , 7 3A'i, 7 3 I V I , 7iNi, ''''Co, ''lSfV and r '8F' and the results are presented here.

I - Ann lys i s a n d idoiit.iflrntioii of t h e ions

The fragments are produced by thermal fissinn of -V'V or 3:t0Pu induced by the neutrons of the

high flux reactor. They rover wide ranges of mass A (li() to Hi"), of kinetic energy E (50 to 115

MeV) and of charge state q (15 to 25). They are separated by the recoil spectrometer Lohengrin (10)

which combines electrostatic and magnetic deflections in perpendicular planes. Many fragments appear

with similar discrete values of A/q and equal values of E/q, and thus a detector has to provide a

complementary separation. If the energies are measured in an ionization chamber (I.C.), the few charge

states can be separated and the mass lines well identified. I'sing a narrow slit of 4111 in on the target,

an A/q ratio can be selected with a resolution of 800. However, when the fragments of interest are
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produced with extremely low yields (e.c. 10~8 fragments/fission), even this good resolution could not
prevent a potential contamination from the tails of neighboring high yield A/q distributions. The slit
defining the velocity range has a length of 70 mm, which introuu^co „,. ćr.ci6_, „pread of 1%. It is the
main contribution to the energy definition of the I.C. system. This definition is sufficient to separate
the charge states and consequently the A lines. In order to identify the few isobars populating an A
line, the energy loss AE is accurately measured [11] (fig. 1). The resolution achieved for the isotopes
investigated is Z/AZ = 32.

The Z value is determined by extrapolation from the isobars in a well known mass line, like A=82.
Along the line A=72 (E = 90 MeV, q = 19) shown in fig. 1, the group with the smallest AE is attributed
to 7 3Wi and the next one to " C u .

AE!
• • I , ; 1

$ "• -It.Pi•! I
V- fVi,.,

•'•'!'• " i l ! l i i ! ' " i . • : •'

' L

PQ

Cu

90

- Z : ? 8

•oo
E

7 - ': !

no
/ MeV

fig. 1 - Example of AE - E scatter plot (A = 7S).
The. isotopes of A=7S q=19 are indicated. The large
number of contaminants are due either to different
q-values combining with fining mass values (below
the. hatched line] or to ions having suffered charge
chancing collisions m the rest gas between the mag-
netic and electric deflectors (above the hatched line).

We took advantage of the large n-odd even effect on the yields to measure the half-lives of the even
Ni on the 2 3 0[7 target. In a second experiment, a 2 3 9 F u source was used, which provided the isotopes
under study with larger yields and a smaller n-odd even effect.

11 - How to measure the /? decay half-lives?

Only a few relevant fragments per hour reach the detector together with a large number of con-
taminant fission products. Each of those emits 2 to 3 /? particles, which, together with a considerable
background due to the high radiation field close to the beam tubes of the high flux reactor, makes this
measurement somewhat a challenge. Furthermore, the half-lives for the new neutron rich isotopes are
predicted as relatively long ~ 1 s.

P delayed neutron counting, one of the most efficient methods, could not be used since estimated
neutron emission probabilities, Pn, are lower than 0.3% for the Nt isotopes under study. With the
very low count rate expected /?-delayed i ray spectroscopy is excluded, even with a multitude of high-
ffficiency Ge(Li) counters. We applied a method of time correlation between the fragment of interest
and the detection of a subsequent fi particle.

The ions are implanted close to the end of their trajectories into one of 8 decoupled small (10 10
mm), thin (0.5 mm) solid state detectors whore the subsequent fl is also detected. The energy loss of a
minimum ionizing electron amounts to 170 kev in a 0.5 mil) Si detector where the energy resolution is
12 kev. The energy threshold was kept above 40 kev.(see fig.2).

All the signals which are not altiliated with the fragments under study constitute the background.
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They may come from 0 decays of any other fission fragmen! or rare gaj isotopes flowing to the entrance

window of the I.C., or they may be due to X-rays produced in the condenser. The rate of 0 events

due to the decny of the fragment under study is negligible compared to the total 0 rate. Therefore the

background rate b is simply the 0 counting rate, which was measured accurately and checked to stay

constant over each irradiatiation.

C'oiielating the position of the implanted ion with the position of the subsequent electron detected

leads (o a division of the random events.

fig. 2 • Tvpiral energy loss spectrum of 0's in one of
the Si detectors

i\ E -j / K e V

III - A n a l y s i s o f t i m e c o r r e l a t i o n s

1) P r o b a b i l i t y funct ion?

- T h e s p e c t r u m of l i m e interval.1 ' be tween the ar r iva l of a re levant ion and t h e fol lowing 0's d e t ec t ed

wi th in a c r i t ica l t i m e t.. s u m m e d over the de t ec to r s , is a funct ion of A, wi th A = In 2/T"i/a • The

t i m e t i.« chosen a? I to r> t ime? the va lue expec ted lor the half-life 7*1/j. S u p e r i m p o s e d on a c o n s t a n t

b a c k g r o u n d r a l e , t he p'f emit led by the f ragment? a te found al the s h o r t e r t i m e in te rva l s . T h i s s p e c t r u m

is c a l c u l a t e d wi th the express ion :

<iA>, , ( ( ) - A > x p{.\,t)^t

w h e r e A ' p — f i | 7 * is t h e i i m i i h i - r o f s e p a r a t e d f r a g m e n t s s u m m e d o v e r t h e 8 d e t e c t o r s a n d p[X,t) i s

t h e p r o b a b i l i t y d e n s i t y f o r c o u n t i n g a P in o n e of t h e d e t e c t o r s p e r u n i t o f t i m e . T h i s d e n s i t y p m a y b e

w r i t t e n a s

p[X,t) - b *-c\ex' (1)

The spectrum of the first /i detected after each fragment, summed over the detectors, can also be

analysed. If there were no 0-decay, the probability would be given by p(t) = 6 x e x p ( - 6 t ) . Time intervals

between the last 0 occuring before a fragment and the fragment are providing this purely statistical

distribution. For each measurement reported here, this logarithmic time spectrum was evaluated and

shown to be a unique straight line of slope b, ensuring that p counting rates were stable.

The first p detected after a fragment comes either from f'le fragment decay or from background.

Since the two processes are independent, the probability for having no t detected a 0 at time t is the

product of the two probabilities, one for having not. counted a background 0, e~ , and the other for

having no t detected the 0 of the decay, 1 - e( l - c *')
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that is to say:

The probability density of detecting the first 0 at time t is given by the first derivative of this
product;

Pl{X, t) = e(b + A)<- | M " X | ! + (1 - ff)t<r-M (2)

which is normaliied to one, and the probability spectrum of time intervals between the fragments and
the first 0 particle detected is given by AJV1(i(l) = ,/V>pj (A, <) At

The expressions for 20 - chain decays have been derived long ago and expressions 1 and 2 become :

„(A, t) = ł + «Ae-*« + « ^

(2')

They must be used whenever A' is not negligible compared to A.

i o o f [ [ T v ? =090±015s !

8 0 ; ' rv ! . . ' ' !

I H i i: . i i I i
5 0 ! ' ' : u. i. j j ; I ; I , i ; I

! " ' ! " i i " i -• '•• j - - t - i i i i

' i fig. S- 73Ni fitted spectrum of time correla
j | tions for 0's detected in a time tr in order U

20! i illustrate the second method. The decay undei
' ! study, the background, and the filiation are in
i . . . ; I . , , . ! , , , . I , . , . . ! . . . . i dxcated

2 U 6 8 10
A t / S

2) x2 minimisation

Chosing an appropriate time interval St = Ti/a/lO the spectra for time intervals At, ANf-fl = /(A<)
can be reproduced by a x2 minimization in terms of p(A,t) or pi(A,t) (when considering only the first
0) in order to obtain the parameter A. The uncertainty on the value of A is associated to a variation cl
1 on x1 •

3) Maximum likelyhood (MLH)

The leaat square method is simple to apply, but it fails to properly estimate parameters when the
number of events becomes small. In that case, one seeks to maximize the information content of tłu;
data by utilising the occurence time f, of each individual event.
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Suppose that after the arrival of an ion the /? events occur with a probability p{X,t) per unit of
time. For a Poisson distribution, the probability for I events to occur between t = 0 and t — tc is
e-m»n'/|eH! where

rn = Jl,'' p(X,t)dt , is the mean value of the number of events in this time interval. Given a sequence
of t independent events occuring at the times t j , . . t,_i,(,.. , up to t,. the probability of finding this
sequence is the product of the probabilities to find no events between the event times t,_i and t, and
one event between time c< and t, + At,. It is written as

exp ( - / p(t)rft )p(*1)A*1 x e x p f - / p(t)dt)r(h)At2 x . . . x exp ( - / p(t)dt)
\ Ju / \ Jt, I \ Jt, I

and there exists a value of A which makes the total probability maximum. It i« found as the maximum
of a likelyhood function, £, which is defined for each fragment as follows :

where (; is the time sequence of the /?'s detected aftei' a fragment over a time (,-, m is the mean
number of /f's per fragment, and I, the number of ft's detected over this time t,..

For Nr fragments, the Np- likelyhood functions are multiplied ; m becomes the mean value of the
number of /9's expected in the time Np x tr and / the total number of 0's counted within this same
time. Instead of finding the maximum of £, it is equal but simpler to minimize

The standard deviation a is given to a good accuracy by a = l/s/F where F = —4—-5—*-
aX

With p(t) H'ven by equation 1 we obtain

= NF

When the filiation of decay constant A' had to be included in the analysis, the expression 1' was
used for ^(A, () and the corresponding expression for F - more complicated - has been similarly derived.

The time sequences of the first 0 detected after a registered fragment can be analysed in the frame
of M.L.H. using the probability law pi(\,t). The formulae are given in ref. [13|.

IV - Measurements and results

1) Test of the methods

The time correlations depend on A, on e, and on b. Since those three quantities are correlated in
the analysis, we chose to accurately determine the last two quantities in order to constrain the search
to the first unknown parameter A. The isobaric chain A=9C was used to test our methods, since the
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production yield for this mass is one of the largest. At intermediate AE, the Sr(Z = 38), Ti/ 3 = 1 « in
the main component with r??p — 05%.

To determine tlie efficiency a high flux of fragments was chosen and then, in the absence of contam-

inant?, lite fi background ran he neglected. The cumulative yield in the /? chain is well known (1.67),

thus the ratio of counted ,/?'s 'runpared to m ^ s Ofi ions directly provided the /? efficiency in titu.

On the contrary, a small flux of fragments' was used to check the practicability of the correlation

method*. Although the three i.-< !.;irs could nol be well separated, a AE-E window was set on the

S'.altei plot narrow eiiuui'li t " s. | . ! ; .'ho ""Sr lra;;meuts. The counting rate was adjusted by setting

i\ d i . i p h i : j g m a t l i n - i - n l i . i i u e o f (h»- m a g m - t i i . l i e l d o f L o h e u K i i u ' " o r d e r t o o b t a i n a frequency o f R

fragments/limn p e i d « " ' » - i i n r , a v a l u e F i n a l ! e n o u g h - < o n i p a i e d t o t h e d e c a y r o u s t a n t A •-•- 0 . 7 / . « - t o b e

n e g l e c t e d . T h e l i m e • i n -. c l a l i. in ( • • [ i f r i r u m of /V." c o u n t e d w i t h i n a l i m e f,. c o u l d b e a n a l y s e d e i t h e r t o

d i - d i i K ' t i n 1 d e c a y • ' > 11 -• t , u 11 .\, n i t o e x t r a c t b o t h p a r a m e t e r s A a n d i ( s e e f i g . 5 ) s i n c e t h e s t a t i s t i c s w e r e

s u f ł i f i t M i f a n . l t h e ! , K k K I - i u i i d ( i ^ q ' s o n r y b w - i ? Ir-v," e n o u g h , O . K I / s .

1 l i e v a l u e " <!«-•>IMC--- I f " i 7 | , ; , l . f i ' i J " ! ) . 1 5 .i . i n d , i n c a s e o f a 2 p a r a m e t e r a n a l y s i s , f o r T \ j 2 a n d € ,

l . d f i ^ " 0 l ' i * . m d n V i , i'•,-p«-( 11 v n l " , . ^ l i n w t!if i n( h i e v e i n e i M n f t h e m e t h o d , s i n c e t l i e p u b l i s h e d v a l u e i s

l . m v i i i . ( i 4 s I )

2 ) A p j d i i a t i i i n t r . . N i C o a n d ]•'<•_ i = , i i , . p , - - s

I ' ragmeii t k inet ic eneiKies E and ch

r a t e nf słudir-d f r a g m e n t ? and t o keep t h e p

of selected f r a g m e n t s versus c o n t a m i n a n t s if indeed very low ( t a b l e ]).

g k inet ic eneiKies E and c h a r g e s t a l e s <\ wore .-elected in o r d e r t o o p t i m i z e t h e c o u n t i n g

r a t e nf słudir-d f r a g m e n t ? and t o keep t h e b a c k g r o u n d r a t e r o m p a t i b l e wi th t h e half-life. T h e p r o p o r t i o n

Fi ssionni n'j
source

235.,

Isotope

2 3 ' l>u

fj\o

,ce

9 o t o o f a l 1 f r . v j . v r •'_•">
/ hfjr

toco
17cn

540
2200
3000
1620

3803

Rate of the relevant
isotopes / hour

3
1.3

13
17.2
4.6
1 .52
0.38

0.15

Background rate/
detector/5,

(b)

0.192
0.216

0.169
0.213
0.251
0.31

0.42

factor of
"practicabi11 ty"

(cJ/b)

0.77
1.31

0.71
0,57
1.12
3.71
3.20

5.75

Both analysis, i) the x2 niinimisations of lime spectra and ii)the maximum likelyhood (M.L.H.)

analysis nf time distributions up to If) seconds were performed for two sets of data: a) time intervals

between the fragments and the next ;? arrival and b) time intervals between fragments and consecutive

/?'.». The optimum time interval hi for I he first analysis is chosen between 0.1 s and 0.4 e. The four

values obtained for each half-life are clatistimlly compatible, but scattered. No systematic deviation

can be observed, but the M.L.H. procedures lead to less scattered values. The improvement due to the

M.L.H analysis becomes even more obvious for a very small number of correlations.

Rt.itii type of methods a and b can be cop'pared. With the first one the time data is truncated, but.

a notion of sequence (the first) is exploited. With the second one, in principle, all the detected /3!s (eNf

are indeed included in the evaluation, however the sequence of the /?'e occuring after each fragment, is

not accounted for, only the product of independent probabilities is exploited. We have extended the
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time distribution analysis of the first 0 to the second /?, at the price of a more complex calculation in

order to analyse the 2/?-chaiii9 which coud be observed in the (IBFt decay. This will be discussed in (15]

V - Ca lcu la ted nnd lupamirod balf-livos

Systematic comparisons of experimental values with calculated om'o are relevant, in order to test the

validity of nuclear and /3-deray models and to provide a basis fi;r chasing a reliable type of extrapolation.

In fact, more half-life of n-rich nuclei are required for a complete r-process calculation. Local maxima

in the solar A abundancies are related to the existence of waiting-points around A~80, 130 and 195.

In those regions, the n-shell closure provides a limit to the r-process, beyond which the n-capture is

hampered by I.IIP sudden drop in 5,, to values smaller than 2 Mev. They are unambiguous foot-prints

<>f this piocess and the concerned isotopes can more easily be measured, since they are closer to the

stability valley. I'I t-dit t ions <>! half-life and ,V-dei ay scheme of isotopes flooded by the high neutron

flux before the waiting points are also of importance in order to reproduce the relative yields and the

elemental mm posil ion in th'.1 wailing point prak abundances.

The calculation of a half-life requires the knowledge of many features of the decay, the final states

quantum number, the initial and final state nuclear configurations and the /? decay interaction. Since

the final slates and the energy gaps are not known, drastic approximations are jeded for which a few

methods have been developped.

1" - The •'Gross theory", (G.T.) of /?-decay fulfills the sum rules and uses a spreading width of

collective state? ;:s the only free parameter. The model has been improved recently [16]. The values we

use in the following (A on table II) were calculated with the G.T. distribution width parameter of 50

Mev and an intermediate "bottom raising" of the ground-stale Q^-value due to the fact that transitions

to low-lying state? may be forbidden. This evaluation is labeled (lb) in ref [ 16].

2" - The "microscopic approach", developped by Klnpdor [17] is a shell model calculation which

makes use of the Tnmm-Dancoff approximation. It is labelled B in the following. This calculation has

recently been ameliorated by using the Q.R.F.A. [lSj. Only the half-lives of the most n-ricli isotopes

(C) are predicted.

The ratios < f measured half-lives over the calculated ones, [16, 17, 18] are plotted in fig. 4. Measured

values are taken from reference? [4| to |7| and from the present results with their experimental uncer-

tainties. The main discrepancies occur for isotopes before the proton shell closure at Z<28, for which

half-lives are consistently overestimated by almost one order of magnitude. K.L.Kratz attributed the

origin of such a failure |19| to the sensitivity of predictions to th° changes in deformations (quadrupole

moment) of the decaying isotopes. Predictions of half-lives of n-rich nickel are in very good agreement

with each other and will, the measured values, but they decrease slightly too fast with the excess of

neutrons. In the case of copper isotopes there is a clear difference between both predictions : Gross

theory predictions are scattered and too large by a factor of about 2, while microscopic calculations

reproduce the variation of half-lives in terms of the neutron excess, but they are too small by the same

factor. This trend may also reflect a defect in the assumptions made when crossing the Z—28 shell

closure.
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A s i m i l a r o v e r - e s t i m a t i o n o f h . i l f - l i v c s c a l c u l a t e d w i t l i t h e s a m e m o d e l s w a s f o u n d b y J . A y a t o j 2 0 ]
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Conclusion

I h e p r e s e n t m e t h o d c o u l d b e a p p l i e d t o o t h e r s o u r c e s of e x o t i c i s .- i topna [t i« a p p r o p r i a t e f o r hal f-
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n o t m e a s u r a b l e a n d w h e n c o n t a m i n a n t i o n s a r e n o t r e j e c t e d w e l l e n o u g h b y e l e c t r o s t a t i c o r m a g n e t i c

fillers. A fir.«t H e p h a s thu.« b e e n a c h i e v e d t o w a r d s t h e d o u b l y n i a n i e i ° ; . | . . p e nf 7 f l , Y i w h i c h ii> o n e of i h e

m o s t f a s c i n a t i n g o b j e c t s s t i l l t o b e r e a c h e d f a r f r o m s t a b i l i t y . T h e k n o w l e d g e of h a l f - l i v e * in t h i s r e g i o n

p r o v i d e a . s i g n i f i c a n t t e s t o f u n c l e a r m o d e l s a l o n g (Jie l i n e of p r o t o n sh.-ll c l o s u r e (7, Ł>8) f a r a p a r t f r o m

(•labi l i ty a n d .if fl d e c a y t h e o r y . F u i l h e r , t h e i r v a l u e ? e n t e r .1? i n ^ r e d i - n t s i n t o t h e i -p i , , (es-= ,-,,|< n l a t i m i p

a i m e d .it r e p r o d u c i n g t h e r e l a t i v e m a s s a b u n d a n c e s o f n u c l e i b ' - y o n d i i o j i .is t l i e v a ; e f o u n d i n t h e »<i|.ir

U I - . F K R K N C K S

j l ; P . A i i i i b i n s t e i , M . I W n a s , . 1 . 1 ' . H o c i n e t , H . B i i , s o t . II H . I M H . I a n d ] ' . R , . u « e l
R i i i o j . h y . - i c ? l , e t t . e r ? 4 7 p 7 ' . ) . i ( 1 9 8 7 )

| 2 ] l v L u n d . K . A l e k l e l t , l ( . l - ' o n i ' l b e i K . A . S a n ^ . n i y n v ; i n i « h ,
1 W . I n t . C o n f . A M f ' ( ) 7 , e . l . O . K I - p p e i . T . l l . D . u i i i s t n d t p i 0 2 ( 1 9 8 4 )

\:i\ H . L . C i l l . H.V. C a - t - 1 1 , P . l ) . W a r n e i , A . l ' i . M i , , w ? k i . I I . M a - h , J . C . H i l l , K . K . W o h n , J . A .
W i n a e r , H . M o n - h l ' h v = . H » v . L e t t . 5 ( i P l 8 7 4 ( 1 9 R < > )

| 4 | r . T . n n . i , i i F k - i i - i n , n . F . . K e i b c i - K .- .ud c . n . i d i . - i m
I' l i t It b i t c i u ,"i 1 i o n :i I t " m i I . - r e n r e o n N u c l e i f a r f r< . i n M a I u I if y . ^ "- - ' i n l . n k e , < ) n t a n o , e d 1 S . T o w n e r

|>. r i7H ( I ' I H 7 )

\r,\ J . A \ V i , , K e i , . l . . h n C. H i l l , F . K . W M I M I , ]•;. K . \ V , I I I . , I I I I . . I I , H . I . . f l i l l , A . I ' i . . t i . . w ? k i a n d D . S .
H i - P i i i i . ? ! - . I ' I I . V F . l i e v . C . ' t O p l 9 7 f ' , ( 1 ! ) 8 9 )

[i . i I M , . R ' - d . T , I ! . A . W a r n e r . I I . M . L i e b s c h , R . I , , f l i l l n n d A . I ' i . ' t n ' w s k i
1 ' h y s . R e v . C : i l p l 0 2 ! ) ( 1 9 8 r > )

7 | 1 ; . l i . - c h . W . O . S c h n i i d t - O t l , I 1 . T i d e n i ; \ n . - 1 - P e t e r . « . . n . K. U n n l e , W . i l i l l e b i a n d t , M . l . e c h l e ,
F . K . T l i i e l e m n i i i i , R . K i i c h n e r , O . K l e p p e r , E. R o e c k l , R . K y t a c z e w s k i , I ) . S c h a n l l , N . K a f f r e l l , M .
H e r n a s , P h . D e ^ ? . i g n e a n d \ V . K n r c e w i r z , P l i y * . f . e t t . K M H p 2 2 ( l ^ l S S ) a n d t e f e r e n c e ?

t h e t e i n
i H ' I ' l l , f >t .-.114 it--. M . l l e r n a ? , Nf. L a i i R e v i i i , C,.(\ M o r r i ? . . n , I . 1 ' a y . l , F . I ' o n ^ h e o n a n d P . I i < n i 5 ? e l

N n . - I P h y ? . A - 1 2 i i p ' M m ( 1 9 8 4 )
; !)( M C i r o d . P h | ) c s = . i ) ! i i e , M . B e r l i n s , M . b . i i i R e v i n , [•'. P o i n ; l i . o i i - m l P . R o n s s e l

I'liy.--. R e v . C 3 7 , p2W0 ( 1 9 8 8 )
l l ' l j 10. M e I I , I I . S r l u - a d e r . ( ; . S i e t ; - i t . M . A P R I I : H - , . 1 . 1 ' . B n r r p i f I , ( ; B a i l l e n l , . 1 . P . C a n t h e r o n , . 1 . f J r e i f ,

O . I . C i a w f . - i d . ( . ' . i ' l i . i i i v i n , I l . K . v ; i l r l , l l . W o l l n i k , P . A n n b n i f U ' r , C L F i u b i n , I I . L a w i n a n d K . S i s t e m i c h ,
Nnrl. ln?tr. and Metli. 123 pG15 (1975)

( I I ! J.V. Hoc,piet. It |tri?F<i(, H.R. Faust Ntirl. f»«lr. arid Metii.A 207 p4fif, (1988)
J12J B.T. flevelaiid Nurl. lnstr. and Melh. 214 p4T,l (1983)
il.ij M. Mernas, P. Annbrii.sler, .). P. Bocfjiiet. R. Brissol, 11. Faust, f"h. Kozhnharov and .1. L. Sidn

Z. fiir Phy? A33C> p 41 (1990)
|l4j G. B.iilleul, . IP. Bocpiel, M Schrader, R. Slippler, P. Pb-ilfer, M. Asgliar, C. C'lianviii. I P

G.iiitheron, J. Creif, C SieRcrt, P. Arnibi nsler, II. Ewald, .1. Blnchot, K. Monnand and F. Schnssler
Z. fiii- Phys A273 p283 (197S)

(IB) M. Herna?, P. ArmbriiFter, P. C'zajkowsiti, H. Fanst and .1. P. Docqnel. to he published

jlfij T. Tarhibana, M. Yainada and K. Nakatn
Ueport of Science? and EiiRineering Research Laboiatory, Was.ida University (1988)
117] H.V. Klapdor, J. MetzinRcr, T. Oda Atomic Dala and Nuclear Data Tables 31 p81 (1984)

[18] A. Staudt, E. Bender, K. Muto and H. V. Klapdor
Atomic Data and Nuclear Data Tables 44 p79 (1990)

[I9j K.L. Kratz, B. Pfeiffer, A. Wohr and P. Mollei, Z. fiir Phys. A, 332 p419 (1989)

[20] J. Ayst.o and P. Taskinen,
Conlvibulioti to the XX Summer School on Nucl. Struct. Studies by means of Nuclear Reactions,

(Sept. 1988) Mikołajki, Poland



-£ ] -

SUPERDEFORMED STRUCTURES IN THE ISOTOPES

OSIRIS -COLLABORATION (KFA Jiilich, IIMI Berlin, Univ. Bonn, Univ. Koln)

ESSA 30-OOLLABORATION (Univ. Bonn, Daresbury Lab., KFA Julich,

Univ. Koln, Univ. Liverpool)

presented by W. Gast. Tnstitul fiir Kcrnpyhsi, KFA Julich

D-5170 Julich, W.-Gerrnany

The intrinsic configuration of specific structures like superdeformed (SO)

bands in rotating nuclei can be investigated by studying their proton or (and)

neutron dependence. For the A a 150 region discrete superdefonned bands are

already known in the HSGd [1], l49Cd [2] and 1MGd [3] isotopes. In our work we

extend these investigations to lighter -sotopes.

A first indication for the existence of discrete superdeformed bands in I45 I46Gd we

obtain from an experiment done at Daresbury using the ESSA 30 spectrometer. By

bombarding a stack of 102Ru targets with a 4RCa beam of 205 MeV we populated Gd

and collected 600 Mio. double— and 80 Mio. triple events. The big number of triples

allowed us to perform an off-line analysis where we make use of the pronounced

j l 50 -

J 1 0 0 -

50 u

50 100 150

1
J_

1 1
i

3/3 ridge 3/^ ridge

j .

Fig. 1:

Schematic correlation matrix of

energy differences of triple events

from the decay of a SD band and

definition of a dimensionless

parameter W characterizing rota-

tional sequences in a 3—fold coinci-

dence space (c.f. ref. 9). Dashed lines

denote unobserved transitions. For

E7, > E 7 2 > E73

(E71-E7J) - (E72-E73)
VV =

(E7.-E72) + (E72-E73)



energy correlations of SD bands Tha t is. if we rearrange in our triple events the

energy parameters m such a way ihai parameter 1 always contains the lowest and

parameter 3 the highest energy, • « can construct a correlation matr ix from energy

differences instead from absolute energies In sudi A matrix superdeformed struc-

tures should be enhanced since in SD ' and t iii'1 eneigy (iifference between neigh-

bouring transit ions is nearly constant and nerico '.!M'\ are accumulated at fixed

Positions (c.f. Fig 1) Transit ions follow-;:;.; \-.\\- ^ ' ) ^iU.'.ri! can easily be projecied

out of this matrix by putt ing 2—dim gates on i.'ie >:uiUriation peaks and soiling the

corresponding energies into an i—dim. spectrum Y\w result of such an analysis for

our data is shown in Fig. 2). Indeed one observes several sequences of transit ions

which show the expected behaviour, three of ilu ::, ,\vi marked by their energies.

However, m <>rde; 10 establish these sequences as Si) bands one ha.-> to prove that the

transitions are fast and in coincidence with each miu-i Unforuinately, the low s ta-

tistics of the iripk-s data did not nliuw to prove th"

ana the 2-fold coincidences were IOO much coiiiaiiii

transit ions, which could not bo .suppressed due i<

detector of the ivSHA 30 seuii>.

ivhiiial coincidence relations

-.: !iy strong low multiplicity

e missing multiplicity filter

••I'

)»
, r ' i

r w.

W ( \U!" 'Co., xii)

wwi

Fig. 2:

Projection of 7—tran-

sitions gated on the

2—dim. correlation

peaks of superde-

formed structures

observed in the

correlation matrix of

energy differences in

triple events.

Therefore we repeated the experiment at the V1CKSI accelerator of the HMI,

Berlin, using the l!0J>d (40Ar ;xn) reaction The T-radiation was measured with the

OSiP.IS spectrometer consisting of 12 Compion-suppressed Ge detectors and an

inner baii 0!' 4'6 bismuth germanate (BGO; sonnilators acting as a 7—ray multipii-
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city and sum-energy filter We carried out two experiments:

(i) To study the coincidence correlations of the fast SD transitions with optimal
energy resolution we bombarded two self-supporting Pd foils of 0.5 mg/cm3

thickness with a 175 MeV Ar beam. We stopped the recoiling nuclei 15 mm
downstream from the target in a *97Au foil of 8 mg/cm^ to detect the prompt
and delayed 7-radiation with the BGO filter but only prompt radiation with
the Ge detectors. In this way we obtained the correct 7-ray multiplicity and
sum-energy information despite the isomers existing in Gd [4] but reduced
the background in the Ge detectors. From the analysis of the 250 Mio. double
and 10 Mio. triple events we could establish at least one discrete band con-

sisting of 13 approximately equally spaced transitions between 826.7 and
1448.3 keV. The resulting sum spectrum which corresponds to sequence I of

Fig. 2) is shown in Fig. 3). From individual coincidence spectra we could
prove that each transition up to that of 1345.7 keV is in coincidence with the
other members of the band The last two transitions have been assigned from
the sum spectrum.

1500

"°Pd(Vxn) 175 MeV

1200 1300 11.00 1500

EY(keV)

Fig. 3:

Gamma-ray spectrum obtained from the il0Pd(40Ar,xn) reaction at 175 MeV beam

energy by summation of spectra gated on ten members of the SD band.

ii) Lifetime information for this band was obtained from an experiment with a

backed target at a beam energy of 180 MeV. The target consisted of a 1.2

mg/cm* thick Pd foil backed by a layer of 18 m/cm2 IB7Au. Using the DSA

method [5] the fractions of full Doppler shift F = v/vo, with an initial recoil



velocity of vo = 0.026c, were extracted from the data up to the 1297.4 keV

transition. The F factor of the 1345.7 keV transition could be determined

from the thin-target experiment. The F factor has been converted to the

effective lifetime utilizing a velocity distribution of the recoiling nuclei which

was calculated by a Monte Carlo method [6]. The effective lifetimes are

increasing smoothly with decreasing transition energy as expected for a SD

band. To determine the average quadrupole moment theoretical F factors

have been calculated [7] assuming a constant quadrupole moment and prompt

side feeding into the seven high-spin members of the band taking into

account the experimental intensity distribution (Fig. 4a). A comparision with

the experimental results (cf. Fig. 4b) yields a quadrupoie moment of

Qo= 12 ± 2 c b . [8].

u, r

i !

Mi

0

T(fs)

25C

Fig. 4:

a) Relative intensities of SD

transitions normalized to the

ground-state transition of

"«Gd.

b) Experimental fractions of full

Doppler shift for the SD

transitions. Calculated values

are given as solid lines for

various quadrupole moments.

EYiMeV)
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to detect SD collective correiatinii.^ iv. nuclei However, •vith regard to the quality of

the spectra presented here, which ;s no: umypical for many experiments of this type

using state of the art spectrometers, we have also shown, that we are approaching

tin1 limits of our present day te<-jmology. We have to sharpen our spectroscopic tools

to tie able to explore this new exciting field of nuclear spectroscopy in secondary

minima Actually this is one of the ideas leading to the establishment of the

KURO HALL collaboration.
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Sum-spectra of cuts on SD structures observed in the 1IOPd(4OAr,xn) reaction at 190

MeV beam energy together with some representative spectra gated on individual

transitions.
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STRUCTURE OF ODD-ODD Sb AND In NUCLEI
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ABSTRACT

The lovei structure of 1 1 S' 116Sb and 11"' 1 1 2' 1 1 oIn,
1O6T.n nuclei was studied with complex y- and e -spectros-

copic methods via (p,ny) and in some cases (a,ny) reactions at

different bombarding particle energies between 5 and 17 MeV.

Large amount of spectroscopic information has been obtained

and significantly extended level schemes have been deduced.

The energy spectra and electromagnetic properties of
1l6Sb, 1 1 6' 111" 1 1 2' 1 1 ° ' 1 0 e' 1o6In nuclei were calculated

in the framework of the interacting boson-fermion-fermion /

odd-odd trancated guadrupole phonon model (IBFFM/OTQM). Numer-

ous p-n multiplet members have been identified. The main

systematic trends and observed nuclear structure anomalies

have been reasonably described by the theory.

1. .EXPERIMENTAL TECHNIQUES

Enriched stable isotopes of Ag, Cd, In, and Sn were

bombarded with p and a beams of small size isochronous cyclo-

trons. Y~ray spectra (E , I ), YY coincidences, internal con-

version electron spectra, y~raY angular distributions,lifetimes

of excited levels, and relative reaction cross sections

[o (E )] were measured at different bombarding particle

energies. Ge(HP), Ge(LEPS), and Si(Li) detectors, supercon-

ducting and conventional magnetic lens, as well as miniorange

electron spectrometers were used in the experiments. Level

schemes, energies (ETT_T), spins, parities, Y~branching ratios,

and y-mixing ratios have been deduced. The spins have been

determined on the basis of tlauser-Feshbach analysis, internal

conversion coefficients of transitions, and y~ray angular

distribution data.



2. EXPERIMENTAL AND THEORETICAL RESULTS: Sb NUCLEI

The level scheme of 1 1 6Sb is compared with the results

of parabolic rule calculation:-; in fig. 1. The experimental

data in column (d) are yiven on the basis uf our (p,ny) and

(a,ny) reaction results : 1 , 2 ] , with the exception of configu-

rations. The latter;; aro based on the ("Mie/d) proton transfer

reaction study of Kamernuins et al. •!."*"!; only components having

large spectroscopic factors are shown.

The parabolic rule i. 4 j predicts the energy splitting of

proton-neutron run I. L i :.• let t: as a t'unc t J on of" J(J+l''f where J is

the spin of the state. Usinq <...---- 5.4 HeV <.jnadrupole and

a,~ 15/A = 0.13 y,cV s p m - v .i bra t ir.nal int-. faction strengths, as

well as occupation probabilities ;v 2' of ruibshells taken from

the systcmatj.es of experimental data, the energy splitting of

more than six p-n multiplots could be described reasonably

well. At each multiplet we used one overall normalization term,

which pushed up (or down) all members of the given multiplet

with the same energy.

1-1/ I t - ̂ '•-';i:y;-̂  ̂  etc

i/Isril/2 C!r-.06O

Fig. 1. p-n multiplet states in 1 1 6 S b . (a) Experimental level

energies and configurations of the low-lying states of 1 1 5 S b

and
5Sn nuclei, (b) and (c) Results of the parabolic rule

calculation, (d) Experimental results on 1 1 6Sb.* indicates the

members of high-spin level scheme based on the 8 isomeric state.
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Between the neighbouring J and J+l members of the same

p-n multlplet one can expect Ml transitions. The majority of

them have been observed experimentally.

As seen in fig. 1 many members of the TTCL , „vs . ?,

n ? 5 / 2 v ? 3 / 2 ' T r c ! 5 / 2 ^ 7 / 2 ' ? ? 7 / 2 v 5 l / 2 ' ^ S / 2 vd~5/2 ' 7 r 5 l / 2 v S l / 2 '
Tidr,2\)h . . , iig vn , ; multiplets could be identified. In

the 3 > and 3r states the 7ig_.„vs, ,_ and ltd,- , „vd, , ? componentb

are strongly mixed.

In order to get a deeper insight into the structure of the

low-lying states of 116Sb we have calculated the energies and

electromagnetic properties of the states on the basis of

truncated quadrupole phonon model for odd-odd nuclei [5]. Thit>

model j.s equivalent with the interactig boson-fermion-fermion

model on phenomenological level.

The Hamiltonian of the model is

HOTQM = "TQM + 4 / +.4,IIPVI + HE£F '

where H _ is the SU(6) quadrupole phonon Hamiltonian of the

even-even core, H denotes the Hamiltonian of the odd proton

and odd neutron in a spherical potential, and H is the

Hamiltonian of the particle-vibration interaction. It contains

three terms, the monopole, dynamical and exchange interaction;;.

Ĥ IJ is the Hamiltonian of the effective p-n interaction. We

have considered only central delta force and spin-spin inter-

action of the form

HE?F = 4wó^p-?n) [VD + W ' n l + V a a ( W "
The OTQM Hamiltonian was diagonalized in the proton-

quasineutron weak coupling basis |(JDJ )I, NR;J>, where I is

the resulting angular momentum of j and j states, R is the

angular momentum of the N-phonon state, and J is the total

angular momentum.

The computer code IBFFM/OTQM used in the calculations

was written by Brant, Paar and Vretenar [6],

Details of calculation are described in ref. [2].

The experimental and theoretical level schemes of the

low-lying positive parity states of 116Sb are shown in fig. 2.
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Fig. 2. IBFFM/OTUM theoretical level spectrum of 116Sb in

comparison with experimental data. The solid lines connect

the members of the given muitiplet. Set 1 and Set 2 refer to

different parametrizations.

The IBFFM/OTQM calculations preserved the approximate

classification of the parabolic rule. For example the 2, and

3, states are dominated by components with irdj-.-Vs,,, confi-

guration, the 1?, 2' , 32, 4 ?, 5,, 6, states by components

with Trd j- . < configuration etc.

The magnetic dipole moments are known for the 3, ground
+ ++i\i (3,)|= 2.715(9)p and+and 1, excited states:

U (1..)= + 2.47(9)uM [7]. The corresponding theoretical

values (for set 1 calculations) are p (3,)= + 2.79 \i and

p (l|) = + 2.30 u , they agree with the experimental ones

within 7 %.

The ^-branching ratios and y-mixing ratios have also been

calculated, they show also reasonable agreement with the

corresponding experimental values [2].

From (p,ny) and (ot,ny) reactions we have obtained prelimi-

nary level schemes for 1 1 8Sb, too [8j.
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3. EXPERIMENTAL AND THEORETICAL RESULTS: In NUCLEI

The results obtained on odd-odd In nuclei have been

published in the following papers: In [9], łIn [10],
1 1 aIn [11], 1 1 0In [12, 13], 1 0 aIn [14], and 1 o 6In [15].

The energy splitting of two p-n multiplets of the odd-odd

In nuclei is shown in fig. 3.

'En.if

. I I | 1 « . S 4 T ~ , I 1 U t ~ 5 * T i l W J * 5 I 7 , 1 1 1 J 1 1 4 T i l

Fig. 3. The energy splitting of the irĝ  y 2

v?7 /? an& ifgq;?vd,. ,,

multiplets in the odd-odd In nuclei, as a function of J(J+1),

where J is the spin of the state.

It is interesting that the shape of energy-splitting of

the rrg-.2vg7/2 multiplet changes from an open-down parabola

i n m e , H O I n 2 I n / through a W-like pattern in 1 0 8In, to a

(distorted) open-up parabola in 1 0 6In. The IBFFM/OTQM cal-

culations could give a resonable description of this change.

The inversion is caused by the fact, that the g 7 / 2 quasineutron

is hole-like in 1 1 6In and particle-like in 1 o 6In. The W-like

distorsion of the parabola is caused by the exchange inter-

action. The dynamical interaction is strong near V 2= O or 1,

and weak near V*= 0.5; while the exchange interaction plays an

important role only around Fermi level (V>1

a= 0.5). The increased

strength of exchange interaction points out the increased role

of Paul! principle in 1 1 0 ' 1 0 8In.



The experimental magnetic

dipole and electric qvadrupoie

moments are compared in fig. 4. 3

The sign of the moments was

properly reproduced in all

Cases, The w and n
exp IBFFM

values agree within a few %.

The IBFFM calculations show

that the contribution of the

collective o3ectromagnetic

ope ra tor i s reinti v e1y

small to the magnetic dipole

moments, and is significant
to the Q values.

o
'>«' "Xs

Fig. 4. F.xper i mental [7] and IBFFM/OTQM electromagnetic moments

'Kin,, m l n M « ' I B M '"In,,

of odd-odd 1 1 G — 1 0 6 In nuclei.
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ARE THERJE /?- and 7-BANDS IN TRANSITIONAL NUCLEI?
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Abstract: A comparison of the 0(6)-limit of the IBM and of the triaxial rotor model
with /5-vibration has been carried out for the nucleus 129Xe. The comparison has been
extended to include the Rotation Vibration model. In conclusion it was found that the
Oj" and "l\ states in transitional nuclei can not be interpreted as /3- and 7-band heads
respectively.

The Interacting Boson Model (IBM) [l] provides an algebraic description of collective
nuclear motion. It is the object of this talk to examine some properties of the 0(6)
dynamic symmetry as applied to the mass region around A=130 and to carry out
a comparison with collective geometric models, in particular with the Triaxial Rotor
Model (TRM) [2,3]. We will address the question whether it is appropriate to talk
about quasi-/3- and quasi^y-bands in this region.
It has been observed in ref. [4] that the 0(6)-limit of IBM is able to describe important
experimental features of Xe, Ba and Ce nuclei around A=130.
The 0(6) dynamic symmetry is based on the group chain

U(6) D 0(6) D 0(5) D 0(3)
N <r r L {L)

The quantum numbers written under each group label the irreps. N is the total boson
numoer; a and r label the irrep. of U(6) and 0(5) respectively. L is the total angular
momentum. Only s- and d-bosons are considered.
The energy eigenvalues can be expressed as a sum of Casimir operators leading to

E = -A{V - <r)(N + <r + 4) + hr(r T 3) + CL(T, + 1) (2)
4 6

The E2 transition operator has the form

T(E2) = q{(JS + ,<d) + x W > } (3)

Following P. van Isacker [5] we relax the condition x = 0 imposed in ref. [l]. If x = 0
only transitions with Ar=± l , ACT=O are allowed. The second term of (3) generates
transitions which follow the selection rule Ar=0,±2. These transitions are generally
weaker ("0(6) forbidden transitions").



A comparison of excitation energies in 128Xe with those calculated from (2) is shown
in fig. 1 [6]. States belonging to the 0(6) irreps. <r=N and <r=N-2 can be recognized.
Experimental and theoretical B(E2) ratios are given in table 1. A more extensive
comparison can be found in ref. [6J. At large boson number the B(E2) ratios inside the
(r=N irrep. are identical to those of the 7-soft rotor of L. Wilets and M. Jean [7,8,9].
The connexion to geometric models can be investigated by introducing an intrinsic
boson [10].

6»(/?,7) = (1 + /32)-1[/3cos74 + 4 = 0 sin y(Ą + d'_7) + s*] (4)
v2

and an intrinsic state (boson condensate)

|c ;/3 7 >=(N!)- 1 / 2 (^) N | 0> (5)

where /3 and 7 are the deformation parameters. An energy surface can be defined

EN(j3n)=<c;3J\K\c;(31> (6)

where H is the IBM Hamiltonian.
If an 0(6) type Hamiltonian is chosen, E N ( 0 , 7 ) is independent of 7, hence the similarity
to the 7-soft rotor becomes obvious; in this case 0=1.
However, if the average in (6) is taken in an angular momentum projected state [11],
e.g. in the ground state, EN has a rather shallow minimum at 30°. If a "slice" with
7=30° is cut out of the wave function the analogue of a rigid triaxial rotor is created
[12]. At small boson number, e.g. N<10, this object has a good overlap with the correct
0(6) eigenstate. On the contrary, for large N>20, the overlap decreases. The energy
spectrum at large N becotnes identical to that of the Davydov-Filippov rigid triaxial
rotor. Therefore we can consider the latter as being similar to the classical limit of an
0(6) nucleus in which a value 7=30° has been cut out of the interval 0° < 7 <60°.
Therefore we can expect an analogy between 0(6) and triaxial rotor with 7=30° but
certainly no identity [13].
While the rigid triaxial rotor has no excited 0T state, a version including 0 vibrations
has been developed by Davydov and Chaban [3]. We tried to fit the levels in 126Xe
by this model. As one can see from table 1, some branching ratios which are correctly
obtained from 0(6)-IBM are in disagreement with the TRM calculation. In particular,
the Oj" state of the TRM should decay to the ground state 2jJ". In reality the former
decays to the 2^ state and the IBM correctly reproduces this feature. Therefore the 0,"
state is not the quasi-/3-band head.
In the IBM this state belongs to the lowest 0(6) irrep. with er=N, and it is characterized
by r=3, v^ — 1, where the latter counts the number of boson triplets coupled to L=0.
This state can be obtained by angular momentum projection from the intrinsic state
(5); as a matter of fact all states with N=<r can be obtained in this wav. From the
viewpoint of the IBM, the 0," state in transitional nuclei is not an intrinsic excitation,
but a collective one (see A. Leviatan [14]).
The /3- and 7-intrinsic excitations can be described by introducing nonspherical bosons
[14]. In particular in the 0(6) case one can use
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If the 0(6)-paired bosons ar? introducer! through

2['
It c;m be shown [14] that an intrinsic s tate containing /^-bosons has the form

|Nn,i > - iVNr,f)(5 + ) n " (6 c ) N ~ 2 n ' ) | 0 > (9)

where N-nnft is a normalization factor and

N - <T
ng = ——~ (10)

In the large N limit is 5 + % b\b^ and

|Nn,3 >= ArNnfl(^)N"nf<(^)n''|0 > (11)

i.e. rig condensate bosons have been replaced by /3-bosons.
According to (11) one can expect the <r=N-2, r=0, Oj state to have the properties of the
/?-band head. The O3" state has been observed in 126Xe but only in a transfer reaction
and its decay properties are unknown. On the contrary there is no intrinsic 7-excitation
in the 0(6) limit [14]. In this case the nonspherical 7-boson represents a spurious
excitation. The absence of a 7-vibration is a consequence of the 7-independence of
the potential. This means that we must consider the band based on 2^ as a collective
and not an intrinsic excitation. It would be correct to call it an 0(5) rotation. This
excitation appears as soon as the axial symmetry is removed.
A comparison was carried out with a model whose potential included harmonic vibra-
tional terms in the f3 and 7 variables, viz. the Rotation Vibration Model (RVM) [15]
of A. Fassler and W. Greiner. The model Hamiltonian is diagonalized on a basis with
quantum numbers K, up and n2, the latter is related to 7-vibrations [15]. A fit of energy
levels is shown in fig. 2. The quality of the fit is comparable to that of the IBM. One can
notice that also in this model it is the O3 state which has one /3-phonon. One can also
compare the quantum numbers of the two models. We noticed that the values of v& on
one hand and n$ on the other hand are the same. There is a qualitative explanation
to this coincidence. As a consequence of the 0(5) symmetry, the 7 dependence of the
wave function of L = 0 states is given by a Legendre polynomial P^(cos 37) [12,16].
Therefore u& actually counts the number of nodes in the 0° < 7 <60° interval. Since n2
plays the role of a radial quantum number in the RVM, it also determines the number
of nodes.
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would like to thank the Physics Department of JAERI for support.
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Table 1: "B(E2)"-ratios in i:cXe. The experimental ratios based on the intensities divided by E',
so that these ratios aie B( E2)-r.itios in the strict sense only if either no Ml-parts are involved or ate
taken into account (marked with il]). Any undetected Ml-portion will lower the experimental ratios
(exception: 4^). ^: B(E2)-ratios of the ARM within the band build on the one /3-phonon excited
0+-state, assuming that this band corresponds to the experimental nK=0"-band. B(E2)'s of 0(6),, are
calculated with x = -0.5 in (3).

lev

879

1317

1488

1903

1313

1678

2042.

1903.

el

.9

7

4

5

9

5

1

1

spin

-2

4T

o+

n

4 +

transition

491.3— 2+

J 879.9— 0+
| 375.7-4f

437.8— 2 X

929.0— 2+

: 546.4—4+

608.5- 2 +

1099.8— 2+

268.5— 6J"

415.1—4 +

585.8— 3 +

961.6—4 +

434.0— 2+

925.3— 2 +

360.8— 3J"

364.2— 0+

736.4—4+

798.8— 2+

1290.0— 2+

1678.2—0+

363.4— 2+

1100.2—4 +

1653.5—2+

414.8— 4+ 1

585.3—3 +

961.2— 4+

1023.2- 2J"

exp.

100

1.5 ±0.4

34-34
100

2.017;?
76 ±22

100

0.4 ± 0.1

75 ±23

76 ±21

100
2.9 ±0.8

100

7.7 ±2.2

67 ±25

100
2.0 ±0.8

2.2 ± 1.0

0.14 ±0.06

0.13 ±0.04

100

7.9 ±3.4

0.9 ±0.4

100

43 ±13

4.5 ± 1.4
2.8 ±0.9

u)

«)

•* )

"1

• » )

<i)

a)

a)

«)

a)

<•)

a)

a)

i)

j

Oi-

3(E2)"-i

i"W
100

0

40

100
0

91
100

0

45

45
100
0

100

0
125
100
0

0
0

0

100

0

0

100

115
0
0

atios

°(6)*
100
1.5
40

100

2.0

91
100

2.0
45
45
100
2.0

100

2.0
125
100
1.1

3.5
0

0

100

0
0

100
115
0.4
2.5

ARM
100
1.9
39

100

2.1
70
100

5.9

58

105
100
0.02

100 »•

567 b>

5.5 6>

100 *>

20 *>

5.6 6»

6.9 6>

4.4 6'

100 b)

3.4"

3.4 6>

100
150
12
75

RVM
100
8.6

31

100
8.3

52
100

0.03

31

63
100
2.8

100
0.3
69
100
0.4
11

0.04

0

100

0.08

0.02

100
159
24
4.3
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A b s t r a c t . G a m m a ixy s p e c t r a , f rom t h e 11 ' Snf " f i O . 4 n ) l J 1 C o r e a c t i o n h a v e h e e n i t a d i e d

w i t h t l i r N O R D B A L L a r r a y u l 1L C o m p t n n - i n p p r f i s n ! G r I f t e c t o r s . S t a t e s u p t o / =

5 1 / 2 ' I , £/ 23 8 Xi cV a r e p o p u l a t e d . K v i W r n o r 13 p r r s r n tr-i tor b a n d s ' " n i t o n t h r e e - t n d

p o s s i b l y five- qua.s iy>art i t : ]e : N I I f i g u r a t i o n s r e s u l t i n g f r o m t h ^ l i i ^ - n m e n L • >! h 1 l / 3 n e n t r o n s .

Nuclei in the .4 ~ 130 region exhibit a variety of coexisting shapes at relatively low
excitation energy and apin values. In particular strongly collective bands ( SD bands)
with Q = 6 — 10 eb and ,Ą — 0.4 have recently been observed throughout the region
[GOD, WAD87]. In spite of the relatively sr.rong population of these bands r.here is
as yet no lirmly established link to the underlying less strongly deformed states. This
suggests an effective fragmentation of the strength in the decay mode of the SD bands.
A detailed knowledge of the "normal" band structures is needed to locate this strength.

One candidate for such an analysis is 1 3 1 Ce. where a strongly populated SD band of
14 transitions has been observed in the ^ 6 S,5n) reaction [LUO87]. The band is also
strongly fed in the ( l s O,4n) reaction [NYB], even though the feeding occurs at lower
spins. The quadrupole moment of this band has been determined to be QQ — 6.0 eb
[HE90]. The band seems to depopulate mostly to the states with / = (19/2 - 21/2) h~
and / = (15/2 — 17/2) h~, fa -* 0.2, but no transitions linking this band with less
deformed states have been found.

Low lying states of both the positive and negative parity bands have earlier been
established in 1 3 1 Ce up to / = 27/2 ft and 23/2 h respectively [GIZ77]. An extension
of some of these bands to higher spins can be found in refs. [NOL82, NOL83].

The present work reports on the study of the n 7 S n ( I 8 O , 4 n ) 1 3 I C e reaction done at
the Tandem Accelerator Laboratory of the Niels Bohr Institute. A stack of three thin
(~ 0.4 mgjcrn2 ) self supporting 1 1 7 Sn foils was bombarded with 85 MeV 1 8 O beam.
The NORDBALL array of 15 Compton suppressed Ge spectrometers with a 7-ray mul-
tiplicity filter of 10 BaFj detectors was used [SLE89]. Coincidence events with at least
two Ge and one BaF 2 detector firing were recorded in a list mode. About 10* events
were collected. The quality of the data is illustrated in fig. 1 with examples of the gated
7-ray spectra, corrected for efficiency and for the Doppler shifts.

Fig. 2 presents the level scheme based on the coincidence relationships and on the
earlier parity and apin assignments [GIZ79] of the lowest states. The levels axe arranged
into five bands of positive (II, III, IV) and negative (I, V) parity. There is evidence for
linking transitions between systems of positive and negative parity; the linking chains
are, however, incomplete. Likewise, there is a relatively strong cascade of transitions
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depopulating the lowest states of bands III, which by-pass the known levels and whose
energies do not add up to the excitation energies of the levels in question. Transitions
linking band V to band I do not support all the strength of band V, either. The
incomplete depopulation paths are marked with dashed "hanging" arrows in fig. 2

In order to interpret the observed bands in terms of quasiparticle configurations the
experimental alignments and routhians were calculated for bands I, II, III, IV, V. This
was done using the method given by Bengtsson and Frauendorf [BEN79]. Harris parame-
ters Jo = 13.4 h1 MeV~l and JL = 39.1 h*MeV~3 were used. The K-value was assumed
to be 7/2 for bands II, III, IV, V and 3/2 for band I. The results of calculations are
shown in fig. 3, together with the proposed assignments of quasi-particle configurations.

In the negative parity part of decay scheme, the lowest, yrast cascade is typical
for vh-nfi orbital with large triaxiality (7 — —20" ) causing large signature splitting.
Similar bands have been observed throughout the region [ARYS4, MA87, NYA89]. At
the frequency within the interval 0.37-0.41 a band crossing is observed and is interpreted
as due to alignment of the pair of hu/2 protons. The influence of the aligned protons on
the shape of the nucleus is different than that of the neutron. The neutron, which lies in
the lower part of hn /3 shell, drives the nucleus to negative gamma values (triaxiality),
whereas protons, lying in the upper part of the shell, change the shape of the nucleus
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IV

Fig.2 Level scheme of I 3 1 Ce. Super-deformed
band of 14 transitions is not shown on the pic-
ture. The widths of the arrows are proportional
to transition intensities.

to the prolate one. The lack of signature splitting in the f/in/a ® ( T ^ H / J ) 3 band is
consistent with the prolate shape.

The ground state band is extended to higher spins above the point corresponding
to decoupling of protons. This band continuation shows rapid increase of alignment
and is interpreted as the beginning of the band built on ( fhu/3) 3 configuration. Two
additional aligned /in/2 neutrons would drive the nucleus to more negative gamma
values, so the nucleus would have collective oblate shape (7 — —60°)

For N — 73 and /32 deformation around 0.2 the lowest positive parity band is prob-
ably built on one decoupled #7/3 neutron. This band is crossed by two 3-quaaiparticle
bands at nearly the same frequency (0.31 MeV). One of these bands is built on the
vQifi. ® ( T ' l u / 2 ) 3 configuration, the other one, probably, on vh^^ ® ^^wfi ® ""(7T/3-
If one chooses the assignment shown in fig 3b, then the increase of alignment in high
spin/frequency part of Ł'/iu/2®

7r/ln/2®7rffT/2 band may be due to decoupling of the sec-
ond pair of nucleone, namely /in/2 neutrons. This would thus indicate the appearence
of 5-quasiparticle configuration. The lack of the crossing of the second 3-qp band with
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alignment of neutrons and protons is already blocked in this band.
Conclusion: We have expanded i lCe decay scheme up to relatively high spine and

excitation energies. Besides the previously reported bands built on I'/in/a, ^57/3 and
^^11/2 ® ( ^ u / s ) 2 configurations, we have observed two bands with presumably 3-qp
character: i/gj/i'Siinhu/z)2 and vh.11/i®Trhllf2®irg7fJ. We also propose the assignment
for two others bands oserved as being due to alignment of the pair of the /in/2 neutrons,
that is one built on 3-qp (i^h11f2)

3 configuration and one on 5-qp VQr/i ® {'f^ii/i)2 ®
( i / / i n / 3 ) 3 configuration.

Acknowledgment: The authors are indebted to Witek Nazarewicz for inspiring
discussions.
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A 1 3 S T I ? . A . C T : I *:•.••><. --i• »is <•' i l v •••rp!i< a b i l i t y o f fi e l e c t r o n s p e c t r o s c o p y t o t h e
s t u d y '••( ' l i e I i n . ! ' e w h i t i> in '! h e a v y ]• c i "lhr;\< ;m a t i n t . e r n i f d i a . L f b o j n b a r d i n g e n e r g i e s i s
p r e s e n t •• 1. T h e ' ! " p e n ' ! e i | . ; e , ,j ( ] , . | | •, , . ] , , | r , , r l . , | , e , - | i a o n n u c l e a r c o n t a c t L ime i s a n a l y s e d
f o r X e ( - S n . X e + P l . i a m i l.'-f-l! p ' , r H ' ' . i " i r ; -if 2 0 Xh-Y/u ati<l 4 0 M e V / u b e a m e n e r g i e s .

1. INTRODUCTION

T h e a n a l y s i s <>f • 1 >• 1f.:t. e|e.-in>ii ;•; • • •.• I r̂ -i niTers a c a p a b i l i t y to test, v a r i o u s m o d e l s of
time- f\ • 'I'll ion <.f d ' c | > .'m-K.stic ur.ń ir.uisl 'er r e a c t i o n s [He 70].

D e l t a ei'-ct i-i.n;. a i e emil-'.-d d u e t o a r a p i d l y c h a n g i n g C o u l o m b potent ia l during
t h e t i m e ivln'ii t h e nuclei furm a qua:,i m o l e c u l e . F o r Rutherford trajectories, the energy
s p e c t r u m of d e l t a e l e c t r o n s is ;\ 111 • i iutuii ical ly d e c r e a s i n g function of electron energy.
If a s i m p l e U M - I C I nf H.I . r e a c t i o n is asMinii.-d. w h e r e t h e nuclei stick t o g e t h e r for a
t i m e T d u r i n g which i ts r e l a t i v ili'-t an-'p is c o n s t a n t , in t h e d e l t a e lectron spectrum
p r o n o u n c e d o s c i l l a t i o n s a r e e x p e c t e d T h e p e r i o d of t h e s e osci l lat ions is rela.ted t o the
n u c l e a r s t i c k i n g Lim-- AK. = h / T

In a m o r e real is f ic m o d e l , a n u m b e r of effects have to be considered which wash
o u t t h e uRcil latory p a l t e m . In a d . e p ine las t ic ( D I G ) r e a c t i o n the finite resolution
of t h e m e a s u r e d e n e r g y loss c o r r e s p o n d s to a c e r t a i n interval of nuclear contact t imes.
S t a t i s t i c a l f l u c t u a t i o n s c a n a l so play a eignificniit role in wiping out the osci l lat ions. Even
for a single impact parametei, our is dealing with a distribution of different trajectories
and interaction times [FV90]. This distribution smears out the oscillatory structure. The
effect of nuclear contact, nevertheless, is still considerable and is observable as a change
in the shape of delta electron spectra, especially at high electron energies.

Applying the fitting procedure to the measured delta electron spectra.a mean col-
lision trajectory can hie obtained and in consequence the information about the mean
interaction time and the width of the. time distribution. The procedure for obtaining
internuclear distance R(t) is modo] independent within the limits of its applicability
[Kr88].

The idea to use 5 electrons as an atomic clock for the time scale of deep inelastic
reactions has been verified experimentally at low ion energies (<10 MeV/u). The ix-
perimentali.sts centered their inter,.-, t ,,n super heavy systems, in which apart from ..he
delto electron emission the proi?uc! !<;:! of positrons is particularly interesting from the
point of view of quantum elect ron'yiv;,iics.

The purpose of the pri.-.ei,! iei!e ia to analyse the applicability of ^-electrons as
a probe for nuclear rem I ion dynamics at- ini.on.'iodiate energies and for medium heavy
and heavy systems



2. RESULTS OF MODEL CALCULATIONS.

T h - - f i i r r ^ v d i !'!''• KTii i'il <•!>•<•( m u e m i s s i o n p r u h a b i l i u d i ' / d E c a l c u l a t e d in U i e f r a m e -
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a p p l i c a b i l i t y of .•,]•;.(•„•: 1) iv, } ..-••;:-jit e d i n t h e A P I ' l i N I M X i

T h e l i i ' i d f ! i)i,-i.t v.r- ; ;dopt .c-d ( l i n i o d e p e n d e n t p ' . - r t u r b / H i o n t h e o r y ) i s n o t c a p a b l e
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f o r v ; n ! . ' ; : . i. ;••:; ••' : - ; '!• - o i , i ,,! •-,.,-. n , , : ' e ! e . - t !•••,.!•!! i i i u s \ s t o t e s t t o w h a t e x t e n t
t h e p r . i p t :-,•. • i i , i - 1 ' : - :• :-. :;> :.• .! i v : - i - . . n u ć ! " . 1 , i :• i < k i i i ; ; 1 1 , • , ; ; • . W e p r e s e n t t h e r e s u l t s o f o u r
c n l . - u i . T i i . • i i •- i ' - v M . .''..• • ) • : • > , - : , X ; •; i ' i : ;-:, ; ' " •[• I , " : , y . - . t . - ; n f i .

I •. • 1 s i - i • i _... i i . . . 1 i ; • \f. . . T . , l i i a 1 i i , - e i j ; . F i i i i ' : u i i . 1 1 p i i i i j • | e a ( w ) i s e s s e n t i a l y t h e F o u r i e r
t i - a n c . f s i r m - i ' !.!:> . . i : ! > ' i i y i d ! i / d ( . ! / H . I 1 o r ' h e ( - . • l i c i i l . v t . i o n s o f t h e n u c l e a r t r a j e c t o r i e s
w e c l i o c s ' 1 a r . - . i l : 1 - - ! ! : - i , , . . ' ! • : o f H . l c o ] l : r . i , i [ i : . [ i J e V j i j ' i n . ? l i u c i e a r m o t i o n i s c a l c u l a t e d
f r o m m ; < c i T ' . \ . - o | , i . - . . ; : ; i it ..", u ' i n ; r , p - ' i r R m e i i T - f r e e l i r e ; ,•-, - i p t i o n s f o r t h e c o n s e r v a t i v e a n d

f n < ; t i " t i fo[•-.•'•!'. ! ! ' i M v i ' . - i n ! 1 (••!"'•'-!) a r c t ' . ' n v e d f r« . ' ! ' i l i q u i d d r o p p o t e n t i a l e n e r g i e s
( C o i i i o m t i -• b i n f:i.-' '•• • n n . ' : ) ."..i:d p i ' o x h i i i i y p - .•!.(•!'.! i d ! •--•' . M i l o c k i [ B 1 7 7 ] . F o r t h e f r i c t i o n ,
tlip p i o x i j i i i r y '' <:•• i n d ' M v f u : n i u ! f ) " d J i a n d r u p [ l i ? i / ' i i w i t h a f l u x c o r r e c t i o n i s u s e d . A n
e x c h a n g e <-.f p r : r ' i . - l e < i :•.• r e : - ! i t h e w i n d o w in a l s o t a k ' - . T i i n t o a c c o u n t . T h e n u m e r i c a l
calculations of R(t) are performed with u, code written by M.Dworzecka and modified
by M.Feldmeior and J.Ulocki.

A comparison of the delta electron apecira for X.e + Sn and U + U reactions at 20
MeV/ii and a Ino i'o; L: I- U a! -SO AleV/u bombarding energy is shown in fig.l. The curves
represent the spektra calculated for dissipntive collisions in different T.K.E.L. windows
and for n ({i.i.asiei.1:.:;! ic rein'Moii. HH'ccte of finiic resolution and statistical fluctuations are
accounted for !.)y weighting the spectrum with a, wide Gaussian distribution of impact
parameter!! (iud.u ;it....i ,M..; inseta in the figur1 ). Onv can recognize the increasing effect
of nuclear contact with iiici-'Wiinp, energy Inns, aiui thf corresponding change of shape
of the spectra. In ii>':.V! n c<,)niparison of the ratios o! inelastic to elastic >5-e.lectron
emission probabilii i«-s vu . it cIron energy for different, nuclear contact times is shown as
an illustration.

One of oil) .ibjf-ti I'.'ii '.vat; to determine up to what value of beam energy the delta
electron spectrum \a sensitive fo prolonged nuclear nuclear contact. Due to a faster
deceleration ,-.•'; higher b<-.'im energie..; tli'j t iine varia1 ion of the two-center Coulomb
potential in greater when the nuclei approach each other. Thus, the contribution to
the total production amplitude from the initial phase becomes dominant (see fig.3 ).
This effect and the decrease of nuclear contact times, contribute additionaly to the
destruction of th'- inteference pattern in the delta electron spectra at higher incident
energies. A comparison of delta, electron spectra, for one impact parameter and four
different beam energies is shown in fig-4. The influence of nuclear contact time on the
spectra diminishes for higher energies.

However, the heavier the system the linger are nuclear contact times (fig.5).Also,
due to relativists contraction of the electronic wnw function with decreasing internu-
clear distance, an increase in the emission probability of the high energy delta electrons
is expected for heavier systems.

Thus, our model calculations show that the iS-electron spectra of high Z united
systems at bombarding- en*, rgies in the region of Fermi velocities (40 Mev/u), remain
only weakly sensitive to the time evolution 'f nuclear reaction.

An obuei-vanle ex d''licione left out of the present analysis is that of the angular
distribution of delta electrons. Thiscould possibly be used for more asymme. -ic systems,
where the monopole, approximation breaks down (see Appendix).
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3. CONCLUSIONS

T o s u m m a r i z e , w i t h i n t i n - « p p l i ' - - l m u d i - l d e l t a e - l " r i . r o n s p e c t r a l s h a p e s c a n b e u s e d
I D fj'-'du'-f t h e n u c l e a r re:u-!i-->n t i n iv i>>\ i-.fiatu " h c i g U ' H u p t o 2 0 M e V / u a n d s y s t e m s
w i t h Z;.: , v r r ?; p g r e a t e r i l . -u i 1 i n . T i . ' iv is n n e e d f o r n e w m o d e l c a l c u l a t i o n s a n d
• ' • x p t - n i j i e i i b i i ' . . i t u s y i n i i i ' " . i !• r . \ s i C N I ? , I-.' :a< • •> <i<< - d i a l >• ' • n e r t O e H , w h o r e o b s e r v a b l e . ! s u c h
a f l a n g u l a r < l i : ; l i i b > i l . i i > r > « - u i d : • I •-< • > 1 1 1 1 1 t : i i . • -̂  i • -. 11 p i o b a b i l i f i " f > o f 6 • e l e c t r o n ; ) s h o u l d b e
investigut ed.

VPP ION DIX

LIMITS OF A i'FLKVAI'.ilvFrY OF THE MODEL

T h e nr,<< o f n i n n y u p p p •>::!!:••! >•-n.- i n . - . i . - ' s t h e ' • s t i m n t i o n o f t h e a p p l i c a b i l i t y o f e q .
{'2.! ) r l i l l i ' u l l . . W e r t u p l o y I !•• •..•ini'-'/u-••;•••• i ' l n - ^ u v , w h e r e t h e n u c l e a r m o t i o n i s d e s c r i b e d
c l i t H H i i " n l y A n l o n g : n : v c I L Ś " t i . . . \-.,i \<, n i m i i . t . r i c l a i i f l n e g l e c t l e l n . t i v i s t i c k i n e m a t i c s ,
l . h ° r c s u l i o t-.r:- v a l i d f o r e i > ' . j , i ' " i 1) < i n i ! M e V / u . T h e a d i a b a t i c i t y c o n d i t i o n r e q u i r e s ,
i . i i a t . f . h . ' c o l l i - j H - . n fihoiild n o t ! - e f ; n i f n r ; i . T l j ' . - ( " ( • • u l u i i i l t p o L e n t i a l n h o u l d v a r y s u f f i c i e n t l y
s l o w l y , K u t h . ' i t e l e c t r o n " , c a n v - l n . x . ' l d i . - i b a t i c M l l v t o t h e n u c l e a r m o t i o n . A r o u g h c r i t e r i o n
w h . T i t h e ( | u a K i - - a t o m i c n t a ' e c n . n ' h e f . n n i ' ^ 1 i s ••>! -1 -i • fir-rl c o m p a r i n g ; t h e v e l o c i t i e s o f
e l e c t r o n i c . ' M i d n u c l e a r m o t i o n .

Q u a ; s i - - a t o m s a r c f o r m e d w i : l i i i s t i n - r - . ' i i d i h ,<••]:

1 flrrir

Also the monopole approximation restricts tin- validity of the model to nuclear charges

but. this condition depends strongly on the impinging heavy ion energy. In addition this
approximation is limited t,o near symmetric systems :

< (l 6

In order to obtain information about the. accuracy of the monopole approximation, one
can measure the angular distribution of delta electrons. Measurments performed for
systems not fulfilling condition^'* like Br + PL- or I + P b show, that monopole condition
is valid even for Z p + Z , < 0.4 [He84].
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ABSTRACT

We have performed a high resolution siuiiv of the satellite structure of K

X rays in ']';•. and •• produced by energetic heavy ion bombardment The experimen-

tal r-.'snltH are '-ompared with theoretical predictions based on the Semiclassical

Approximation. We. discuss the importance of I- sub>lie!l coupling, charge transfer

from tiic !, siiHl of the target to l)ie K shell of tiie projectile, vacancy redistribution

duriiig the lift- uin!- r.f the K hole and the holes' angular momentum coupling with the

open shells. We find very good agreement between theory and experiment, neverthe-

ie.-,>, a smali discrepancy i:i the vicinity of the diagram lines remains.

INTRODUCTION

Ir. tin iast years the X-ray spectroscopy of energetic ion-atom collisions has

proven '..o ne i fruitful field for new insight in the atomic reaction and relaxation

mechanisms f'i-7] !n the energetic ion-atom collision the. target atom experiences a

violent Coulomb shock which leaves the atom m a multiply unused state, where the

electron? have- been promoted to empty shells, to the continuum and even to atomic

shells in 1.he projectile. The probabilities for these processes depend sensitively on the

velocity and charge of the projectile, the nuclear charge of the target atoms, and on

the siate of the. involved electrons. While the Coulomb lonisation cross section can be

describee- satisfactorily within the frame of the se.miclassic.al approximation (SCA)

[8-1 lj. the theoretical prediction of the charge transfer process from target atom to

projectile [12—13] and subshel' coupling |Mj only yields qualitative estimates.

Afur che collision The highly excited target, atom decays through a variety

of competing orocesscs radiative deexcitation by emission of characteristic X-rays,

where '„he transition energv contains ihe information about the relevant vacancy

configuration, -me! Auger and Coster—Kronig transitions which shift the vacancy

distribution frcur. .he inner shells to the outer shells.
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Due to the very short lifetime of the K-hole, the K X-ray spectrum will

reflect the vacancy distribution close to the slatu nascendi. In contrast, because the

lifetime of the L hole is almost an order of magnitude larger, the L X-ray spectrum is

significantly modified by the c* :npeting decay processes.

The complexity of the X—ray satellite spectra requires an investigation at

ultimate resolution, which can only be achieved by the use of focussing crystal

spectrometers.

Recently, several experiments [fi,7j have been carried out with rather light atomic

systems. As expected from the scaling relations of SCA [8,11] very complex .X-ray

spectra have been found, where in addition the Kai and Kct2 satellite structures

overlap.

Therefore we decided to perform experiments with heavy targets: We use a

projectile beam, having the ion velocity in the vicinity of the Bohr velocity of the L

electrons. We performed the study of the K X-ray spectra of Ta bombarded with 350

MeV N«* ions and of U bombarded with 500 MeV Ne»4 ions.

THE EXPERIMENT

We used our high resolution crystal spectrometer [15] which is installed

online at the Julich Cyclotron JULIC. The experimental details and the measuring

Fig.l:

57.0 57.2 SV* S7.6
E N E R G Y / k e V

5 7 . 8

transition in Ta excited byThe second order reflection of the
bombardment with 25 MeV protons.
The solid line represents the Gt from which we extract the geometrical
target response function parameters. The differences between fit and
experiment data are displayed in the upper part of the figure.



-70 .

strategy is described elsewhere [16]. We measured the Koj, K/?i 3 X-ray lines in

second and third order reflection at negative and positive Hragg angles, scanning

across the region of the reflection, point by point. Simultaneously a Ge(Li) detector is

used to monitor intensity changes due to beam intensity and positioning fluctuations,

which in this way are corrected. For calibration purposes and line shape studies, in

either case the target, was bombarded with 25 MeV p. As an example we show in Fig.

1 the K«i line of Ta in second order reflection excited by proton bombardment.

THEORETICAL CALCULATION

For the interpretation of the experimental data we use the same procedure

as outlined elsewhere [16,17]. The calculations of the ionisation probabilities, the

corrections due to L subshell coupling and due to the charge transfer of an electron

from the L shell of the target to the K shell of the projectile (other transitions have

been estimated to be negligible) have been provided by Jakubassa [18]. From these,

we determined the intensity of all satellite linos with up 1o 3 spectator holes in the L

and M shells, whereas the satellites with N,0, ... holes, are treated as inclusive. We

take into account the slight rearrangement which occurs during the lifetime of the K

hole due to radiative, Coster—Kronig and Auger transitions.

The energy shifts of the satellites have been obtained with the use of the

relativistic Dirac Fock program of Desclaux [19]. Here we also took into account the

multiplet structure of the L satellites.

For the K Q I transition we obtain here 286 satellites. The 60 strongest

already carry away 70% of the total intensity. For the Kfi| 3 transitions, which we

treat as one data set, because of their small energy distance, we handle a total of 321

satellites.

COMPARISON BETWEEN EXPERIMENT AND THEORY

The intensity of the satellites is normalised with respect to the diagram line.

Each of them is provided with a line shape corresponding to the natural line width of

the diagram line. By a fitting procedure, we adjust the peak intensity of the diagram

line in the theoretical spectrum, which consists of all superimposed satellites, to that

of the experimental spectrum.

We include in the theoretical spectrum the above discussed effects, one after

the other, and judge its importance from t!.e agreement with the experimental data
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via a x -test.
The I. subshel! coupling tends to decrease the intensity of the satellites

where L spectator holes are involved. For Ta the effect is in the order of 10% on the

average and increases in the case U to 30%.

The electron transfer process from the L shell of the target to the K shell of

the projectile leads to an increased probability for L shell vacancies. Its trend is there-

fore opposite to that of the L shell coupling. If we include this effect in the predicted

spectrum as calculated, a significant discrepancy to the experimental data remains.

From an earlier experiment [20] it was found that the strong potential Born approxi-

mation theory underestimates the effect by a factor of about 3. We also find best

agreement for Ta with a factor of 3 (see Fig. 2b) and, as expected from relativistic

considerations, for U with a factor of 5 [17] (see Fig. 3).

57.1. 5 7 . 8 S7 4

E N F R f i Y / k p V

ST.7 57.8

Fig.2: a) The second order reflection of the Kai in Ta produced during collisions
with 350 MeV N6* ions. With solid lines are given the complete fit, the
diagram line as the largest component and some of the strongest
satellites. The residue is shown in the uppei part of the figure. Without
taking the multiple! splitting into account there remains a clear
discrepancy between experimental data and theory in the region of the L
satellites,

b) We include now the angular momentum coupling of the K and Ljjj

holes of the transition, with the L spectator holes.

To demonstrate the effect of the angular momentum coupling of the holes in

open shells we calculated the splitting and the intensity spread for the Kc*i transition

in the presence of one L spectator hole. The resulting 9 lines extend over a region of

64 eV to 375 eV in U with respect to the diagram line. In the case of Ta they cover a

region of 36 eV to 200 eV. The corresponding shape of the spectrum agrees



considerably better with the experimental data as can bo seen from a comparison of
Fig. 2a and Fig. 2b.

In the KQI Ta spectrum, there is a clear discrepancy in the vicinity of the diagram

line in the region of M spectator holes. We have to emphasize that in the present

calculation, we did not include M subshell coupling, electron capture from the M shell

of the target to the shells of the projectile and the M multiplet coupling, partly

because the relevant theories do not exist or the calculations are expected to be

extremly complicated. From the structure of the discrepancy, we assume some

redistribution of the M vacancies, that might be accounted for by the M multiplet

splitting analogous to the L multiplet splitting.

98.0 98.2 98.4 98.6
ENERGY /keV

98.8 99.0

Fig.3: The second order of the Koi line in U produced in collisions with 500 MeV
Ne8+ projectiles. Due to the larger natural line width and the enhanced
capture effect the agreement between experiment and theory is very good.

To check the validity of these calculations we use the corresponding predic-

tions to construct the Kfli 3 spectrum. As the relevant energy shifts of the satellites

are larger, the structure is more sensitive to the presence of M spectator holes. In Fig.

4 we compare the Kflj 3 spectrum of Ta with the theoretical one. The general

agreement is rather good. Small deviations may be due to the fact, that we have not

included the above mentioned effects concerning the treatment of the M shell, and

also the L spectator hole angular momentum coupling.
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Fig.4: The Kfi] 3 complex of Ta measured in second order reflection is compared to
the theoretical prediction. The diagram lines and some intense satellites are
also shown indicating the overlap of the satellite structure of Kfit and Kfi3.

CONCLUSION

We have investigated the K X—ray satellite spectra produced in the

energetic collisions of 350 MeV N*fl-»Ta and 500 MeV Ne'MJ. The experimental data

have been compared with the results of vacancy production in semiclassical theory.

For the occurance of L shell vacancies, corrections to the SCA theory from L subshell

coupling, electron capture and multiplet splitting of the LT, L,J and Lj,r satellites

have been included.

The production of L shell vacancies can be quite well explained if the

capture cross—sections from L shell of the target into the K shell of the projectile,

which are calculated in non—relativistic approximation, are scaled up by a factor of 3

for the case of Ta and by a factor of 5 for the case of U. This indicates that the

theoretical non-relativistic capture cross-sections underestimate the experimental

results, which has also been found for the systems 3He-iAu and 3He-»Sn at 72 MeV

[20]. In some cases we see a small deviation between theory and experiment in the

region of multiple M shell vacancies. Possible explanations are being investigated,

but, we like to point out, that better theoretical predictions for other but the L shells

and relativistic calculations for the capture process are highly desirable.
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ABSTRACT

The Kp x-ray sppctra of \\n. Pr5 ind I.a hmnli.łnJerl h_v L'8 MPV łHf> ions

were measured with a transmission curved crystal spectrometer. Mshel l

ionization probabilities in central collisions were deduced from the Vf

satellite lines of the K(3- transitions. A comparison of the values obtained

for Mo. Pd, and La . i t h theoretical (SCA) predictions demonstrates the

Importance of the recoil term.

JNTRODUCTION

Single and multiply ionized atoms can be produced by bombarding tarpet atoms
with fast ions. These inner-shell ionization processes have been a subject of intensive
research during the last two decades. They can be investigated by observing the x-ray
or Auger electron spectra. Most of the studies deal with K- and L-shell ionization.
For the M-sheil ionization by light ions, only few experimental data exist [I. 2, and
refs. therein], giving total M-shell or subshell ionization cross sections for heavy
atoms. Discrepancies up to a factor of 2 are observed between the experimental
data reported by different authors C1J. The main difficulties originate from tht-
low x-ray energies, target contaminations and the complexity of the M-shell
spectrum. In addition, to cai .ulate the ionization cross sections from the observed
x-ray yields, the fluorescence ratios, which have large uncertainties, are needed.

Further, total cross sections are not always the best quantities to test the
theory, since due to the integration over the whole impact parameter range, oscilla-
tion effects are smeared out. A measurement of the differential M-shell ionization
cross section has not yet been attempted in view of large experimental difficulties.
In the following, we present a new method for determining the M-shell ionization
probability in central collisions.
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EXPERIMENT

The 28 MeV '*Hi- ill be,un was -:bt.iined from Mie PS1 variable energy cyclo-

tron in Villi^en. Switzerland. The experimental .setup has been described in detail

elsewhere. [•(.]. The x-ray spectra were recorded with an in-tieam bent crystal spec-

trometer in a modified DuMond slit-^eometrv. The (110) reflecting planes of a 2.5

mm thick quartz crystal plate were used for the diffraction of the x-rays, he

crystal bending radius was 3.IS m. The peak reflectivity of the crystal was enhanced

by a factor of 3-1 by applying a high-frequency alternating electric field across the

lamina 151. The instrumental resolution, which depends mainly on the slit width

and the AC voltage applied to the crystal, was chosen to match the natural line

width of the k i diagram lines. Self supported metallic targets of natural molybdenum.

palladium and lanthanum about 25 mg/cm" chick wer° used. Before impinging en

the target, the ; He' ions were fully stripped by the entrance window of the

target chamber (a 5 mg/cnr thick Havar foil}. Beam intensities between 0.5 and 3

(iA were used. Taking into account self-absorption and stopping power of the

target and the energy dependence of the K-shell ionization cross sections, the

effective beam energy for producing the observed x-rays was 6.7 MeV/nucleon. The

K.& spectra were mesured in first order of reflection.

RESULTS

The measured k3 spectra are shown in fig. 1. The k3? satellite regions, measured
with longer collecting times, are illustrated in fig. 1, too. K(33, K3]. KptiVI , K3i.aL .
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Fig. I: Crystal spectrometer spectra of Mo. Pd. and La K(3 x-rays induced by 6.7

MeV/u 4He ions. The right parts of the figures show the K^2 satellite regions.

Kgs, K£:, K3 :M'. K3 :M
:. K3:L

l and K3:L
1M1 transitions were observed. In the La spec-

trum the O-K line (K32 )
 w as resolved. The energies of the observed transitions are

compared for Pd and La with the results of relativistic Dirac-Fock calculations [6] in
table 1. The latter gives also Bearden standard energies of the diagram lines [7]. For
Mo. the corresponding values are listed in f.8].

Transition

Pd La

e.xp Bearden i MCDF Bearden

K33

K3,M'

K32L'32

23.7928(16)

23.8196(16)

23.8359(16)

23.948S(22)

24.0169(26)

24.2985(17)

24.3331(19)

24.4637(34)

I
23.7936 23.7911 j
23.8216

23.8371

23.8187

23.9468 j -

24.0192 I 23.995

24.2998 i 24.2991

24.3307 -

24.4S92 j -

37.7215(6) i 37.7371 37.7202

37.8026(3) j 37.8181 j 37.8010

37.8282(13) j 37.8426

37.9797(50) 37.9709

38.0924(12) 38.1055 I 38.086
I38.7258(4) i 38.7351 j 38.7299

38.7964(29* 38.7824 i -

38.9534 ! -

Tab. I: Measured, calculated anti standard Pd and La KB X-ray energies.
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Tatv I I : Observed \ n > and primary vacancy I111 distributions (leduced from k["j" t ran-

sitions Tin1 sum of the intensities is nnrtnalized to 1000. The correction

for increased self absorption for energies higher than the k-edge is

included.

Assuming a binomial distribution of the primary relative vacancy yields we can
obtain from the measured data the average M .shell ionization probability for
rrillisions involving the k-:;!ie|l ioni/ation. They are for Mo: p j ^ = 0.018 * 0.001
IH]. for Pd: p ^ , X P = 0.017 + 0.002. and for La p ^ X P = O.00S0 ± 0.0015 respectively.

DISCUSSION

Tlie M shell ioni/ation probabilities for central collisions were calculated in the
frame of the semiclassical approximation (SCA). The calculations were performed
with relativistic hyrirogenic wave functions of the united atom. Screening effects
were taken into account by introducing an effective charge which reproduces the
experimental binding energy. The results of the calculations performed without
and with the inclusion of the recoil term .ire shown in Fig. 2.

The importance of the recoil term is obvious. Not only the interaction of the
projectile with the target, but also the recoil of the target nucleus induced by
the collision can give rise to ionization. The contribution of the nucleus recoil to
the ionization of a specific shell depends on different physical quantities, like
bombarding energy, mass and charge numbers of projectile and target and impact
parameter. Depending on the values of these quantities, the inclusion of the
recoil term can result in an increase or decrease of the ionization probability. In



-79-

42 46 57 Z
Fig. 2: Measured and calculated M-shell ionization probabilities in central collis-

ions for mid-Z target elements, bombarded by 28 MeV a particles. SCA
calculation with recoil term. without recoil term.

central collisions with <x particles, the M-shell ionization probability of Mo, Pd, and
La targets is increased for bombarding energies higher than 4 MeV. 5 MeV. and 7.5
MeV respectively.

Since the screening of the nuclear charge by the other electrons is for M-shell
electrons an important fact, the proper choice of the effective charge, when
using hydrogenic wave functions, is of great importance. If the Slater rule is ap-
plied the ionization probabilities including the recoil term are up to 50% smaller, but
using the single atom model they are about 10% higher. The best way to handle this
problem is to use a Hartree-Fock calculation. This will be done in the near future.
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THE CLUSTER COUNTER AS A PART OF THE 4 -FACILITY AT SIS/ESR

R. TEZKRATT, C. CERRUTI, J.P. COFFIN, P. FINTZ, G. GUILLAUME,

F. JUNDT, C.F. MAGUIRE*, F. RAMI and P. WAGNER

Centre de Recherches Nuclśaires, IN2P3-CNRS/Universite Louis Pasteur

B.P. 20,F-67037 STRASBOURG CEDEK France

ABSTRACT
A cluster detector composed of ionisation chambers and thin plastic

scintillators has been developed as part of the large 4x-detector at

SIS/ESR.

Multifragmentation of the nuclear system is a dominant process in violent

nuclear collisions [1]. As a consequence several fragments are observed in the

final state of these reactions. It turns out that the entropy (S) can be reliably

extracted from fragment yields. Therefore, S carries interesting information

about the early hot and dense stage of the collision and it should help in the

derivation of the nuclear equation of state.

T

Fig. 1. Set up of Detector modules. I. Gas cluster detector ("Parabola");
P. External plastic wali; Z. Internal plastic wall; R. Scintillator cluster
detector ("Rosace"). The distance between the "Rosace" and the target T
is = 4.5 m.

" Present address : Dept of Physics, Vanderbilt University, Nashville, TN 37235 (U.S.A.)



We (Inscribe here a project for determining the entropy and temperature

reached in heavy-ion collisions at 100 MeV/nucleon and higher from the study

of complex fragments. The nuclear matter concept is now reexamined on the

light of recent works in the perspective of a first experiment at SIS/ESR at

Darmstadt (Germany) |2].

Fig. 1 shows a schematic layout of the detector modules which we shall

briefly describe here. The system is composed of two main parts : The plastic

wall and the ionisation chamber shell.

The plastic wall is composed of an external part (7° to 30°) and an

internal part (1° to 7°), which are respectively constructed and assembled by

GSI of Darmstadt and the LPC of Clermont Ferrand (France) groups.

Fig. 2. Gas cluster detector "Parabola". The
total size of the detector is A 3.5 m.

Fig. 3. The Rosace ; the sixty NE102A
scintillator detectors subtent an
angular domain of 1' to 6' from the
target

The ionisation chamber part (The "Parabola") which is -assembled by us

stands in front of the plastic wall and measures the energy loss of the heavy

fragments Z * 3 in the angular range 6° to 30°, the shell is filled with an Ar

(90 %) + CF4 (10 %) mixture at atmospheric pressure, and is formed of 8

sectors divided into an inner and outer part (Fig. 2). Each module is subdivided



Into 8 radial submodules consisting of a double ionisation chamber. The

resulting granularity of 128 elempnts is expected to be adequate 'n view of the

multiplicity measurements of heavier fragments. At smaller angles (1.3 to 6°)

the cluster detector will be supplemented by 60 NE102A scintillators 2 mm

thick arranged as the petals of a flower (The "Rosace" Fig. 3), each petal

subtending 6" in azimuth.

The fragments will be Identified by their atomic number Z by measuring

the energy loss AE in the cluster detector and their time-of-flight T between

the target and the plastic wall, on a bidimensional plot (AE, t).
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Fig. 4. Two-dimensional Z-identification
spectrum obtained with an ionisation
chamber module and a plastic
scintillator strip (5 mm thick)
disposed behind and giving the time-
of-flight signal. The experiment was
done at SIS/ESR.

£ residual

Fig. 5. Two-dimensional Z-identification plot
(AE, E^J obtained with one of the
Rosace modules and silicon jonction

(38 mrrr section and 38 m thick).
20

The beam was a Ne
(38 MeV/nucleon) empinging on a
Carbon target at SARA.

The figures 4 and 5 displays the preliminary results of beam tests at

SARA (France) and SIS at Darmstadt (Germany) of modules of each part of the

cluster detector.

The expected response of the cluster detector/scintlllator wall has been

investigated with the use of the "Geann" detector program and the "Freesco"

event generator code [3j.
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As a part of the 4n- detector at SIS/ESR, the Cluster Counter offers the

following performances.

- Complete transparence for particles (the shadow effect is

limited at 3 % only).

- A complete Z-identification of the clusters upto about 18

- An angular domain from 1° to 30"

- The possibility to measure the velocity vector by means of

the position given by the plastic wall detector .
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TAPS - A TWO ARM PHOTON SPECTROMETER FOR THE

DETECTION OF NEUTRAL MESONS AND SINGLE PHOTONS

M. Pfeiffer, II. Phys. Inst., Univ. of Giessen

and the TAPS-collaboration

( II. Phys. Inst., Univ. of Giessen, Germany; KVI, Groningen, Netherlands; Univ. of

Minister, Germany; GSI, Darmstadt, Germany; GANIL, Caen, France )

ABSTRACT

A photon-spectrometer for the detection of neutral mesons and single photons has

been built. It will be used at several facilities to study heavy ion ( GSI and GANIL )

and photon induced ( MAMI B ) reactions. The spectrometer consists at present of

4 blocks with 64 BaF2-scintillation detectors each. The blocks are arranged in two

movable towers to provide a flexible geometry. The spectrometer has been recently

used for a first experiment ( 350 MeV/u 20Ne on 2VA1 ) at GSI. Preliminary results

from this run will be presented.



PHYSICS MOTIVATION

Heavy ion reactions in the energy regime from roughly 100 MeV/u to the order of

1 (iVV/u offer the possibility to obtain information about the nuclear equation of state

by producing hot, compressed nuclear matter. Besides the study of outgoing nucleons

and fragments from the two colliding nuclei ( transverse flow ) a second possibility is

to obtain information from particles produced in the reaction ( photons and mesons ).

Due to their low absorption in nuclear matter, photons or dileptons are favourable

candidates. Since the particles should be produced from a thermalized reaction zone,

the production probability in the first nucleon-nucleon collisions should be small. For

this reason, photons are only sensitive probes below energies of roughly 100 MeV/u.

To reach a reasonable compression ( p = 2-3 p<) ), energies of several 100 MeV/u up to

the order of 1 GeV/u are needed. At these energies mesons become suitable probes.

Neutral pions ( mwo = 135 MeV, E ^ , - 280 MeV ) can be used for the energies between

200 and 500 MeV/u while 77- and K+-mesons ( 111,,,*+ = 549,494 MeV, Eft£,. = 1.3,1.6

GeV ) are the favoured probes in the most interesting energy regime around 1 GeV/u

where significant compression is reached. All mesons show final state interaction which

increases the absorption probability. 7/- and K+-mesons have a lower absorption than

pions due to their strange quark content. 77-meons, however, are absorbed more than

K+-mesons due to the coupling to nucleonic resonances like N*(1535). The excitation of

these subnucleonic degrees of freedom can be studied with photoproduction reactions

of neutral mesons. For a detailed discussion of the theoretical aspects see also reference

PHYSICS PROGRAMME

Heavy ion experiments with beam energies up to 100 MeV/u ( hard photons, sub-

threshold pion and dilepton production ) will be carried out at GANIL. First runs were

performed in February and March 1990 using an initial configuration of TAPS. Heavy

ion experiments at beam-energies up to 2 GeV/u ( neutral meson production, pion

correlations and relativistic Coulomb excitation ) will be done at GSI. Some of these

experiments will be performed together with the 47r-Detector-System [2] to achieve a

full event characterisation. A first run on neutral pion production was performed in

May 1990 ( see below and [3] ). In addition, the photoproduction of neutral mesons in



cold nuclear matter at normal density ( excitation of subnurleonic degrees of freedom,

mean free path of neutral mesons ) will lie studied at. MAMI R ( Mainz, CJerniany )

with incident photon energies up to 800 McV.

D E T E C T O R SYSTEM

The TA PS-spectrometer is built to detect single photons and to measure coinci-

dences of two photons from the decay of neutral mesons. Therefore, the detector-system

has 1o meet the following requirements. The detector modules must provide a large

dynamic range ( 5-1000 MeV ). They should have a good intrinsic energy resolution

and a sufficient size to register the electromagnetic shower at higher photon energies.

Since TAPS will operate in an environment with high hadron-multiplicities, the granu-

larity should be sufficient to allow for a high mull i-hit capability. Furthermore, the

detector-system has to provide a dean separation of hadrons ( charged and neutral )

from photons. The I3a.F2-scintillators of t he TAPS-spectrometer meet all these require-

ments. The energy resolution is quite good ( e.g. (Ć^K/F^FWHM = 8 % for J<S5 MeV

electrons and better than 12.5 % for a 662 keV C's-source ). The detector modules have

a sufficient size ( length : 250 mm = 12 radiation lengths Xo, inscribed diameter : 59

mm — 0.7 Rinolitrr ) 'o register high energy photons. On (he other hand, the diameter

is small enough to allow the shower to spread over more than one module which permits

an increase in the spatial resolution. Using the two different scintillation components of

the Ual'Vcrystals, charged particles can be discriminated by the pulse-shape method.

In addition, a plastic veto-detector ( 5 mm NE102A, 0.05 Xo ) mounted in front of eacli

module can be used to identify charged particles. Using the fast component for the

timing ( (AT/T) FWHM < 200 ps for 45 MeV electrons ) neutrons can be separated

from photons by the TOF-method. In the standard TAPS-configuration, the detector

modules are arranged in blocks of 8 by 8 detectors. At present 4 of these blocks are

mounted in two movable towers to provide a flexible geometry ( see fig. 1 ) needed for

measuring the complete angular and energy distribution of the produced particles and

to optimize the set-up for various neutral meson detection. Typical efficiencies, which

are strongly dependent on the geometrical set-up, are (-, % 8 % and e*v ~ 1 %. The

detector-system and the performance of the individual BaF2-modules is described in
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Fig. 1 : Schematic view of the TAPS-spectrometer showing the present status with

4 blocks of 64 BaFj-detectors each arranged in 2 movable towers ( left : side view of

one tower, right : top view of the system )

FIRST EXPERIMENT AT GSI

For the first experiment [3] a beam of 350 MeV/u 20Ne from the SIS-accelerator

( 104-106 particles per spill, one 300 ms spill each 3 s ) was used in conjunction with

a 4 mm 27Al-target. The TAPS-spectrometer with two fully equipped blocks in the

horizontal plane was positioned at ± 65 degrees with respect to the beam. In addition,

a time-zero detector consisting of 5 small plastic-detectors close to the target was used.

A run of 6 houres was analysed. In the first step charged particles were discriminated

by using the veto-detector information. Neutrons were separated by the TOF-method.

The BaF2-detectors were calibrated with cosmic rays. The total energy of a photon

was calculated by including the sum of the energies in the next neighbouring detectors

( max. 6 ). Calculating the invariant mass, (150 ± 30) neutral pions were found

( see fig. 2 ). Using the number of charged hits and coincidences which determined

the number of reactions, a production probability for neutral pions per reaction of

(7 ± 2) • 10~3 was found to be in good agreement with the systematics describing

known data at lower ( < 100 MeV/u ) [7] and higher ( 1-2 GeV/u ) [8],[9] beam

energies ( see fig. 2 ).
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Fig. 2 : Invariant mass spectrum ( m77 ---- J'2I'J-I1 E-,,(\ — ro.s^17) ) ( left ). Production

probability per nuc.leon-nucleon collision for neutral pious as a function of the incident

energy [7]-[9] ( V c — Coulomb barrier , P^ - cr„ / (<NNN >b • crn), <NNN >h — number

of first nncleon-nucleon collisions [10] ) The O-points refer to data for negative pions

[11]. In addition, th p data point from the first TAPS-experiment is shown. ( right ).
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ABSTRACT

The basic relations for the Doppler shift and the Doppler broadening of
an electron line given by an electron spectrometer oriented in the collinear
geometry are discussed in detail. The main features of the in-beam e-y
spectrometer recently operated with direct collinear geometry (i.e. with 20
> ex > 10°) at Orsay's MP Tandem accelerator are briefly described. The
interesting performances of that instrument for the investigation of prompt
and short delayed low energy transitions (E s 200 keV) deexciting nuclear

high spin states are illustrated with a few typical examples. Further
developments with reverse collinear geometry (i.e. with 170° s « Ł 160°)
are also shortly discussed in the present context of nuclear structure
studies involving in-beam nuclear spectroscopic measurements.

1. INTRODUCTION

The Doppler broadening is a serious drawback for the investigation of
nuclear high spin states of compound nuclei deexciting in flight shortly
after their production by fast heavy ion bombardement of thin targets. This
energy spread is particularly unfavourable for the accurate study of high
spin states of odd A and odd-odd A nuclei which generally have very complex
level spectra. However, the Doppler broadening can be minimized by orienting
a radiation detector in the same direction- or the reverse one- of an
accelerated charged particle beam (i.e. the so-called collinear geometry).
For that reason, we start this contribution with a brief discussion of the
Doppler broadening basic relations for an electron spectrometer oriented in
the collinear geometry (section 2). This led us to consider similar kind of
measurements performed with different types of in-beam electron
spectrometers (section 3) having wide angular openings either in the direct
(i.e forward) orientation (with 90° > « Ł 25) or in reverse (i.e.backward)
orientation ( with 125° a « > 90°). After this broad comparison of the
available Instrumental capabilities operating with that geometry we
illustrate the main possibilities of the Siegbahn-Kleinheinz magnetic lens
oriented in the same direction (section 4) by a few results of recent
studies performed In such conditions and a broad description of an extensive
project using the reverse orientation. Finally, we conclude (section 5) by a
brief discussion of the present status of the relationship between these
devices and multi-gamma ray spectrometers.

2 - DOPPLER BROADENING OF AN AXIAL ELECTRON SPECTROMETER

The Doppler shift of an electron line emitted in flight by a recoil
nucleus and the same nucleus deexciting at rest in given by the relativistic
transformation law of its linear momentum :

, „ (p.V)V - VE/c
p' = p - (p.Vl(V) + ' (1)

/(I - (V2/c2)



where V In the unit vector in the direction of V [1J. This relation can be
lather complicated In the general case due to the p 1 - p dependence on the
an«les between the recoil ion direction and the ;;vmmetry axis (of the
eJectron spectrometer) as well as the electron emission direction. However,
there are two special cases corresponding to simple solutions which will be
considered In the following subjections (2.1 and 2 . 2 ) .

2.1 - Recoil ion emission colllii-:ar with the rymmetry axis

The Doppler shift of an electron line corresponding to a recoil ion with
i educed speed, ft , (col linear with the electron spectrometer a x i s ) , and a

i educed electron speed, fi , (making an angle fl, Merit1 u red in the LAB syster,

with the same axis) is given by the following formulae :

- r + - r cos fi - - - r (1+p2) sinZ0 +... (2)
2 3 2 ^ / 3 * i

(restricted to the second order in ft , like in ref. [2)).

The corresponding Doppler width, (ńp/p) (O), Is related to ihe solid

angle (T = AQ/4n = sin OdG/2) of the spectrometer by the similar formulae :

[ P \ ( ft r ft / 1

__£_ — I + _ 1 (i + p2) cos e T
p (0)J [ ji i pi r J

(3)

where p and p (6) are the electron momentum In the CM and LAB-systems
o e

respectively. Replacing In this formulae p /p (9) by its value deduced frc

the relation (2) one gets the following Doppler width expression :

( a R
 2 1

\—L + — I (i + ft2) cos 9 sin 9 d 9

valid under the same assumptions and approximations as (2) and (3). The
reduced recoil ion speed, (3 , is deduced from the linear momentum conservation

in the collision between the accelerated particle p, and the bombarded nucleus
according to the classical relation :

f /E (MeV)A/A /2E /
(A /A ) p = _-£- / _ E = I / -— (5)

A u 2 A 470
M C

P

p _-£- /_E = I / -
p r p A u 2 A 470

MC

where A and A are the accelerated particle and compound nucleus recoil
p r

mass numbers, E Is the kinetic energy of the accelerated ion. Similarly, the
p

reduced electron speed, 0 , is related to the electron energy, e, and
momentum, T) (= p /\i c) by the relativist lc formulae :



o i .

1
••••)

v- 1-'2
Bp(gauss xcm)

w i t h 7) = (6)
1704.4

The squared term {ft /ft 1 hi the relations (2-4) can be neglected in the

u^u;il ranqe of ln-bonm electron spert roscopy measurements [ft = 23.10 ' for E_

- 1H.S8 keV and ft = SO. 10" 2 for E = 347.2 keV leading to (1/23) s ft /ft ?
f f r e

M.S'O)] cot respond ing to very small recoil ion velocities O « 10 ). For
r

h' !,<-r recoil velocities (such as ft a 5. 10 Ł ) the contribution of the second
r

tt.M m lnci eases (up to 4.10 " 1 but remains negllgeable (i.e. at least five
times smaller than the first term). Consequently the Doppler shift given by
CM depends essentially en the initial electron momentum, p., as well as on
the ratio between the recoil ion speed and the electron speed and the angle
lip?wpr>n them :

p ( H 1 - p
o /}

< COS V c)
0

< COS 9 (2')

Similarly, relations (3) and (4) corresponding to the Doppler width
become :

(-T' <•' T = - — sin Od0 (31; 41 )

The relations (3) and (3') show that the Doppler width varies linearly
with the overall transmission of the electron spectrometer. In particular,
ttie mean value of the Doppler broadening for measurements performed with the
Siegbahn-Kleinhelnz magnetic lens (<G> = 15°, T = 2. 5 10~2} is roughly ten
times smaller than the corresponding broadening for an Iron free toroidal
spectrometer (<e> = 50°, T = 2. 5 10"1). Instead, the mean value of the
Doppler shift given by that lens (deduced from 2 or 2' ) is roughly fifty
percent larger than in the latter spectrometer (i.e. (cos 15°)/(cos 50°) =
1.503).

The same relations (2, 2', 3, 3', 4, 4') correspond to definite values of
the recoil ion speed and electron speed. However, In all practical cases these
values are not unique and spread out within a certain interval. Indeed, the
energy losses of the accelerated ions and the compound nuclei within the
target contribute to a recoil ion velocity spread. Aft /ft , which must be

Introduced in such relations. For instance, the mean value of the electron
line broadening due to the relative recoil ion velocity spread, hfi /ft ,

resulting from the ion collisions within the target is given by the following
relation :

„0
Ap \

T
(Ap/p) (G) sin0d9 sinedQ

dx - 2a

Tcos 0 - cos 0~

A/3
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( l og |X j - log|Xa |)

(cos 6 - cos 8 ) (6)

where X = ax + bx + c = 4 5H U+P ) x + ^ x + l-± L^ (1-0 ) ;
Z Ip J e p I 2 I (3 I e l

x = cos 8 ; x = cos 0 : x = cos 6
1 1 2 2

0 9 being the lower and upper limits of the angular aperture of the electron

spectrometer. In the practical case
the previous relation (5) becomes :
spectrometer. In the practical cases ax2 << bx and c <* 1. In such condition

1 + -5-rCOS 9 - l o g 1 + ^ COS 9 -7-r
P 1) I P Zj /Ap

cos 9 - cos 9

1 1 ft \ 2 (9
2J - 2 {W) [COS\ -^- |cos 9^ - cos 9J - ^ IT^-I |cos"8. - cos2

cos 9 - cos 9
1 2

= r M (6> ]

The mean value of the recoil velocity spread, -gH > can be evaluated

from the formulae :

<AP //3 > = 1/4 (AE + AE )/E (7)
r r p r r

where AE and AE are the total energy losses of the accelerated ion and
p r

compound nucleus inside the target. This contribution to the electron line
broadening depends mostly on the target thickness which contributes both to
the accelerated ions and recoil nuclei energy loss. Indead the influence of
the electron spectrometer angular opening on that broadening is ruther small.

The electron line broadening due to the reduced electron velocity spread,
Ap //3 , resulting from the electron collisions within a thin target placed

perpendicularly to the electron spectrometer axis is given by the approximate
relation :

d (sec 9 - sec 8 ) /-..-•>

« !_ g (8)
'l"2

assuming an isotroplc electron emission from the middle of a thin,
homogeneous, target (having a uniform thickness, d, and a stopping power for

electrons —) within the angular aperture ^ BJ of the electron beam.

Finally, the relatlvlstlc factor in the denominator arises fron the general
electron energy-momentum relation :



- ' » i -

Fp

This contribution to the mean electron line broadening given by the
relation (8) depends essentially on the electron spectrometer angular apnrtni'.-
ns well .is on the electron kinetic energy, E, and stopping power, dE/d:-,.
Consequently Its relative importance Increases for lower electron energy and
spectroreeters with large transnlssion.

The mean velocity rprcail of t tie electrons due to electron straggling
wlt.hin the target Is given by a .juite similar relation to (8) :

AfJ . 0,61pd (sec. H + sec G j Z

where pd is the areal density of the target characterized by the atomic number

Z and mass number A. (i and E are the reduced electron speed and kinetic

energy respectively. Finally this relation is deduced from the formulae (9)
combined to the mean value of the electron energy distribution given by Landau
theory [3] :

T(fiE) = 0.61 (px)//3 (T : keV ; px : mg/cm )

where x is the mean value of the effective target thickness x = d sec G

and 0 = (0 + 0 }/Z is the mean value of the electron emission angle.

This contribution to the electron line broadening depends essentially on
the target properties and increases factor for lower electron kinetic
energies.

2.2 - Recoil Ion emission around the symmetry axis

The recoil ion collinear assumption is a rather convenient one but does
not take into acount several physical effets occurring during (or after) the
interaction between the accelerated Ions and the target atoms. Among such
effects the following are quoted : angular spread of the incoming particle
beam, kinematic effects related to the nuclear reaction (including neutron
evaporation from the compound nuclei and recoil ion angular distribution) as
well as those effects arising in recoil Ion angular spread due to the
interaction between the recoil ions and the target atoms. The assumption of a
recoil ion emission within a cone around the symmetry axis of the spectrometer
is a better approximation than the collinear one.

The Doppler broadening of an electron line corresponding to a recoil
ion motion within a small cone of mean angular aperture a (relatively to the
electron spectrometer axis) and the axial recoil motion Is given by the
expression (taken from [2]) :

(Ap/p) (0,0.a) = [p (0,0.a) - p (0.0,0))/ p (0,0,0)

(11)- p (cos 0 + a sin 0 cos 0) - p (cos 0 ) / p (cos 0)

under the assumption sin a =« a and cos a = vl-a =< 1.

The relative contribution to the electron line broadening due to this

non-col 1Inear recoil motion can be obtained by integrating the relation (11)

within the electron spectrometer angular apperture ( 0 , 0 ) and the azlmutha)
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angular interval (<f> , 4> ) = (- rt/2. n/Z)

IT /AP* ̂  ̂
- - J J (-p).(*-»'tt-

Jj sin « d « d

-+71/2

4aa
f (̂ 2 dx 1

[ r " 2

«»

where the variable x = cos tf, the function X = ax + bx + c and the x power
coefficients a, b, c, have a similar meaning as in the relation (5). The
relation (12) can be further simplified according to the relative values of
b , 2ac and 4ac. Indeed, if b = 2ac =< 2a << I, one has :

2ax +b 2ax •
t a , -i i

- tan

'2ac
(13)

Instead when b = 4ac <* 4a << 1.

[ pjraLV
1+bx , c •. i 2

1 - - ) —
1
.+b 2ax +b )]/"*•"

2a 1 b(x -x ) - b2(x2-x2)/2
— 2—* 2~l
2b (xx - x2

2a
—

1 b
X + T ( x + x
2 4 1 2

1 Pr

- - (cos ̂  + cos (14)

Consequently, the mean value of the Doppler broadening due to the non
collinear motion of the recoil ions is rather small for electron
spectrometers with small angular aperture around the symmetry axis [like the
Slegbahn-Klelnhelnz magnetic lens where (̂  tf.,) » (10*. 20')]. This

correction is more important for the intermediate image electron
spectrometers with the same angular aperture than in the previous lens but
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Fig. 1 - Angular openings and axial orientations of ln-beam electron
spectrometers (relatively to the accelerated ion-beam). The Doppler
broadening of prompt transitions arising in compound nuclei
produced by heavy ion (31P, 32S) induced reactions favours the
collinear geometry.

Ge detector

Ge detector

rvv/icttc Lens

frefim

Fig. 2 - Schematic representation of the in-beam e-jr spectrometer operating
at Orsay with the Slegbann-Klelnheinz magnetic lens oriented in the
direct collinear geometry.
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9 10 c, T = ','Ji 10 ""' respectively). Tir- firr.t type of instrument has been
mostly applied to in-bcam ra''.'!sun.'»iits with accelerated protons and light
ions ['1-6], Inst'-al, the second t'.j" his b-jen used with a wide variety of
in-beam expei inents involving heavy ion-; I^.S-ll]. The Doppler broadening in
the former type of expor i rr.r-n t.s is not very important but the collinear
geometry is required for angular distribution considerations of electron-
positron spectral measurements. The situation is quite different for nuclear
reactions induced by heavy ions where the Doppler broadening is very
important unless the transmission is considerably reduced or a wide
transmission combined with a kinematic compensation [2,8]. On the other hand
both types of electron spectrometers have rather large target- detector
distances (i.e. d = 40-50 cm) allowing an efficient shielding for the
radiations emitted by ttie Faraday cup stopping the accelerated ion-beam plus
the recoil ions far away from the electron detector. Finally, the exclusion
of small electron angular openings in both cases (i.e. 9 > 30°) restricts
the amount of 6-electrons accepted in the collinear measurements performed
with such Instruments. In this respect 'he situation is unfavourable for the
Siegbahn-Kleinheinz magnetic lens [where (0 , 0 J = (10°, 20°) ; see fig. 1]

due to the strong o-jays focused forw,-,id by the n.agnetic field on the large
Si(Li) detector. For that reason, it i essential to operate this combined
magnetlc-Si(LI ) spectrometer with sevt•• ,1 background suppression devices (as
briefly reported in the section A).

A similar situation occurs for 'olenoidal spectrometers operated in
this geometry [12-131. A possible way to avoid such a drawback is to place
the S1(L!) detectors off-axis in order to avoid the concentration on their
surface of 6-electror.s propagating aj'iig that direction. This method was
already used in non-col 1 i near measurements performed with the double
solenoidal spectrometers operating with recoil ion shadow method [13].
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Fig. 3 - Time filtered spectrum in prompt coincidence with at least one BaF

(AT = 33 ns).
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Fig. 4 - Internal conversion electron spectrum of a thin radioactive source
(tantalum-182) obtained with the Orsay*s e-y spectrometer operated
with and without E-Bp selection during the magnetic field sweep.
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AiiotlnT procedure to reduce the 6-ray background In solenoldal electron
sp'--! romet er s Is to miMsure the electrons in the backward col linear geometry
(';»'o ref. (11]). The main features of a similar set-up designed for the
S) '>:b;ihn-Kleinhelnz m;)gnet ic lens is briefly discussed in the section 5.

4 - THE SIEGBAIM-KI.EINHEINZ MAGNETIC LENS

This magnetic lens, combined to a Si(Li) detector, has been used
previously for a wide variety of ln-beam measurements either oriented at 90°
or ;it 125' of the accelerated ion-beam [15-18]. A few results obtained with
the same e-y spectrometer oriented in the forward collinear geometry are
cipher I bed In subsection 4.1 and the main features of a similar set up
aliened in the backward direction are briefly reported in section 4.2.

4.1 - Forward collinear geometry

The figure 2 illustrates a schematic representation of the in-beam e-y
spectrometer operated in the forward collinear geometry at the experimental
area of Orsay*s MP Tandem accelerator. This geometry allows internal
conversion measurements of prompt (and short delayed) transitions emitted by
fast compound nuclei (/3 = 3 10 ) produced by heavy ion bombardment of thin

foils. Moreover, this electron spectrometer' has several devices [15-18] for
reducing a continuous background -or spurious discrete lines- overlapped
with internal conversion lines. The most important devices are the following
ones :

i) an electron-positron discriminator made of a twisted baffle;

ii) an electronic time filter selecting prompt and delayed time
intervals between two consecutive bursts of the accelerated particle beam ;

iii) a simultaneous electron energy-momentum analyzer operating for each
electron detected by the Si(Li) crystal. Such detection occurs within the
electron momentum interval focused at any instant by the magnetic lens on
the effective area of the detector surface. Moreover, according to the
required experimental purpose (like, for instance, to search very weak IC
lines lying on a narrow momentum interval or instead to explore a wide
momentum interval looking for medium Intensity IC lines) that momentum
window (Ap/p = 0.2) is fixed around a given momentum value, p, or swept
within a momentum interval (p , p ) ;

iv) a detection device for the instant of production of the compound
nucleus including an array of very fast y-ray detectors (I.e. a set of eight
BaF2 (2"x2") coupled to fast P.M. like XP2020Q), giving a time resolution of
250 ps at high counting rate (105 Hz).

v) a multiplicity selection of y-rays deexclting high-spin states using
the same array of fast scintillators.

Fig. 3 illustrates the electron background reduction in the low energy
part (E ^ 200 keV) of the internal conversion spectrum of Tb obtained

6

with simultaneous electron energy and momentum selection plus special time
filtering using a pulsed beam (=* 33 ns width prompt time window) and multi-
plicity filtering (at least one BaF2 firing). This operating mode reduceds
considerably the contribution of the scattered electrons (and photo-
electrons) originated in the baffles and the magnetic lens wall to the
detector counting rate. Furthermore the continuous background due to back-
scattered electrons In the Si(Li) detector is drastically reduced. Finally
all these features are well illustrated by the IC electron spectra of
tantalum-182 (figs. 4a and 4b) obtained without (fig. 4a) and with (fig. 4b)
simultaneous electron energy-momentum selection.
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Fig. 5 - Bl-dlmensional spectrum (E _, T ) of prompt transitions of Terbium

149. Time projections of prompt (E = 204 keV ; El) and delayed (E =
184 keV ; E2) transitions are shown in fig. 5a and 5b.

P
3.^G- "t

10 en

Fig. 6 - Longitudinal cross section of the Slegbahn-Klelnhelnz magnetic lens
oriented In the backward colllnear geometry. The annular Sl(Ll)
detector (without Its holder and cryostat not shown in the figure)
and the tubular heavy metal shielding (surrounded by the twisted
baffle) are schematically represented.
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Another Interesting feature of the col linear geometry Is the possibi-
lity of analysing Internal conversion lines of EM transitions deexcltlng
very high spin states. Indeed such states are usually populated by heavy Ion
Induced reactions creating a considerable Doppler broadening. Therefore,
the complementary study of y-rays and internal conversion electrons corres-
ponding to LX transitions deexritIng very high spin states requires the use
of ln-beam electron spectrometers oriented in the collinear geometry.

A typical example of such studies is given by the half-life measurement
of the 1S4 keV transition in Tb performed with the electron-gamma
spectrometer (represented In fig. 1) operating at Orsay. Fig. 5 shows the
bid\mvnsional spectrum (E T ) of the prompt transitions in that nucleus.

e- e-

The tine pi ejections of the prompt (t>204 keV ; El) and delayed (E=1S4 KeV ;

I.'.?.) transitions are represented in fig. 5b and fig. 5c respectively).

This experiment confirmed the existence of the high spin isomer at
9.Q15 Mo.V, I = 61/,? state in "Tb. Indeed, t :ie existence of that isomer
was jreviously suggested by the y-y experimental data obtained with the
Chateau de crlstnl and the corresponding IC data collected in the e -y
spectrometer operated with a recoil catcher foil close to the target [20].
Howi-vor, these preliminary Investigations did not allowed an accurate
determination cf the corresponding half-life which was performed with the

latter measurement (T = 4 ± 0.5 ns).
1/3

Finally, the target qualities -like the performances of the accelerated
ion-beam optics- are particularly important for in-beam measurements of
low-energy (E s 100 keV) internal conversion electrons 121-23].

4 . 2 - Backward collinear geometry

Figure 6 gives a schematic representation of this in-beam e-y

spectrometer designed for backward collinear measurements. Four major diffe-

rences (i-iv) discriminate this experimental set up from the previous one

(shown in fig. 2) :

i) The circular Si (Li) detector shown in fig. 2 is replaced by an

annular Si(Lil detector (or two half-annular Si(Li) detectors) in fig. 6 ;

ii) The cylindrical (X+y)-ray central absorber (made of a tungsten rod)
and its Faraday cup are replaced by a tubular heavy metal absorber. Its
inner diameter (0 = 10mm) allows a free passage for the (nearly parallel)
accelerated ion-beam and the corresponding outer diameter protects the
Si(Li) detector from the (X+y) rays emitted directly from the target towards
that detector ;

iii) The Si(l.i) cryostat allows not only axial displacements (under
vacuum) of that detector (like in all other geometrical configurations), but
also lateral displacements of the same detector in its position outside the
magnetic lens. The latter possibility is intended to protect that detector
during adjustements of the accelerated ion-beam optics .

iv) A miniaturised target vacuum lock allowing easy (and fast) target

changes with a maximum amount of free space around the target needed for

Increasing the efficiency of the (X+y)-ray detection.

This experimental set up is mainly intended for the study of low-energy
pror.pt transitions (i.e. both (X+y) rays as well as Internal conversion
electrons). For that purpose it is important that all electronic and other
devices described earlier (section 4.1) will be operated also in the
particular case. In particular, the 5-electrons background should be
considerably reduced by its strongly anisotropic emission.
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the exp-r in^nt.i 1 r'.-sul1 ; obtained at Orsay with a Slegbahn-Kleinheinz
mnpnctic lens orien'c.l in f lie forward collinear geometry are extremely
enmui npi rig for ii.r planned measurements with a similar set up oriented in
the reverse direction cf 1 lir- accelerated ion-beam. Consequently, In order to
create new possi b! 1 i ' ) es for simultaneous in-beam (X+? ) ray and electron
measurements required >••>• accurate (and extensive) nuclear spectroscopy
measurements it poems necessary to investigate thoroughly how to combine
electron spectrometers of different types to multi-gamma-ray detector
at i ;iiif;r"fi';nts.

The general requirements for such a combination as well as the main
features of an electron goniometer associating a miniaturized axial magnetic
lens (with triangular + unifoiin fieldshape) to a Si(Li) detecter were
already discussed earlier [17]. Iron-core and iron-free mini-orange electron
spectrometers were also specially designed for in-beam measurements coupled
to j-arrays [24-2.5] or other types of detectors 126]. These examples are
good illustation of a wide research field of instrumental developments for
nuclear (and atomic) structure investigations.
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MICROPHYSICS EVOLUTION AND METHODOLOGY

A few remembrances and reflections on F. Joliot's

conceptions on Nuclear Research

J.S. DIONISIO

C.S.N.S.M. (I N2 P3), Orsay, FRANCE

Abstract

A few general features of Microphysics evolution and their relationship
with Microphysics methodology are briefly surveyed. Several pluri-
cllsrlpl inary and interdisciplinary aspects of Microphysir-s research are also
discussed in the present scientific context. The need for an equilibrium
between individual tendencies and collective constraints required by team
work, already formulated thirty years ago by Frederic Joliot, is
particularly stressed in the present conjuncture of Nuclear Research
favouring very large team projects and discouraging individual initiatives.
The increasing importance of the Science of Science (due to their multiple
social, economical, political, ecological aspects) and the stronger
competition between national and international tendencies of scientific (and
technical) cooperation are also discussed.

1. Introduction

More than twenty five years after the publication of "The Science of
Science" [1], following the same trend of the well-known book of J.D. Bernal
dealing with "The Social function of Science" [2] published half a century
ago, it seems interesting to review a few important problems of Microphysics
Research (including Nuclear Physics) which strongly influence its present
development and probably its future as well.

Many eplstemological problems of that kind -like, for Instance, the
nature of the physical theories [3], their relationship with physical
experiments [4] or the characters of the physical laws [5J- were extensively
investigated in the past [see, for instance, the ref. 3-5 and many others
quoted therein] and are still important topics of reflection and discussion.
The same occurs with a few more specific topics of ver^ wide interest, like
"Simultaneity and Relativity" [6,7] "Continuum and discontinuum" [8]
"Particle and wave " [9,11] "Determinism and Indeterminism" [12-17]
"symmetry and asymmetry" [18,19] "order and chaos" [20-21], which are
essential for the development of all Natural Sciences, [see, for Instance,
ref. 6-21 for a broad view on the extensive literature concerning these
topics).

There are also other general problems dealing with the relationship
between Physics, Philosophy (Epistemology, Metaphysics, Ethics, Religion) as
well as Economical, Social and Political Sciences. These problems were also
thoroughly investigated in the past and are still analyzed nowadays on
account of their importance in our everyday life and its evolution [see,
references 1-2 and 12-21].

At first sight the methodological problems of Microphysics Research
look less fundamental than the previous problems for the development of



S c i e n c e . Nevi'i tholtss, their practical irr,[.<;r tanee for the development of
M i c r o p h y s i c s Research Is rather crucial. Consequently, the main purpose of
this; work 1 B to evoke a few remembrances and reflections on Tiederlc
J o l i o t ' s c o n c e p t i o n s on Nuclear Research collected at Orsay more than thirty
yeajs ago (22- 2 4 ] . Such r e f l e c t i o n s were progressively developed on other
o c c a s i o n s 125-261 and recently extended to similar discussions held earlier
in other E u r o p e a n c o u n t r i e s (27-29!.

We start this c o n t r i b u t i o n with a broad d i s c u s s i o n of (he general
features of Hi crophysics Research (section ',<). Afterwards we consider a few
pluridiscipli nary and int crdisc i pli nary aspects of Hicrophysics Research
(section 3) before discussing Die important questions of individual
tendencies and team work constraints (section 4) as uell as planned arid
unplanned scient if ic woi k (section 5). Before eonr luding, we make a brief
discussion concerning the need for a deep -and close- n.-itional and
i n t e r n a t i o n a l s c i e n t i f i c c o o p e r a t i o n (sr-.-iion 6 ) w i t h i n t h i s i m p o r t a n t
r e s e a r c h f i e l d . I n d e e d , s u e d ,"i <•<•••; M , I I \'i: i s p a r t i c u l a r l v u i f j o r . t e:i a
E u r o p e a n S c a l e d u e t o t h e s c i e n t i f i c . : ; o . i a l a n d p o l i t i c a l c o n t e x t
p r e v a i l i n g i n t h i s c o n t i n e n t ;•. t p ! c s - - n ! ,-.••-, w e l l a s i t s w o r l d i m p a c t .
H o w e v e r , t h e i n r i e a s ii'V. n u m b r I" o f v e r v !;irj'..' ,jr;-J e x p o n s i v o p r o j e c t s p l u s t h e
i n t e r n a t i o n a l c k a r a f t '•;• o f t h e s c i e n t i f i c di-vc i c p r u e n t (far" b e y o n d n a t i o n a l
a n d p o l i t i c a l h a u . i ' T S ! ) ikar.es W o r l d w i d e I'.-:, lv.tr S c i e n c e C o o p o i a t i o n a l s o
I n d i s p e n s a b l e . F i n a l l y , w e c o n c l u d e s t i e-•• i r:c. t h e a c t u a l i rr.poi t a n t e o f
M i c r of.'hysi c s R e s e a r c h .'.uid s h o w i n g t h e s u p o i f i l i a l n a t u r e c f m a n y f r e q u e n t
c r i t i c i s m s m a d o a t - a i n s t . N u c l e a r F'hvrU'-- i :;'•• ' ;ori 7 1 .

2 . I ' c n f r a 1 f__ea _t_y_r_r

T h e l a r g e a m o u n t and w i d e v a r i e t y of s c i e n t i f i c k n o w l e d g e a c c u m u l a t e d
in M i c r o p h y s i c s d u r i n g t h i s c e n t u r y h a s 1 eJ to the d e v e l o p m e n t of m a n y
d i f f e r e n t c o n c e p t s w i t h i n t h r e e m a i n s c i e n t i f i c b r a n c h e s : A t o m i c a n d
M o l e c u l a r P h y s i c s , N u c l e a r P h y s i c s and K l e c e n i a i y P a r t i c l e P h y s i c s .

T h e p r e s e n t s t a t u s of d e v e l o p m e n t of th e s e d i f f e r e n t b r a n c h e s is
characterised by a good thcorct ica 1 d< >ci '.j'tion cf most atomic and molecular
phenomena and Jc.̂ s accurate thcoreti cal predict ions of nuclear and
elementary particle effects.

In the earlier phases of development of these different branches of
Microphysics their experimental methods were often quite similar and had
generally comparable complexity. However, the proliferation of specific
problems dealing with atomic and nuclear structure led to the requirement of
very different experimental methods and tools for their investigation. In
f.ticular, very complex and expensive experi^ental facilities (like
particle accelerators, nuclear reactors and large powerful radiation
analysers) were designed, built and used for a wide variety of nuclear
investigations. Moreover, the expansion of elementary particle physics
research led to the development of still larger experimental facilities
(including gigantic particle accelerators !) which differentiated quite
sharply the methods used in the investigation of such branches of
Microphysi cs.

The present status of development of these experimental methods is
characterised by a general tendency prevailing nowadays in the orientation
of their evolution : The experimental projects (and experimental tools)
motivated (or suggested) by the theoretical description of the different
branches of Microphysics are usually very different and employed exclusively
within a single branch. Sometimes their use is still more restricted to a
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P'M i i. ;i),-w r " f . ( M i i h •-!•!'. 01 .1 ;-[<-r I n l b r a n c h o f M l c r r.p . h y s ! rr, I ' . ' s c a n J i , O n l y
v " ^ v r.<!'-Jy n r i " ••1:1 f i n d <•>:; ' r 1 n.<-n t a ] nc;t)iOd<; i:so<) a U e f i i . i l ' M y !.»r,d
'•'•!•• •'.-'."; unr.-.-.r r o 1- f'••! ) b y S ' - v < M a i M 1 c 1< p h y r . i o s branohe:--,.

'liii'". P ^ I I I T S I f ' - i i u r p "< ^!i .]:•.;,),ysic? R e s e a r c h h a s t h e f o l l o w i n g m . i j u r
•i! • •'..•! •• 1' : U'f,.-.n,.vr>r !!••• '!•'•' ! f i ' ? o ; i r r.tK'-.r-n f o r th-'it t l i v o s | | f : ; i t ! n r , r-'.-r : r r> - :;
l'--'; •>•!••!:' i f i(.;il l y I ."•; ••<. '• ..i,t ( a n ) a 1.1; a<;t i w ) o r n e w t e c h n o } . . . , ; j e,i J
!!••."•!(• ;.•:,;•!, t <; p a k e f h a ! ;.-.-:! o h / . o i c - { " f o r t.n;jt p a r t i c u l a r p u r p o s e ( w i t h o u t
".•• ! ' . > M n p ftli'-i i--.t "T.i i...! ! y I n t e l 1:51 lni; , i p p l i c . ' i t ] o n s f o r o t h e r p u r p o s e s n o t
f 1 " i ' - i i ! " ! c ; i i n t l : " c i ' u ; i t . i l p u i v - i s c - o r <i}:pl 1 r,j t. i o n - o f tJi.-it. i !:•;( T i::-..-r,t )
!!:••;'-• ! s i . n u a i l v ;j i.f ;.:K:, r y t r. ' . f e u U J P o f , o r a t i o n o f t h a t i a c l i i t y . I , I ! P I
'';'• •: i::.'.- ! :•; of'•:•:; • V i . ^ ' i n ! <a\ -;ivri !:.:;fn---1. i m>:B d o ' s t j c j y v i - IrA'nkir.p, e i t h e r
'•••',•!•••:': . a 1 r c . v '. :v~. 0 1 Hi'.- ;;'•'•:! t o i o c c v o r vrjlviabl'? f 1 c e s p a c v w j t ! ; ; n t h o
l'-t'--!iit' r y .-j- w e l l ;-v:; ;. ••. ielo,,';t; ;--c l e n t i f i c; a n d t r-cVini f.a 1 iii.-opowf.-r ii'?'-'.i^d
I'M f ' h " i (•Xj.-'-'T "i M'-:,' ., ] \vu\r-- t " . O f co n t - ; ; p . t o t hfi e x t e n t w h " r o s u i h
f •'• i 1 i i i •••; r , t i i l i-ęrr,a:t. > 1,-; 1 j \ J • - -i-.r s o i o n t i f i c a 1 I y u ; ; t - f u l - t h o i r e x t i lic t i o n
('"i 'l''-.;t 1 'ii-t. ir.nl is h.i :',i. n] ly im1 i -sci <.-nt i f i c -Tnd an t. i -economi ca] (in fho1

!."i.!;e of reduo-ii;^ i lv n h a ] r;c i ent i f 1 c capabilities and possibi ] i t i'.-s of
'i''vr' loj .rv>rit ). liciwc'er, cons idf-r i up, the limited budgot and manpower
capabi 1 i 11 cs for scientific dr^ve] opm<?rit t.liere is a unique r.olntion to avoid
(or r f-ducr-ci tlie itnportnnco of) such drawbacks : Any new largo project should
b(' fully investigated consider 'ing the main fnatures of its primary aim as
well as other important f f-:;i (.ui i;s; of related topics. Indeed, the potential
expor 5 IHTII n 1 possibilities of any new instrument, -or facility- for a
different, purpose of its original aim, may contribute to very Jn.portant
unpredicted experimental discoveries of other' scientific branches.
Consequently, it might be advisable (whenever possible !) to investigate the
potential possibilities of alternative use (either correlated or
uncorreiated) of large experimental facilities. In other words a scientific
ir)strument for general purpose should never be considered "in compet.itIon"
with a singJe purpose instrument even when this is considered very important
for the scientific progress. In such a case, it should be taken as an extra
development not a replacement of an indispensable tool !

3. Fluridlsciplinary and interdisciplinary aspects of Microphysics Research

There are many different aspects to be considered in each branch of
Microphysics research. Such pluridisciplinary aspects may be very important
for the solution of a particular problem of a given branch and less
Important for the solution of similar problems of another branch.
Consequently there is no hope in the present status of our knowledge to
unify the experimental and theoretical description as well as the research
methodology of all Microphysics branches. Instead, there is hope of finding
a better correlation between their descriptions and exploration methods for
all interdisciplinary aspects of such branches.

In our opinion, the interdisciplinary problems of Microphysics are very
important provided they are considered in detail and without making too
rough approximations. Indeed, the interdisciplinary investigations, apart
from their inherent complexity due to the overlap of multiple physical
effects and interactions, are potentially very rich exploration fields of
scientific knowledge. Fur the: ;;.',-e, they often stimulate new scientific
developments in different i rsW.iacting fields. Last but not least they
require -and stimulate- a broad view of the scientists working on
interdisciplinary topics. Nev;;the Jess, this requirement must be fulfilled
at a high ]evel of sc i or> t.! i' t c knowledge and needs technical qualifications
within a wide -arid complex- r-.̂ -'-nrch domain. Consequently, this limitation
is a major drawback for the developinent of this type of investigations.
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f-jpectroscopy, for Instance, Is one of the most typical Inter-
disciplinary topics covering all branches of Microphyslcs through a wide
variety of special spectroscopic methods and techniques [30!. Among these
methods the following should be quoted : Nuclear magnetic and quadrupole
resonance spectroscopy, electron spin resonance and Mor.sbauer spectroscopy,
microwave, Infra-red and Raman spectroscopy, electronic spectroscopy of
atoms and molecules, photolurninescence spectroscopy, optical rotatory
dispersion, maser and laser spectroscopy, photoelectron spectroscopy, etc..
All these spectroscopic branches deal essentially with atomic and molecular
structure (apart from the influence of nuclear moments in the first
mentioned spectroscopic branches). More generally, the nuclear spectroscopic
methods cover a wide portion of the nuclear structure research field.
Furthermore, the low energy y-ray spectroscopy as well as the low energy
electron spectroscopy (I.e. internal conversion electrons and /3-rays) are
partially overlapped with discrete atomic transitions (like X-rays and Auger
electrons respectively). Consequently, there is a considerable overlap o{
atomic and nuclear effects for all available nuclides (i.e. Z s 110) in the
low energy photon and electron spectroscopy domain (i.e. E , E s 120 keV).

?" e
Moreover, there is a similar overlap of atomic and molecular effects for
very high resolution low energy electron spectroscopy (I.e. E s 2-5 keV)
studies. These spectroscopic methods led to a wide field of analytical
studies and practical applications. More recently several new mechanisms of
atrnic de-excitation were also discovered in these very low energy
Investigations. In such conditions, it would not be surprising to find new
important facts concerning atomic and nuclear de-excitation mechanisms when
the instrumental features (as well as the radiation source and detection
techniques) increase considerably the overall resolving power of the low
energy radiations (E , E £ 120 keV). In other words, one CPD expect

Important unpredictable discoveries in atomic physics by improving the
present available spectroscopic tools or by creating new ones grounded on
new materials and (or) technical developments [31J. Similar previsions
concerning the nuclear structure progress seem more uncertain due to the
present inaccuracy of theoretical nuclear predictions. However, from an
empirical point of view one can expect the discovery of interesting spectral
regularities by improving the analysis of low energy nuclear transitions.

These general arguments are in favour of small sized -but highly
sophisticated- instrumental developments in order to improve the exploration
of the Microphysics world. Indeed, the multiparametric features of a given
experiment must be kept In mind. The energy of an accelerated particle beam
(or its beam intensity) is not a priori the unique feature -or even the most
important one for a given in-beam experiment. For instance, the beam time
structure and Its spatial distributions are also essential features for the
application of important spectroscopic methods (like those using recoil
ions).

4. Individual tendencies and team work constraints

The working conditions within a nuclear reseach laboratory before the
last World War were quite different from those of post-war scientific
laboratories. The main differences occurring in French laboratories of that
scientific research branch were well described earlier by Frederic Joliot
(quoted in ref. [24]): "The (classical) research workers -who, In my
opinion, should sometimes have an artistic temperament- felt very close to
the phenomenon under investigation. Furthermore, the observation of such a
phenomenon looked straightforward and the experimenter felt quite free to
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ffllow M s crpitlvn imagination doing quite different, unpredicted, trial
p>-|-'T lrr.ents. Often he reached an unexpected result leading to a new
sr icr.tlf ic discovery (like a poet writing a poem by following his
insj'li ation) without very expensive scientific equipment or creating too
m.iiiy risks for his own working mates". In other words, "fundamental research
In the earlier phase of development of Nuclear Physics had an artisanal
ihii.u ter i at hor favourable to the development of the nuclear scientist's
p»-t ccjia 1 1 Iy" I lot:, cit. 24].

Instead, "a modern centre of nuclear research has apparently an
Industrial character". Consequently, "there is a risk of crashing the
scientist's mind with q:)ite Impressive, large, complex and very expensive
Instruments (like reactors and particle accelerators) which are rather
costly and difficult to operate". In such conditions -set by the experimen-
tal requirements and our technological development- "the research worker no
longer feels free to experiment, by multiple trials but instead he forces
himself to reduce as much as possible the number of exploratory attempts
before starting a new research work". Consequently, "it is rather difficult
now.v.irtys to a make an experiment involving an expensive instrument -or
material- with s small chance of success supported essentially by the simple
motivation of scientific curiosity. However, isn't it a fact that scientific
disc .'cries are sometimes unpredictable and quite surprising ?" [see ref.24]

According t.o this broad description of such quite different
experimental conditions, Frederic Joliot gave the important advice : "In
this transition from scientific work on an artisanal scale to the same work
on an industrial scale it seems to me that it is indispensable to evaluate
all drawbacks of such transition and to find the best experimental uses of
modern experimental equipment which do not attenuate -or even suppress- the
personality of the scientist. In any case, there is no hope of making an
original masterpiece with chain work !" [see loc. cit. 24].

The increasing complexity of theoretical and experimental scientific
problems as well as the fast expansion of so many scientific branches
Induced several important consequences in those research fields -like
Microphysics- where such evolution was very fast and deep. In particular,
the individual research work become progressively less frequent and is
gradually replaced by team work of research groups specially devoted to a
particular project or an experiment dealing with very complex, bulky and
expensive instruments.

The same point of view was stressed by P. M.S. Blackett [28] and C. F.
Powell [29] in their E. Rutherford's and H. Bhabha's memorial lectures.For
instance, talking about the great success of the CERN,Powell claims that
"such institutions serve to demonstrate the immense power in human resources
on which international science can call in well-directed and well-managed
institutions". However, like F. Joliot, Powell sees also several drawbacks
of such research institutions : "But this great increase in our powers of
Investigation has also a negative aspect. The change is reminiscent of the
transformation from handicraft to machine and industrial production, but it
has been much more rapid. In place of individual investigation there is now
research by large teams of people in institutions where good management and
an effective bureaucracy are indispensable and where an individual has to
find satisfaction in this work in a new way". Nevertheless, Powells looks
confident in the solution of this problem : "It seems, however, that we can
indeed so organise the work in such institutions that the young people
continue to find deep satisfaction in it. It is important to be alive to the
problems and to make sure that all members know the significance of their
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The team work requires for- Its success a detailed planning and an
effective coordination of all efforts of different participants. This looks
easy in theory but it is not always in practice. Furthermore, in order to
take the maximum benefit of the creative possibilities of the different.
members of such trams, it is indispensable that the planning should not. be
too rigid. In other words, it. is advisable to adopt a relative adaptability
in the application of such planning making a compromise tiet.wt.-en the old
tradition of unprrdicted (or unplanned) work and the modern tendency towards
planned scientific constructions (or experiments).This point of view is
strongly emphasised by H.S.W. Massey in a presidential address to the
(PMtish) Physical Society [2/J : "It is also most important that, the
research] programme of a team should not be over planned. The surest way to
miss the unexpected is to plan the programme so that only what is
predictable is observed. This is, of course, obvious but, in practice, it is
only too easy to make this mistake".

"Original scientific work" arises either as the result of an unpre-
dicted new scient if ic result or from a new synthesis condensing previous
experimental results and new theoretical interpretations. This type of
scientific work is the main characteristic feature of pure research work.

"Routine scientific work" is the daily activity of most scientists in
their analytical, gradual investigation of different theoretical and
technical problems involved in their investigations. "In spite of the fact
that this kind of scientific activity has a lower merit than the original
scientific investigations one should not neglect such an activity for that
reason. Instead, one should support it as a valuable and indispensable
activity for scientific progress. In any case original and routine
scientific works should be considered as complementary research activities"
(24). Indeed, the division of research work between "original" attempts and
"routine" activities is usually mode according to the personal tendencies
and aptitudes of the scientists as well as their surrounding media (i.e.,
material and instrumental means for the experimentalists ; scientific
background and computational means for the theorists). However, "any excess
of one kind of such activities is dangerous for the scientist and may have
bad consequences for his scientific career" [24].

More generally, according to Frederic Joliot, "it is advisable not to
make a clear sweep of the scientific heritage in the organisation of
scientific teaching and research work. On the contrary, in the organisation
of pedagogical and research plans suitable to the modern tools required by
such activities, the past knowledge and experience should be taken into
account and an attempt should be made to fit these plans with the best
features of the classical mind" [24],

F. Joliot completed this advice with a personal Judgment of the
limitations of large scale Microphysics research work in the late fifties :
"If large nuclear research teams obtained spectacular results in the U.S.A.
and U.S.S.R. using more or less strict planning, the average efficiency of
their scientists looks inferior to the French ones. Furthermore, France has
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b. N \ ( i"na] and In t i-r n.i t 1 ona ] Scion), if lc Cooperation

Hi" s.iir.e reasons that led to the Increasing development of team
M'si ,! : h u;.ii k {;u\'.i induced instead the scientific contributions of
Uni i vl-iu.-U research wiik'Ts) enhanced also the national (and International)
!-•': 1 ":it 1 f 1 ę (_ol 1 abor a t I :>*is extending (or replacing) local -or regiona]-
scientific projects. Indeed, the very large increase in the material and the
qualified scientific (»nd technical) manpower required by the construction
(rind operation) of largo experimental facilities used in Microphysics
Rfs-Tsr i.h make such cooperation advisable for large countries and
Ind i r punsable for smaller orx-<i. However, what looks reasonably advisable in
gcii'M ,i! is not necessarily adopted due to the fear of unknown situations,
pi t: kidirrs against f ore if.ners, or simply preference for the routine instead
of novel Iy. Consequent 1y. one can imagine that International collaboration
is not•c:;s;ir 1 ]y more difficult to promote (and to develop) than a national
col ] ,-iboi a t ion while a local -or regional- collaboration should be much
easier to handle due to closer contact, common background and surroundings.
This nile is certainly true in many cases but not when scientists from very
different, origins sympathise and enjoy their work together.

In general, one should try to organise first the local and regional
collaborations before extending them to the national and international
frames. Indeed, "like the human organism, every country is in a very special
sense unique, and its problems can only be resolved by its own people who
alone knows its strengths and weaknesses intimately, and its problems at
first hand" [29]. Nevertheless, a country -like an individual- is. not free
from interferences from other countries -or individuals- and consequently
the solution of their problems is not completely uncorrelated and in a few
cases may be closely related. In other words, international cooperations
cannot solve completely all national problems (including the scientific
ones) but may help to find their solutions.

The scientific cooperation in High Energy Nuclear Physics -and Elemen-
tary Particle Physics- on a European Scale has been considerably developed
since the Last World War at the CERN laboratories installed at Geneva. Other
collaborations concerning Nuclear Spectroscopy of Nuclei far from Stability
were also developed in the same laboratories using an on-line Isotope
Separator (ISOLDE) coupled to a medium energy particle accelerator.

Similar research activities were performed at the JINR operated at
Dubna by nuclear scientists from several Eastern European Countries. Apart
from these Fundamental Research Institutions there are a few European
laboratories for Nuclear Applications like those of EURATOM and NUCLEAR
FUSION Projects (such as the JOINT EUROPEAN TORUS (JET) (see ref. [32]).

The large amount and w'de variety of Nuclear Research facilities now
existing -or actually in project- within European Countries are not
coordinated by any of the previously quoted institutions. A first step for
that purpose has been the recent creation of NUPECC (Nuclear Physics
European Collaboration G.ramittee) which plans to make a complete inventory
of the main scientific experimental facilities -and corresponding scientific
responsibles- existing now within Europe (see Ref. [33]).

Finally, considering the great importance of such a coordination not
only for Strictly scientific purposes but also as a valuable guide for other
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klri'ls "f International Cooperation let us to hope that such Initiative and
the already existing international Institutions wl 1 ] develop first on an
European scale and later be extended to a World Wide frame (like IAEA). For
•hat purpose, it Is Indispensable that the will of scientific cooperation
prevails over the tendency towards the national competitions as illustrated
In the i ccent analysis of the international position of U.S. Physics [34] :
"For Ą0 years, the United States has been the world leader in physics
rpscuch, but the situation Is changing rapidly. During the past decade,
both the Western European nations and Japan have fully recovered from World
War II and have reassumed an aggressive role in science. In many areas where
pi- iously we were clearly ahead, these nations are now fully competitive.
Their re-emergence in the field of physics benefits science as a whole, but
the United States can and must retain a competitive edge. Without it an
essential factor in maintaining our economic well-being will be lost".
Indeed, two interesting remarks can be made about this analysis : First the
so-called aggressive role of Western European nations and Japan ; second the
pi i o r11 y of economical well-being as a major Justification for Fundamental
Research. It is doubtful that these remarks correspond to our scientific-
aims and certainly not to our traditions.

7. Cone Iuslon

The evolution of Microphysics is permanently changing with the
introduction of new scientific and technical developments. Consequently,
Miciophysics research is potentially full of unpredictable discoveries
within its very wide research field. Moreover, the relationship between
Microphysics and Macrophysics (in our scale) research becomes closer and
more familiar everyday through multiple Microphysics concepts (and devices !
guiding or helping us. Finally the increasing development of Inner (and
Outer) Space exploration and research as well as the renewed interest in
fundamental cosmological problems make the relationship between Astrophysics
and Microphysics more and more important. In such conditions, it is hard to
believe -and even less to understand- a "requiem" for Nuclear Physics or any
other branch of Microphysics. On the contrary fascinating discoveries may be
e>:pected provided the physicists remain enthusiastic and "enjoy" their hard
research work looking for a better and deeper understanding of the Physical
World instead of their own social -or scientific- promotion. This prospect
=:eems to us the main answer to the question : Quo Vadis Nuclear Physics ?
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