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EDITORIAL 

The present volume includea all lectures and seminars pre¬ 

sented in the first week of the XXI Winter School on Physios 

at Zakopane for which the manuscripts were received by organizers 

before August 30th 86. Additional/ it includes two leotures which 

being in the School Programme could not be orally presented for 

reasons not dependent on authors or organisers. 

The proceedings of the second week of the School devoted to 

condensed matter studies are published in a separate volume. 
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CORRELATIONS IN RAPIDLY-ROTATING NUCLEI 

J. D. Barrett 

The Niels Bohr Institute 

Blegdamsvej 17, Copenhagen 0, Denmark 

I,. Introduction 

As the first foreign speaker I would like on behalf of all 
the guests to take the opportunity to thank the organizers for 
their kind invitations for us to take part in this year's Zakopone 
School. Once again we experience the famed hospitality of this 
school and of Poland. 

I shall discuss two current high-spin topics in this talks 
(i> the competition between collective and- single-particle 
configurations; and Hi) correlations at large angular momenta*. 
For both topics I will briefly consider some data, but will dwell 
mostly on the physical consequences. 

2. Competition between Collective and Single-Particle 
Configurations 

A cardinal topic in nuclear structure is the balance between 
the two facets of nuclear dynamics: single-particle and 
collective degrees of freedom. This theme recurs in the two 
mechanisms for generating angular momentum in nuclei C13: (i) 
summed contributions of individual nucleons with aligned angular 
momentum vectors; and <ii) the collective rotation of a deforced 
system. In the lower portion of a major shell the former process 
is most efficient for oblate nuclear shapes. The high-Jl 
components of large—j configurations are lowest in energy, see 
Figure 1. The angular momentum is generated by single-fold 
occupation of each two-fold degenerate Nilsson orbital. (For 
two-fold occupation the nucleons move in time-reversed orbits, and 
the intrinsic angular momentum vectors for the two nucleons 
cancel.) 

Conversely, if angular momentum is disregarded, except at the 
very "top" of a major shell,.the single-particle energy is 
minimized for prolate deformations. This is a result of the 
larger density of single—particle levels found far prolate 
deformations low in each major shell, see Figure 1. Therefore, 
when a sufficient number of valence shell orbitals arm occupied, 
the nucleus assumes a prolate deformation. The prolate orbitals 
low in a shell have small values of -A, so only small intrinsic 
angular momentum is obtained by single—fold occupation, i.e. 
"aligning," such orbitals. Thus the angular momentum is generated 
by collective rotation about an axis perpendicular to the symmetry 
axis. The possibility of observing collective rotations of a 
quantal system, of course, is a consequence of the broken 
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spherical symmetry of the system produced by the dominant 
occupation of de-formed valence shell orbital*. 

The limiting mechanisms -for generating angular Momentum *rs 
distinguished both by contrasting energy spectra and decay rates 
— see Figure 2. A rapidly-rotating single-particle nucleus (e.g» 
147Gd«»[2,3)| only one neutron removed from the N » 82 
closed shell) decays via a complicated cascade by unenhanced 
gamma-ray transitions of mixed multipolarity. This pattern 
.reflects the detailed construction of angular momentum from the 
various single-particle configurations near the Fermi level. In 
contrast, a deformed rotor decays via a series of cascades of 
enhanced gamma-ray transitions along a variety of rotational 
sequences corresponding to differing intrinsic configurations. A 
typical example of the decay sequence of a deformed rotor is the 
regular decay pattern of the yrast sequence of ***Hf»* 
C43 shown in the right-hand portion of Figure 2. 

Not all nuclei fit into the pattern of the limiting cases. 
In particular the mechanism for generating angular momentum in 
transitional nuclei has been established experimentally to be spin 
dependent, see e.g. C5—83. Recent level schemes information for N 
<* 90 nuclei at I ^ 40 C9—143 allows the microscopic basis of 
angular momentum to be studied at even larger spins. Though these 
nuclei appear to be collective rotors at lower angular momenta, at 
the largest spins systematic deviations CIS,163 from collective 
behavior »rm observed. An example is the yrast sequence of 
iamEr*m. The high-spin "rotational" sequence is 
perturbed C9,103 by other states of the same spins and parities 
which are lower in excitation energy than the "rotational" 
sequence — see Figure 3 and the left—hand portion of Figure 4. 
The additional sequence of states, which are longer lived than the 
"rotational" sequence C103, is interpreted as single-particle like 
C173 states terminating at pure single-particle I1*" = 40** and 
46* levels. Indeed, the single—particle configurations, 
shown in the right-hand portion of Figure 4, are predicted to be 
yrast or near yrast [18-203. The perturbations of the highest 
state in the negative-parity sequence of *saEr*» (Figure 
3) also can be explained [153 by close—lying "single-particle like 
states," as can a large number of other high—spin anomalies in 
this mass region, see Table 1. 

The interpretation of the observed discontinuities in these 
rotational sequences as perturbations by oblate, or nearly-oblate, 
single-particle states implies a strikingly large interaction (as 
much as 20-30 keV) between "prolate collective states" and "oblate 
single-particle states." -Transitions also TB observed between 
states of the different structures. For example, in 1BS£r 
both the 40- "collective' state at 14.154 MeV and the 
40* "single-particle" state at 13.778 MeV decay to the 
"collective" 38* state at 12.951 MeV — see Figure 3. 
Phrased in the language of K forbidden transitions C233 , the 
transition from the I = K = 40 "single-particle state" to the 
low-K "collective" state is K forbidden by more than 30 orders. 
That is, its lifetime should be longer that the age of the 
universe, yet it is observed to compete with unobserved 
transitions to other "single-particle like states." Apparently 
the concept of K-forbiddenness, which is valid for low-spin 
states, cannot be directly extended to high spin*. 

To rectify the paradox of an apparent overlap between the 
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wave functions of the "collective" and "single-particle" high-spin 
states, it may be necessary to modify the concept of a collective 
state corresponding to a de-formed nucleus rotating about an axis 
perpendicular to its symmetry axis. For transitional nuclei at 
high spin not only is the number of valence-shell ranfigruation 
available as a microscopic basis of the collective state limited 
(less than 990 for the 46* states of 1B"Er C243), but 
also most of these "basis" states arm not prolate C153. When 
considered in these terms, an overlap between a "collective;' state 
constructed from this basis and'the lowest single-particle state 
of the same spin and parity perhaps is not so revolutionary. The 
reduction of the collectivity of the high-spin "collective" state 
do.3 to fewer states that can be constructed from the valence 
nucleons is a strong function of both angular momentum and neutron 
And proton number. Such effects, which are predicted from 
snel1-model calculatins for s-d shell nuclei C253, have 
consequences for other properties of these nuclei, e.g. transition 
rates, near—yrast and continuum decay patterns, etc. Most o.f all 
detailed microscopic calculations arm needed to place these 
intuitive arguments on a stable foundation. Indeed, t!>e reduced 
number of basis configuration for high st>:.r. states in these near 
trartsitiortal nuclei allons the fail pow<?-» of shell model 
calculat ions to be applied tv these states as well as the more 
standard cranking, particle-rotor, and MONSTER C26 3 calculations. 

3. Pair Correlations at Large Angular Momentum 

Just as we earthlings, living on a rotating planet, arm 
subject to Coriolis and centrifugal forces, the nucleons "living" 
in a rotating nucleus also are subject to such forces. A quarter. 
of a century ago Mottelson and Valatin predicted C273 that in at 
rapidly-rotating nucleus these forces, not only inhibit pair 
correlations — sea Figure S, but should be sufficiently strong; to 
completely quench them. This process is the analogue of the 
quenching of superconductivity by a magnetic field. Ever since 
the search for the transition from the correlated to uncompleted 
phase has been the "Holy Grail" of high-spin spectroscopy. In 
fact the orginal interpretation of "backbending" was this phase 
transition C283. However, as systematic data became available it 
became cleir C29J that the "backbend" was a crossing C303 with A 
band that had an additional pair of quasiparticles aligned with 
the rotational axis. 

Armed with the improved gamma-ray detection systems C31,323 
it seemed proper to renew this Arthurian quest. The initial 
question of how to distinguish the existence or nonexistence of 
pair correlations from experimental data is considered in Section 
3.1. However, our ultimate goal must be to derive an empirical 
estimate of the energy associated with correlations for a variey 
of configurations in various nuclei, so that th« physical basis of 
the correlated states can be described. This is the topic of 
Section 3.2. Not only is this quest an end itself, but there is 
an added benefit. Pair correlations are not the only correlations 
expected in nulei. If the effects of pair correlation* mrm 
minimized, more precis* information can be obtained for various 
other correlations and ultimately for the single-particle degrees 
of freedom. 
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3.1 Are Static Pair Correlations Quenched in Rapidly-Rotating 
Systems? 

Besides the naive observation a* a rigid-body moment of 
inertia C333 at least -four observations have been taken as 
evidence -for the quenching of static pair correlations at 
large angular momenta: 

<i) Con-figuration dependence and irregular variation of the 
Fermi level, X„ or A»» with particle number N or Z 
C34,353; 

(ii> Disappearance o-f band crossings C363; 
(iii) No systematic preference -for a speci-fic configuration 

to be lowest in energy 135,373; 
(iv) Disappearance o-f pair induced alignment Ł363. 

In this subsection topics (i-iii) will be discussed. 
3.1.1 The Par tide-number, or "Gauge-space" Al ignnent, Plot. 
As so often in physics we resort to a technique used to establish 
another correlation — the quadrupole deformation of the nucleus. 
The parallel roles of the shape and pair fields C37-413 in the 
cranking hamiltonian are utilized to generalize an approach valid 
for the shape degree of freedom to the pair degree of freedom. 
Canonical varible plots C413 for the cranking hamiltonian, i.e. 
J„ (w) , the aligned angular momentum plot, and N<^,,>, the 
particle-number pi at, are shown in the left- and right-hand 
portions of Figure 6> respectivly. These plots are given both in 
the limit of correlated (upper) and uncorrelated (lower) behavior 
of these systems with respect to the shape and neutron-pair 
degrees of freedom. 

Just as the irregular variation of Ey(= 2fiw) with aligned 
angular momentum, IM, is evidence for noncorrelated, or 
single-particle, behavior of the shell-model nucleus, 
13oDy»«i a similar pattern of the two-neutron binding 
energy Bar> <= 2*„> is evidence for an uncorrelated 
behavior of rapidly-rotating odd-N ytterbium isotopes C35,42-93 
with respect to the neutron-pair degree of freedom. The energy 
associated with the addition of the least bound pair of neutrons 
coupled to spin zero and positive parity in odd-mass ytterbium 
isotopes, i.e. An, or with two units of angular momentum in 
lo"Dy, i.e. -hw, depends on the details of the single-particle 
spectrum of states as a function of N or IK. Fluctuations 
occuring in the spacings of the single-particle states, a result 
of the finite number of constituent nucleons, give the irregular 
pattern. Indeed, the gaps in the single-particle levels near the 
spherical tB"Dy».» are larger.than those for rotating 
deformed systems; therefore, the IM <w> plot for ls<oDy is 
more irregular than the N(Xn) plot for the rapidly-rotating 
deformed ytterbium isotopes. 

In contrast, when the nuclear field is correlated with 
respect to a specific degree of freedom, the energy associated 
with that degree of freedom, e.g. \ n or -hw, varies regularly 
as a fuction of the corresponding variable, N or 1„ — see 
the upper portion of Figure 6. These regular patterns reflect the 
correlated nature of the intrinsic configurations, which remain 
constant for the addition of a pair of neutrons or two units of 
angular momentum. They are necesssary conditions for the 
existence of static deformation of the nuclear field with respect 
to the appropriate degree of freedom, i.e. the neutron pair field 



tor N(X„) or the nuclear shape łor I„ t-hw) . The 
discontinuities at specific values of Jt„ and fin ir: these 
plots indicate that A N = 2 neighboring isotopes or states in a 
decay sequence differing by two units of angular momentum have 
different correlations. For example, the singularity at N = 89 in 
the dysprosium particle-number plot is associated C40] with the 
transition from nearly speherical to deformed ground-state shapes. 
Similarly, the discontinuity in the aligned angular momentum plot 
for >*"Hf,. C43 is the "backbend" associated with the 
shift of the yrast sequence of this nucleus to a different 
intrinsic configuration. 

Particle-number plats for the lowest postitive-parity 
configurations both in odd- and even-N ytterbium isotopes and for 
the lowest negative-parity configurations in odd-N ytterbium 
isotopes C35,42,43-533 are compared at small and large ,-otatianal 
frequencies in Figure 7. The change from the linear behavior of 
N(\..; with minimal configuration dependency at small 
rotational frequencies to an irregular behavior dependent DPI the 
configuration at 1arge -hw indicates a dramatic reduction of the 
neutron pair correlations at large rotation;*! frequencies. Such 
irregularities in N(>*«> indicate that the static neutron pair 
*?eld is too weak to smooth the fluctuations in the single-neutron 
level spacings by producing a neutron pair-correlated state. This 
condition indicates that at large rut ati onai frequencies the? 
neutron pai r -qap parameter, X„, the deformation (or order") 
parameter in neutrorr-number space, is less than, or of the order 
of, the average spacing of time—reversed single—neutron level, 
d„. For rare earth nuclei d„ * 320 Q 

S.I.2 The Disappearance of Bmnd Crossings, Two types of band 
crossings are known: (i> those based on the alignment of a pair -
of quasiparticles ("virtual" crossings); and (ii) tho=e based on 
level crossings in the single-particle spectrum of states ("real" 
crossings). The latter type of band crossings C553 between 
configurations of the same number of quasiparticles (or particle) 
correspond to level crossing such as those shown in Figure 8. 
These "real" crossing are independent of the existance of pair 
correlations. In contrast, the former (most common C56-93) type, 
corresponding to crossings between bands differing in 
quasiparticle number by two, depends on the existence of pair 
correlations. The disappearance of such "virtual" band crossings 
in the absence of pair correlations is illustrated in Figure 9. 
With increasing rotational frequency the single—particle states no 
longer interact pairwise with the vacuu*, thereby increasing the 
particle number of the vacuum by two units. In particular this 
occurs at fiw ft 0.23 MeV for the quasineutron levels labelled A and 
8 and at the largest values of fiw shown for those labelled E and 
F. 

Frauendorf C363 was the first to suggest that the 
disappearance of such "virtual" band crossings would provide 
evidence for the absence of pair correlations. Unfortunately, at 
the time of his suggestion the experimental data did not extend to 
sufficiently large rotational frequencies for this test to b* M d e 
for t.he higher frequency band crossings. Sufficient progress, 
however, has been made in recent years to allot* such tests. 
Empirical single-neutron diagrams can be constructed tSil by 
referring the 
routhians of odd-N isotopes to the (+,0> yrast configurations of 

19 



the neighboring even-even systems — Bee Figure 10. <An averaoa 
o-f ths < + ,8> routhians -for ths> N - 1 and N * J isotopes helps to 
minj(ni?e systematic variations due to deformation changes.) 
Upbendt. in such a plot correspond to crossings in the t + ,SJ> system 
that do not occur in the neighboring odd-A isotope, and dowrtbends 
correspond to crossings in the odd—A system not occur)ng in the 
! + ,B) configuration of the even-even neighbors.. The first 
crossing <AB> in such plots can be used to de-fine the zero level 
(vacuum) so that higher -frequency crossings can be searched for 
relative to this "vacuum." 

Such empirical plots should be comparable to the single 
quasipartide plots in the presence of pair correlations if pair 
correlations exist. If, however, stał ic pair correlations do not 
exist these higher frequency crossings will not exist in the 
even-even systems; therefore, the single-particle levels will not 
be reflected upward. Instead, they can "plunge into the vacuum.* 
Indeed, such an analysis for •*».»*'<>*»vbłBlłrtT» indicates that the larger frequency crossing tEF and CD) seem to 
disappear — see Figure IB. Therefore, the neutron pair 
correlations in the < + ,0> configuration are not sufficiently 
strong to create the pair o-f quasi neutrons necessary to produce a 
"virtual" crossing. Or in more technical terms C593 the pair 
condensate associated with the static deformation of the neutron 
pair -field does not exist (is not strong enough to create a pair 
of quasineutrons). 

3.1.3 Loss of Preference for Positive-parity Configurations. 
The experimental spectrum of single-particle states, the basic 
independent-particle excitations, contains information on the 
existence, or nonexistence, of correlations of all type, as well 
as on the details of the single-particle potential. Such spectra 
of states for a series of odd-mass ytterbium isotopes [35,42-9] 
with from 91 to 99 neutrons are shown in Figure 11. A striking 
difference is observed between the low- and high-frequency 
portions of these spectra. At low frequencies, -hw < 0.35 MeV, the 
observed spectra of states for neighboring odd-N isotopes are 
similar. In thess five isotopes an idential ordering of levels is 
observed: the (I,*) = (+,1/2) configuration is lowest followed by 
the (+,-1/2) and the (1,1/2) con-figurations. The level spacings 
gradually decrease with increasing mass number, reflecting the 
movement of the Fermi level, >„, away -from the 
highly-alignable, low-A. components of the it3/i neutrons. Such smooth systematic changes as a function of neutron number 
reflect the highly-correlated nature of these states and are 
characteristic of a system with strong neutron pair correlations. 
The favoring o-f the positive—parity single neutron states is 
understandable. The low-Jl components of the i 1 3 / I shell model configuration is the most alignable con-figuration in this 
shall. Pair correlations allow component of these configurations 
to mix into the positive-parity yrast states even when they *re 
wall below the Fermi level — see Figures 9 and 12. 

In contrast, at large rotational frequencies, -few >, 0.35 MeV, a 
distinctly different spectrum of single-neutron states is 
observed. For each isotope th» spectrum is unique. In l*xYb,x, ł*3Yb,», and ***-Yb,,r th« 
yrast configuration has positive parity; whereas in 
»*"Yb»» and »*»Yb»» it has negative parity. 
Such a spectrum of stat** is characteristic of a system without 
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neutron pair correlations- Each level scheme is uniquely 
characteristic erf the sequence of single-neutron states occupied 
to give the correct spin, parity, and neutron number. 

The paired and unpaired spectra of single-particle states can 
be compared to two different cooks preparing soup (perhaps 
borscht). If only seal! changes are made in all of the various 
ingredients (the equivalent of changing the pairing induced mixing 
by moving the Fermi level a bit in a strongly pair correlated 
system — see Figure 12) then the taste of the borscht changes 
gradually. However, if a Russian cook adds a completely different 
ingredient, e.g. the beets themselves, then the taste of the soup 
will change completely to Russian borscht. This, of course, is 
the analogue of the unpaired spectrum of states, where the 
detailed spins, parities and separations of the near yr-ast states 
are determined by two or three levels near the Fermi 'isvs-1 whose 
occupation is changed £35,373. 

3.2 Empirical Estimates ci-f the Correlation Energy 

The experimental evidence discussed in the preceding section 
indicates that the static neutron pair field is not sufficiently 
strong at large rotational frequencies to produce "virtual" band 
crossings or to smooth the fluctuations in the single neutron 
levels. Such an analysis, however, lacks information on the 
energy associated with any residual neutron-pair, or any other 
type of, correlations. That information, of course, is available 
from experimental routhians, such as those shown for the odd-N 
ytterbium isotopes in Figure 11. Thesfc routhians, however, are 
complicated by fluctuations associated with the single particle 
states. Therefore, for the discussion of correlation energies it 
is more convenient to introduce the concept of a "double routhian" 
C4I3. 

The experimental information contained in high—spin decay 
schemes, such as that shown in Figures 2 and 3, is 
E„(I,N,Z,config.). These values are converted C413 to a 
"double routhian" by removing both the rotational energy 
(wl,.) and the "gauge—space" rotational energy <>„r4> and 
referring the resulting energies to the least correlated 
configuration C if). « 66 neV-*** 
= B.8S10,.*s<t

s(a.25> 3 and in "gauge-space" to liquid-drop 
energies. The "double routhian," e"(w,A„,Zfconfig.), has two 
advantages: (i) high "frequency" fluctuations as * function of 
both N and I artt smoothed) and (ii> configurations in odd— and 
even-N isotopes are on the same relative scala. Such double 
routhians are well suited for studying quantities that vary 
smoothly as a function of particle number and angular momentum, 
e.g. shape and pair correlations. They also provide a smooth 
background which is convenient for "viewing" the more rapidly 
varying quantities, e.g. the single—particle level spacings. 

"Double routhians" are shown as a function of 4iw for constant 
Xnin Figure 13 and as a function of An in Figure 14. 
Perhaps the most striking feature is the systematic lowering of 
the (+,B) configuration, and to a lesser extent of the lowest 
(+,1/2) configuration relative to that of the negative-parity 
configurations. At the lowest rotational frequencies, where 
neutron pair correlations mrm expected to be large, this 
preference is aaximum, > 1 MeV -for the <+,9) configuration. With 
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increasing rotational frequency these preferences persist but are 
greatly reduced in magnitude. For łis* = 0.50 MeV the average 
preference for the <^.S) configuration is reduced to as little as 
100 keV relative to the lowest negative-parity configuration. 
That of the < + ,l/2> con-figuration is even less. 

In an uncorrelated system neither ths positive nor the 
negative-parity levels should systematically occur lower in energy 
-as a function of particle number (or )i ) . The preference should 
only depend on the detailed single-particle level structure (see 
Figure 8) for the position of the Fermi level corresponding to the 
particle number. rt is significant that specific configurations 
remain preferred (systematically occur lower in energy) up tołin > 
0.50 Mev, whereas static neutron pair correlations appear to tie 
quenched at lower rotational -frequencies. Neither is the static 
neutron pair gap large enough to scatter pairs of neutrons between 
neighboring single neutron states nor to produce a sufficiently 
correlated pair condensate to create pairs of quasi neutron at -hw » 
0.40 MeV (see suosect. 3.1). This apparent paradox is understood 
when the effects of dynamic pair correlations (pair vibrations) 

considered. 

3.7 The Effect of Dynamic Pair Correlations on Single-P.artic!& 
States in Rapid) y-ftotatir.rj Nuclei 

Cur previous knowledge uf pairing in shell-model nuclei 
indicates C38,59] that pair vibrational effects, arising from 
fluctuations in A <the "gauge-space" deformation or order 
parameter) must be considered in the limit of A ^ d. Such effects 
are expected to be important in rapidly-rotating nuclei at 
rotational frequencies where the Coriolis and centrifugal forces 
are sufficiently large to reduce A to the magnitude of the average 
level spacing in a rotating system — i.e. in the same limit 
except in the presence of deformation the level spacing is 
smaller. The apparent absence of scattering between such pairs of 
singie-particle levels is just one criteria used (subsect. 3.1) as 
evidence for the quenching of static neutron pair correlations. 
Therefore, it is imperative that dynamical pair correlations be 
considered -for these rapidly-rotating deformed systems. This 
subject is the topic of Professor Szinanski's lecture [603; 
however, I wonid like to make a few specific comments on the 
anticipated and predicted effects of pair fluctuations on the 
single-neutron spectrum of states, which are discussed in the 
preceeding subsection. The role of dynamic pair fluctuations in 
rotating systems also is discussed in refs. C61-53. 

The anticipated developement of the energy associate with 
(both dynamic and static) pair correlations, eCor, as a system develops from a statically paired state to a completely 
uncorrelated state with increasing rotational frequency is 
illustrated pedagogically in Figure 15. CThe similarity of this 
plot and the "double routlnans" plot as a function cf -hw (Figure 
13) is no£ accidental.3 The total correlation energy of the 
completely paired state C663 in the limit of equally-spaced levels 
C51?}. -A-2/20. is indicated. A microscopic model, however, 
must bp used to predi ~.t the magnitude of the correlation energy as 
a function of configuration and rotational frequency. The 
appropriate model for the vibrational region is the random-phase 
approximation (RPA). The basis states for such an RPA calculation 
*r» th« single-particle states for independent particle motion in 
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An unpaired rotating de-formed nucleus, i.e. the unpaired solutions 
o-f the cranked HFB hami 1 tonian such as those shown in Figure 8. 

Instead of reviewing the results o-f RPA calculation? -for 
rotating systems C£>1,623, I would like to show a comparison o-f 
some recent preliminary calculated (-from Y.R. Shi mi z u Cfo51> and 
experimental routhians — se» Figure 1&. The B-ffects o-f 
-fluctuation both in the presence and in the absence of static pair 
correlations are included in these calculations. These 
calculations are in excellect agreement with the 1*"Yb^« 
data C353- Quite acceptable agreement also is obtained C653 -for 
other even- and odd-mass ytterbium isotopes with N = 92-99. These 
calculations indicate that both static and dynamic pair 
correlations are strongly con-figuration dependent. The large 
variation in the critical -frequency at which the static pair gap 
is quenched for positive— and oegative-parity levels (see the top 
portion o-f Figure 15) is a result o-f the large pair matrix element 
•for the "1/2-C5213" neutron orbital which is near the Fermi 
level for N = 98 — see Figure S. It. is necessary to rotate, this 
orbital, which has a small j (hence a small j„ > , more rapidly 
than other neighboring neutron configurations to af-fect its tine 
reversal properties. (Remember time reversal is broken by the 
r.onolia and centri-f<.igai -forces which are? proportional to 
- w :i„ . This is the mechanism -for quenching pair correlations 
-- "the time reversal responce function") This "hot orbital" is 
blocked in the negative-parity con-figurations of 
!* 8Vb ł o! thus both the effects of static and dynamic 
neutron pair correlations are less than for the (+,0) 
configuration. Other "hot" mid rare earth orbitals which require 
large rotational frequencies to "unpair", include the 
lł/2-C5<353 neutron orbital and the 1/2-C4113 proton 
orbital. These are just the orbital with small j» values 
resulting from either small j's or large Jt/s. Higher multipole 
pairing ef-facts C67-693, which are not included in the 
calculations of Figure 16, however, are expected to be important 
especially for the 11/2-C5053 orbital C6B-693. 

4. Final Comments 
In this talk I have concentrated on two current high spin 

topics: (i) the contrasting roles of single-particle and 
collective configurations as a basis for large angular momentum in 
near transitional nuclei; and <ii) neutron pair correlations in 
the vicinity o-f the pair phase transition. 

The interesting observation of the former topic is the 
sizeable interaction between coexisting "single—particle like" and 
"collective" high spin states of the same angular momentum and 
parity. Apparently, there is a sizeable overlap between high-spin 
oblate single-particle states, and rapidly-rotating prolate 
defrr-med states. Indeed! <i> a rotating prolate object produces 
ar ablate mass distribution, and (ii) as the maximum spin which 
can be made in the valence shell is approached the basis -for the 
"collective" configuration becomes increasingly restricted C24], 
Recent ralculations C703 for the it 3/ 3 intruder orbital 
indicate sizeable overlaps for the states o-f maximum angular 
momentum. However, such overlaps arm greatly reduced when one or 
more spin vector is antialigned. 

The interesting point of the latter topic is the sizeable 



effects of dynamic pair correlations in the absence of static pair 
correlations. Not only arm these correlations consistent with 
previous knowledge of the microscopic basis of pair correlations, 
but in the rotating system new effects appear. For example, the 
frequency dependence of the correlation energy associated with 
such effects produces 161,62,64] an effective dealignment which 
helps to explain the "high-spin dealignment problem" [4,713. 

I have been cavaiitr in distinguishing pair correlations and 
other correlations. This has not been from ignorance. Not only, 
are the nuclei considered stably deformed, but the frequency ranga 
discussed is that where static and dynamic neutron pair 
correlations are important. However, the importance of neutron 
pairing dot>s not argue that variations and/or fluctuations with 
respect to other degrees of freedom (e.g. deformations and proton 
pair correlations) are not important. Indeed, the "double 
routhians" (Figures 13 and 14) are affected by ali the nuclear 
correlations. With an improved understanding of the pairing 
degree of freedom it should be possible to obtain more detailed 
information on the other correlations and the "undressed" 
single-particle spectrum of states. 

With the technical improvements in gamma-ray detecting and 
data acquisition systems (see the contributions of H. Hubel and 
R.M. Lieder), the improved theoretical techniques (contribution of 
W. Nazarewicz) and the considerable experience being gained in 
systematic analyses of the data, it can be concluded that 
"Hudear Spectroscopy is alivs, *iell and living in Northern 
Europe." 
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Table I Summary of observed single-particle state 
collective state perturbations" 

Nucleus Perturbation 

1 "•&-

40* Both states observed £143 
43- Too low 

87/2- Too low £123 
81/2* Too low £213 

40* Both states observed [9,103 
43- Too low £93 

36* Too low £13,433 
39- Too low £13,433 

89/2* Too high C433 
81/2- Too low £223 
83/2- Too low C223 

- Sea also references £15,163. 
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Figur* 1 Energy 1avals for independent neutrons in a deforced 
potential of deformation G . The valence shell occupation of the 
favored 46~ "single-particle" state of ŁmmErvm is 
indicated. 
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Figur* 2 Comparison of neai—yrast decay saquKicx for nuclei 
Mhos* angular momentum i s dominated by collective rotation about 
an axis perpendicular to the nuclear symmetry axis, 
1*mH**» C43, and single-particle alignmmt, 
1<*76d.s t2 ,3] . Energy levels of "*76d with 
lifetimes >,, 1 ns arm indicated by heavy lines. 



Figure 3 Erbium-158 level scheme established from experimental 
studies reported and referenced in C9,1B3. 
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Figure 4 In the left-hand portion tha excitation energies of • 
positive-parity levels of lmmEr+m (see Figure 3) *rm 
plotted as a function o* angular momentum relative to a rigid 
rotor. The levels *r* labelled to indicate the similarity with 
the theoretical predictions C193 shown in the right-hand portion. 
In this portion the con-figurations of the shell model states (band 
terminations) also are indicated. 

Figure S Diagram illustrating 
the Coriolis plus centrifugal 
force vectors (large arrows) 
acting on nucleons Moving in 
time-reversed orbits in a 
prolate deforated nucleus 
rotating about an axis 
perpendicular to the 
nuclear-symmetry axis. 
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Figura 6 Comparison of con*iguration-«paca alignmant plots, 
Ufhw), (lałt-hand side) and particla-numbar, or 
"gauga-spaca" align«ant, plots, N<k„), <right-hand sida). 
Tha plots shown in tha top (bottom) portion indicata collactiva 
(singla-particla) bah*vior. 
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Figur* 7 Particl• number, or "gauge-space" alignment, plots far 
the lowest (»,*> * <+,«>, <-t-,l/2) and (-,1/2) decay sequences of 
ytterbium nuclei at f»w - a. 12 MeV (left) and 0.3O MeV (right). 
The neutron Fermi levels, >, defined as in C403, correspond to 
half the separation energy of the least bound pair of neutrons 
coupled to spin zero and positive parity for the specific 
configuration and rotational frequency. The data are from 
(35,42-333. 
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Figura 8 Th» calculated spectrum of N = 4-6 single-neutron states 
in a rotating nucleus in the absence of pair correlations is shown 
to the right. «,*> = <+,l/2), <+,-l/2>, <-,l/2> and (-,-1/2) 
state* are denoted by solid, short-dashed, dot-dashed and 
long-dashed curves respectively. To the left the asymptotic 
quantua numbers,-Ał CNn,-43, valid at fiw = 0, *rtt given for 
each orbit. Neutron numbers associated with sizeable gaps in the 
levels are indicated by the circled numbers. The deformations 
used (given in the upper right corner) correspond to an average of 
that calculated C353 for the low-lying configurations of 
• ••.»**.»*»Yb,,,,,,,„ at hw = B.45 MeV. The modified 
oscillator parameters also were taken from C3S3. 
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Figure 9 Comparison o* single-particle levels in rotating systems 
with (top) and without (bottom) static pair correlations. In the 
top portion the calculated spectrum o-f Nilsson states (left), 
Nilsson-plus pairing states (center) and independent-particle 
states in a rotating system with pair correlations (right) are 
shown. In the bottom-portion the Nilsson spectrum of states is 
repeated to the left, and and the independent-par tide spectrum of 
states in a rotating system without pair correlations is. shown to 
the right. The associations of (7f,*) with the various curves in 
the right-hand portion is the same as that of Figure 8. The 
hamiltonians for each calculated spectrum of states are indicated. 
These spectra were calculated assuming C s = 0.242, €•* =Y 
- 0, X„ = B.B7 MeV, «= 0.0637 and /*« 8.42 and »rs 
appropriate for single-quasineutron and single-neutron states in 
^•Yb 
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EXPERIMENTAL ROUTHIANS 
Rttamd to (*.O) 
Configuration of neighbouring 
flwn-evon fwiopt 

Figur* 10 Empirical singla—neutron diagrams -for 
'••Vb,., " ' Y b w and 1*<rYb^r 
constructed by referring th* routhian* of odd-N isotopas to the 
<+,0» configurations of th» neighboring avan-avan systams as 
indicatad. Upbands in such plots correspond to band crossings in 
the (+,B) systaa that do not occur in the neighboring odd-N 
isotope, and downbends correspond to crossings in the odd-A system 
not occuring in the (B,+> configurations of th* *v*n-even 
neighbors. The vacuum (zero) of these plots is defined from the 
lowest frequency crossing, i.e. the -frequency where the (+,1/2) 
and (+,-1/2) orbitals upbond. The data mrm taken from 
C3S,42,47-49,533. 
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Figure 11 Rotating frame excitation energies, or rauthians, e', 
as * function of +iw for high—spin decay sequences in 
»»»..«.i. o,i.7,i* ł Yb„,„, w >„,„. The experimental 
data arm from C35,42-493. 
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Figure 12 "Polish soup figur«M — see text. Spectrum of Nilsson 
orhits calculated assuming the sane deformations and 
modified-oscillator parameters given in the caption of Figure 9. 
Positions of the Fermi level, A. , for-A „ « B-9B MeV also is 
indicated for odd-neutron numbers as mrm the asymptotic quantum 
numbers for each orbital. To the right the product of the 
occupation and nonoccupation amplitudes, UV, is given as a 
function of<?„ - A , for A „ = B.S and 1.0 MeV. Such a 
distribution is a measure of the effective pairing gap, since the 
probability of scattering a pair of particles from one orbit to 
another is proportional to the occupation of the initial orbit and 
the emptiness of the final orbit. 
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Versus ł i u> 

Odr - N 

Figure 13 "Double" routhian, e", C413 for a series of ytterbium 
isotopes C35,42-533 from N = 89-180 plotted as a function of łiw 
for constant values of A„. The configurations are labelled 
by the corresponding conserved quantum numbers. 
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Figure 14 "Double" routhian, a", C413 for a saries of ytterbium 
istopes as a function of >„ for constant values of"ł>w. See 
also caption to Figure 13. 
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CompMly uncorreloted 
siat* 

Figure 15 Pedagogical figure illustrating the energy associated 
with pair correlations as a -function of the rotational frequency. 
The (idealized) critical, or phase-transition, frequency where 
static pair correlations disappear, is indicated. Below this 
frequency the concept of a static deformation of the pair field is 
valid. the appropriate theoretical approach, BCS (or RPA) in the 
presence (or absence) of static pair correlations also is 
indicated for each regime as is a schematic inset illustrating the 
potential energy as • function of &,. 



£ i.o -

0.0 
3. 

1 
<*,O) 

i"'o; V 

I 
IS8> 

Neutron 

— i — 

/K 
f D98 

Pair Gap" 

• 

9 
a> 

s 

Without Pair Fluct 

(-.0) . 

(*.O) _ | 

Q 2. 

a> 

With Pair Fluct 

Figura 16 Calculated static neutron pair gaps and routhians with 
and without th* affects of dynamic pair fluctuations (RPA) for a 
variety of configurations in 1*sYb*a C6S3. Experimental 
routnians C3S3 mrm shown for comparison (points) in the lowest 
portion of the figure. 
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1. Introduction 

The light Hf isotopes with 160 <A £166 are located on the border of the 

region of strongly deformed nuclei. This is reflected in an increase of the 

energy of the first 2 + states from 124 keV to 389 keV for 1 6 8Hf to 1 6 0Hf, 

respectively. Correspondingly, the moments of inertia decnuse by a factor 

of 3 in this mass range. This means that the lighter nuclei rotate nuch 

faster at a given spin than the heavier ones and Coriolis effects on the 

individual nucleons in the rotating nuclei are stronger for the lighter 

isotopes than for the heavier ones. 

We have started a systematic investigation of 160-16<>Hf ^ o^tT to study 

the alignments and band structures up to high spins. One interesting ques¬ 

tion is, if the lighter Hf isotopes show a similar behaviour at high spins 

as °°Hf which was recently studied at Daresbury". It was observed that 

this nucleus behaves like a perfect rigid rotor above spin 20. The high-spin 

states of the positive parity yrast band follow exactly the I(I+l)-rule 



Ej-AI(I+l)+BI2(I+l)2 with B/A - 7«10~6. A straightforward explanation (al¬ 

though not the only possible one) is that this behaviour is caused by a 

collapse of the neutron pairing. Obviously, this effect could only be obser¬ 

ved because no single particle alignment takes place in the corresponding 

frequency range, in particular no trace of the proton hjjy2 alignment could 

be seen in 1 6 8Hf below fiu- 0.5 MeV. 

Levels in 1 6 2Hf, 16*Hf and 1 6 6Hf were known previously2"*) up to spins of 

28+, 26+ and 22+, respectively. For l6*Hf recent reports5^ exist on a Measu¬ 

rement using TESSA II at Daresbury in which states up to 28+ and (32") were 

identified. A preliminary report ou a part of our work was given previous¬ 

ly6). Our experiments were optimized for a study of the even isotopes 

162,164,166jjf but we hare also obtained, as a by-product, information on the 

odd nuclei 161.163,16%^ Since there was no previous information available 

on these isotopes we present some data on 163,165m nere as 

2. Experimental Methods and Results 

High spin states in the Rf isotopes were populated in the reactions "Te 

(40Ca,xn) 161,162Hf w l t h a. 195 M e V 4 0 ^ b e a - fron the gg* cyclotron aC 

Berkeley and l**.l«.15O8. (2°.22KetXn) 160,163-166^ ¥ith 20,22,,e ̂ ^ of 

106-125 MeV froa the VICKSI accelerator at Berlin. Stacks of two or three 

this (0.5-0.8 ag/ca2) isotopically enriched foils were used as targets. The 

reaction products were allowed to recoil into vacuua and the Jf-rays emitted 

by the recoiling nuclei were fully Doppler-shifted. 
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For the ln-heaa }f-ray spectroscopy Coapton-suppressed Ge detectors (CSS) 

were used. The aeanureaents on l61»162Hf at Berkeley were perforaed with the 

HERA set-up with 21 CSS. For the experiments on the other isotopes between 

four and s ix CSS of the OSIRIS systea which i s being built by a Geraan 

collaboration (JUlich, Ktfln, Berlin and Bonn) were used. In the aeasureaent 

with HERA a total of 108 triple (and higher) coincidences were recorded. In 

the other experiaents between 6 • 107 and 10^ double (and higher) coinciden¬ 

ces were aeasured. In the lat ter aeasureaents several (up to 12) 7.5 x 7.5 

ca NaKTl) detectors served as aultipHcity f i lter. 

The coincidence events were sorted Into several matrices with different 

conditions on the multiplicity (nuaber of Nel(Tl) detectors) and for diffe¬ 

rent combinations of detector angles (for uhe angular correlation analysis). 

Exaaples of the coincidence spectra for • '6%f are shown in figures 1 and 

2. The triple coincidences (1 6 l f l 6 2Hf) were in a first, step of the analysis 

resolved into doubles and sorted into a aatrix. In the second step (which i s 

not yet finished) the tr iple coincidence inforaation was ut i l ized. Gates 

were set on several c r i t i c a l l ines and the coincidences with these l ines 

were sorted into double aatrices. Two background aatrices (one for the low 

energy and one for the high energy part) were created and subtracted from 

the aatrices in coincidence with the lines after proper noraalization. Two 

•xaaples are chosen to show the great resolving power of the triple coinci¬ 

dences. Figure 3 shows that the 793 keV transition i s a tr iple l ine. This 

•pectrua was obtained in the following way: If one f-ray of the tr iple 

coincidence f a l l s into the 793 keV gate, then the two reaaining ones were 

•orted into a aatrix. In this aatrix a gate was set again on the 793 keV 

line to obtain the spectrua of fig. 3. The 793 keV transition can clearly be 



seen in this spectrum, which proves that it is indeed a triplet. 

As a second example we compare the 562 keV gate set in the doubles (i.e. 

resolved triples) Matrix (fig. 4) and in the matrix in coincidence with the 

329 keV side-band transition (fig. 4). The upper part showes the "normal" 

situation of a complicated spectrum with many unresolved double lines. In 

the lower part the spectrum is cleaned up by the additional coincidence 

condition so that only the transitions of a negative parity side-band and 

the ground band appear. 

The evaluation of angular distributions gives no reliable results because 

the sigles -£-ray spectra are very complicated. We have therefore decided to 

extract angular correlation information from the coincidence spectra. Ratios 

I(3O°)/I(9O°) were derived by setting gates on several known clean E2 tran¬ 

sitions in the 90° detectors to derive 1(30°) and in the 30° detectors to 

derive 1(90°) for the unknown multipolarities, respectively. For stretched 

E2 transitions these ratios are expected to lie dose to unity. For stret¬ 

ched and iinstretched dipoles they are expected to lie close to 0.6 and 1.1, 

respectively. Examples of plots of the ratios I(30°)/I(90°) are shown in 

fig. 5. The inter-band transitions between the two negative-parity side¬ 

bands show anisotropies which ere similar to those of the stretched quadru-

pole transitions. This has.been observed for many nuclei in this mass re¬ 

gion. These transitions are generally interpreted »m mixed M1/E2 transi¬ 

tions. The angular correlation data give two solutions for the mixing ra¬ 

tios, the lower one of which (£*0.15) is favoured by the inband to inter-

band braching ratios (this was derived assuming K>1, although X is probably 

not a good quantum number and the strong-coupling limit formula is not 



strictly val id) . 

3. Level schemes of 

The leve l schemes of i°2~ l o^Hf which are based on the present data and on 

previous results* ' are displayed In figures 6-9. It i s not appropriate to 

give a detai led account of a l l assignments here. In the following we wi l l 

restrict the discussion to a few outstanding points. 

3.1 162Hf 

The previously available information on this nucleus ' has been restricted 

to'he posi t ive parity yrast sequence up to the 28* s tate . On the basis of 

our data we extend th i s sequence up to 36* and add two side-bands (see 

f ig . 6). Spin and parity assignments to the side-bands are s t i l l tentative. 

It i s Interesting to note, that the negative parity bandr can only be 

identified up to spins of ~22fi, which i s 14 -h less than has been derived in 

the positive parity yrast band. 

3.2 163H£ 

The l eve l scheme of %f which i s based on our data i s shown in f ig . 7. No 
•ts 

information on this nucleus was available previously. The assignment of the 

transitions to %f i s based on excitation functions and on the dependence 

of the if-ray intensities on the multiplicity. 



The level energies in fig. 7 are given relative to the 13/2+ state, but the 
level systematics as well as our Nilsson model calculations suggest that it 
is not the ground state. We find a number of transitions which could possib¬ 
ly be members of a band built on the ground state, but the coincidence. 
relations are not unanbigous enough to make firm assignments. 

3.3 164H£ 

Our level scheme for ł^Hf (see fig. 8) is essentially in agreement with the 

one given by Mo et al. '. In the spectra in coincidence with the transitions 

in the positive parity yrast sequence (+,0) we consistently find the 856, 

887 and 983 keV transitions (see fig. 1 ). Hovever, they are very weak and 

their placements into the level scheme remain uncertain. The assignments 

shown in fig. 8 are the most likely ones considering all presently available 

evidence. 

We observe & weak continuation of the ground band beyond the crossing with 

the two i^3/2 neutron band (S-band AB)which is not reported in ref. ' . 

Experiaentally this is difficult because the 623 (U+-~12+) and̂  691 keV 

(12+-»-10+) transitions are not resolved from the stronger transitions of 

similar energy in the negative parity, even spin side band (-,0). 

We assign the 1521 keV leve l as the lowest member of the (- ,1) band. I t i s 

connected to this band by the 316 keV transition which has not been observed 

by Ho et al. \ The spin assignments to the 1073 and 1615 keV levels are not 

unique because the transitions involved are weak and their angular d is t r ibu-
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tions and correlations are ambiguous. 

3.4 

The level scheme of ^lf constructed on the basis of. our coincidence data 

is displayed in fig. 7. Since no information on this nucleus was available 

previously the assignment of the transitions to 165Hf was checked by measu¬ 

rement of excitation functions and the dependence of the |f-ray intensity on 

the multiplicity. 

On the basis of our data we are not able connect the band which is probably? 

built on the ground state (not shown in fig. 7) to the positive parity yrastt 

band built on the 13/2* level. The higher-spin members of this band ar< e 

clearly in coincidence with the 215 and 381 keV transitions of the 13/2:* 

band. The connection of the bands could go through several branches via thee 

unfavoured (+,-1/2) band (which is not observed in 165Hf) into the 13/2+" 

band. 

At the highest spins observed the negative parity side band (-,-1/2) shows 

the onset of a bacJcbend. The 846 keV transition is systematically in coinci¬ 

dence with all transitions below, but it is too weak to allow a determina¬ 

tion of its angular distribution and therefore the spin assignment of 51/2" 

is tentative. Further, la the 843 keV gate we find a transition of 844 keV. 

All coincidence data and intensity arguments support a placement of this 

line above the 5816 keV level. Since it is not resolved from the stronger 

843 keV transition no angular distribution information can be obtained. 



3,5 16feHf 

In 16^Hf the yrast band (+,0) and one side band (-,1) were known previous¬ 

ly*) up to the 22+ and 21" states, respectively. As a result of the present 

studies we extend both these sequences to appreciably higher spins 

(see fig. 9). In addition, we identify a second negative parity side band, 

of which only a fragment was known, up to the 32" level. 

In the yrast sequence the 1057 keV transition is seen in coincidence with 

the high-spin transitions in this band (see fig. 2), but gating on this 

transition dees not yield sufficient statistics for an unambiguous placement 

into the level scheme. The highest spins of all three bands could not be 

firmly established by the angular correlation ratios because of lack of 

statistics. 

We find the extension of the ground band beyond the first band crossing up 

to spin 22+. A complication arises from the fact that the 625 keV transition 

is an unresolved doublet. This makes the level ordering difficult to deter¬ 

mine. The ordering shown in fig. 9 is suggested by the intensities in the 

coincidence spectra. 

4. Cranked shell nodel interpretation 

A comparison of the aligned spin Ix aa a function of rotational frequency 

for several light-Bass Kf isotopes is shown in fig. 10. It is interesting 

to observe that with decreasing mass number and decreasing deformation 
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(decreasing moments of inertia) the f i rs t backbendings become sharper, 

which reflects a decreasing interaction energy between the ground band and 

the two neutron ^3/2 bam* (S-band AB). A decrease in the interaction energy 

is predicted by the CSM7^ calculations. The c r i t i ca l frequencies for the 

intersection of the ground- and i13/2-bands and the aligned angular momenta 

i are also well reproduced by the CSM calculations. 

In the frequency range between 0.38 and 0.50 MeV lx depends linearly on -tfw 

for *°°Hf. As mentioned above a collapse of neutron pairing has been sugges¬ 

ted*' to explain this behaviour. In the same frequency region ioDHf shows a 

marked increase of I x , whereas in Hf Ix increases only slightly with 

frequency and *°̂ Hf shows a strong backbend. The GSM calculations predict 

the alignment of a h^j/2 proton pair at -fiwssO.42 MeV in all these isotopes. 

Our calculations with a variation of the deformation parameters within 

reasonable limits could not reproduce a proton crossing frequency of >0.5 

MeV, as appears to be the case in *"°Hf. It might be possible that the 

proton crossing i s influenced by the interplay between the h ^ t^ and hg/2 

proton configurations ' . In any case, in the lighter Hf isotopes i t appears 

to be impossible to draw any conclusions about a neutron pairing collapse 

from the I x vs. co plots because of the superposition of the proton align¬ 

ment. 

In the positive parity sequence in Hf the data show a rather abrupt 

decrease in population abova the 26* state. Consequently, with similar 

experimental precision levels in this nucleus can only be observed up to 

lower frequencies (0.49 M̂ V) than in the heavier isotopes (0.52 MeV). Fur-
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thermore, the high-spin transitions of 856, 887 and 985 keV seen to indicate 

a branching at spin 26+ and produce a rather irregular Ix vs. -Kw curve. 

These features suggest that a change in structure occurs around 'nu> 0.46 

MeV in 164Hf. Unfortunately the high-spin transitions are too weak to be 

firmly placed into the level scheme (see above). 

Figure 11 shows the experimental routians for l62Hf, 164Hf and 166Hf as a 

function of frequency. The behaviour of *""Hf ±3 similar to most neighbou¬ 

ring nuclei, but *°̂ Hf shows a few peculiarities. One is that the negative 

parity bands in Hf cross the positive parity sequence at fkJ» 0.42 MeV 

and become yrast at the highest spins. This say possibly be the explanation 

for the rapid loss of intensity in the positive parity sequence around spin 

26 mentioned above. Furthermore, the normally signature unfavoured (-,0) 

band lies below the favoured (-.1) band above the BC crossing in 164Hf. This 

has also been observed 5> for the lighter N - 92 nuclei 162Yb and 160Er. 

In 1OAHf the highest observed states in the negative parity bands lie higher 

above the positive parity sequence than in the heavier isotopes. Further¬ 

more, there is a sharp crossing of the AB- with the ABA-B -band at. fiu - 0.41 

MeV above which the positive parley routhians decreases very rapidly in 

energy favouring it even more over the negative parity ones. This nay ex¬ 

plain the stronger feeding of the high-spin states of the positive parity 

sequence. 



5. Ey-Ey Correlations 

In order to extract information about the highest spin states we have star¬ 

ted to analyze the quaai-continuum by the Ê -Ey-corr elation technique8'. Two 

examples of the correlation matrices are displayed in fig. 1.2. In all cases 

the valley-ridge structure i s clearly visible after subtraction of the 

uncorrelated events"'. With incereasing /-ray energy the valley becomes 

narrower which is evidence for an increase of the moments of inertia. The 

moments of inertia which we deduce from the discrete lines as veil as from 

the width of the valley in the correlation matrices are shown in fig. 13 ffor 
162Hf and 164Hf. In the medium spin region (1*30 -ft) the values forr i2 

derived from the yrast transitions and from the quasi-continuum are in ;good 

agreement. At the highest spins the values have large uncertainties, ithej 

scatter around the moment of inertia which is calculated fo a rigid rotcor. 

Work i s in progress to correct the correlation matrices for the repoonae 

function of the detectors (unfolding). It schould then ba possible to c«j-

tract information about the depth of the valley from which information am 

the spread in moments of inertia and the decay properties at the higheatt 

spins and temperatures might be obtained. 

6. Conclusion 

High-spin states in the light Hf isotopes IGO-lWflf have been investigated 

by in-beam "jf-ray spectroscopy using Coapton-suppressed Ge detectors. States 

up to I > 30 -fi could be identified from the discrete line spectroscopy. With 
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siBilar statistical accuracy for both nuclei, 164Hf and 166Hf, states up to 

similar spins ("-32) could be identified in the negative parity sequences, 

but in the positive parity sequence nuch higher spin states (up to ~38+) 

were found in 166Hf than in 16*Hf (up to 28+). A change in structure with 

irregular non-rotational level apacings and a splitting of the intensity 

into two (or more) branches might occur around spin 28+ in *°*Hf. It is also 

interesting to noce tftat the negative parity sequences become yrast at the 

highest spins in this nucleus, 

A critical frequency of ^0.42 MeV for the hjj/2 Proton alignment is calcu¬ 

lated within the CSM for all even light Hf isotopes, but experimentally this 

alignment is only observed Tor *Hf and *""H£ in this frequency region. 
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Figures 

1) Coincidence spectra measured in the reaction 148Sm (20Ne,4n) 164Hf 

2) Coincidence spectra aeasured in the reaction 148Sm (22He,4n) 166Hf 

3) Triple-coincidence spectrua aeasured in the reaction *26Te(40Ca,4n) 

162Hf. Two gates were set on the 793 keV line. 

4) Coincidence spectra measured in the reaction 126Te (40Ca,4n) 162Hf. 

a) Double coincidences, b) triple coincidences 

5) Gamma-ray intensity ratios derived from coincidence spectra at diffe¬ 

rent angles (see tezit) 

6) Level scheae of 162Hi: 

7) Level scheae of 163Hi: and l65Hf 

8) Level scheae of I64Hf 

9) Level scheae of 165Hf 

10) Aligned angular aoaentua ^ as a function of J-ray energy (~2xn&>) for 

several Hf isotopes. 

11) Experiaental routhians for 162,164,166^ 
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12) Ef-Ej correlation Matrices of 

13) Moments of inertia derived from discrete lines and fro« correlation 

matrices in 162«16*Hf 
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1. Introduction 

The knowledge about band structures and high-spin states in nuclei has 

expanded significantly in recent years. This results from the introduction of 

a new generation of Y-Y coincidence spectrometers consisting of large arrays 

of anti-Compton spectrometers and Y-ray calorimeters. Three dedicated spectro¬ 

meters of this type have been put into operation in the last years, viz. 

TESSA*) (Daresbury), HERA2) (Berkeley) and OSIRIS*) (w. Germany). The aim of 

the present day studies is (i) to expand the knowledge to very high-spin 

states (I > 4 0 H ) (ii) to investigate weakly populated side bands and high-

spin isomers. From the study of very high-spin states one expects knowledge 

about the reduction of pairing correlations and shape changes (super deforma¬ 

tion). The Investigation of band structures and isomers provides information1) 

about moments, transition probabilities and shapes at spins below I ~ 40 1fi 

(triaxiality, octupole deformation). 

We want to discuss here information about the shape of nuclei in the 0>s 

region. We have investigated in detail the nuclei 179-182,186QS and l^-lSlRe.., 

These nuclei lie at the upper edge of the deformed rare-earth region and may,, 

therefore, be triaxiai and soft against deformation. For these nuclei three 

high-j shells lie in the vicinity of the Fermi surface, viz. the i|3«2-neutrcn 

a«id the hg/2- and h^^-proton orbitals. In the Re and Os nuclei under inves¬ 

tigation a large number of bands and many isomers have been observed. The most 

complete set of information has been obtained for 1 8 00s. Therefore, we shall 

refer mostly to this nucleus. Me want to present knowledge relevant to the 

shape of the Os nuclei rather then discussing the results in all detail. Full 

information about our 18A}s studies can be found in 



2. Have the Os nuclei a soft shape ? 

Calculations of potential energy surfaces (PES) for the aven-mass nuclei 

174-184Q5 at s e r v e r a ] Sp|n values have been carried out by Dudek75. He used 

the Strutinsky shell correction method8"12). The calculated PES for 1 8 % s at 

1-0 Indicates two shallow minima at Bg • 0.22 and y deformations of y • 0° and 

r * -120° (using the Lund convention for the definition of the T deformation) 

connected by a valley in the B- - y plane characterized by a constant value of 

&2 = 0.22, Large fluctuations of the shape in the Y direction are therefore 

possible and hence 1800s is expected to be Y soft. In the following I shall 

discuss the experimental evidence for a soft shape of *800s. 

2.1 The Y bands 

Information about triaxial and soft nuclear shapes can be deduced from 

the excitation energy and the structure of the y-vibrational band. In fig. 1 

Y-vibrational bands of the N - 104 isotones are displayed6**3). It can be seen 

that the excitation energy of the band head decreases considerably when going 

from the strongly deformed nucleus *7*Yb to the triaxial nucleus *82pt. This 

indicates a transition from an axially symmetric to a triaxial shaped ^ ) . 

Information about the fluctuations of the shape can be deduced from the struc¬ 

ture of the Y bands. As can be seen in fig. 1 the energy spacings between the 

band members increase with the proton number and the Y band of 182Pt shows a 

pronounced staggering effect. The staggering 1s of crucial importance since it 

has an opposite spin dependence for Y-stiff and Y-soft nuclei. In fig. 2 the 

energy differences between Y-band members divided by 21 are plotted vs. I for 
174Yb, 1800s and 182Pt (refs. 6 > 1 3 ) ) . For 174Yb this quantity is almost inde¬ 

pendent of the spin as expected for an axially-symmetric rotor. The nucleus 
1800s shows a slight and 182Pt a pronounced staggering effect. In the lower 

portion of fig. 2 predictions for AE/21 VS. I In the framework of the t r i -
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Figure 1: 

The Y-v1brat1onal bands 

N - 104 Isotones. 
in the 

"2Pt 

axial-rotor model of Meyer-ter-

Vehn**), In which the nucleus is 

considered as s t i f f with respect to 

S2 and Y deformation, as well as 

predictions based on a model of ai 

Y-soft nucleus15) are displayed. Inn 

the latter calculations of Onishi e*t 

a l . ! 5 ) the nucleus is assumed to boe 

s t i f f with respect to B2 deformatioon 

and the potential has a shallow mi¬ 

ni mum extending from Y • 0 ° t ra 

Y ~ 25° (case (-6,3) of ref .1 5 ) ) . 

The opposite spin dependence of the staggering effect for Y-stiff and Y-soft 

nuclei Is striking. The calculations using the model of a Y-soft nucleus re¬ 

produce the experimentally observed spin dependence of the staggering effect 

for 1800s and 182Pt. These nuclei may be considered to be Y soft, therefore. 

The amplitude of the staggering effect (cf. fig. 2) depends very strongly on 

the potential. Without detailed calculations no conclusions as to the value of 

the Y deformation and the size of the Y fluctuations can be drawn. Similar 

conclusions about the interplay of Y softness and triaxiaiity have been drawn 

by Cast en et al.16) considering the 0(6) symmetry of the IBA. 
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The Z dependence of the 

r-vibrational bands in the evennMSs 

isotopes 1 7 8"1 9 20s ( r e f s . 6 - 1 3 ' 1 7 ) ) 

is shown in f ig . 3. I t can be seen 

that the excitation energy of the 

band head Is largest for 1 8*0s. This 

nucleus is therefore consider*14 as 

the 0s isotope with the largest 82 

deformation. The sane conclusion can 

be drawn 'from the analysis of the 

moments of inert ia. The nucleus 

!840s has the largest ground state 

moment of inertia of al l known 0s 

isotopes5). For the Os isotopes with 

mass A > 186 the excitation energy 

of the Y-band head decreases strong¬ 

ly with increasing neutron number 

indicating in the framework of the 

Figure 3: 

The Y-vUbrational band? in even-mass 
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triaxial-rotor model14^ an increase of the T deformation form y * 16° to 25° 

whereas the fy deformation changes only slightly from 63 • 0.23 to 0.20. The y 

bands of the even-mass nuclei ^O-UłO^ show a staggering effect indicating 

that these nuclei are y soft. Detailed investigations of the nuclear shape by 

Coulomb excitation for 1 8 6« 1 8 8« 1 9 0» 1 9 20s (ref. 18>) Indicate a triaxial de¬ 

formation through a prolate-oblate shape change and that these nuclei are y 

soft and 0 s t i f f . 

2.2 The total angular momenta of the yrast bands 

The level schema of 1800s is shown in f ig. 4 (ref. 6 ) ) . The properties* 

of the bands in 1800s have been analysed in the framework of the cranked shell! 

model19), in which the motion of Independent particles in a rotating deformeed 

potential i s considered. The bands are, labelled as (»,a) , where * is the pa4-
n 

rity, a the signature and n a running index. A plot of the component of ttoc 

total angular momentum along the rotation axis Ix of the (+»0)0 bands in 

176,180,182,1840s ( r e f s # 20-22)} a s a function of the rotational frequency 1m 

as shown in f ig. 5 reveals that the various Os isotopes behave differently*. 

For 182,18405 a SU((den increase of the angular momentum component Ix can be 

seen at the crossing frequency whereas in case of l^lWfos Ix increases 

rather gradually over the frequency range 0.15 < tu < 0.38 HeV. This obser¬ 

vation could indicate that the interaction strength or the shape is different 

for each of these nuclei. The nuclear shape may be either rigid, but changing 

with angular momentum, or soft. 
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Figure 5: 
Plot of the angular momentum com¬ 
ponent Ix vs. rotational frequen¬ 
cy "fiu for the 
yrast bands In 

positive-parity 
«. 180,182.184^ 

fid) (MeV) 

To gain a better understan¬ 

ding, theoretical calculations 

for 1800s have been carried out 

using, the rotating BCS model, 

treating the pairing self consis¬ 

tently and calculating the defor¬ 

mation parameters for each state. 

The nuclear mean field is des¬ 

cribed by a deformed Woods-Saxon 

potential with the parameters of 

r»fs.23,24). fj,e n u ci ear shape was characterized by the deformation parame¬ 

ters 8., 6. and y and was calculated with the generalized Strutinsky method 

1n the version described in detail in raf.25). The energy of each state was 

minimized with respect to the deformation parameters fy and * wnereas tne n*" 

gadecapole deformation was kept fixed at a value of $„ « -0.03, More details 

(bout the calculations can be found in ref. <>). As a result of these calcula¬ 

tions the angular momentum component Ix of the (+,0)0 band in
 1800s is plotted 

If a function of the rotational frequency in fig. 6 together with the experi¬ 

mental data. Two calculations are shown. The full curve results from a minimi¬ 

zation of the energy with respect to the deformation prameters Bg.and y as 

described above. The deformation parameters change gradually from 



^Figure 6: 
Plot of experimental and calculated an-

i gular momentum component Ix vs. rota-
I tional frequency 1»« for the (+,0)_ band 

in l 8 00s. 

$2 « 0.23, Y - -6° at 1-0 to B2 « 

0.22, Y - -16° at 1-22. For the dashed 

curve fixed deformation parameters of 

S z * 0.22, 84 • -0.03 and Y - -5° were 

used. In the experimental data two 

crossings can be seen. The first one 

occurs at a frequency of 1ta « 0.26 MeV 

and displays a gradual increase of the 

angular momentum component Ix whereas 

the second crossing at 1iw * 0.37 MeV is 

characterized by a sudden increase of 

Ix. In the calculation the first crossing occurs at a too low frequency and Ix 

increases too rapidly. It is caused by the rotation alignment of a pair of 

M3/2 quasi neutrons. For the second crossing the backbending behaviour is re¬ 

produced rather satisfactorily for the calculation with fixed deformation pa¬ 

rameters although the calculated crossing frequency is too small again. Here 

two hg^2 quasiprotons are aligned. It seems not possible to improve the agree¬ 

ment between calculation and experiment for the quasi neutron crossing within 

the present model. An increase of the neutron pairing strength, e.g., would 

shift the band crossing to a larger frequency but at the same time the inter¬ 

action between the quasineutrons would be reduced leading to a sharp crossing. 
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Since in the present model the pairing is treated selfconsistent1y and the 

energy is minimized with respect to the shape parameters the unsatisfactory 

reproduction of the experimental data may be caused fay the too rapid decrease 

of the gap energy in the BCS theory or by some other effect not taken into 

consideration. We think that the Y softness should be incorporated in the 

theoretical description to interpret the data. 

3. Triaxial shapes of the Os nuclei 

3.1 Signature splitting of negative-parity bands 

The (-,0)2 and (-,1)3 bands in 1800s (cf. fig. 4} are considered to havee 

configurations differfng only by the signature6). These bands are dominated byy 

a two-quasi neutron configuration containing an 113/2 quasineutron6). They show 

a sizeable signature splitting. A similar signature splitting has been ob¬ 

served between the corresponding negative-parity bands in 176,178,182oss 

(refs.21.22)) and for the i 1 3 / 2 quasineutron bands in *7;r.l79.181,183Os 

(refs.5»20»26)). Such a large signature splitting 1s only expected for bands 

of configurations containing low-n i 1 3/ 2 quasineutron components. Hence it 

should not occur in the considered Os nuclei since for them the Fermi surface 

lies close to the a * 7/2 or 9/2 orbitals of the vi,3/- shell model state if 

an axially symmetric shape is assumed. However, in case of a triaxial shape 

low-0 components are strongly admixed into the i13/2 configuration which lies 

at the Fermi surface, causing a large signature splitting. The rotating 8CS 

calculations which we have carried out for 1800s corroborate this notion. In 

the framework of this model the total Routhian of a configuration consisting 

of k quasiparticles v^ is calculated as6) 



k 
E'(v,;W,8 9,Y)"E'(»,B 9,Y) + I e' («,0 ?»Y) 

f 2 z i«l vi * 

where e^ («,6 2,Y) are the quasiparticle energies and E'(<»,B2,Y)
 is tne 

Routhian of the quasiparticie vacuum: 

The energies E,J and E g ^ j are the liquid-drop and shell correction energies 

of the ground state, respectively, and E' r o t is 

with the cranking Hamilton!an H01 » H -<"I. The expectation values are calcula¬ 

ted with cranked wave functions if > . The deformation parameter 64 was kept 

fixed in these calculations. 

The Routhi ans of several two-quasiparticle configurations in 180Qs are 

shown in fig. 7 as function of the Y deformation for B2 * 0.22, B4 * -0.03 and 

rotational frequencies of "fiu = 0.21 and 0.37 HeV in the vicinity of the two 

band crossing regions observed in this nucleus. It can be seen that the Y de¬ 

formation depends on the configuration. For a given configuration the T defor¬ 

mation becomes more negative with increasing frequency. The configurations as¬ 

signed to the (-,0)2 and (-,1)3 bands are labelled vf+.-Jjf-.+Jj and 
v(+i+)j(-t+)jt respectively (dashed lines in fig. 7). It can be seen in fig. 7 

that these Routhians show no signature splitting for Y = 0° but for negative Y 

deformations. Their minima lie at y ~ -9°. The observation of a signature 

splitting in the (-,0)2 and (-,1)3 bands In 1800s suggests triaxiality and 

allows in the framework of the present calculations to estimate the value of 

the Y deformation. 



3.2 Crossing of the yrast and negative-parity bands 

Another Interesting experimental observation In 1800s Is , that the 

(- ,1), band crosses the (+,0)0 band at 1-19 and becomes the yrast sequence. 

The corresponding crossing frequency 1s tta « 0.31 MeV. The calculated 

Routhians shown 1n f i g . 7 Indicate that this crossing can be understood I f Y 

deformation is taken into account. I t can be seen that the two-quasineutron 

Routtrfans of negative parity are shifted downwards In excitation energy with 

increasing rotational frequency. At "fia> « 0.37 MeV the y>(*,+)1(-,+)l Routhian 

has a minimum with a lower energy than the zero-quasiparticle band of positive 

parity. Both minima l ie at negative y deformations, differing in their value 

however. 

30* 

Figure 7: 
Calculated Routhians of several twco-
quasiparticle configurations in 18°f'0s 
as a function of Y for fixed vaiuues 
of the deformation parameters fy aand 

64. The configurations are label lied 
as (w.sign o) . 

Both, tha observation of the 

signature splitting between the 

(-.0) and (-,1)3 bands and the cros¬ 

sing of the (-,1)3 and (+,0)o bands 

can be understood if the nucleus 
1800s has a triaxial shape, at least 

in the corresponding configurations. 

Similary, the neighbouring Qs nuclei 

showing this signature splitting are 

most likely triaxial. 
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3.3 K Isomers 

Several new high-spin 1sowers, I ~ 14-22 tf, have been found by Pedersen 

et a l . 2 7 » 2 8 ) in 178.18^ a n d 180,182,183^m ^ h a v e b6m co-s{dered as K 

isomers although they show an unexpected decay pattern. In the Os nuclei I t 

was found that these isomers deexcite via some states into high-spin members 

of the yrast band27»28). in order to obtain more information about these iso¬ 

mers we have studied 1800s in detai l . 

two experiments have been carried out to investigate the features and 

the deexdtion of the high-spin Isomer of 1800s ut i l iz ing the OSIRIS spectro¬ 

meter. The T-Y coincidence spectrometer OSIRIS wi l l consist in i ts final stage 

of twelve Conpton-suppressed Ge detectors and a t-ray calorimeter. However, 

for these investigations only the six anti-Compton-spectrometer version was 

available. Both measurements have been performed at the VICKSI accelerator of 

the Kshn-Meitner Institute, Berlin. In the f i rs t experiment the proii^t and de¬ 

layed Y radiation from the target has been studied in coincidence. The final 

nucleus 18Q0s was produced in the 164Er(20Ne,4n) reaction, ^em « 105 HeV. In 

this measurement we could see the isomeric decay but the isomer was populated 

only weakly because the estimated mean transferred angular momentum was 

<t> » 22 15. I t was taken care, therefore, in the second experiment to populate 

the isomer more strongly and to study i ts decay in a selective manner. Me pro¬ 

duced ISOQS 1n a
 15ONd(34S,4n) reaction, EkM_ - 155 HeV, transferring a mean 

angular momentum of <i> • 28 t i . The delayed radiation has been measured in 

coincidence using a recoi1-shadow method. The experimental setup is shown in 

f ig . 8. The target was placed 6 cm upstream from the detector plane being 

oriented perpendicular to the beam direction. The target was shielded by lead 

in order to minimize the prompt Y radiation seen by the Ge detectors. The re-

86 



Figure 8: 

Schematic i l lustration of the setup 

for the recoil-shadow experiment. 

colling nuclei were collected on the 

catcher consisting of a M 8Pb foi l of 

12 mg/c«2 thickness placed in the de¬ 

tector plane. The delayed Y radiation 

has been measured with the anti-Coup-

ton spectrometers. The beam was pas¬ 

sing through a hole in the catcher, 

burnt by the beam I tsel f and was 

stopped 2 cm downstream in a Faraday 

cup. This experimental setup allowed 

to increase the beam current and thus 

the production of the isomer. The 

count rate for two-fold coincidences 

was 50/s including radioactive decay. 

In total we counted ~ 600 000 coinci¬ 

dence events due to the isomeric de-

pay in 1 8 00s. 

A Y-Y coincidence spectrum 

gated on the 12* • I0 + transition of 

541.2 keV in 1800s is shown in f ig .9 . 

One can clearly identify the members 

of the (+,0)0 band (positive-parity 

yrast band) up to the 640.0 keV 
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Figure 9: 

Delayed Y-Y coincidence spectrum gated on the 12* + 10* transition of the 
(+,0)o band In

 18(^s as obtained in the recoil-shadow experiment. 

18+ • 16* transition. Furthermore Y rays related to the {+,0)4 band appear up 

to the 617.1 keV 18* • 16* transition. Two new strong y lines of 108.6 and 

286.2 keV appear in addition. No other Y rays of significant Intensity can be 

seen. The fact that the coincidence spectrum of fig. 9 displays only a few 

lines does not mean that the 'isomer deexcites by a simple sequence of transi¬ 

tions. On the contrary, the study of all coincidence spectra indicates that 

the decay is very complex and proceeds via several parallel branches. Most of 

the Y rays have intensities between - 1 % and 10 % of the isomeric decay. 

These lines are hidden, therefore in the background of fig. 9. Information 

about the half life of the high-spin isomer results from time spectra of Y 
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transition measured with respect to the beam burst. Time spectra for the 56f.2 

keV 14+ + 12* transition of the (+,0)o band as well as for the 361.4 keV y ray 

belonging to the decay of the K-7 Isomer are shown 1n f ig . 10. For the low-

spin Isomer the previously known half l i fe could be confirmed. A. half l i fe of 

T l / 2 * 41 ± 10 ns was found for the high-spin Isomer a value which Is smaller 

than that previously published28). 

1000 
100 M 60 U 20 O tins! Figure 10: 

Time spectra with respect to the beain 

burst for the 361.4 and 566.2 keM 

transitions associated to the deexcci-

tion of the low- and high-spin 1tso¬ 

wers, respectively. 

A partial level scheme of l88fl(Js 

as populated by the high-spin 1 sower 

1s shown in f i g . 11. The width of tt*e 

arrows corresponds to the intensity 

of the Y rays in the isomeric decay.. 

"»" o * ^ , ^ , . have been identified in the Isomeric 

decay. The main feeding cif these 

bands goes into levels with I > 12. 

The 12+ level of the (+,0)o band has already collected nearly 100 % of the 

isomeric decay. Considering the spins and energies of the populated states the 

Isomer should have a spin of I > 20 and an excitation energy of E > 5.0 HeV. 
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Figure 11: 

Partial level scheme of 1800s as 

populated by the high-spin Isomer. 

The h1gh-sp1n Isomer Is populated 

with a yield of (6 ± 4) X of the 

total production cross section for 

1800s 1n the (^S.^n) reaction at 

V5426 

() 
523.3 

|4+ ^ E - 155 MeV. The 108.6 and 286.2 

394.4 keV Y rays most probably deexdte 

the Isomer considering their coin¬ 

cidence relations and that they 

have, assuming Ml or E2 character, 

together the same intensity as 

the 12* • 10+ transition of the 

(+,0)o band. The decay splits sub¬ 

sequently most probably up 1n se¬ 

veral parallel cascades of weak 

Intensity. To establish at least 

part of this decay approximately 

25 times more coincidence events 

have to be collected. 

Isomers such as found in 180,1820s my a r i s e from (}) K isomerism, (1i) 

from shape changes and (111) from structure effects1 1 ) . High-spin isomers 

caused by these mechanisms have been called yrast traps. Their existence has 

been f i rs t predicted by Bohr and Mottelson?9). The K Isomerism results from a 

rotation around the symmetry axis of a deformed nucleus. Such a rotation is 
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not allowed quantum mechanically and 1s therefore caused by the alignment of 

quasipartfcle angular momenta along the symmetry axis 1 0* 2 9" 3 2). The structure 

effects may have various reasons, viz. (1) that the levels with spin 1-1 and 

1-2 lie energetically above the level with spin I so that the decay Involves y 

transitions of high iiwltfpolarity, (11) that transitions are hindered because 

the configuration of more than one quasiparticle has to be changed and (til) 

that the transitions are hindered because of Intrinsic selection rules of the 

single quasiparticle wave functions* 1^). 

In the theoretical Investigations of yrast traps potential-energy sur¬ 

faces have been calculated at large angular momenta. Host of the calculations 

*re based on the Strutinsky shell correction method8"*2) but also microscopic 

calculations using the cranked HFB formalism have been carried out 3 0* 3 3). The 

calculations indicate that yrast traps result from the alignment of quasipar-

ticles along the oblate symmetry axis for light rare-earth nuclei and along 

the prolate symmetry axis for heavy rare-earth nuclei11*3*). This can be un¬ 

derstood considering that for light rare-earth nuclei close to N«82 the angu¬ 

lar momenta of a few particles have to be aligned so that they rotate around 

the equator driving the nucleus to an oblate shape. For heavy rare-earth nuc¬ 

lei close to Z«82 a -few holes rotate around the nucleus producing a prolate 

shape. This has been called NONA effect (Maximisation of the Overlap of JJuc-

leonic wave functions by Alignment of single particle angular momenta)35). 

The h1gh-sp1n K Isomers observed in 174,176,178Hf (refs» 36-38)) nave 

been interpreted as yrast traps due to alignment of quasiparticles along the 

prolate symmetry axis. Specific calculations for *76Hf have shown10"11*3") 

that the potential-energy surface has a secondary minimum for deformation pa¬ 

rameters of 62 " °'22 and Y * " 1 2 0 ° * Calculations18) of potential-energy sur-
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faces for the even-mass nuclei 174- I84os Indicate that they also have such se¬ 

condary minima as mentioned already In sect. 2. I t seems plausible, therefore, 

to assume that also the Isomers 1n 180»1820s result from the alignment of 

quasiparticles along the prolate symmetry axis. 

The Isomers in the Hf nuclei are considered as best examples of K iso-

merism. In f ig . 12 the K Isomers 1n 176Hf and their decay Is depicted3 6 .3 7) . 

The typical features of K isomers can be seen, viz. (1) that large half lives 

are involved and ( i i ) that the difference IK,-K I of the transitions is mini¬ 

mized. In the Bohr-Hottelson model of rotating nuclei the reduced transitioiT 

probability B a ^ K ^ I ^ ) vanishes 1f L<iK f-K fi (refs. 3 9 ' 4 9 ) ) . The appea¬ 

rance of K-forbidden transitions is facil itated through mixing of K states. 

Figure 12: 

The deexcitation of K isomers 

in. 17«Hf (refs. 3 « . 3 7 ) ) . 

IHeV) 
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-

K.8. 
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K.I6 
K.B 

IUBS 

K.22 
K<20 

K.I9 

19* / O|Ji 

-

through mixing of K states. 

The transition probability 

decreases, however, with in¬ 

creasing &K giving rise to 

large half lives. The K-hindrance factor f per degree of K forbiddeness 

v - AK-L is defined as36) 

where T is the experimental lifetime and T W that calculated by the WeiBkopf 

estimate40). The hindrance factor F increases about linearily with AK 
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(ref. 4 0 ) ) . It should be pointed out that only unhindered E2 transitions have 

F ~ 1, whereas many unhindered El transitions have hindrance factors of 104 

or more. A study of El transitions with AK » 0,1 in the Hf region by Kostov et 

ai.41) yielded retardations between 104 and 106. Hence 1t seems plausible to 

divide the hindrance factors for El transitions by 10* before calculating the 

hindrance factor f per degree of K forbiddeness. Then'one obtains fv values 

between ~ 20 and ~ 50 for El, Ml and E2 transitions in the well deformed 

axially symmetric Yb and Hf nuclei as can be seen in fig. 13. The hindrance 

factor f becomes smaller, however, approaching the upper edge of the deformed 

region. For the Os and Pt nuclei f ranges between ~ 5 and ~ 15. 

Figure 13: 
K-hindrance factors fy per 
degree of K forbiddeness as a 
function of proton number Z. 
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The high-spin isower in 

1800 

Vb Hf W Os 

00s shows a completely dif¬ 

ferent deexcitation pattern 

than the K isomers in 176Hf. 

Whereas the 22" isomer in 

176. "Hf decays via ~ 14 

transitions into the low-spin members of the K*0 yrast band (cf. fig. 12), de-

excites the isomer In l800s with a spin I > 20 via ~ 3 transitions into the 

high-spin members of the (+,0)0 bands. This conclusion can be drawn from the 

measured average multiplicity of <M> » 10 (ref. 2 8)) although the level scheme 
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has not yet been established. This means that the K hindrance is very small 

since AK should be at least 14. For an 1 HeV E2 transition with &K « 14 

deexciting a 40 ns Isomer one would expect a hindrance factor of f * 1.8. 

This value may be considered as an upper limit in case of the present Isomer.. 

In view of the reduced K-hindrance factors found in the W-Os-Pt region (cf. 

fig. 13) this observation is not completely surprising. In 182W a 10+ isomer 

with a half life of 1.4 us 1s known which deexcites directly into the 8 + and 

10+ members of the yrast band42). For the E2 transition feeding the 8 + level a 

K hindrance per degree of K forbiddeness of f * 5.1 follows. A similar case 

has recently been found by the Copenhagen group for 18*0s (ref. ' ) . Also 

the K* * 7" isomer in l800s lias a too small half life. For the El transitions, 

feeding the (+,0)o band, hindrance factors of fv = 5.6 and 6.9 have been 

found6). It should be pointed out that the K* * 8* isoner in 
1820s has a much larger hindrance factor of f « 13. 

The observation of reduced K hindrance factors in certain W, Os and Pt 

nuclei may be related to the occurrance of triaxial and/or soft shapes in this 

region. Since the PES calculations (cf. sect. 2} indicate that the K isomers 

are also for these nuclei due to rotations around the prolate symmetry axis it 

has been suggested27) that the enhancement results from an isotneric decay 

through a collective level system of a triaxial rotor. The level scheme of a 

triaxial rotor Is very complex. For even-mass nuclei every intrinsic triaxial 

configuration will give rise to (I+2)/2 levels for even spins and (I-l)/2 le¬ 

vels for odd spins39). Such a level scheme taken from ref. 2 7) is shown in 

fig. 14. Here the levels are ordered with respect to the expectation value of 

the K quantum number. Tha resulting system of collective levels may provida 

decay paths from the isomer with K > 20 to the (+,0)o band of K-0 of small K 

hindrance. 



I _ 

18——""Z — 
16— 3 Z — — 
I2Z " " Z 

> ~ 6 
P#74 

Triaxial rotor levels 

_ — - 16 

K isomer " y " 14: 

Diagram of triaxial rotor 
levels ordered according to 
the expectation value of the 
K quantum number. Moments of 
inertia of r - *" " "-*'"1 

8 2 • 52.6 NeV* 
e 3 - 31.3 HeV i - l 

60.0 HeV" 

and 

has been 

used. Taken from ref. 27). 

4. Conclusions 

Experimental information about tr iaxial and soft shapes for the Os nuc¬ 

lei has been presented. I t comprises the observation of (1) low-lying and 

staggering T bands (11) signature splitt ing in bands Involving 1^3/2 quasi 

neutrons, (111) the crossing of the positive-parity yrast band by a negative-

parity sequence and (iv) high-spin K isomers with extremly small K hindrance 

factors. Considering a l l the evidence 1t may be concluded that the Os nuclei 

have T deformations between y — 1 0 ° and ~ -20° and that they are y soft. 
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QUARKS IN NUCLEI 

J.M. I rv ine 

Department of Physics, the University, 

ttmchester, U.K. 

1. Introduction 

There is no obvious division between nuclear physics and 

particle physics. Beta decay is a good example of a topic which 

clearly crosses from one discipline to the other. Usually beta-

-decay is associated with nuclear structure physics, yet beta-

-decay of the neutron, or double beta-decay of heavy nuclei 

designed to test whether the neutrino has a mass or not, is 

often associated with particle physics. 

There is a distinction between the physicists who practice 

particle physics and nuclear physics. The nuclear physicists 

think that the structure of nuclei and their interactions can 

be interpreted in terms of interacting sets of nueleons. The 

more adventurous may allow a few pions to enter and the trully 

heretical may even consider the excitation of the nucleon into 

the 21(1232} state. The particle physicist on the other hand 

knows as a fact that the nucleus can only be understood in terms 

of QCD, i.e. quarks and gluons. 

We shall review the evidence in favour of these two points 

of view in this lecture. 

2. Nuclear Size Scales. 

The nucleus is identified by two integers; the baryon num¬ 

ber and the charge number. At once we see a fundamental differ¬ 

ence between the particle physicist who calls the former B while 

the nuclear physicist calls it A. 
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The most significant feature about the nucleus is that it 
is a coherent entity with a size. In general nuclei can be 
associated with a hard packing radius, which for a nucleus of 
mass number A is 

R(A} = rQ A h /1/ 

The first nuolear scale size is then r 2Ś 1 - 1-2 fm. We can of 
o 

course consider the radius of a single nucleon 

where r^ *tf 0.8 - 0.9 fm is a second scale size. It is as well 
that r-j/'r or we would be unable to get all the nucleons 

into the nucleus. The third scale size is given by the Cotnpton 
pion wave length 

fi£ 1 .5 fm 
Since Yukawa in the 193O's this has been associated with the 
Ions range attraction between nucleons. These three sizes are 
satisfactorily consistent but they lead naturally to the conclu¬ 
sion that the nucleus is a high-density system like a liquid 
drop and we would expect it to exhibit the associated vibrational 
and rotational features. -

Another way to approach the problem is to consider the 
nucleon-nucleon interaction as revealed in nucleon-nucleon scat¬ 
tering and the deuteron. Here we find two length scales. A long 
range scale which we associate with r^.and a short range repul¬ 
sive core size r 2S 0.4 fm. This latter size is even more sur¬ 
prising when it is realised that this is an internucleon distance 
implying that each nucleon has a radius "0.2 fm. Viewed from 
this point of view the nucleus is a low-density strongly interac¬ 
ting gas and would be expected to exhibit strong single - par¬ 
ticle properties. 

It is well known that the nucleus exhibits both the high-
-density and the low-density characteristics and that the link 
between them is provided by the dynamics of the meanfield to 
which have to be added single nucleon properties as appropriate. 
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• 3- Electron Scattering 

How are the size scales r and rxr revealed to us? The most 
o N 

clean evidence comes front lepton scattering and particular from 

the use of electrons. Since we will wish to probe the finest de¬ 

tails of the nucleus we will be interested in highly relativistic 

electron probes capable of very high momentum transfers. 

Consider the scattering of highly relativistic electrons from 

a target of mass M. Only the ingoing k - momentum K and the out¬ 

going h - momentum K' of the electron are measured, i.e. we con¬ 

sider inclusive reactions. The momentum transfer is carried by#a 

"virtual" photon with h - momentum q. 
q2 = |K - K ' | 2 - k \K\ /K'/ «sin2(«/2) = - Q2 / V 

where O is the laboratory scattering angle. For extremely relati¬ 

vistic scattering KQ>> m& and \K\ 2* KQ. 

For elastic scattering K = K' and q = \J = 0. The scat-
o o o r 

tering cross section is 

The arbitrary functions A and 3 which experiment determines are 

related to the eleotric and magnetic form factors F and F through 
6 tn 

/€>/ 

The size scales for the electric charge density distributions, 
O .(r) can be obtained from 

f c h ^ 

and we see explicitly why the largest values of Q are required to 

probe the finest details in r. 

Turning to inelastic scattering where, not only momentum Q 2 

is transferred but also energy \) = K - K', because this is a 
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virtual process, \f and Q are independent variables unlike real 
c photons for which 

?i <r - y = o /8/ 
Now the cross section Is 

dQ citf'inelastio lUCsin («/2j oK oKo 

where the unknown functions tU and W„ are functions of the two 
variables Q and V-

Bjorken has pointed out that in the limit Q •*• oo and \)-* 
2 i 

2 

such that x = Q2/2M yf is finite 

1 (Q2,l/J 

where the structure functions F.. and F„ become functions only of 
the single Bjorken scaling parameter x. In the limit we have the 
scaling relation of Callan and Gross 

2 x F1 = F2 /11/ 

Since this is the infinite momentum transfer limit we probe the 
finest detail of the target. Suppose then that the target con¬ 
sists of a substructure (which we shall refer generally to as 
partons) ,then 

F2(x) Ł. Ą xf.(x) /12/ 
partons 

where ei is the charge on the i-th parton, f. is its momentum 
distribution function and x is the fraction of the momentum tran¬ 
sfer it receives. Applied to single nucleons the observed nucleon 
structure functions are most economically explained in terms of 
quarks. In the proton there are two 'up' quarks of charge 2/3 e 
and a 'down' quark of charge -1/3 e. The neutron on the other hand 
consists of two down quarks and an up. If this parton structure is 
preserved in nucleons in nuclei we would expect to calculate f. 
and hence the structure function per nucleon by a simple convo¬ 
lution function of the quark momentum in the nucleon with the 
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momentum distribution of the nucleon in the nucleus. 

k. The EMC Effect. 

We can certainly provide proton targets, and hence experimen¬ 
tally determine F^(x) . Since neutron targets are not so available 
it is common to deduce their structure function ^(x) by using 
deuterium targets and prior knowledge of F~(x/ . For our purpose 
it will be sufficient to know the mean nucleon structure function 

What would we expect to observe as the F~ fx) deduced from 
scattering off a oomplex nucleus like J Fe? Since there are roughly 
the same number of neutrons and protons in nuclei up to the iron 
group, our electron is equally likely to scatter off either isospin 
state and hence we will observe a form of FgCx^ rather than either 
F^(x) or F^(xj separately. The next question is will this differ 
from the F2 (x.) for free nuoleons? Two sources of difference aro 
to be expected: i/ the nucleons in the nuclei are confined and 
hence will perform a Fermi motion which will modify the momentum 
distribution of the quarks they contain as seen by the electron 
-Li/ the nucleons in the nucleus are "off their mass - shell", that 
is, the nucleons have a binding-energy. 
The average binding-energy of a nucleon in a nucleus ia about 8 MeV, 
vhile typical Fermi velocities are ** 1/20 of the velocity of light. 
We are discussing highly relativistic electron scattering ( remember 
the Djorken scaling occurs at Q-*o° If"* o° limit, eątn(w)), thus 
the electrons are travelling essentially at the velocity of light 
and might be expected to take a 'snap-shot' of the nucleus with the 
nucleons effectively at rest during the scattering process, while 
the energy transfer might be at least 2 - 3 orders of magnitude 
greater than the binding energy which hence might only insignifi¬ 
cantly effect the result. This is the basic assumption of the 
'impulse approximation'. If this argument is completely valid we 
might expect the ratio of the nucleon structure factors F?fx) 
deduced for different targets to be unity. 

Since we will always be considering structure factors per 
nucleon we shall now drop the superscript N and substitute the 
target label. In figure 1 we present the now familiar ratio of 
structure factors for Fe and deuterium. The open circles represent, 
not electron results, but muon scattering. 
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Fig. 1. Data from the European Muon Collaboration EMC at 

CERN, while the closed circles represent later 

electron results from SLAC. It is clear that the 

ratio is not unity and this has become known as the 

EMC effect. Neutrino scattering bubble chamber data 

confirms these results. 
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Let us first concentrate on the region where there is im-

inistakeble agreement between the two experiments, i.e. 0.25 £ x 

^0.65. What the experiments appear to be telling us is that, in 

this range of x, quarks in Fe have a slightly lower momentum 

distribution than thsy have in deuterium. If this is in fact true 

it ia of great importance because it provides us with a new labo¬ 

ratory within which to probe QCD. And if there is an effect already 

at normal nuclear densities, what might we not discover at slightly 

higher densities generated in relativistic heavy-ion collisions? 

5. Expanding Bags. 

In quantum mechanics if we have particles in containers then 

the only way to reduce their momenta is to increase the size of 

the containers. QCD is like QED at short distances, i.e. the 

potential between two colour charges, just like the potential 

between two electric charges, varies inversely with the distance 

between them. However while this situation persists in QED at 

long ranges in QCD the potential again grows in magnitude, becoming 

more and more positive at large distances. This difference has two 

consequences of practical importance: i/ it is possible to remove 

completely from a cotnpositely charged object like an atom, one of 

the electric charges and to study it in isolation, this is impossi¬ 

ble for a coloured object like a quark, 

ii/ it is easy to calculate accurately the net force between two 

atoms at large distances apart simply as the sum and difference of 

the weak electric interactions between the like and unlike charges 

Ihey contain, however the force between tvo nucleons now becomes 

the sum and difference between infinitely large colour forces for 

which no practical computational procedure currently exists. 

Particle theorists have parameterised their inability to calculate 

these long range properties in terms of 'bags' and Strings'. 

Thus the nucleon can be described as a bag of three valence quarks, 

some gluons (QCD analogues of photons^ and a few quark - antiquark 

pairs. The bag has an internal pressure and a surface tension. 

Thus the first naive attempt to explain the EMC effect was to 

suggest that the bag representing the nuclecn, inside a nucleus 

was somehow larger than the free bag. Now the free bag parameters 

had been fitted to the free nucleon data and hence the free bag 
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radius was r . Clearly the bag radius in the nucleus cannot t>e 
greater than r . What is required to fit the data is ~-10 # ex¬ 
pansion and this is just possible. 

6. Little Bags. 

Bafore continuing let me make a short historical digression. 
Back before the EMC effect was discovered the Stony Brook group 
(Gerry Brown et al.^ collaborating with the Paris group (Manque 
Rho and colleagues^ had been concerned about the discrepancy 
between r„. and r in the bag picture. Tłieir view was chat within 
the bag perturbative QCD would rule but that externally one had 
a well understood world of pionie and nucleonic physics which they 
wished to preserve. In. a classical field approach they tried to 
marry these two pictures through the axial current which both 
contained. In the mesonic pioture this ouiTent is not strictly 
conserved, a well known result of the non zero pion mass called 
PC AC, and. its divergence is in fact the pion field itself. In. 
essence they concluded that a bag surrounded by a pion field woulLd 
experience an external pressure and tend to contract, lxi this 
view the nucleons inside a nucleus were "little bags' and they 
suggested that this might help to explain the fact that r < r„. 
There are many criticisms that can be made of this calculation 
but no one has done any better. The point I would make is that 
the only calculation which asks -"'what happens to bags in nuolei?' 
suggests that they should shrink. Particle physicists did not ask 
the question because they "know' that the answer was * nothing r 
Thus to now invoke expending bags to explain the EMC effect seems 
slightly too fascile. 

7. Overlapping Bags. 

An altogether more rational explanation of the effect was 
provided by the Oxford - RAL group of Close, Roberts and Ross, 
and taken up by many others, this was that, since r_ was so close 
to r , the nucleons in the nucleus must overlap. Anyone who has 
seen two water droplets on a clean surface has witnessed how they 
flow into one another Jhe moment they touch. The suggestion is 
that when two nucleons overlap the oarks can flow throughout the 
double volume with the resulting lo\ <J~ ing of. their average momentumu 
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The nucleus is now dsscribod in a cluster expansion of: independent 

bags, overlapping ]j&irs of bags, overlapping1 triplets etc. To com¬ 

plete the calculation all one needs is a set of nucleon-nucleon 

correlation functions to calculate the probability of these overlaps. 

The result is an easy fit to the data and an exciting new window on 

QCD. We have said that we cannot study free quarles in the same way 

as we can free electrons. But we often talk of 'free electrons' • 

when they are not really free but are effectively so only in a 

metal, i.e. by pressing together metal atoms we can release the 

electrons into the metallic solid. By studying the reponse of the 

metal to external electromagnetic fields one can deduce properties 

of the 'free' electrons. Now we have an analogous situation where 

by pressing together nucleons we might be able to release free 

quarks - even if they are still constrained to lie in the nucleus. 

8. Whatever Happened to Nuclear Ehysics7 

Before we pursue these heady speculations further - and 

over 300 publications on the EMC effeot and related matters have 

appeared in the past three years - let us look back to eqtn /12/. 

s I ef x f± 

Here f. (x) is the quark momentum distribution function inside the 

nucleus. If the simple convolution we alludsd to earlier is valid 

then 

£ 2 £ j FJ(|,Q2; /I3/ 

where *"N(zj is the distribution within the nucleus of nucleons 

having a momentum fraction 

M. 

4 
The superscript + on the nucleon momentum p^ and the nucleus mo¬ 

mentum p. indicating the component in the direction of the momentum 

transfer Q fNote: the product MV in the denominator of the defi¬ 

nition of x is the scalar product of the four momentum of the 

target and the four-moniantum transfer in the rest-frame of the 

target- Since it is a scalar product it is Lorentz frame invariant) . 
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xt should be possible then to calculate FT directly using a nuclear 

model and hence to confront the data directly. The simplest of all 

models is the Fermi gas model and to use it in this way appears 

to have occurred first to the Moscow group of Akulinichev, Kulagin 

and Vagradov although similar work was being pursued by the Seattle 

Group of Bickerstaff, Birse fnow in Manchester) and Miller. The 

programme has now been repeated in many places together with 

various refinements, I shall report, on our own calculations in 

Manchester. 

The key to the problem is to calculate the fN(zj in eqtn. /13/-

The physics of the situation is that a high-energy electron strikes 

a nucleus of mass M,, which is in its ground state, passes on having 

whipped out a nucleon, leaving an (A-iJ final nucleus in an efxeited 

state 7\ and recoiling in the rest frame of the target, i.e. the 

laboratory frame. Neither the nucleon nor the final nucleus are 

studied in the experiment. In this picture 

with 

The recoiling nucleus has an energy 

TR = P 

which can usually be ignored but not so the £j\ which is the dif¬ 

ference in binding energy of the initial configuration A and the 

final configuration (A-i)^ . In any extreme single-particle model 

the tyJj?) is clearly the corresponding single particle wave func¬ 

tion. For the Fermi gas model 

with the Fermi momentum p p = f^V^ and 
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There are thus only two degrees of freedom in the problem, a den¬ 

sity or equivalently a Fermi momentum, and a binding described by 

a constant potential V. In the limit V-». 0 and p_-^0 the calculated 

ratio F^/F? becomes unity as we would expect. If we then increase 

p„ keeping V fixed, the ratio curves upwards, as a function of x, 

as predicted by Chris Vewellyn Smith. If, on the other hand we fix 

p„ and increase the binding (V-* -Ve) , then the curve nose-dives' 
r 

below unity. 

So far we have been considering only 0.25^x^0.65 > if we 

now consider all X^0.Z5 we have the ingredients in the model to 

explain the data. We can only fit two pieces of data, and there 

is then no freedom left. I chose p_ and V to give a minimum of 
r 

0.87 for the ratio at x = 0.65- The result is the curve in figure 1. 

Fine tuning could perhaps yield a slightly better fit to the data 

but the crudity of the model does not warrant this. It is interest¬ 

ing to note that my values (v = - 60 MeV and p„ = 1.3*^ are ex¬ 

tremely reasonable. Hie curious might find it interesting to note 

that smearing the Fermi surface a la BCS simply slightly reduces 

the slope of the upward rising curve for x>0.7 and that using 

a harmonic oscillator model, in which again there are only two 

parameters, very similar results are obtained. 

Finally let us turn to the region xj^O.25> Here there is a 

clear discrepancy in the current data and hence no clear indication 

of what is expected of a satisfactory theory. However, our calcu¬ 

lated curve is already in disagreement with both sets of data and 

it is expected that when more reliable experimental points are 

available in this region they will lie somewhere between the cur¬ 

rent two sets. 

So far we have only considered that the electron can scatter 

off the nucleons but if eis we expect there are also some pions in 

the nucleus they also oontain quarks and can act as par tons in the 

electron scattering process. I have simply attacked a gaussian 

pion cloud of radius r^ to each nucleon. This adds a single para¬ 

meter, i.e. the number of pions per nucleus, to the calculation. 

At 0.1 pions per nucleon the dashed curve of figure 1 results. 

At very small x I have assumed that the curve must approach unity 

due to shadowing. 
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9. Conclusions 

Our results are consistent with a complete description of 

deep inelastic lepton scattering1 from nuclei being available 

within the language of nuclear physics. Of course, we have not 

exorcised quarks from nuclei altogether - they are still there 

inside the nucleons and pions but behaving in exactly the same 

way that they did in free nucleons and pions* 

One could be disappointed that although nucleons must overlap 

in the nucleus this does not appear to modify the quark behaviour, 

or one can be intrigued with the question, how can this be so? 

Our explanation of the EMC effeot in terms of nuclear binding 

effects would suggest that a fruitful series of experiments would 

be to choose a fixed x«-*0.4 and study the A-dependence of FT for 

a number of carefully chosen targets noted for the widest possible 

variation in their nucleon separation energies. Such experiments 

are already planned and in some case in progress. 

What do our results have to say about the likely outcome of 

the search for quark-gluon plasmas in relativistie-heavy-ion 

collisions? Caution! I believe we need many more deep inelastic 

lepton studied and perhaps a little quiet thought. 

I am grateful for much enlightenment from Mike Birse and the active 

collaboration of Majid Modarres. 

10. Postscript. 

Due to unforseen circumstances the author has been unable 

to proof read this contribution or to reference it in the con¬ 

ventional laaimer. 
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MONSTER AND VAHPIR: An Approach to the Exact Shell-Model 

F. Gnimmer, Institut fUr Kernphysik, KFA Jlilich, 0-5170 Jiilich, West Germany 
K.W. Schmid, E. Hammaren, Inst. fur Theor. Physik, Univ. Tubingen, 

0-7400 Tiibingen, West Germany 

Abstract: General microscopic nuclear structure models are discussed, 
which are mixtures of configuration mixing models and mean field approxi¬ 
mations. For each of them applications In realistic cases will be shown. 
Their particular advantages and successes as well as their Inherent limi¬ 
tations will be discussed 1n detail. 

Introduction 

There are a lot of reasons why the nucleus 1s a very Interesting testing 
ground for microscopic many body theories. First of all the coexistence of 
collective and single particle aspects gives rise to a rich variety of non-
trivial phenomena. In the last years more and more experimental data concern-
Ing energy spectra, moments and transitions became available in all mass 
regions. One should use this large amount of data to learn something about the 
nucleon-nucleon interaction and Its effective realization in finite nuclei. 
Last but not least also the Influence of subnuclear degrees of freedom can 
finally only be studied with the help of a reliable microscopic theory. 

There are essentially two general approaches to the many body problem. 
These are the configuration mixing approach^), e.g. shell model configuration 
mixing (SCM), and the mean field approach2), based on the Hartree-Fock (HF) or 
the Hartree-Fock-Bogol1ubov3) (HF6) theories. In the first class of models one 
constructs a more or less complete many particle basis by distributing the 
active particles in the nucleus over their available single particle states. 
One then obtains the exact solution of the many body problem by diagonaliza-
tion of the effective Hamiltonian 1n this many particle basis. This method has 
the advantage that an exact solution is obtained as long as no truncation of 
the configuration space 1s Introduced and that one immediately gets physical 
states with the proper quantum numbers like angular momentum, parity and par¬ 
ticle numbers. The clear disadvantage Is the fact that the number of configu¬ 
rations Increases so drastically with the size of the considered single par¬ 
ticle basis that a practicable application Is only possible 1n quite limited 
basis spaces (e.g. the s-d shell). It seems that 1t 1s very difficult if not 
impossible to define generally applicable truncation schemes for the use in 
bigger basis systems. 

The second class of models starts with the knowledge that the nucleus 
behaves In many respects as an ensemble of nearly Independent particles moving 
In a common mean field. One can obtain this mean field by variational princi¬ 
ples from the effective Hamiltonian. The advantages are besides the simplicity 
of a single particle model the distinctness of the wave functions and the fact 
that the residual Interaction between the quasi particles will be minimized or 

112 



1n other words as many correlations as possible win be put 1n the optimal 
mean field. The main disadvantage fs the fact that one goes over from the lab¬ 
oratory system to an Intrinsic coordinate system, thus breaking a lot of sym¬ 
metries like rotational symmetry and In the case of HFB even mixing different 
particle numbers. In order to obtain many particle configurations with the 
desired quantum numbers one must therefore use projection techniques, which 
makes the calculation of matrix elements much more complicated than in the SCM 
case. 

In the course of this lecture we would like to Introduce a class of mod¬ 
els which tries to combine the advantages of the configuration mixing and the 
mean field approach*). He will discuss the range of applicability of each of 
those models showing results of realistic applications. As will be shown, 
these models open up a wide field of possible applications, which may be use¬ 
ful for the study of the nuclear many body problem and related topics like the 
question of the effective interaction. 

Theory 

Since one of our alms is the study of the Influence of the effective 
interaction on nuclear spectroscopic data we start with a Hamiltonian consist-
Ing of general one- and two-body terms 

«- }k *« < W 
where for the matrix elements v-j j^ any decoupled two-body matrix elements can 
be used. We do not want to repeat here the details of projected Hartree-Fock-
Bogoliubov theory. Let us just summarize the most Important aspects, which are 
necessary In order to understand our ansatz for the many-body wave functions. 
We define a quasiparticle basis by applying the HFB-transformation3) 

The quas1part1cle vacuum then has the form 

| q> - (n aa) I f) > (3) 
a 

One may now express any other HFB-vacuum using the generalized Thouless theo¬ 
rem as 

|q(d)Wq(d)|q>exp{£l d aV}|q> (4) 
w 

where d Is an antisymmetric matrix. 

With respect to any quasiparticle vacuum )q>one can now define other 
configurations as quasiparticle excitations. For even-even nuclei the zero-
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quasiparticle vacuum as well as two-, four-, etc. quasiparticle excitations 
will contribute, whereas in odd-even nuclei one-, three-, etc. quasiparticle 
excitations will span the configuration space. As we have mentioned already 1n 
the Introduction these quasiparticle excitations cannot be used for the 
description of the physical states directly since they are no eigenstatss of 
the angular momentum and particle number operators. If we, however, Introduce 
a projection operator onto good proton number ZQ and neutron number No as well 
as good angular momentum quantum numbers I and M5» ' 

/ay p ^ 

where R(n) Is the usual rotation operator, 0^(0) Its representation 1n angu¬ 
lar momentum eigenstates, and Z and N the proton- and neutron-number opera¬ 
tors, we can construct a many particle basis In the following way. For even-
even nuclei we can write the nuclear wave function as 

U ° ° >* P(Z0N0;IH) {folq> + I f aV|q>} (6) 
y 

and for odd-even nuclei the simplest ansatz Is 

U ° ° >« P(Z0N0;IM) { I fpa+|q>} (7) 
v 

The coefficients f can then be obtained by d1agona11zing the Kamiltonian (1) 
in the non-orthogonal basis spaces (6) or (7). 

The MONSTER (HFR) Approach 

As a first approach we may Insert 1n (6) and (7) the Intrinsic HFB vacuum 
for lq>. This has the advantage that this vacuum may be easily obtained and 
that all matrix elements can be calculated With respect to the same quasipar-
ticle vacuum. It has been shown that this model, which we called MONSTER 
(MOdel handling many JJumber and jjpin projected Jwo-quasiparticle ^Excitations 
with Realistic Interactions and model spaces), is capable of approximating 
many states obtained from exact SCM calculations quite well. In first applica¬ 
tions7) to several nuclei reaching from 20Ne to !°*Er it turned out that rota¬ 
tional bands in these nuclei including band-crossing effects as well as 
excited states could be described In good agreement with the experimental 
data. Here we want to present some selected results of an attempt to apply the 
model in a systematic way to many nuclei of a whole mass region®^). in order 
to describe the nuclei in the A « 130 region, we chose a single particle basis 
consisting of the 2s2/2« W3/2» l<*5/2» "97/2» ^7/2» "*9/2 an<* *ll/2 orbits 
and an effective Interaction based on a nuclear matter G-matr1xlO; derived 
from the Bonn OBEP^) nucieon-nucleon Interaction. In order to describe the 
deformation and pairing behaviour 1n the region properly we had to renormalize 
the force slightly as has been described In ref. 8. Using always the same Ham-
11tonian we calculated more than 50 nuclei in this mass region. 
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Fig. 1: A partial level scheme of 129Ba. 

F1g« 2: Yrast band and low excited 
states In 13(fc 

F1gs. 1 and 2 show two exam¬ 
ples. In f 1 g. 1 some low-lying rota¬ 
tional bands 1n M%a are shown. 
Experimental bands12) are compared 
with the candidates obtained from 
our calculations. One realizes that 
the relative band head energies as. 
well as the moments of Inertia of 
the bands are quite well reproduced. 
It should, however, be mentioned al¬ 
ready here that with a configuration 
space as defined by (7) many aspects 
of odd nuclei like for example back-
bending cannot be described. We will 
discuss later how this deficiency 
could be overcome. 

In fig. 2 we show a lot of low-
lying states with different angular 
momenta 1n 1 3 0Ce. The states are 
grouped 1n bands according to the 
structure of their wave functions 
and the transition rates. Obviously 
not all states could be clearly 
grouped Into bands. It should also 
be mentioned that for the higher an¬ 
gular momenta more than 100 states 
are obtained from the theory. The 
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experimental13^ yrast band is indicated by a dashed line. We see that the 
moment of inertia as well as the band crossing In the yrast band are repro¬ 
duced very well. 

In spite of the Impressing results the limitations of the MONSTER (HFB) 
model are obvious. All states of the nucleus are described with respect to an 
intrinsic HFB vacuum, which Is a good approximation only for some low spin 
yrast states. Thus the quality of the description of any state becomes worse 
the higher the angular momentum of excitation energy becomes. Especially, 
yrast states after the second backbending or excited states after the first 
backbending, which are essentially of projected four-quasiparticle nature with 
respect to the projected HFB-vacuum, are out of the scope of the model. Also 
drastic changes of collective properties like deformation or pairing &re hard 
to be described only by projected two-quasiparticle admixtures. This limits 
the applicability of the model for example to regions of stable deformation;. 

The MONSTER (VAHPIR) Approach 

In order to cure these deficiencies the concept of a fixed intrinsic mean 
field has to be given up. Instead one has to optimize the HFB transformation 
for each spin separately, i.e. one has to solve the HFB variational problem 
with spin and number projection before the variation. This leads to the second 
model to be discussed here. Performing the variation of the energy calculated 
with the Hamiltonian (1) in the wave functions (4) 

6{<q(d)|HP|q(d)>/<q(d)|P|q(d)>} = O ' (8) 

we obtain a HFB solution which depends on the angular momentum. This proce¬ 
dure, which we called VAMPIR (Variation After Mean field frojection In Realis¬ 
tic model spaces), as well as Its combination with the MONSTER configuration 
spaces yielding the MONSTER (VAMPIR) model has been discussed in detail in 
refs. 14,15. The essential advantage of this method is that it yields always a 
Oqp state as dominant component for the yrast states, no matter how big the 
actual spin may be. Thus the limitation of the original MONSTER (HFB) approach 
vanishes and even drastic changes of the yrast structures with Increasing spin 
will be described in a natural way. Since the configuration spaces (6) and (7) 
are now constructed with respect to the optimal transformation for each spin 
value separately, the quality of the description of the excited states does 
not depend on the considered angular momentum anymore. As an example, we show 
in fig. 3 the yrast band of 1 2 % a 1 5) as obtained by projection after the var¬ 
iation from the Intrinsic HFB solution (HFB), by the MONSTER (HFB) approach 
and by the projected vacua obtained by variation after projection (VAMPIR), 
and compare these results to the experimental data16). It Is seen that the one 
determinantal VAMPIR approach fits the data equally well as the original 
MONSTER (HFB) approach, which needs about 130 projected quasiparticle determi¬ 
nants 1n order to account for the dynamical changes of the yrast states with 
Increasing spin. 
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In connection with the MONSTER 
1t could be also shown that with 
spin dependent mean fields also con¬ 
siderable Improvements in the de¬ 
scription of excited states can be 
obtained. However, even the MONSTER 
(VAMPIR) model 1s limited to a par¬ 
ticular class of nuclear excita 
tions, namely the yrast band and 
those excited non yrast states, 
whose Internal structure is not too 
different from that of the corre¬ 
sponding yrast state. This is due to 
the fact that the VAMPIR mean field 
for a given spin 1s adjusted to the 
yrast state and then only projected 
2qp configurations are taken Into 
account for the description of the 
excited states with the same spin 
value. Thus, if an excited state has 
a completely different structure 
than the corresponding yrast one, 1t 
cannot be expected to be represented 
well. So, for example, shape coexis¬ 
tence phenomena like the occurrence 
of a prolate first excited 0 + state 
on top of an oblate ground state in . 

are not accessible by this model es well as many other similar excited 
states all over the mass table. 

Fig. 3: Yr«st band in 138Ba. 

The EXCITED VAMPIR Approach 
In order to solve also this problem mean fields have to be used, which 

are not only spin dependent as In the VAMPIR approach but which are also newly 
adjusted for each excited state separately. This will be done in the following 
way. F1^st, for any given spin and particle numbers a usual VAMPIR calculation 
is performed, yielding the solution 

(9) 

(10) 
Next 

is used as a test wave function for the first excited state. Here R\i, 1^2 
(?22 are determined by requiring normalization and orthogonality of | •«> w1tn 
respect to j •-">. This procedure may now be repeated m times yielding the 
excited states |*.ą>k»l...m. Finally, the residual interaction 
diagonalized in tnese configurations. can be 
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Obviously, this approach has a couple of advantages with respect to all 
other methods developed up to now In order to approximate the complete SCH 
expansion of the nuclear wave functions. First of all, even states with a com¬ 
pletely different structure than the corresponding yrast state are described 
In a natural way. Second, the description of any state can always be Improved 
by Increasing the number of successive solutions m. Third, the use of the var-
lational principle also for the excited states minimizes the residual Interac¬ 
tion between the different m solutions. Thus, successively, an optimal basis 
of A-nucleon configurations 1s created. D1agonal1z1ng the residual Interaction 
within the lowest m solutions one obtains the best possible description of tlie 
in lowest states of the considered spin value, which can be achieved by m pro¬ 
jected HFB type quasiparticle determinants. Finally, the EXCITED VAMPIR model 
automatically selects the essential decrees of freedom, which are relevant for 
a particular state under consideration, no matter whether they are of collec¬ 
tive or single particle nature. Thus, no a priori assumption about the struc¬ 
ture of the states to be considered need to be made. 

•> 
m I 2 

Wj 

i 

ii I 
"•-' i |ś if 
(•MI ; i * o E Ś 

§ : 
•• 17 
UJ 
Z 
B 

ł 333 . . 

M m 3 tit . . . 3 > > * 

\ 
\ 
I 
I 
tO. H I O.I3I 

Fig. 4: 0 + states in 50T1. 

The numerical feasibility of 
the EXCITED VAMPIR approach has 
been shown In ref. 17 by applying 
1t to the energetically lowest 0 + 

states in 50T1 using the lpOf-
shell as single particle basis and 
McGrory's18) version of the Kuo-
Brown matrix elements19) as effec¬ 
tive Interaction. As can be seen 
in fig. 4, In this nucleus the 
MONSTER (HFB) approach performs 
very badly. Because of the neutron 
fy/2 subshell closure in the In¬ 
trinsic HFB vacuum, this approach 
yields for 50T1 only four linearly 
Independent 0 + states, which do 
not at all reproduce the experi¬ 
mental situation20). The MONSTER 
(VAMPIR) model already Improves 
the situation drastically. Here 
the subshell closure as well as 
the spherical symmetry of the In¬ 
trinsic HFB mean field are broken, 
and consequently now 39 0+ states 
are obtained. Furthermore^, the 
first excited states are 1n much 
better agreement with experiment. 
Howaver, the EXCITED VAMPIR ap¬ 
proach does evsn better. All 
states are lowered energetically 
with respect to the VAMPIR solu-
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t1on. !n addition, at 5.447 HeV an oblate 0+ Intruder state Is obtained as new 
second excited 0+ state, which Is not occurring at al l In the MONSTER (VAMPIR) 
spectrum being based on a prolate mean f ie ld. Unfortunately, there is no 
experimental 0 state in the predicted energy region. But i t may well bt iden¬ 
t i f i ed with one of the 14 states with unknown spin and parity in the energy 
region between 5.110 HeV and 6.123 MeV. 

We have discussed several models, which approximate the solutions of the 
nuclear many-body problem by combining the concepts of mean fields and config¬ 
uration mixing, within their range of applicability they turn out to be quite 
successful. There is , however, s t m a lot of roan for improvements and fur¬ 
ther developments. For example, the mean fields used up to now conserve parity 
and axial symmetry, a fact which prevents us from describing negative and 
unnatural parity states 1n the mean f ie ld approximation. Another weak point of 
our models Is the relatively poor description of odd nuclei. We are planning 
to improve the theory 1n this direction by generalizing the VAMPTR approach to 
a linear combination of one-quasiparticle states (MAny Detenrrinant YAMP1R). 
One of the most important subjects of our Investigations in the near future 
will be the effective Interaction. We should try- to learn, which aspects of 
the nucleon-nucleon Interaction are Important for various nuclear structure 
phenomena, and how the Hamilton Ian has to be renormalized 1n f in i te nuclt'i and 
f in i te model spaces. 
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Abstract 

We present a new approach to the microscopic description of photonuciear 
reactions with real and virtual photons as well as of elastic and inelastic 
nucleon-nucleon scattering. The model (MERLIN = Monster approach to Electro¬ 
magnetic Reactions and low energy Jnelastic JNucleon scattering) is baseC on 
MONSTER (VAMPIR) nuclear structure wave functions, which are calculated in 
a large single particle model space including all single particle resonances 
as quasibound basis orbitais and then embedded in the remaining, resonance-
free continuum. Because of the complexity of the underlying nuclear structure 
description, thus effects of more than one nucleon in the continuum can be 
accosted for at least approximately. Consequently besides the gross struc¬ 
ture also intermediate and fine structures of the nuclear response can be 
studied. A first application of the model is presented and possible ex¬ 
tensions are discussed. 

•Invited lecture to the "XXI Winter School on Physics. Selected Topics in 
Nuclear Structure", Zakopane, Poland, April 7th to 13th, 1986 
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1. Introduction 

In the standard shell-model approach to nuclear reactions usually tins 

eigenstates of a real Woods-Saxon potential are taken as single particle 

basis. These can be divided into a couple of bound orbits and the continuum 

spanned by the partial scattering waves. The corresponding A-nucleon con¬ 

figurations may then be classified according to Mahaux and HeidenmUller ' 

by the number of continuum nucleons they contain: class I consists out of 

all Slaterdeterminants with the A nucleons occupying only bound orbitals, 

class II is formed by all configurations with one nucleon in the continuum, 

and the classes III to (A-l) label states with 2 to A nucleons in the con¬ 

tinuum, respectively. Since the mathematical treatment of more than one 

nucleon in the continuum leads to divergences, the classes III to (A-l) are 

usually neglected. Thus the model space of the standard model consists only 

out of two components: the bound class I configurations, which form the so-

called Q-space, and the continuum channels of class II, which are usually 

labelled as P-space. Solving the A-nucleon Schrb'dinger equation with the 

appropriate boundary conditions in this model space yields then the so-called 

Coupled-Channel (CC) equations, from which the S- or T-matrix corresponding 

to the particular reaction under consideration can be calculated. 

By construction this CC-method has one severe drawback, which can be easily 

illustrated considering the giant quadrupole resonance (GQR) of light nuclei 

like for example Ne. Here the Moods-Saxon potential yields the orbits of the 

lsOd-shell still bound, while all the higher levels are already in the con¬ 

tinuum. Consequently, except for the Os-hole-lsOd-particle-excitations, the 

particle-levels of all the relevant 2hw lplh-configurations are scattering 

states. Thus the residual Interaction causing the collectivity of the GQR-

exdtations has to be described almost entirely Inside the P-space, i.e. via 

channel to channel coupling. Since now only one nucleon in the continuim can 
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be treated by the standard model, this approach is obviously limited to the 

description of the lplh-structure of the GQR. On the other hand, we know from 

nuclear structure calculations in large discrete basis systems ' that such 

an lplh-approximation yields only the gross structure of the strength distri¬ 

bution, while the intermediate and fine structures are due to the spreading 

of the strength induced by the coupling of the lplh-configurations to more 

complicated excitations (2p2h, 3p3h, etc.) via the nuclear interaction. In 

the standard CC-calculation, however, such effects (like the coupling of the 

(Op)"1(lpOf) lplh- to the (0d5h)"2(lp0f)2 2p2h-configurations in our example 
20Ne) cannot be taken into account, since all configurations with more than 

20 one nucleon in the continuum (for example the two lpOf nucleons in "Ne) are 

neglected. 

A possible solution for this dilemma is provided by a mathematical trick, 

which - though in a somewhat different context - has been introduced more 

than a decade ago by Wang and Shakin '. The idea is quite simple and starts 

from the consideration that the nucleon continuum is not equally important 

at all energies. Because of the short range of the nuclear interaction and 

the exponential decay of the bound state wave function at large distances, 

a strong coupling between a bound and a continuum nucleon is only to be ex¬ 

pected, if the latter has a large probability to be found inside the nucleus, 

i.e. if its wave function is peaked at small distances. This is the case, if 

the continuum nucleon sits in a single particle resonance of the basis creating 

potential. We shall therefore, in a first step, construct "quasibound" states 

from all the single particle resonances. This can be done by either imposing 

an exponential tail or by simply taking the corresponding harmonic oscillator 

state. These quasibound orbits are then added - after proper orthonormalization 

to the bound levels serving together with these as modified single particle 

basis for the discrete Q-space nuclear structure calculation. In the next step 
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then the quasi bound states are eliminated from the nucieon continuum at all 

energies. In this way one obtains resonance-free, modified partial waves, 

which serve as single particle basis for the P-space configurations. 

Up to here obviously only a redefinition of the Q- and P-parts of the 

model space has been done, and hence nothing has been achieved. In fact, if 

the Random-Phase (RPA)- or Tamm-Dancoff (TDA)-approxi>ation is used for the 

nuclear structure calculation, a CC-calculation in the modified model space 

yields exactly the same result as the original standard approach. 

The situation changes, however, if for the discrete calculation in the-

Q-space a nuclear structure model is used, which goes beyond the RPA-approach 

and allows, for example, with some probability that two, three or more nucleons 

occupy the additional quasi bound basis orbits. Embedding the wave functions 

obtained with such a model into the modified continuum, one takes into account 

also contributions of more than one nucleon in the continuum and may hence 

hope to be able to describe also intermediate and fine structures of the 

nuclear excitations in a completely microscopic fashion. 

Such a nuclear structure model is the MONSTER (VAMPIR)4) approach, which 

has been discussed by Frank Grummer in detail in the preceding talk. How one 

can use the corresponding wave functions in continuum calculations along the 

above discussed lines will be presented in the next section. 

2. Theory 

Let us assume that our real Woods-Saxon potential has Mj bound solutions 

{(iT.c£,...}M and - up to a certain maximal orbital angular momentum to be 

included - M' partial continuum waves {^(e),...}^; eiO. Here i denotes 

the quantum numbers -rntjm and s refers to Ttjm, respectively. Where necessary, 
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we shall indicate the boundary conditions by a superscript M+" or "-• at the 
energy e of the continuum nucleon referring to ingoing or outgoing waves, 
respectively. Let us furthermore assume that the partial wave s displays 
some single particle resonances. The corresponding quasibound states being 
obtained either by imposing an exponential tail to the continuum wave function 
at resonance energy or by simply taking the corresponding harmonic oscillator 
state will be denoted as |ns>. Obviously these states have to be orthonorma-
lized with respect to each other as well as with respect to the bound orbitaIs 
with the same quantum numbers. 

The modified continuum wave |e*> has then the form 

Fig. 1 

I 

rłtaił 

(1) 

where gs
s(e+) is the usual Woods-Sajton 

Greens function and tg*s(e+)3nn' its 
matrix in the quasibound states s . 
Fig. 1 shows the effect of the modifi-

' cation (1) for the example of the dyZ 
j resonance in 1 60 (taken from ref. 3). 
| The full line corresponds to the un-
j 

! modified radial d 3 / 2 wave at about 1 MeV, 
! the dashed one to the modified partial 
wave (1). Note that the quasibound states 

: |ns> can obviously decay into their own 
continuum tails via the one-body Woods-

Saxon Hamiltonian, since 

<ns|hws|ć*> i O (2) 

Let us now assume that there are altogether H 2 quasibound states for all 
the quantum numbers s to be considered. We shall include these states into 



the discrete basis, which has then the form {CJ,c£t...}H=M +M . The corres¬ 

ponding modified partial waves will be denoted according to eq. (1) as 

{Cg(e),...}M,;e>0 

For the discrete basis we now introduce a general HFB-transforroation 

(M) . T 
a < ! > S } IAJaCi+BiaC1] ( 

and determine the transformation matrices A and B via the VAMPIR ' (Variation 

£fter Meanfieid Projection In Realistic model spaces) variational principle 

ó <V(I)|HP(ZN;IOO)|V(I)> mQ {4) 

where 

|V(I)> = naa(I)|0> ((5) 

is the HFB-vacuum (depending on the total angular momentum) and 

21+1 ?w i'nl**) ?* 
P(ZN;IMK) = £1+1 / d» e n / d, e 

32ir^ O O v 

# / dn Djjĵ fl) R(n) ((6) 
(4ir) 

with i and Ń being the proton and neutron number operators and R(a) being the; 

rotation operator projects onto the components with the desired particle 

numbers and spin quantum numbers. Diagonalizing the total Hamiltonian in the 

space of the projected VAMPIR vacuum and the projected two quasiparticle (2qp) 

states with respect to it, one obtains for a doubly even A nucleon system, 

the so-called MONSTER (VAMPIR) wavefunctions4* 

lq-.au-1*> = «(ir,+)«((-)^l)[P(ZN;IMO)|V(I)>]f£q 

which have been discussed already in Frenk Gnawer's lecture. Note, that for 
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eq. (4) to (7) axially symmetric quasiparticles (3) have been assumed. 

Similar as the A nucleon wave functions (7) also the discrete states of 

the odd A systems may be described. Here we use 

a 

i .e. linear combinations of projected lqp states being built on the VAMPIR 

ground state solution |V(0)> of the neighbouring doubly even system. The ex¬ 

pansion coefficients g are again obtained by diagonalizing the total Hamil-

tonian. 

The continuum channels |c(E)> are then defined by coupling any of the 

modified partial waves |es> of eq. (1) to any of the (A-l) nucleon wave 

functions (8) to al l possible quantum numbers c 

|c(E=Eh+e)> E [C*(e)|h>lc (9) 

The wave functions (7) span the so-called Q-space, while the channels (9) 

form the so-called P-space. Both spaces, being orthogonal to each other by 

construction, form our model space, in which now the many-body SchrBdinger 

equation with the appropriate boundary conditions has to be solved. This can 

be done easily with the help of Feshbach's projection operator formalism '. 

For the transition matrix from the ground state of the A nucleon system |0+> 

to some channel (9) via a one-body operator (as it is needed e.g. for the 

description of photonuciear or (e.e'p) reactions) one obtains 

qq1 

r | | + - j + (10) 

where the propagator matrix M(E+) i s given by 

[M(E+)]qp, - {E-Eq)6qq. - I n a X IE' 
C n^O E E L I 
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and the "initial state interaction" term FQIQ+CE*) has the form 

< E V l i™ / *• <ql|H|c-(n><c-(E-)|6|0^>, 
c1 rr*O Eh. E-E + i n Eh. 

Furthermore in eqs. ( 10 ) - ( 12 ) the continuum-continuum coupling matrix ele¬ 

ments were approximated by 

^ ( E J l H l c ' t E 1 ^ * * ^ , «(E-E')E (13) 

This approximation is here very well justified, because the neglected non-

diagonal terms of (13) are made out of matrix elements containing two bound 

and two modified scattering waves. Since the former decay exponentially at 

large distances and the latter are very small inside the nucleus and because 

of the short range of the nuclear interaction, these terms are very small. 

Similar as (10) also the S-matrix for inelastic nucleon scattering may be 

calculated. From these matrices then all measurable observables, e.g. cross-

sections, polarisations, etc., can be easily calculated. 

It should be pointed out here that the above described MERLIN approach 

is rather similar to the formalism used by some of us in ref. 6. However, 

due to the much better nuclear structure theory being used in the present 

work and also due to a couple of improvements in the continuum description 

(for example the possibility to use general two body forces also for the 

bound-continuum coupling) the MERLIN approach has to be considered as far 

superior to these older calculations. 

3. A first application 

In order to check the numerical feasibility of the above described method 

in realistic calculations as well as to get soae impression of the complexity 

of the results to be expected, we have applied the model to the electron 
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Fig. 2 

induced proton emission at a 28S1 target, which has been recently studied 

experimentally by a Mainz-Heidelberg collaboration7* at the 100* duty cycle 

MAMI(A)-accelerator in Mainz. The reaction is schematically represented in 

Fig. 2. The beam electrons arrive with an 

energy of 183.5 MeV and transfer the 3-momentum 

q and the energy u to the target nucleus via 

the exchange of a virtual photon (2 photon 

exchange as well as any other higher oder 

effects will be neglected since they are hindered 

at least by a factor a = 1/137.). The excited 

M 

Fig. 3 

target nucleus (Z,N) then decays by emission of a photon into the ground or 

some excited state of the (Z-l.N) system. Detected are the scattered electron 

and the emitted proton in coincidence. 

The energy transfer <a is given by the 

energy loss of the scattered electron, 

the momentum transfer by 'its scattering 

angle efi. As shown in Fig. 3, the in¬ 

coming and outgoing electrons define a 

scattering plane. The emitted proton has 

then an angle «. with respect to the axis 

of momentum transfer and comes out in a 

plane, which is tilted by an angle ?„ 

with respect to the electron scattering 

plane. Taking the extreme relativistic 

limit (i.e. neglecting the 511 keV electron mass with respect to its 183.5 MeV 

kinetic energy) and using plane waves for the electron wave functions (which 

is a good approximation for the light targets being considered here) one 

obtains for the fourfold differential cross-section8' 
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oH(q,«)jvL(q,u>)RL(»p) + vT(q,«)RT(»p) 

+ vLT(q,o»)RLT(0p)cos fp*vTT(q,w)RTT{«p)cos 2 ł p (14) 

+ h vLT,(q,«)RLT,(ftp)s1n 

where the v's are kinematic factors depending only on the transferred momentum 
and energy and the R's are the nuclear response functions. The first two terms 
are the usual Rosenbluth decomposition into longitudinal Coulomb-scattering 
(Rj) and transverse electric and magnetic response (R T), well known from pon-
coincident ("bne-arw") (e.e1) scattering. The next two terms describe inter¬ 
ferences between charge and current (RLT) and different components of the 
current (R^j), respectively. They only occur in coincidence experiments. The 
fifth response function \j>» finally, only occurs if polarized beams with 
the hel icity h = ±l are considered. Because of the sin ę -dependence, this 
term can only be measured out of the electron scattering plane. It has some 
very interesting features (e.g. it vanishes for isolated resonances as well 
as in the quasielastic regime). Since, however, no coincidence experiments 
with polarized beams have been made up to now, we shall neglect this term in 
the following. Note that, instead of using 0 $ « <180° and 0 * * * 3 6 0 ° , we 
nay use 05e_<360° and 0*c *180° as Indicated in Fig. 3. This is the usual 
convention for plots of the coincidence cross-section. 

In our calculations we used all the oscillator orbits from OSj,2 to 0g9>2 

as basis states for the discrete calculations and all the appropriately mo¬ 
dified scattering waves with A * 4 for the continuum channels. As effective 
HamHtonian the matrix elements of the kinetic energy operator plus a bare 
nuclear matter G-matrix derived from the Bonn-OBEP was used. The same 6-
roatrix has been taken for the discrete calculations as well as for the bound-
continuum coupling. About 1200 MONSTER(VAHPIR) wave functions (with 
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I* = 0+,l+,r,2+,2",3+,3',4+ and.4") have been used as intermediate states 

jq> and about 200 macrochannels |h> (with 1^*11/2*) have been taken into 

account. 

Obviously, because no attempt has been made to renormalize the 6-matrix, 

one cannot expect to reproduce the experimental data even for the discrete 

orbits. This, however, was not the aim of the present study, which was essent¬ 

ially only performed to show the numerical feasibility of the MERLIN approach 

under realistic conditions. 

Fig. 4 shows the coincidence cross-section for the Si(e,e'p0) Al reaction 
27 yielding the ground state of Al. The beam energy was 183.5 MeV (unpolarized 

6 e IS FIXED flT 30.00 DEGREES 

Fig. 4 
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electrons), the scattering angle of the electron fixed at 30°. Furthermore 

the out-of-plane angle <p was fixed at 45°. The figure shows the coincidence 
-2 -1 

cross-section in units of [nb«sr MeV ] (z-axis) as function of the exci¬ 

tations energy in S1 (x-axis) and the proton emission angle 8 (y-axis). 

As can be seen the calculations produce a rather wild mountain landscape such 

proving their ability to describe more than the simple iplh-content of the 

excitations in the giant resonance region. Obviously, this landscape has now 

to be analyzed carefully by making several cuts and studying angular distri¬ 

butions and momentum transfer dependences in various regions of the excitation 

energy. Such studies are in progress as well as a more refined calculation 

using a more reasonable effective Interaction. 

4. Conclusions and outlook 

The MERLIN approach discussed in the present lecture provides a new and 

powerful tool for the microscopic description of nuclear reactions. As com¬ 

pared to the standard shell-model reaction theory K though being limited as 

well - at least in its full microscopic beauty - to only such reactions with 

at most one real continuum nucieon in the entrance and/or exit channel, the 

MERLIN method has the essential advantage to account also for the effects of 

virtual excitations of more than one nucleon into the continuum, which are 

crucial for the intermediate and fine structure of the nuclear response 

functions. This advantage is achieved in several steps. First, all the single 

particle resonances of the chosen basis creating finite depth potential are 

approximated by "quasibound" orbits. After orthonormalization with respect 

to the bound orbits these quasibound levels are then included into the discrete 

single particle basis and at the same time removed from the nucleon continuum 

at all energies via a Green's function method. In the redefined Q-space being 
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spanned by the discrete orbits then the MONSTER(VAMPIR) ' approach is used 

in order to calculate the nuclear excitations in a discrete approximation. 

This approach goes far beyond the RPA-approximation accounting for example 

also for contributions of two, three or even iwjre particles occupying the 

resonance-like quasibound orbitals. The resulting discrete A-nucleon wave 

functions are finally embedded into the modified continuum via the usual 

projection operator technique. This yields the S- or T-matrices appropriate 

for the particular reaction under consideration, from which in turn all re¬ 

levant observables may be calculated. 

During the last two years a computer code for the application of the MERLIN 

approach to realistic cases has been developed and tested. This code allows 

the use of general two body forces not only for the discrete nuclear struc¬ 

ture calculations but also for the coupling of the discrete intermediate A-

nucleon states to the continuum channels. Furthermore rather large single 

particle and A-nucleon basis systems can be handled. 

As a first application this code has been used to' study the electron in¬ 

duced proton emission at a Si target. Though here only a bare nuclear matter 

G-matrix has been used as residual interaction and hence both the structure 

of the discrete states as well as the details of the excitation mechanism 

could not be expected to reproduce th«> experimental data, the calculations 

were done in a large model space in order to prove the numerical feasibility 

of our approach in its full complexity. The results of these calculations 

are encouraging and we hope, after careful renormalization of the effective 

many body Hamiitonian, to obtain also a satisfactory agreement with the ex¬ 

perimental findings. 

In its present form, mainly because of the relatively poor description of 

the excitations in odd A systems, the MERLIN code can be applied to elastic 

and inelastic nucleon scattering (p.p1), (n.n1) and radiative nucleon capture 

({P»Y)> (n,T)) at only odd M S S targets, while for photoabsorption ((y,p), 
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(y,n)) and electron induced nucieon emission {(e.e'p), (e.e'n)) only even 

mass targets can be considered. However, we believe that the description of 

odd mass spectra can be improved considerably in the near future so that no 

restrictions on the target masses have to be made any more. 

Furthermore, the extension of the model to other types of reactions, e.g. 

electroweak processes or (p,n) reactions, is straightforward. 

We have to admit that at present we are only just at the beginning of this 

new type of reaction calculations. We have just peeked under MERLIN'S hat and 

are not yet knowing what kind of surprises may still be there. However, even 

at the present state we believe that the MERLIN approach may develop into a 

widely applicable tool for the study of nuclear reactions similar as MONSTER 

and VAMPIR for various nuclear structure problems. 
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"Mean Fit:Id Theory of Nuclear Spin" 
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Abstract 

Nuclear deformation is an outstanding example of spontaneous symme¬ 

try breaking in quantal many body systems concerning in this case 

the global rotational invariance. The proposed theory for restor¬ 

ing this symmetry starts basically on the Cranking concept though 

contrary to the common Cranking approaches the Cranking axis is not. 

fixed along a selected principal axis of the deformed shape but alljt 

possible Cranking directions are taken into account. In this way 

also the mean value of the angular momentum vector may point in ar¬ 

bitrary directions relative to the intrinsic system. The orientat¬ 

ion of the nuclear spin is studied as a collective degree of free--

dom. Treating the two angles defining this orientation as genera¬ 

tor coordinates the potential energy surface can be constructed. 

Adding to it a kinetic energy term the collective Hamiltonian of 

this motion is found and its quantization is performed. The theory 

provides a new theoretical basis for calculating the properties of 

rotating deformed nuclei. It is applicable to the case of complex 

quasiparticle configurations in even-even, in odd as wall as in 

odd-odd nuclei irrespectively whether the shape is axially or tri-

axially deformed. The nuclear wave function is a superposition of 

determinatal states that belong to the various spin orientations of 

a given spin value. This representation can be directly used to 

construct the transition amplitudes of the electromagnetic radiat¬ 

ion which is highly desirable with respect to the interpretation of 

high spin data measured with niodsrn muItidetector spectrometers. 
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GAMMA-RAY CONTINUUM AMD THE STRUCTURE OF l53Ho AT VERY HIGH SPIN 

O.C. Radford 

Atomic Energy of Canada Limited 
Chalk River Nuclear Laboratories 
CHALK RIVER, Ontario KOJ 1J0 

i. 
Over the last few years, there has been a great deal of interest in 

high-spin states of nuclei near A-150 in the rare-earth region. These nuclei 
have been studied both by means of discrete line 7-ray spectroscopy, to look 
atf the yrast and near-yrast states, and by quasl-contlnuum Y-ray studies, to 
obtain information for spins higher than those of the observed discrete 
states. 

In nuclei with a few nucleons outside the Gd double shell .closure, 
the yrast st«ttes can generally be well understood as arising fron the 
alignment of many single-particle angular momenta. Indeed, aajor 
single-particle configurations can often be assigned with a high degree of 
certainty1, even for the highest spin states observed (I»40). In addition, 
many nuclei in this region assume weakly oblate shapes, especially at higher 
spins where fhn aligned nucleons tend to polarise the core* 

Two classic examples of this type of behaviour are Gd and Dy, both 
of which heve been studied in considerable del:ail2>^. They both show the 
irregular yrast line and non-collective E2 transitions (B(!2) m 10 single 

particle units) Indicative of single-particle states, and the yrast Isomers 
that often result fro* these. Measurements of quadrupole moments in 

Gd*»5 chow that the yrast states are oblate and have Increasing 
deformation with increasing spin* 

Thus a relatively good understanding of the results of discrete-line 
studies- seems to have been achieved* In contrast, Information from 
quasicontlnuua studies is harder to Interpret. Y-ray quasicontinuum 
experiment* in this region6 show evidence of collective rotation, and 
sometimes super-deformation , at higher angular momenta. Yet this seems 
inconsistent with long feeding times often observed for side feeding into 
high-spin yrast states8. Population patterns in the feeding of the yrast 
line fros heavy-ion fusion-evaporation (HIFE) reactions also give evidence 
about the nature of the "continuum" transitions. Por example, although the 
highest spins populated by such reactions may be in excess of 60A, the 
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highest observed discrete states are typically in the region of 40ft. In 
particular, there seems to be soae mechanism that funnels the population from 
HIFE reactions into the yrast states over a fairly narrow range of spins 
around 30-40n9. 

A number of questions about the nature of the states populated in 
quasicontlnuum studies remain to be answered. These include: What is the 
relationship between these levels and the (single-particle) yrast states? 
How does the nuclear level population proceed from these collective levels to 
the yrast line? And how does the nuclear structure evolve as a function of 
spin and excitation energy? In particular, much attention has been given to 
changes of structure with increasing angular aonentua, but the possibility of 
changes with increasing excitation above the yrast line, i.e. increasing 
temperature, has largely been ignored. 

In this talk I should like to address four topics. Firstly, I shall 
present very briefly the discrete level scheme of I 5 3Ho, as an illustration 
of how well we believe we understand the single-particle configurations of 
such nuclei. I shall then describe In some detail a precise measurement of 
the complete Y-ray spectrum from the 12OSn(37CJl,4n) Ho reaction, and the 
implications of some of the results. Thirdly, I shall present preliminary 

1 £2 

results of a quasicontinuua measurement in Dy, from which we are able to 
extract quantitative information on the lifetime of states contributing to 
the "E2 bump". Lastly, I should like to give a brief description of the Sir 
spectrometer, a large rulti-detector system for Y-ray spectroscopy nearing 
completion at Chalk River, and attempt to indicate some of the prospects such 
Instruments hold for future experiments of this type. 

2. DISPUTE LEVELS OF "*ljfa 
The level scheme of Ho has been studied by a number of standard Y-ray 

spectroscopy techniques, y-y coincidences, y-ray angular distributions and 
lifetimes were measured at Yale University and CRN, Strasbourg, and internal 
conversion coefficients have been measured at Orsay. Collaborators in these 
experiments include M.S. Rosenthal, P.D. Parker, J.A. Cisewski and J.H. 
Thomas of Yale, B. Haas, F.A. Beck, T. Byrski, J.C. Merdlnger, A. Nourredine, 
Y. Schutz and J.P. Vivien of Strasbourg and J.S. Dlanlsio and Ch. Vieu of 
Orsay. The resulting level scheme is shown In Fig. 1. Experimental details 
may be found In ref. 10. 

The 1S3Ho level scheme shows much of the behaviour exhibited by the 
neighbouring isotones l52Dy and 15lfBr, with an Irregular yrast sequence and 
noncollcctive transitions. Four isomers are observed; at 2773, 4680, 7599 



asz_ 

tow 

Pig. 1 Level schene of 1 5 3Ho 1 0. Assignments in parentheses are tentative, 
and dashed lines indicate the uncertain ordering of transitions. 

155 



and 9O7S keV. Dominant configurations can be assigned to all of the yrast 
levels up to a spin of 77/2K10. For example, the J» - 31/2+ (229 ns) and 
J* - 61/2+ (3 ns) isoaers arise from the coupling of the »<h[i/2) ground. 
state to the J1 - 11" and J* - 27~ Isomers in 1S2Dy. 

An illustration of how beautifully the shell model works in these 
nuclei, even to very high spins, may be obtained from studying the 
systematics of the levels with respect to the neighbouring lsotones and 
isotopes. For example, the systeutics of Dy Isotopes have been discussed by 
Horn e£ al1, who also perform shell model calculations to support their 
configuration assignments. As mentioned above, the J" » 27" (1.6 ns) 
isooer in lszDy has the same parentage as that of the J* - 61/2+ (3 ns) 
isoraer in 1 5 3Ho. If we plot the high-spin yrast states of both 152Dy and 
IS3Ho, with respect to these isomers, we obtain Fig. 2. It is obvious that 
the coupling of the extra hn/2 proton disturbs the states very little, 
usually producing perturbations in relative excitation of less than SO keV. 
The configurations given in Fig. 2 &re those assigned independently by Horn 
et ąlŻ (for l52Dy) and Dudek11 (for 153Ho, based on Strutlnsky-type 
calculations with a deformed Hoods-Saxon single-particle hamlltonian and the 
inclusion of pairing In the BCS approximation). 

3. TOTAL T-*AT SPBCTMH a l53Ho 
The majority of quasicontinuum y-ray studies in the past have been 

performed using Nal detectors, chosen for their good efficiency and 
peak-to-total ratio. However, to see all features of the spectrum, a 
detector with both a good response function, i.e. peak-to-total ratio, and 
high resolution is desirable. The good response reduces many of the errors 
inherent in the process of removing the Compton background from spectra 
(unfolding) to obtain the actual distribution of y rays. The high resolution 
allows reliable subtraction of the known yrast transitions, thereby leaving 
only the pre-yrast 7 rays, and enables one to search for possible fine 
structure in the quasicontinuum. For these reasons, Compton-suppressed Ge 
(CS6) detectors are preferable to the more commonly used Nal counters. A 
further advantage of CSG's is their superior gain stability and linearity, 
which enhances the reliability of anlsotropy and Doppler-shlft measurements 
In the quaslcor.tinuum. 

A characterisation of the complex Y spectrum also requires selection of 
a single final reaction product and elimination of contributions from 
contaminants; this is particularly Important in the Investigation of quasi¬ 
continuum if rays. These requirements can be achieved, with high efficiency, 
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Fig. 2 High-spin yrsst states of 152Dy and 1 5 3Ho, plotted with respect to 
the J* « 27" and J* • 61/2+ isoners in those nuclei, 
respectively. The configuration* given were assigned independently 
for 152Dy (Eorn et.fi1) « n d 1 S 3 a° (Dudek11). 
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by accepting only events followed by the detection of delayed y rays from an 
Isoraer, such as the 229 ns Isomer in l53Ho (Fig. 1). 

He have performed a measurement of the complete Y-ray spectrum below 5 
MeV from the 120Sn(37C*,4n)153Ho reaction, using a 165 MeV 37CŁ beam from the 
Argonne superconducting linac. The participants in the experiment were 
I. Ahmad, R. Rolsmann, R.V.F. Janssens, T.L. Khoo and myself from Argonne 
National Lab., M.L. Digert and A. Garg from the University of Notre Dane, and 
H. Helppi from Lappeenranta. Some further details may be found In ref. 13. 

Gamma rays were detected in two CSG's, with a peak-to-total ratio of 
-0.55 at 1.2 MeV, which were positioned 19 cm from the target at 0° and 90* 
with respect to the bean axis. Details of the CSG's are given by Holzmann £t_ 
al 1 2. An array of 12 Nal crystals, positioned around and fairly close to the 
target, served as both a multiplicity filter and a detector of the delayed Y 
rays, to obtain the required reaction channel selection. The spectra shown 
in Fig. 3 were taken under various conditions; spectra (a) and (b) are total 
singles spectra without and with the Compton suppressor activated, 
while spectrum (c) shows suppressed events also selected by the delayed 
coincidence to illustrate the cleaness of the channel selection. 

152 
The only observable contaminant Y rays In the spectra were from Oy, 

formed by the (37Ct, 4np) reaction, which were removed by subtracting a 
spectrum obtained with a time window appropriate for detecting Y rays from 
its 60 ns isomer. Contributions due to random delayed coincidences and 
Ge(r.,n') peaks (which were already reduced by tlme-of-flight) were also 
subtracted. In addition, pile-up rejection circuitry was used during 
date-taking, and the spectra were corrected for coincidence summing 
effects11*. The final spectra thus obtained were then unfolded by 
interpolating between measured response functions and subtracting the 
remaining Compton events, using the procedure described In Ref. 14. The 
unfolding routine was tested on source spectra (152Eu, 133Ba, 5 6Co), as well 
as delayed spectra from the in-beaa measurements, and found to work extremely 
well. For example, our confidence in the extreme accuracy of the procedure 
is greatly strengthened by the observation that the unfolding of an 
unsuppressed Eu spectrum using unsuppressed response functions gives 
virtually identical results to the unfolding of a suppressed spectrum using 
suppressed response functions (Fig. 4). 

The unfolded in-beam spectrum was corrected for photopeak efficiency, 
angular distribution effects and Doppler shifts. The result, given in Fig. 
5a, is the actual y-ray spectrum emitted by the nucleus, showing both yrast 
and pre-yrast transitions. Figure 5b shows the spectrum with transitions 
between known levels in 153Ho removed, leaving only the so-called quasi-
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Fig. 3 Spectra froa 165 MeV 37Ci on l20Sn, acquired under the condition* 
Indicated. 
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Fig. 4 152, Portions of spectra froa a x-"Eu source, measured in the sane 

geometry and for the same length of tine. Part (a) was neasured 

with an active Coapton suppressor surrounding the detector, and 

then unfolded using suppressed response functions. Part (b) was 

aeasured with the suppressor deactivated, and then unfolded using 

unsuppressed response functions. The spectra have also been 

corrected for the energy-dependence of. the relative detector 

efficiency. 
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Oufolded y spectra from the 1 2 OSn( 3 7«,4n) reaction *t 165 MeV. 
(«) Total spectrum, (b) Spectrum with the trees removed, showing 
grass (fine structure), soil (full line), aod statistical (dashed 
line) components. Typical statistical errors are enclosed in 
circles, (c) Grass spectrum; the Insert show the 0* and 90* grass 
spectra between 300 and 500 iceV on an expanded scale, 
(d) Multipole decomposition of the soil obtained from the observed 
anisotropics assuming stretched transitions. 
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continuum. All remaining peaks have Intensity less than 3% of the lsomerlc 

Intensity, and none of these could be identified as transitions in 

neighbouring nuclei, assuring that the remaining spectrun contained only y 

rays from Ho. 

The gross features of the pre-yrast spectrum (Fig. 5b) are similar to 

those observed in studies with Nal detectors. However, as an improvement we 

have now been able to reliably measure the spectrum down to "130 fccV, 

compared to the previous thresholds of "350 keV. The new feature which is 

observed is that the quaslcontinuum spectrum is not continuous but actually 

consists of sharp lines, constituting 7% of the total multiplicity (see Table 

1), superimposed on an underlying smooth background. 

He propose a classification of the spectrum into four components: 

(i) discrete lines (to facilitate future reference we call these 

"trees"), which deexcite known yrast and near-yrast levels and which dominate 

the spectrum, as seen in Fig. 5a; 

(ii) weak «3X) but resolvable peaks ("grass", Fig. 5c) which are too 

weak to be placed in the level scheme and which would be normally attributed 

to the unresolved quasicontinuum in studies with Nal detectors; 

(iii) a smooth continuum ("soil", solid line in Fig. 5b) underlying the 

grass; and 

(iv) statistical Y rays (dashed line in Fig. 5b), which have teen 

obtained from a least-squares fit to the spectrum between 2.4 and 3.9 MeV 

using a Ê .3 exp^Ey/T) functional form, where T » 0,5 MeV from the fit. 

We have further decomposed components (ii) and (iii) into dipole and 

quadrupole transitions, on the basis of their measured anisotropy with the 

usual assumption that they are composed solely of stretched (AI-A) 

transitions; the results for the soil component are shown in Fig. 5d. Ve 

have also normalised to unity the sum of the areas of the two peaks which 

feed the isomer, so that the integrated areas of the various components 

directly give their multiplicities. The results are summarized In Table 1. 

The total multiplicity agrees with a previous measurement15 with the same 

reaction and beam energy. It should be noted that Table 1 does not include 

any transitions following the decay of the Isomer. 

Although the grass may appear to be weak, we emphasize that it cannot be 

regarded as. either statistically insignificant (cf. typical error bars in 

Fig. 5b) or as arising from fluctuations in the strength of the soil. The 

spectra at 0° and 90° show distinct correlations, i.e. the peaks appear in 

both spectra (Fig. 5c). Furthermore, the grass and soil exhibit different 

lifetiaes, as discussed below, and their quadrupole-to-dipele ratios are 

quite different (roughly 0.6 and 1.5 respectively). Finally, the average 
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TABLE 1. Average properties of y-ray components feeding the 229 ns Isomer 

In the 120Sn(37Cl,4n)153Ho reaction at 165 MaV. 

IT 

"TREES" 

"GRASS" 

"SOIL" • 

c 

- dipole 

- quadrupole 

- total 

• dipole 

quadrupole 

total 

STATISTICALS 

TOTAL t 

9.10 

0.89 

0.55 

1.44 

2.15 

3.15 

5.30 

S.24 

21.1 

14.9 

0.89 

1.10 

1.99 

2.15 

6.30 

8.45 

(2.62)d 

28. C e 

5. 

0. 

0. 

1. 

1. 

3. 

5. 

10 

22 

76 

65 

63 

28 

96 . 

32 

28 

.3 

.6e 

0.26 

0.14 

0.40 

0.93 

-0.08 

0.85 

(8.68) 

9.93 

0.29 

0.12 

0.20 

0.43 

-0.01 

0.16 

(3.31) 

0.35 

AE° 
(MeV) 

Ae 

Ai b AT 
(MeV) (MeV/fi) 

Total energy AE and total spin AI removed by each component; 
AE ="S^ x Ey* . 

b A 7 = A T - A T X (dE/dl)yrast . 
c Corrections for Internal conversion Included. 

It Is assumed that AT per transition Is 0.5f>. 

e When the energy and spin removed in the isomer decay 1s Included, 

AE = 25.4 MeV and A T * 43.51! for the 153Ho reaction channel. 
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width of the peaks in the grass spectrum has been determined to be about 

tvice the detector resolution, indicating that it Is composed of many partly-

overlapping peaks rather Chan fluctuations of the continuum. 

It is of interest to consider the emission time sequence of the 

different components of the Y-ray spectrum. By comparing the spectra at 0° 

and 90° (Fig. Sc) we examined the Doppler shifts of the different 

components. Limits on their lifetimes were then obtained using the 

information that the stopping time of residues In the Pb target-backing Is »2 

ps. The upper edge of the soil quadrupole bump shifts with the full 

center-of-mass velocity (v/c - 0.023), indicating decay times of <0.3 ps. 

(This is In agreement with the conclusions of HUbel et al16.) In contrast, 

none of the weak peaks in the grass has any observable shift, indicating an 

average delay of at least 8 ps before these Y rays are emitted. The long 

lifetime of the grass establishes that this component arises from the last 

stage of the decay into the yrast line (as transitions between single-

particle states), and is followed only by the known yrast cascade. This 

picture is supported by the observation of long feeding tines (> 10 p.s.) 

into single-particle yrast states in Dy . The ordering of the preceding 

components, i.e. statisticals, soil quadrupoles and soil dipoles, remains 

unestablished and it is even possible that they intermix. 

Table 1 presents the average energy AE and spin AI removed from the 

nucleus by each component, as calculated from the centroids Ey of the 

spectra and the dipole and quadrupole multiplicities My. For each 

component, the spread In AT is estimated from the width of the spectra to be 

«±50%. It is also possible to correct SB" for the slope of the yrast line, to 

obtain an average amount Se" of intrinsic excitation (I.e. excitation energy 
above the yrast line) removed by each of the components. The values given 

for 5F in Table 1 are calculated according to 

Ac - AE - AI O 
" yrast 

and using a fit to the known1 yrast states. 

The information in Table 1 Is also shown graphically in Fig. 6. It is 

emphasized that the arrows in Fig. 6 represent average values per cascade 

only, and that the figure is not intended to suggest any one possible 

ordering for the soil dipoles, soil quadrupoles and statisticals. Despite 

this uncertain relative ordering or possible, intermixing, It is still 

poss''ile to draw conclusions concerning the contributions of the different 

components to the process of cooling from the entry region to the yrast 

line. The statisticals remove "Je « 8.7 MeV, while the quadrupole component 

of the soil runs parallel to the yrast line, on average not cooling the 
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nucleus at all (ST » -0.08 MeV). The grass and the eoil-dipole components 
have intermediate slopes and run obliquely towards the yrast line, removing 
Xc - 0.4 and O.il MeV respectively. The slope of the grass also clearly 
proves that this component aust be pre-yrast, as opposed to part of the yrast 
line. 

The dipole transitions in the soil are almost uniformly distributed up 
to 1.5 MeV (Fig. 5d). They certainly do not fora a well-defined "dipole 
bump" with half the energy of the quadrupole soil, making it unlikely that 
the bulk, of them arise from transitions within rotational banda, at least in 
this case (see section 4 below). Indeed, the similarity in energy 
distribution and SF/ST between this component and the grass suggests that it 
may be simply a continuation of the grass to higher excitations and hence 
higher level densities. In any case, our results (grass and dipole soil) are 
inconsistent with the picture of the direct population of yrast states 
through bands generated by rotation perpendicular to an oblate symmetry 
axis. This conclusion is also supported by a detailed examination of the 
population pattern of allgned-partlde yrast states and of the transitions 
feeding these states in well-studied cases, which shows these transitions to 
be of single-particle character. 

For nuclei with aligned particle yrast configurations, the importance of 
single-particle transitions in the pre-yrast cascades has been anticipated by 
A berg et al 1 7. Their calculated energy spectra associated with these 
transitions are similar to those we have measured for the quadrupole part of 
the grass component, and for the sum of the dipole parts of the grass and 
soil components. 

Finally, a clearer picture is beginning to emerge about the changing 
character of quasicontlnuum Y transitions. The "grass" arises from the last 
few (1-3) transitions into the yrast states, collecting enough population to 
make weak peaks observable, and thus forms the link between the yrast line 
and the continuum. Within «1 MeV of the yrast line, these single-particle 
transitions seem to dominate. With increasing internal excitation energy and 
spin they give way to collective cascades which have quadrupole character and 
short lifetimes. This implies an evolution of structure from aligned-
particle to collective character with Increasing Intrinsic energy. 

4. HgLnmmr MPTOŁTS att 152or gamcownuum 
We have performed a study of the total T spectrum from 1S2Dy similar to 

that described above for 1 5 3Ho. Again, the measurements were made at Argonne 
National Lab., with the participation of R. Holzaann, T.L. Khoo, 
R.V.F. Janssens and I. Ahmad from AKL, M.W. Drlgert and V. Garg from Notre 
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Dame, and H. Helppi, P.J. Daly, Z. Grabowski, H. Quader and W. Trzaska from 
Perdue. Most of the analysis and interpretation has been done by 
Dr. Holzmann. 

In this case, we used four CSG detectors, positioned at 0s, 90" and 137° 
to the beam axis, and detecting r rays from the 76Ge (80Se,'in)152Dy reaction 
at 330 MeV. Again we used fourteen Nal crystals to select the final reaction 
product, by requiring delayed coincidences from the J* ~ 17+, 60 ns isomer 
in Dy. In order to obtain information on the mean lifetimes of the 
different portions of the spectrum, we used two different targets, one 
self-supporting and the other evaporated onto a gold foil sufficiently thick 
to stop the recoiling evaporation residues. 

The same analysis as that described in section 3 above was also applied 
J CO 

to the Dy data. Fig. 7 shows the final result for the soil spectrum, 
again decomposed into dipoles and quadrupoles, compared to the results from 

Ho. The large increase in the strength of the E2 bump is due to the 
higher angular momentum input from the (80Se,4n) reaction; the average entry 
spin in the ł52Dy residues is 541i, compared to 43R in 153Ho. In the ls2Dy 
case, there are fewer soil dipole transitions, but they are more closely 
grouped into a "dipole bump". 

Figure 8 shows the average spin and energy removed from the nucleus by 
i en 

the different components of the Dy spectrum. Again, we emphasize that 
this figure is not intended to favour any one possible ordering for the 
statisticals, soil quadrupoles and soil dipoles. As for the Ho case 
(fig. 6), while the quadrupole soil runs very parallel to the extrapolated 
yrast line, thus on average producing no cooling of the nucleus, this, is not 
true for the grass transitions. 

The soil-plus-grass spectra at backward and forward angles, and for the 
backed and unbacked targets, are shown in Fig. 9. These spectra have been 
corrected for angular distribution effects; the increase In intensity at 0° 
results from the relativistic increase in detector solid angle. The 
attenuation in Doppler shift observable between the two targets provides 
information on the average lifetime of the transitions. To extract this 
information, we computed the ratios of the Intensities at 147° and 0°; these 
ratios are shown in Fig. 10. We then calculated the lifetimes of the levels 
involved in an assumed cascade of light stretched-E2 transitions, from I«54 
to 1-40, for a given value of the intrinsic quadrupole moment Qo. Fron 
this one can derive the corresponding average lineshape for stopping in the 
gold target backing. Applying this average lineshape to the observed spectra 
from the unbacked target provides simulated backed-target spectra. The 
147a-to-0° ratio from these simulations, for Qo - 450 fm2, are shown as the 
solid line in Fig. 10. This value, % -(450 ± 50) fm2, appears to* provide 
the best agreement between the simulation and the observed backed-target 
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Fig. 7 Quadrupole (a) and dipole (b) coaponents of the "soil" spectra from 
152Dy (solid lines) and 153Ho (dashed lines). 
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ratio. It corresponds to a deformation of 8-0.22-0.3, thus showing the 
collective nature of the levels giving rise to the E2-bump. Nevertheless, It 
is clearly too small a value far the bulk of these levels to have a 
super-deformed shape. 

5. nnimS PROSPECTS; THE 8* SPECTROMETER 
Finally, I should like to take a few minutes to describe to you the 8* 

spectrometer nearing completion at Chalk River. This spectrometer is a 
state-of-the-art, multi-detector array for f-ray spectroscopy, consisting of 
an Inner spherical ball of 72 bismuth germanate (BGO) crystals, similar In 
geometry to the Oak Ridge Spin Spectrometer, together with an outer array of 
20 Compton-Suppressed Ge detectors. It derives Its name from the combination 
of 4* solid-angle detectors in the inner ball with 4w solid-angle suppression 
for the CSGs. K schematic artist's conception of the spectrometer is shown 
in Fig. 11. The inner and outer radii of the BGO bail are approx. II.5 and 
18 cm respectively, and the front face of the Ge 'detectors are 22.5 cm from 
the target. The CSGs are positioned in four rings of 5 detectors each, at 
9Y - 3 7 % 79°, 101" and 143". 

The spectrometer is a Joint project of the University de Montreal, 
McMaster University and Chalk River Nuclear Laboratories. It will be located 
at CRNL and utilise beams from our new Tandem Accelerator Superconducting 
Cyclotron Complex (TASCC). It is scheduled for completion in October 1986, 
which will apparently make it the first complete system of such a sire in the 
world, although smaller systems and subsystems are already in operation 
elsewhere. 

The 8* spectrometer is ideally suited to the type of fray spectroscopy 
described In this talk, in addition to other kinds of experiments such as 
reaction mechanism studies and recoil-distance ("plunger") lifetime 
measurements. For example, It is hoped that the possibility of performing 
plunger experiments in f-y coincidence mode will make this method much more 
powerful. To this end, a computer-controlled plunger is being built that 
will fit into the 8* spectrometer. 

The data acquisition system of the spectrometer Is both powerful and 
flexible. Event rates of up to -2 x l0h s"1 can be accommodated. The 
details of the data stream to magnetic are user-selectable, a feature 
especially Important for the data from the inner ball. For a given event, 
the user may choose to write any or all of the following ball data to tape: 
digital energy sum and multiplicity (calculated from the Individual energies 
and times with digital time windows), hit-patterns for the BGO crystals, and 
even all of the Individual BGO energies and times. Most of the parameters 
and logic functions of the data acquisition system are computer-controlled to 
provide fast, easy and flexible operation. For example, the gains of all 
detectors will be continually monitored and controlled on a fully automatic 
basis. Further details of the data acquisition will be given in ref. 18. 
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Nuclear structure studies "off-stabil ity" 

H. Grawe 

Hahn-Meitner-Institut fiir Kernforschung Berlin 

Introduction 

With the availability of heavy ion accelerators, powerful mass 

separators and multi-detector arrays nuclei far from the line of 

p-stability have received much attention by many experimental 

and theoretical groups. The extension of the knowledge about 

nuclear structure to new regions of spherical closed shell and 

deformed nuclei has provided us with new phenomena in nuclear 

decay modes like proton decay, quenching of Gamow-Teller- and 

Ml-strength, octupole deformation,shape coexistence and shape 

transitions both with increasing angular momentum and proton-

neutron asymmetry. The region of the nuclidic chart that is 

accessible to nuclear structure studies is limited for low spin 

and light and medium heavy nuclei by the proton and neutron 

driplines and for high spin and heavy nuclei by fission compete-

tion. In the following we will demonstrate the application of 

multi-detector-arrays and hyperfine interaction methods in the 

spectroscopy of spherical nuclei close to the proton dripline 

and the doubly magic l 0 0Sn and of the transitional translead 

nuclei with N < 126, where we are approaching a new region of 

deformation and the fissility line. 



The shell structure below I Q 0Sn 

Besides 2 0 8Pb, which Is known to be the "best* doubly closed 

shell nucleus, 100Sn and l32Sn are expected to feature similar 

signs of magicity. I.e. a large shell gap and a shell structure 

that Is preserved to high spin and excitation energy. Moreover, 
1 0 0Sn Is the last selfconjugate nucleus, where protons and 

neutrons occupy identical orbitals at the Fermi surface. It has 

thus been a challenge for nuclear structure experiments and 

theory to study as close as possible to Z»N«5O binding energies, 

the residual wn-and icy-Interaction, the validity of seniority 

conservation and, In states of simple shell structure, subnu-

cleonic degrees of freedom as exhibited in Gamow-Teller strength 

and magnetic moments [1-7]. 

In-beam studies of proton-rich nuclei are hampered by the fact 

that in a heavy ion fusion-evaporation reaction mainly charged 

particles are evaporated from the neutron deficient compound 

nucleus and only a small fraction of the total crossed section 

leads close to the proton dripline. For the study of 96Pd, 4 

proton holes from 1 0 0Sn, we have therefore used the detector 

array shown in Fig. 1. It consists of a neutron multiplicity 

filter with up to 16 detectors covering a solid angle of Q * Zz> 

a large angle (o • 0.2*) particle telescope and 6 Se-detectors 

in BGO-Anti-Compton-shields [8]. In Fig. 2 a delayed r-ray 

spectrum in coincidence with two neutrons from the reaction 
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36Ar+61łZn+l0°Cd* at 130 KaV bombarding energy Is shown. The 
spectrum is corrected for simulated twofold events from In exit 
•channels due to scattering In the neutron detectors. All 
assigned r-Unes belong to 2n exit channels, i.e. N>50 nuclei, 
the remaining lines are too weak to evaluate vy coincidences. 
The pesently available spectroscopic Information on 96Pd 1s 
summarized in Fig. 3 and compared to theoretical predictions. 
The level scheme is established now up to 7 MeV, beyond the 
expected N-50 shell gap. The states up to 1**12+ are well 
described in a x(2px^2, *99/2) configuration space using a 
seniority conserving ** residual interaction [4, 5], The config¬ 
urations given 1n Fig. 3 refer to the main components of the 
wave functions, which for seniority v»0,2 are mixed with the 
(Pi/2)~2(99/2)8 configurations. The proton configuration 
space is exhausted with I*-1Z+ and theoretical calculations 
for '''Rtthave shokn [9] that the higher lying positive parity 
states may be described by v5 9/ 2" lds/ 2 particle-hole excita¬ 
tions coupled to the proton yrast configurations. This is 
supported by the shell model estimate given for the I**13+ 

state and Indicated In the otherwise exact shell model calcula¬ 
tion of the level scheme. To prove the neutron excitation charac¬ 
ter of these states we have recently performed a g-factor exper¬ 
iment on the tifi • 25 ns isomer yielding g - 0.83(5} as a 
preliminary value, which compared to the pure proton I**8+ 

g-factor of g • 1.37(1) clearly indicates neutron excitation. 
From a pure *(g9/2)68+v{99/2"1d5/2)7+ configuration, 
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however, one would expect a value g • 0.5/ only. This a n be 

taken as evidence for strong contributions from the 

*(99/2^ Slo+ 12+ v*4 states Indicating the breakdown of the 

seniority scheme In the presence" of neutron excitations. The 

strong *v interaction in stretched vg 9/ 2 hole-hole configura¬ 

tions [lO] is also responsible for the Isomerism of the 1**15* 

state in contrast to 9 * R a in the lower g$/ 2 shell, where the 

hole-particle character leads to a Al«l sequence 

13*,14*,15 +,... ( 9 ] , 

With the present knowledge about the %« residual interaction, 

which may be subject to minor correction when' the two-hole 

spectrum of 9 eCd Is known, the N«50 nuclei up to 1 0 0Sn ire 

predicted to be stable against proton decay. The core-excited 

*(99/2) 8 v99/2~ ld5/2 multiplet In 9 8Cd will be yrast down 

to 1**10* due to the missing v«4 states and hence will offer 

an excellent chance to fix the xv residual interaction, which 

presently fails to predict the observed isomerism (n 3 5 » 9 6 P d . 
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from spherical shell structure to deformation 

Leaving the N»50 shell the proton-neutron Interaction destroys 

the seniority level structure and produces level schemes and 

Y-decay patterns typical for transitional nuclei. In Fig. 4 the 

experimental level scheme of the H*52 nucleus 97Rh is shown 

bearing no resemblance to the corresponding 9 SRh. The strong 

Al=1/AI=2 branching for the positive parity levels Indicates 

either hindred Ml or enhanced E2 transitions and the doublet 

structure below V1^!^/!* and above I*»21/2+ bears close 

resemblance to the even-even neighbours 96Rn and 98Pd. Theoreti¬ 

cal level schemes were calculated for the positive parity states 

assuming a g9/2 proton coupled to an even core either by 

assuming a triaxial shape and employing the code AROVMI [11] or 

by using the Interacting boson ferm i on model IBFA. Though the 

level structure is not reproduced in all details owing to resi¬ 

dual shell structure effects, the branching ratios are calcu¬ 

lated in excellent agreement with experiment if a moderate 

deformation P»0.16 corresponding to an E2 enhancement of 

15 W.u. is assumed. This behaviour has been observed before for 

the N-128 nuclei 2 1 7Ac [13] and 2 i SFr [14] and is by no means 

typical for a triaxial shape, but rather reflects a weak coup¬ 

ling of the odd nucleon to a core in transition to deformation. 

In the past we have done an extensive study of the transitional 

N<126 translead nuclei by their electric quadrupole moments, 
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which are a rather direct measure for the nuclear shape. The 

favourable situation of having long isotopic chains of isomers 

of almost identical intrinsic structure x(h 9 /r 2
n, 1 1 3/ 2) in 

Po, At and Rn Isotopes and v i 1 3 / 2
n tn Pb isotopes, respec¬ 

tively, offers the possibility of studying systematically the 

development of nuclear shape. The perturbed angular distribution 

(PAD) method [•IS] was used to observe time-differentially the 

modulation of the angular distribution caused by the electric 

quadrupole interaction In noncubic Bi single crystals and poly-

crystalline Hg, respectively. The high spin isomers were 

produced and aligned in nuclear reactions witfu pulsed beams of 

"light" heavy ion projectiles (He-0) to reduce fission competi¬ 

tion. In Fig. 5 the resulting quadrupole moments are shown rela¬ 

tive to their shell model values at N=126 for proton (a) and 

N=124 for neutron (b) isomers for an increasing number of 

neutron holes in the N*126 shell. The lead values are corrected 

for the occupation of i l 3 / 2 subshell [16] shell. The observed 

increase in the electric quadrupole moment can be understood in 

the framework of the deformed independent particle model (OIPM) 

by Matsuyanagi et al. [ 1 7 ] . The high-j valence particles (holes) 

are localized In^equatorial plane and due to the MONA effect 

[18] give rise to a small oblate (prolate) deformation, which is 

Increasing when the core stiffness 1s reduced by removing an 

Increasing number of neutrons from the closed shell. It should 

be noted that the absolute values deduced for the deformation 

from the lightest isotope in each chain [19] as listed in the 

following table, are fairly small. 
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Nucleus |Qj/fm2 P 

Exp Th 

2 0 0 P o 111(11) (-}0.046 
2 0 9At 78(8) (-)O.O33 -0.06 
2 1 0Rn 32(4) (-)0.012 -0.02 
l 9 HPb 49(4) (+)0.048 

The signs, that cannot be determined with our experimental 

method, have been taken from the theoretical expectation. The 

agreement with the OIPM predictions is qualitatively satis-

factory. 

For small values of the quadrupole moment and/or the extracted 

deformation the result is very sensitive to the single particle 

contribution Q, of valence protons to the quadrupole moment 

Q(I) * f(I) (Q.i+Qcore(P ))
 and nence to configuration 

mixing. From g-factor experiments it Is known that the config¬ 

urations are pure [20-22], but the g-factor is Insensitive to 

mixing of configurations differing by pairs of nucleons coupled 

to 1=0. The quadrupole moment, however, towards the middle of a 

shell is strongly dependent on pair scattering. For the Rn iso¬ 

topes Q ( h , / 2 ^ 8+) « 1/3 Q(h 9 / 2
2, 8 + « j^O*) and a shell 

model calculation for 2 1 0Rn predicts a mixing probability 

o 2 • 0.21 of the pair scattered configuration. Experimentally, 

a 2 can be determined from the ratio 0(17")/Q(8+) 1n 2 1 0Rn and 
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k Q(1j 3#j)/Q{h 9/ 2) as known from the At isotopes. The result 

is a2 * 0.32(6) and the deformation value given in the table has 

been corrected for this mixing of pair scattered configurations 

[ 2 3 ] . This effect is also responsible for the steeper slope 

relative to Po and At of the relative Rn quadrupole moments in 

Fi^. 5. 

In summary we have shown that below the N»126 shell a strong 

E2-polarisation develops which increases with the number of 

neutron holes and can be qualitatively understood within the 

OIPM. Care must be taken, however, in future theoretical 

approaches and experimental analysis to Include configuration 

mixing effects that towards the middle of the h 9 / 2 proton 

shell strongly affect the measured quadrupole moment. 
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Conclusion 

We have demonstrated that 1n-beam y-ny spectroscopy in connec¬ 

tion with multi-detector coincidence arrays is a powerful tool 

to extend our knowledge on nuclear structure of." the line of 

stability to new regions of spherical shell model structure or 

deformed nuclei. The combinaion of y-ray spectroscopy and the 

measurement of nuclear moments provides a rather direct access 

to the development of the intrinsic structure and shape of 

nuclei with increasing angular momentum, excitation energy and 

distance from closed shells. 

The present work was performed at the accelerator combination 

VICKSI of the Hahn-Meitner-Institute and was done in collabora¬ 

tion with D. Alber, H.H. Bertschat, H. Haas, B. Spelimeyer in 

the l 0 0Sn region and with A. Berger, H. Haas, H.-E. Mahnke, 

K.H. Maier, A. Maj, M. Menningen, Ch. Stenzel in the 2 0 8Pb 

region. 
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A 
Fig. 1: Experimental set-up for yY-coincidences with neutron 

multiplicity filter and charged particle telescope. 

Fig. 2: Delayed 2ny coincidence spectrum of the reaction 
3 6 A r + 6 " Z n at 130 MeV. 

Fig. 3: Experimental and theoretical level scheme of 9 6Pd 

fig. 4: Experimental and theoretical level scheme of 9 7Rh 

F i g . 5 : R e l a t i v e q u a d r u p o l e m o m e n t s o f N < 1 2 6 h i g h s p i n i s o m e r s . 
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The Positron Puzzle 

or 

What we know about Positron Production 

In Heavy Ion Collisions1 

H. Bokemeyer* 
Cesellscnaft fur Schwerlonenforschung 

D-6100 Darmstadt, Germany 

1 2) Quasiatomic positron production, experimentally verified ' already in 

the first year of the UNILAC operation, is generally understood as an 

electronic transition fro* the negative energy, continuum to bound quasia-

tomic or unbound continuua states induced through the strongly time vary¬ 

ing Coulomb field during close collisions of the two heavy nuclei. ' ' ' 

Typically, these processes exhibit smooth energy spectra and exponential 

impact parameter dependences when restricted to purely elastic Rutherford 

trajectories, ' ' Peak-like structures, however, clearly deviating from 

the expected smooth character of the energy spectra have been reported 

independently from two gronus * ' both using the UNILAC heavy-ion accel¬ 

erator of 6SI, Darmstadt. A comprehensive overview of the field, initial¬ 

ly motivated by the search for spontaneous positron emission ' , may be 

found in ref. 3, 17, 18 and 19. To a certain degree the development has 

also been followed in the proceedings of this school ' and is 

This lecture is based on a series of experiments carried out within 

the EPOS collaboration and reflects the combined effort of its members 

who presently are H. Backe, K. Bethge, H. Bokemeyer, T. Cowan, 

B. Folger, J.S. Greenberg, K. Sakaguchi, P. Salabura, D. Schwalm, 

J. Schweppe, JC.E. Stiebing, N. Trautmann and P. Vincent. 

Invited lecture presented at the XXI. Winter School on Physics, Zako¬ 

pane, Poland, 7-13 April 1986 
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reflected in various conference proceedings . This report will con¬ 

centrate itself only- on the respective EPQS-experiments >£^t which in 

addition to various positron lines recently also established a correlated 

electron positron emission vith both the electron- and positron-line at 

comparable energy. The EPOS system ', an electron-positron solenoid spec¬ 

trometer installed at the UNILAC accelerator, combines for positrons and 

electrons both transported in a solenoidal field to appropriate Si(Li) 

detectors, the advantages of wide momentum band characteristics, large 

efficiency and high energy resolution in the Si(Li)-counters. Positrons 

and electrons are recorded event by event principally in coincidence with 

the scattered heavy ions. With the installation of position-sensitive 

parallel-plate heavy-ion avalanche counters, the spectrometer offers the 

possibility of determining the collision kinematics from a measure of the 

ion scattering angles (•&,$), the difference of their time of flight, apA 

the ion's energy loss. The set-up has already been widely discussed in 

the past during a previous course of this school and its description 

will here only be completed for the recently performed positron-electron 

correlation measurements. 

The kinematic-coincidence techniques well known from nuclear-reaction 

experiments, have been incorporated in the EPOS experiments already from 

the very beginning, and it was a special outcome of these measurements 

that the structures in the positron spectra could well be pronounced when 

certain ion angular regions in the binary-collision kinematics are 

selected. Closely neighbouring the elastic scattering distribution, the 

selection of such favourable but broad ion angular regions seem to magnify 

the peak structures with respect to the smooth dynamic part of the spec¬ 

tra. Two spectra of the *"U+ 2**CB> collision system obtained for neigh¬ 

boring ion angular regions at a projectile energy close to the Coulomb 

barrier are displayed in fig. 1. The line-producing spectrum (a) corre¬ 

sponds to events slightly outside the ion angular region where pure elas¬ 

tic scattering dominates. ' It was well recognized that spreading over 

a large ion angular region with angular distributions different from elas¬ 

tic collisions appears natural, when at certain inter-nuclear distances 
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scattering through an intermediate compound-like nuclear system leads to 

target- and projectile-like products with the ion angular distributions 
:ro
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Fig. 1: Positron energy spectra as observed for *1'u+1*lCm collisions at a 
beam energy of 6.05 MeV/u. The ion angular regions corresponding 
to (a) and (b) are neighbouring regions preferentially overlap¬ 
ping elastic scattering angles of 50*£$CMS80* in the case of (b) 
and for (a) both elastic scattering angles from 1O0'S0CM^130* and 
slightly inelastic events. Dashed lines: dynamic theory assum¬ 
ing pure elastic scattering added onto the calculated nuclear 
pair conversion background, convoluted with the positron 
detection efficiency and normalized to the spectral region out¬ 
side the peak. 

mostly determined from the compound-nuclear break-up. Ionic charge dis¬ 

tributions for such events are expected to differ from the velocity 

dependent equilibrium charge and together with the magnetic field of the 

solenoid nay well account for both an additional separation of these 

•vents from tha elastic scattering doaain and an apparently also observed 

systematic distribution of these favourable angular regions. 7,11) 

193 



It was tried to connect ' ' the pronounced line at ~320 keV observed in 

the selected positron spectrum of the ***U+ ***Cro collision system (fig. 

la) with the long-sought process of spontaneous 

positron-production ' * . Any connection of this line with a nuclear 

de-excitation accompanied by internal pair conversion has thoroughly been 

excluded by a detailed inspection of the simultaneously measured I-ray and 

electron-conversion spectra. ' ' ^ Moreover, nuclear-pair-conversion 

spectra typically produce broad continous energy spectra and in order to 

obtain line-like structures it is necessary to incorporate the exotic pro¬ 

cess of monoenergetic pair conversion which again by these measurements 

and the non-favourably short atomic life tines of inner shell vacancies as 

compared to those of nuclear transitions could be ruled out to a far 
7 13 211 

extent. ' ' ' A detailed analysis of the positron line shape, moreover, 

excluded that after separation the scattered target- or projectile-like 

nuclei could be the source of these positrons. ' ' ' In the present 

case, with the solenoid efficiency symmetric with respect to the beaa 

direction, forward and backward emission is equally weighted. An intrin¬ 

sically sharp positron line, when emitted from a system moving with a 

velocity 0 of -0.1, is transformed in this nonrelativlstic case (8 « 1 ) to 

a practically unshifted but symmetrically broadened line with a width of 

twice the maximum Doppler shift. The positron line width observed in the 

EPOS system therefore is a direct measure of the emitter velocity, if iso-

tropic emission in the intrinsic system can be assumed. The positron line 

width for the U+Cm system could be measured at two different ion angular 

regions. The two values are shown in .fig. 2 (among other measurements, see 

below) as a function of the ion scattering angle together with the calcu¬ 

lated line width when emission from the fast or slow nucleus or the 

CM-system is assumed. The emitter velocity resulting fron the two practi¬ 

cally equal values of the line width is far too low to agree well with the 

kinematic scattering angle dependent velocity of either the fast or the 

slow separated nucleus. But they rather fit to a velocity close to the 

value of the CM-velocity as it is indeed expected for a quasi-atomic emit¬ 

ter system. 
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Fig. 2: (a) Doppler broadening of positron lines as expected for target, 
projectile, and CM emission for elastic scattering of U on Cm 
plotted as a function of the laboratory scattering angle. Broad¬ 
ening is expressed as a fraction of the calculated width for CM 
mission. The calculations are coapared with the Measured posi¬ 
tron line width of the system "•U+**tCm, *'2Th+**$C*. 
*»»U+*"U, *»*Th+*»»U and *"Th+"*Th, as obtained fro* the spec¬ 
tra is fig. 3. 
(b) Ccxaparison of the positron detector resolution (Measured with 
a '"Sta source) with tbe Doppler broadening for positrons eaitted 
from the CM systen (6 * 0.05). The experimental Doppler broadened 
line nhape has been verified with conversion electrons from the 
conpotsnd reaction ł*C(lłiSn,4n) ia»Ba*. 
(c) Scheoatic view of the positron and particle detection geom¬ 
etry. 
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Together with indications on a resonance-like dependence of the pro¬ 

duction cross-section on the projectile energy and the favourable coinci¬ 

dence of the line energy with the access of the electronic lse binding 

energy over 2mc* calculated for a reasonable configuration of the U-CB 

quasiatom, all these observations seem to suggest that quasiatomic spon¬ 

taneous positron emission could be identified with the detection of the 

narrow positron lines. Howevert the intrinsic line broadening, as simply 

inferred from the uncertainty relation because of the short quasiatomic 

Hfetime, certainly has to be limited to a value of less than the exper¬ 

imental line width of ~7Q keV, or even to a value of less than ~40 keV when 

the experimental Doppler broadening is taken into account. Thus & 

long-living quasiatom has to be formed during the collisions with its 
-19 

decomposition delayed on the order of S10 sac through internuclear 

interaction of the di-nuclear system. > - • ' • > Although delay times of 
-21 

up to -10 sec have recently been deduced in dissipative heavy ion colli¬ 

sions from 5-electron measurements ' , no experimental evidence for 

such long-living di-nuclear systems is presently available for the regime 

of the very heavy collision partners. 

A crucial test of the hypothesis of spontaneous e emission can be 

obtained from the experimental dependence of the line energy on the united 

system charge number. According to the aodel the line energy then should 

systematically scale with the charge number, i.«. ~ 30 keV less binding 

per unit of Z . A variety of supercritical (Z > Z , i.e. lso binding 
ua ua cr 

energy > 2mcx) and subcrltical collision systems has therefor* been inves¬ 

tigated at actual projectile energy values selected individually for each 

collision system to result in on equal separation of the two nuclear sur¬ 

faces at 180* scattering. In all systems investigated a pronounced struc¬ 

ture has been identified - (fig. 3). Again Ion angular regions ' have 

been selected to optimize the line intensity with respect to the smooth 

background spectrum. As mentioned above, together with the results previ¬ 

ously obtained for the O+Cm systea, the details of the distribution of 

these favourable regions in the (»j, «2) ion scattering plane are indeed 

not well understood, but tb* proposed sticking of the nuclei for the 
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Fig- 3: Positron *n*rgy sp«ctr* for th« six collision systeas and bombard¬ 
ing energies indicated. Kineaatic constraints have been chosen *s 
discussed in the text and in ref. 7, 11 and 13. 



interesting events may well allow for ion angular distributions in vari¬ 

ance to elastic scattering. In general it was observed that the pro¬ 

nounced positron line production is related to binary scattering into 

target- and projectile-like events of apparently slight inelasticity of £ 

20 HeV. Again the electron and T-ray spectra all measured simultaneously 

with the positrons have been carefully inspected for eventual correspond¬ 

ing nuclear deexcitations. Nuclear internal pair conversion to explain 

the lines can be ruled out for all Measured systems. Only the Th+Ta sys¬ 

tem exhibited a slightly enhanced T-ray intensity at the corresponding 

T-ray energy. Neither the shape nor the intensity, however, of the 

observed positron line can be accounted for from this T-ray bump, as can 

be seen from a comparison of the measured and calculated positron spectrum 

(fig. A). The latter is composed of a weak dynamic (~20S) and the domi¬ 

nant internal pair conversion positron spectrun as obtained from the meas-

ured T-ray spectrum via state of the art pair conversion coefficients. ' 

The continuous part of the T-ray spectrum is assumed to be of mixed E2/E1 

character which is generally believed to be valid for the heavy elements 

with El dominant for Eg. > 1.8 HeV. The structure at '1.3 MeV in the I-ray 

spectrum is tentatively attributed to a target(Ta)-like nucleus after 

transfer in accordance with a Doppler shift analysis and is taken to be of 

El-type leading to maximum positron intensity. 

411 positron lines exhibit a width of -70 keV. Individually normalized to 

the experimental width at CH-velocity all values are plotted in fig. 2 as 

a function of the projectile laboratory scattering angle. Compared with 

the values calculated for emission from the separated either fast or slow 

nuclei, the experimental values typically appear to be smaller and rather 

independent of the scattering angle. Indeed, only limited information on 

the ion angular distribution of the line width is presently available for 

the individual systems, but the whole body of these data now collectively 

argues against line emission from a separated nucleus. As it was already 

concluded from the previously measured U+Ca system, the data rather point 

to an origin exhibiting a common velocity close or slightly less than the 

198 



CM-velocity. Note that a substantial anisotropy in the intrinsic emission 
characteristic may weaken these arguments. 

Positron Spectrum Gamma Spectrum 

200 WO COO 100 BOO 1200 
Ee* tKeVl 

B00 600 2000 2500 3000 3500 
E T IKeV) 

Fig. 4: Positron and f-ray spectra as measured in 1IłTh+lłlTa collisions 
at bombarding energies of 5.75 and 5.80 MeV/u integrated over all 
ion scattering angles from 20'<flLal)<70' (upper row) and with 
kinematic constraints as described in the text and in ref. 23. The 
solid curves in the positron spectra are calculations composed 
from dynamic positron production 33Xdotted) and nuclear pair con¬ 
version as calculated from the corresponding I-ray spectrum with 
internal pair conversion coefficients29)assuming different multi-
polarities for the smooth part of the I-ray spectrum (E2/E1 mix¬ 
ture) (dashed lines) and for the structures (El) (dashed dotted). 
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Clearly, however, the positron energy spectra of fig. 3 do not show a sys¬ 

tematic decrease of the individual line energies when going from the heav¬ 

ier to the lighter systeras. With the line energies essentially 

concentrated around a mean energy of ~340 keV and individual deviations 

only in the order of or less than the experimental line width, they rather 

display (fig. 5) a remarkable constancy with Z^, and such behaviour can 

hardly be reproduced within the spontaneous positron production scenario. 

I • I .' j. / • 1 • 1 

]/ T / , 

150 
162 164 174 176 178 180 182 184 186 188 190 

-ut 

Fig. 5; Mean energies of positron peaks of the spectra shown in fig. 3 as 
a function of Z M . Calculations are peak energies for spontane¬ 
ous positron emission from static nuclear complexes with either 
(a) deformed shapes consisting of the two nuclear centers sepa¬ 
rated by 17 fm in a head-on collision of major axis or (b) spheri¬ 
cal nuclear shapes and normal density, both with fifty fold 
icaization. Bare nuclei are presented for the spherical shape 
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A strong positron-energy dependence proportions? to a high power of 2 in 

the order of 20 is expected if the nuclear and ionic configuration is kept 

constant throughout the system. A variation of the compound nuclear 

shapes ranging from spherical to just-touching configurations, a decrease 

of the compound nuclear radius obtained from droplet model calculation 

with an appropriately modified compressibility parameter (still consist-

eat with the body of present knowledge), ' and the change of electror.., 

binding for different quasiatomic charge states including the completely 

stripped situation has finally all been incorporated in the calculations 

and significantly modifies this strong Z -dependence. But it is dif¬ 

ficult to imagine why for the individual systems various configurations 

partly extreme to each other should just favourably appear to result in a 

near constancy of tha lsor binding energy. Thus, although spontaneous 

positron emission Asa heavy-ion collisions as an. explanation still may well 

be suited for the heaviest systems as U+Cm, this process appears to be 

inappropriate to generally interpret these pronounced line structures, 

all observed with comparable cross sections of a10 ub/sr in several crit¬ 

ical and subcritical collision systems. 

The near constancy of the production cross section, line position and line 

width rather signals independence from all nuclear and quasiatomic 

details of the collision system and points for a common source. An obvious 

speculation is that such a source is the two-body decay of a previously 
13) 

undetected light particle into an electron positron pair. Along this 

lines various speculations for such a source have been proposed in a 

series of papers. Up to the time of writing (August '86) the list of 

"hypothetical explanations contains the eventual detection of the 
351 

axion , a pseudoscalar Goldstone boson related to the problem of how to 

basically describe P and CP conservation of the strong inter¬ 

action, ' ' ' of pairwise charged Hlggs-particles, ' of %n electron-

positron quasiparticle strongly bound through magnetic interaction at 

subatomic distances, of a poly electron (e e e ) complex, and 

effects of non-linear force equations resulting in poly-positronium drop¬ 

lets tightly bound through a many body short-range fores acting between 
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the lep tons ' or in sol i tons formed from heavy quasi-electrons and -posi¬ 

trons in a new form of the vacuum state arising; localized in the intense 
431 

electric field of the colliding heavy-ions. All these candidates decay 

into electron-positron pairs but the coincident electrons and positrons 

are differently correlated depending on the phase space available when 

decaying. Only the two body decay of a particle (or a quasiparticle like 

a strongly bound (e e~) system) laads to a back-to-back emission with 

electrons and positrons of comparable energy and thus exhibits a charac¬ 

teristic pattern for the certainly excitiag particle hypothesis. Concen¬ 

trating on such a light particle produced in the field of the two 

colliding nuclei, then it is clear that when it decays it bas to be suffi* 

ciently unbound and dislocated from the nuclei in order to preserve the 

free-particle two-body decay kinematics and to eliminate finite state 

interactions in the Coulomb field. Note that uneffected from further 

experimental evidence, the hypopthetical particle has to move slowly with 

respect to the CM-system in order not to Bias with this scenario the 

experimental evidence of narrow positron lines; depending on the pro¬ 

duction mechanism and the corresponding energetic distribution, this lim¬ 

its the mean kinetic energy of the particle in the CM-frame to 

considerably less than 100 keV, unless very special angular distributions 

are considered. 

Figure 6 displays the EPOS spectrometer arrangement in the version opti¬ 

mized for this electron-positron correlation measurement. The details of 

the positron- and the particle-detection part has been widely discussed. 

previously75 in this school and elsewhere9*17>M'*5J and will not be 

repeated here. The detection of electrons in very-heavy-ion collisions 

with a solenoid-system is principally difficult due to the low energetic 

6-electron background below approximately 200 keV of high multiplic-

ity. ' Mere detector break-down and sum coincidences due to the low-ener¬ 

gy electrons can be prevented by use of absorber foils, but this technique 

is applicable only for the measure high energy electrons (i 1 MeV) with 

the energy loss is the foil negligible. For the low-energy electrons (~ 

300 keV) of interest in this experiment, a complete cut-off for elec-
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tron energies of less than ~150 keV is achieved with both the installation 

of a sheet baffle close to the target position and the radial dislocation 

of the electron detectors from the solenoid axis. Thus low-energy elec¬ 

trons viii either be stopped when they hit the sheet baffle during the 

early development of their trajectories or they simply pass the detectors 

along the solenoid axis, when their trajectories' spiral radii do not 

exceed the distance of the detector froa the axis. Due to the built-in 

circular sense of the detector arrangement with the entrance windows of 

the planar Si(Li) counters facing the solenoid axis, the detectors are 

preferentially accessible for either electrons or positrons depending on 

their respective helicity at a given magnetic field direction. Originally 

a similar arrangement was proposed in ref. 46 to quantitatively suppress 

electrons with respect to positrons. The present set-up now is optimized 

for electron efficiency and hinders the positron detection by a factor of 

~4. Due to the largely extended rectangular detector areas of ~32 x 64 

mm*, the collection of electrons is complete up to energies of ~800 keV. 

The energy resolution is presently better than 10 keV when cooled with 

LN_. The magnetic field distribution is such that positrons are accepted 

with an emittance angle with respect to the solenoid axis between -20* and 

120' and electrons between 120* and 170'. 

The resulting positron single and the electron positron coincidence effi¬ 

ciency is shown in fig. 7. Here the coincidence efficiency is calculated 

for both the electrons and positrons of same energy assuming either back-

to-back emission (correlated efficiency) or a random opening angle dis¬ 

tribution for comparison. A back-to-back emitted pair thus has a -15* 

probability to be actually detected as a pair, once the positron has been 

observed. The efficiencies quoted are total detection-efficiencies, i.e. 

a reduction of -301 has to be taken into account when tailing of the 

detector response functions is considered. The detailed coincidence 

response of the device has been systematically studied with Monte Carlo 

techniques together with a solenoid transport code and experimental 

detector response functions obtained from measurements with various elec¬ 

tron line- and it -sources. The calculations concerning a pair conversion 

scenario 

204 



no so 
e+,e- (degree} 

200 100 600 BOO MOO 1200 

[KeVJ 

Fig. 7: The total detection efficiency of the EPOS spectrometer in the 
electron-positron coincidence mode. The singles total detection 
probability for positrons and electrons, respectively, is dis¬ 
played in polar (left up) and carthesian representations (left 
down) (the efficiency is rotational symmetric around the solenoid 
axis) as a function of the electron/positron emission angle fcr a 
kinetic energy of 350 keV. Integrated over all emission angles the 
singles efficiency is shown as a function of the kinetic energy 
(right up) for positrons (solid line) and electrons (dashed 
line). The coincidence efficiency (right down) is given for both 
positrons and electrons of same energy (380 keV) for either back 
to back (full line) or angularly uncorrelated emission. 

have been finally verified with the particularly relevant 1.76 MeV EO pair 

decay of a "Sr source (fig. 8). Besides the good agreement of the indi¬ 

vidual spectral shapes which are sensitively dependent on the correct 

determination of the detector xeponse functions, the overall 
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Fig. 9: Exp«ri»«nt*l (solid lint) and Mont* Carlo sinalatad spaetra 
(hatchad r«gioa) of tha nuclear lntarnal pair easTaraion of tha 
1.76 HaV traoaitioa la **Zr. Tha spactral distribvitions ara shown 
for tha slaclas dataetioc of tha positron (right up), u • two-di-
•aasional lataasity distribution (laft op), and ai projaetioaa of 
this distribution onto aithar tha positron anargf, tha alactron 
anarcr (sacond row, raspactivaly), tna sun and diffaraca of tha 
positron and alactron anar*ias (down row). Tha calcualtions con¬ 
tain tha dataetion afficiancias of fig. 7 and raallstie datactor 
rasponsa ftmctlona and ara norsalicad to tha total axpariaaatal 
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single-to-coincidence detection efficiency ratio of ~6 X for "uncorre-
lated" events is very well reproduced. 

Fig. 9 shows the two-dimensional positron-electron coincidence spectrum 
of a first experiment26* in June *85 for 5.83 MeV/u łJłU+*'*Th collisions, 
which includes ~2/3 of the available data selected because of severe tar¬ 
get deterioration problems. Again the positron-electron coincidence 
events are globally restricted to those originating from binary, mostly 
elastic ion scattering events as discussed above, but no additional ion 

200 400 WO 800 K» 
E.+ (keVl 

Fig. 9: Intensity distributions of coincidence events for 5.83 MeV/u 
*"lH-*"Th collisions, displayed two dimensionally (a) as a func¬ 
tion of Ec+ and E e- and projected onto the Z^+ (b) and Ee* -axis (c). the calculated spectra resulted from Monte Carlo calcu¬ 
lations from internal pair conversion and quasiatomic positron 
electron production and are normalized to the total yJLeld (dashed 
lines). 
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8ngular regions are now selected for reasons of pure statistics. Fig. 9b 

and c show projections onto the positron and electron energy coordinates. 

The spectra are well reproduced, by Monte Carlo calculations of nuclear 

internal pair conversion and quasi atomic dynamic processes. 

a n too coo MO w » o 2M too eoo too woo ' 
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Fig. 10: (a) * (d) Projections of the positron-electron coincidence inten¬ 
sity distribution of fig. 9 gated with the two dimensional windows 
A through D of fig. 9 onto either the positron energy, the elec¬ 
tron energy, the sum or the difference of positron and electron 
energy. 
(e) - (h) Same as (a) - (d) but with two dimensional similar 
windows symmetrically neighbouring the windows A trough 0. 
For comparison are also shown the results of Monte Carlo calcu¬ 
lations for the two-body decay of a particle (scaled by 6 • 1CT* ) 
((i) - (1)) and for internal pair decay of a nuclear excited state 
(•caled by 6 • 10~3) ((ffl) - (p)}. 
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A striking correlation between electrons and positrons, however, became 

apparent when the projections are gated on certain energy windows. 

Fig. 10a and b display such projections on the positron and electron ener¬ 

gies gated with the two-dimensional windows A and B, respectively, shown 

in fig. 9a. The structures at 380±15 keV in the gated positron and 

375±15 keV in the gated-electron spectrum with a width of 75±1S keV for 

both lines favourably fit the previously detected single positron line of 

the sane systam and apparently indicate energy-correlated coincident 

electron-positron emission; no structure was found when gated with the 

neighboring windows of A and B (fig. lOe and f). The smooth background 

curve was obtained from the Monte Carlo simulation described above without 

any further adjustment. The correlated yield of positron and electron peak 

events above this background amounts to 26.7+7.7 and 31.7±7.6 counts, 

respectively, specifying a confidence level corresponding to 6a for the 

statistical relevance of each of the peaks. 

In view of the particle hypothesis the more appropriate coordinates are IE 

together with the energy difference AE as the orthogonal coordinate; the 

sum of the electron and positron energy (IE) corresponds to the invariant 

mass of a particle if its kinetic energy is small, as it is actually 

required by the previous observation of narrow positron lines in the sin¬ 

gle spectra. Fig. 9c and d are such projections onto the sum and differ¬ 

ence energy of the same data now gated with the two dimensional windows C 

and D, respectively of fig. 9a. A wedge-shaped window C is selected for 

reasons of the Doppler broadening increasing with increasing elec¬ 

tron/positron energy. A sharp line appears in the sum .spectrum at 760±20 

keV i.e. twice the individual electron or positron line energies, together 

with a clear structure in the difference spectrum at zero energy with 

35.3±9.4 and 38.5±9.7 events, respectively, above the calculated back¬ 

ground. Again no structures are found in the windows neighbouring C 

and 0 (fig. lOg andh). 

In the limiting case of a particle decaying at rest in the heavy-ion 

CM-frame, the Doppler shift of both Cue positron and electron emitted back 
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Fig.11: Honte Carlo simulation of a particle two-body pair decay for the 
particle at rest in the CM-frame of the heavy ions (left quartett) 
and with an additional velocity of 0.3 c distributed isotropical-
ly (right quartett). The spectral distribution are given for the 
single positron detection (right up) and for the coincidence as a 
two dimensional intensity distribution (left up) and as projec¬ 
tions onto the sum (left down) and difference (right down) of the 
positron and electron energy. 

to back at angles 8 and » + 6 relativ to the direction of the CM velocity, 

is opposite in sign and proportional to cos6. In this case the Doppler 

shift exactly cancels in the sua of both energies and the line position £E 

becomes an exact measure of the invariant mass. For an additional intrin¬ 

sic particle velocity the cancellation is no longer complete, but for val¬ 

ues of the velocity of the particle less or comparable to the velocity of 

the CM, the feature of a narrow sum line remains together with the broad 

structure at xero energy (fig. 11«). For larger values of the particle 

velocity this feature is diluted and first of all the single positron line 

and the lina in the difference spectrum are considerably broadened (fig. 

lib). With values of the emitter velocity not exceeding the CM-velocity, 

as derived from the narrow single positron lines of the previous measure¬ 

ments, the intrinsic velocity of a hypothetical particle on the average is 

indeed limited to considerably lest than the velocity of the CM (0,05 c). 

Thus if the experiment exploits a sharp sum line, near back-to-back emis-
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sion leading to the Doppler-shift cancellation is most probable and the 

energy of the line directly detemines the invariant mass. However, the 

assumption of near-isotropic positron emission introduced in the emit¬ 

ter-velocity determination nay weaken this argumentation and a future, 

Bore direct measure of the full momentum correlation as it can be per¬ 

formed in this historically grown-up experiment eventually has to be con¬ 

sidered. The width of 80±20 keV observed in this measurement for the 

sum-line is apparently less than what is expected from a convolution of 

the individual Doppler-effected electron and positron lines. This obser¬ 

vation signals as eventual cancellation and argues for back-to-back emis¬ 

sion, but at the present statistical relevance does not allow to draw for 

any final conclusions. The third row of fig. 10 represents the results of 

a Monte Carlo simulation of the hypothetical particle scenario. Now, con¬ 

taining all details of the experimental response, a weak particle pair 

decay rate sufficient to contribute an amount of 3% to the total single 

positron yield fairly reproduces the experimental data; a particle of 1.8 

MeV/c* rest mass produced at rest in the CM-frame is assumed for this cal¬ 

culation. 

Various processes which eventually contribute to correlated electron-po¬ 

sitron line production have been systematically investigated with Monte 

Carlo simulation techniques. These scenarios range from the 

- hypothetical particle production with correlated and 

• uncorrelated electron - positron emission, 

- internal pair production from high Z and 

• low Z fragments, to 

- monoenergetic internal pair production with the electron from an elec¬ 

tron conversion process of a subsequent cascade transition. 

Internal pair production from the target or projectile like nuclei is the 

most prominent conventional process. Then the electron and positron ener¬ 

gies are again correlated to a constant energy sum as determined from the 

transition energy, but the individual electron and positron energies are 

distributer) continuously: the internal pair conversion process is solely 

distributed parallel to the AE axis and (ZS, AE) are again the most appro-
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priate coordinates. Projections according the window C of fig. 9a but 

also of neighbouring windows onto the sum snergy coordinate all yield 

broad lines in the SUB energy spectra, because the Doppler effect no long¬ 

er cancells as it did for pronounced back-to-back emission. But as a most 

significant feature, the pair conversion process never reveals structures 

in the AE-spectrum. The fourth row of fig. 10 now shows the Monte Carlo 

simulation of the internal pair conversion of a 1.8 MeV El nuclear transi¬ 

tion assumed in a 2=91 nucleus gated with identical windows as the spectra 

in row (a)-(d) of this figure. Most strikingly, the snooth spectrun in 

projection (p) for the AE-spectruin is in clear contradiction to the corre¬ 

sponding experimental data in (d): this to a great extent excludes nuclear 

internal pair conversion as a conceivable explanation. Moreover this sio; 

ulation assumes el ready 30% of the single positron yield to originate 

solely from this transition. The already strong discrepencies with ths 

experimental data as concerns the individual line shapes both in the posi¬ 

tron single spectrum (not shown) and the various projections of the coin¬ 

cidence yield are obvious, but considerably more than 30% is needed to at 

least match e.g. the observed sum line intensity. Note that the response 

of the present set-up on an internal pair conversion process, namely the 

EO pair conversion from the 1.76 MeV transition of "Zr was extensively 

studied with a "Sr source and found in excellent agreement with the cor¬ 

responding Monte Carlo simulation (fig. 8). Moreover, also a contam¬ 

ination with "Zr built up from U-fragmentation can be ruled out from the 

apparent difference of the in-beam data from both the "Zr source measure¬ 

ment and the internal pair conversion simulation, to account for the 

observed correlated line emission. 

Presently All attempts but the two-body decay scenario fail to reproduce 

the experiment. On the other hand, the production of a so far undetected 

particle of -1.8 MeV/c* rest mass has been shown in the meanwhile to be 

extremely unlikely because any production mechanism using electromagnet¬ 

ic, leptonic or quark coupling to match the positron results appears to be 

inconsistent with precision measurements involving the respective coupl¬ 

ing constant and/or fails to sufficiently enhance the production cross 
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471 section at low kinetic energies of the decaying particle. Also the 
existence of the axion, which has been mostly considered as a candidate 
for such a particle, was already ruled out in its standard form. Partly 
motivated by the unexplained positron lines a variant axion model has been 
invented to circumvent the existing experimental bounds. With enhanced 
coupling of the axion to the light quarks and de-enhanced to the heavy 
quarks, it avoids the quarkonium bounds and together with other conceiva¬ 
ble variants of the model, all with the axion coupling basically different 
to the individual quarks, it is examined for its viability in ref. 49. 
With a mass of ~ 1.8 MeV as anticipated from the positron lines, the axion 
life time when decaying either into two 7-rays or into an electron-posi¬ 
tron pair now only amounts to ~5»10 sec. Then previous experiments 
may no longer apply because the pseudoscalar particle could simply have 
escaped from detection (this mostly concerns beam dump and nuclear 
decay experiments). Very recently, however, a series of respective 
experiments have been performed to establish more stringent experimental 
bounds in this mass and life time domain derived from either the radiative 
decay of the T vector meson, ' the multilepton decay of * and 
V , ' a high energy electron beam dump experiment, or the branching 
of the nuclear decays of isovector (**N) and isoscalar (1IB) ' transi¬ 
tions. No evidence for a short lived light neutral particle was reported 
and the axion model variant has been ruled out as well. 

The simplifying assumption of a common mean energy of all positron lines 
observed in the past certainly led to the exciting detection of the corre¬ 
lated electron-positron line emission. However, the individual deviations 
from the mean exceed the experimental uncertainties and have to be taken 
seriously. Moreover, it is presently unclear how positron lines 
reported ' from the ORANGE group partly observed at considerably low-
er positron energies correlate with the EPOS results. The sharp SUB 
energy line with the Doppler effect apparently canceled now offers a such 
better measure of the respective energy than the strongly Doppler broad¬ 
ened positron single lines and can be used to again and systematically 
investigate the line energies. Actually the analysis of the 1J!Th+*łłTh 
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collision system measured in the same experiment already indicated that 

the correlated electron positron line energies (and the corresponding SUB 

energy) are not necessarily constant. Positron line energies of ~310 and 

-370 keV (together vith the respective electron lines) have been found in 

two different sets of tht data corresponding to projectile energies of 

5.70 and 5.75 MeV/u, respectively. 

[Channels] 

Fig.12: A preliminary analysis of a measurement in February '86 of the 
EPOS collaboration of the U+Th collision system at beam energies 
around 5.87 MeV/u reveals two prominent sum peaks significantly 
narrower than the individual positron and electron lines. The 
lower and upper panels show sum and difference spectra for two 
subsets of the data gated on beam energy, heavy-ion scattering 
angle, and positron/electron time of flight chosen to enhance 
these two sum lines, respectively. 



Very racent experiments with the EPOS spectrometer in '86 still being ana* 
lyse-i reproduced the existence of electron-positron line correlations. 
Clearly two pairs of correlated pc itron/electron lines have been 
detected in the 2JłU+*IŻTh collision system at projectile energies rang¬ 
ing from 5.S2 to 5.87 MeV/u, each pair leading to pronounced sum lines of 
-620 keV and -810 keV, respectively, both significantly narrower than the 
individual positron and electron lines, and to broad line structures at 
2ero energy in the difference spectra (fig. 12). The additional presence 
of the previously identified 760 keV sum line in these data is presently 
an open question. It was found that the peak-to-background ratio of the 
sum lines can be alternatively enhanced with additional gates on the posi¬ 
tron or electron time of flight, the projectile energy, and the ion scat¬ 
tering angular regions. It also was observed, although with less 
evidence, that a choice of still more stringent angular windows selected 
for the sum line also enhances the corresponding single positron line. 
Apparently this observation relates the correlated electron-positron line 
emission to the single positron lines detected in the previous single 
positron measurements. Note, positron and electron time of flight in 
these experiments is first of all determined froa the path length in the 
solenoidal field. The deviations from the typical time of flight distrib¬ 
ution observed therefore also nay reflect non-isotropic positron (elec¬ 
tron) emission, although a non-trivial delay certainly cannot be excluded 
presently. 

Clearly the positron puzzle is not solved. Starting from the sere exist¬ 
ence of the positron lines, the body of experimental information was con¬ 
siderably enlarged mainly from the general exclusion of nuclear 
transitions to produce the lia«s, from the systematic variation of Z 
resulting in an essential independence of the line position and width froa 
the individual collision systeas, and finally from the finding of a corre¬ 
lated positron-electron emission. Conventional and exotic processes 
including spontaneous positron emission and the pair decay of a hypothet¬ 
ical axion have been proposed to explain the lines, but there is presently 
no process approved to consistently describe the existing data. Certainly 
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the experiments vlll continue and search for the missing piece of the puz¬ 

zle. It appears important to clarify the long standing question of an 

eventually existing threshold- or resonance-like behaviour of the 

line-production cross section and also its relation to the heavy-ion kine¬ 

matics. The question of an eventual systematic variation of the line ener¬ 

gies has again to be addressed with an extension of the positron-electron 

coincidence measurements to considerably different (lower) projectile 

energies and to other(lighter) projectile-target combinations. The even¬ 

tual existence of an emitter-system lifetime in the ns range is partic¬ 

ularly interesting and argues for an independent but appropriately 

optimized measurement using various recoil technqiues; however, the 

alternative possibility of an anisotropy in the positron-electron emis¬ 

sion is also important also because of its implication on the line width 

analysis of single positron lines. 
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COLLECTIVE PROPERTIES OP NUCLEI IN THE RADIUM JilGIOi: * 

K.Boning, Z.Patyk and A.Sobiczewski 

Institute for Nuclear Studies, Hoza 69, PL-00-681 Warsf.avva, Poland 

The specific form and systematics of spectra of even-even nuclei 

in the radium region [i,2l is usually interpreted as being connected 

with the octupole deformation of these nuclei. It is, hov.ever, hsrd te 

say how large is the deformation a& no quantity hao been rneasured up to 

now which would be directly connected with the deformation of an even-

even nucleus. A good candidate for such a quantity is the reduced octu-

pcle-transition probability B(E3)• 

Theoretical calculations of the collective potential energy lead 

to a minimum of the energy at the octupole deformation different from 

zero, t 3 / 0, for some of the nuclei (e.g. [3-5])» but the value of t j 

and the depth of the minimum (i.e. the stability of the deformation) 

depends much on the way of the calculation, as pointed out in refs. f5,ójj. 

In this situation, a calculation of B(E3) may be an important help in the 

answer how large is the deformation of a nucleus and what is its nature 

(is it of a static or rather dynamic character) in the case, when the 

probability B(E3) is measured for that nucleus. Such calculation of 3{E3) 

has been performed in [7 ] for few nuclei in the Ra-Th region. The col¬ 

lective states of a nucleus have been treated as large-amplitude quadru-

pole and octupole vibrations of it, coupled to each other by the poten¬ 

tial energy V(£.a 1 L 3 V where £.a and 63 are the JJilsscn deformation 

parameters [8] describing the quadrupole and octupole degrees of free¬ 

dom, respectively. Only the lowest transition (i.e. from the lowest nega¬ 

tive-parity state to the ground state) has been considered. 

The scope of the present paper is to extend the calculations to 

* Supported in part by the Polish-US Maria Sklodowska-Curie Fund, 

Grant no. P-P7PO37P. 
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ether loiv-energy collective states of an even-even nucleus. The quadru-
pole-transition probabilities B(E2) am also considered presently. 

Fig.1 presents the potential energy V calculated in the macrosco-
pic-iicroscopic way for Ra. The macroscopic part of V is obtained from 
the Yukav/a-plus-exponential model with the parameters of ref. £4}. The 

0 -
-0.2 0 0.2. £2 

Fig.1. Contour map of the potential energy V( £, ,6a } 
224 for Ha. The numbers at the contour lines give the values 

of the energy in MeV. The cross indicates the position of 
the minimum of the energy. 

microscopic part is the Strutinski shell correction based on the Nilsson 
potential with the nA«225" parameters f8]. One can see that a shallow mi¬ 
nimum (of about 0.3 MeV depth} is obtained at the octupole deformation 
Łj S0.07. 

Figure 2 shows the spectrum of the seven lowest states and the lar¬ 
gest B(E2) and B(E3) probabilities for the E2 and E3 transitions between 
them. The probabilities are given in the Weisskpf units. The solid levels 
correspond to states of positive parity and dashed ones to states of ne¬ 
gative parity. The E2 transitions are denoted by solid arrows and the E3 
ones by dashed arrows. The state with the largest E2 transition to the 
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ground state (g.s.) is denoted by 1q (the first quadrupole excitation) 

and that with the largest E2 transition to the 1q state by 2q (the secor.-; 

quadrupole excitation). The same concerns the octupole excitations 1O ar.'; 

2o with E2 being replaced by E3. It is seen that besides pure quadrupole 

and octupole excitations, there also appear mixtures of them dq+1o ar.d 

2q+1o). 

E 
(MeV) 

224 RQ m 

g.s. 

T 2q*1o 
CM I O 

I" 
I 

CM 

2o 
1q*io 

Pig.2. Energy spectrum of the lowest seven states and 

the largest B(E2) (solid arrows) and B(E3) (dashed arrows) 

transition probabilities between them (given iri Weisskopf 

units), obtained with the potential V of fig.i. 

One can see in fig.2 that the quadrupole excitations do not deviate 

much from those for a harmonic oscillator. Specifically, the ratio of the 

energies is: E(2q)/E(1q) = 2.23 and the ratio of the probabilities is: 

B(E2; 2q — 1qVB(E2} 1q -*• g.s.) = 1.52. For a pure one-dimensional 

oscillator these ratios are equal to 2. Por the octupole excitations, the 

corresponding ratios are: E(2o)/E(1o) = 2.71 and fl(E3j 2o — 1o)/ 

B(E3; 1o -»- g.s.) = 1.13. Thus, they deviate more significantly from the 

values for the oscillator. In other words, the octupole excitations are 

much enharmonic. Tttis is connected with the anharmonic shape of the poten-
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tial V of fig.1, treated as a function of the octupole deformation t j . 
With increasing value of Ł a and/or increasing depth of the octu¬ 

pole minimum of the potential V, the anharmonicity of the octupole exci¬ 
tations increases. 
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Abstract Measurements of fusion, fission and elastic scatter¬ 

ing cross sections have been made for a series of reactions 

using 0 and F projectiles. The results are all 

consistent with diffuse angular momentum distributions 

following fusion, even at energies well above the fusion 

barrier. Preliminary y-ray multiplicity measurements 

support this conclusion. The interpretation of fission data 

for the Sn + Ni reaction suggests much more dramatic 

smearing of the spin distributions associated with heavier 

projectiles. 
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1. Introduction 
For winy years the angular saoaentua, (LX), distribution 

following heavy ion fusion was assumed to be that given by 
quantum mechanical penetration of a one-dlmenslonal barrier. 
However, th« observation1"4' and subsequent interpretation*"®* 
of enhanced sub-barrier fusion cross sections strongly suggested 
that the distributions were much more diffuse, even at energies 
well above the barrier. Several of the modes of decay of the 
compound nucleus, (CM), are strongly influenced by the angular 
momentum of the states involved; thus interpretation requires a 
detailed understanding of the Ł-dlstributions. For Instance, 
the relative intensities of the xn channels in the 
Zr( Ni,xny) Er reaction have been interpreted in terms of 

trapping in a super-deformed minimum . This conclusion is 
based on a relatively sharp L-distribution following fusion. A 
nuch more diffuse distribution would allow the results to be 
readily explained, without invoking.large deformations. Fission 
excitation functions following fusion are used to determine the 
angular momentum dependence of fission barriers. Clearly this 
dependence can only be understood if the angular momenta 
involved are well known. 

There are no direct methods of measuring the fusion spin 
distribution. The CN decay modes which are most sensitive to 
the L-distribution must be used as probes, but these are just 
the nodes whose detailed interpretation requires a knowledge of 
the distribution. Thus no single measurement can unambiguously 
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determine the spin distribution. However, If several different 
methods are used to study the saae reaction, with sensitivity to 
different parameters. It may be possible to obtain a consistent 
and reliable picture. 

It has been conventional and convenient to parameterize 
the angular momentum distributions using a Feral function 

«C2(2Łłl) 
1+exp 

where the value of Ł^., is effectively defined by the aeasured 
fusion cross section and SŁ defines the dlffuseness of the 
distribution. He have followed this practice for cases where 
the Feral distribution adequately represents the extracted 
distributions. The results obtained are then presented only in 
teras of the dlffuseness paraaeter, «L. 

Me present aeasureaents of fusion, fission and elastic 
scattering cross sections for the reactions indicated In Table 
1. Prellalnary results of y-ray multiplicity aeasureaents are 
also presented. The results are all consistent, and indicate a 
auch more diffuse distribution than obtained froa one-
diaenslonal barrier penetration models. Fission and fusion data 
for the Tli + Sn reaction are also analysed and suggest 
the distributions are auch wider for heavier projectiles. These 
fission data are consistent with an elastic fusion model 
which predicts fusion transmission coefficients considerably 

227 



smaller than unity even fcr low L-values. 

TABLE 1 

Reaction C.N. Fusion Fission Elastic v y 
scattering multiplicity 

139La+19F 
15<W80 
159Tb+

19F 

16*Tm+
19F 

181T 19F 

158Dy 

168Yb 

173W 

188pt 

200pb 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

2. Fusion 

The angular momentum distribution following heavy ion 

fusion is directly related to the magnitude of the fusion cross 

section. However, details of the shape of the distribution can 

only be obtained through models which fit the data, and the most 

stringent tests of the models are made at energies near and 

below the fusion barrier. He have measured fusion excitation 

functions over a wide energy range as shown in fig. 1. The 

cross sections were obtained by direct measurement of evapor¬ 

ation residues, ER, and fission cross sections. The dashed 

curves in the figure are calculated assuming penetration of a 

one-dimensional barrier, and clearly underestimate the data at 

low energies. Several effects have previously been considered 

in order to explain the observed enhancement in sub-barrier 
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fusion. These Include zero-point motion, (ZPM), in which 

oscillations of the nuclear surface give rise to fluctuations in 

the fusion barrier height ; static deformations In the 

interacting nuclei which produce different barriers depending on 

their relative orientation ; and coupled channels where the 

barriers are modified through coupling to Inelastic and transfer 

channels6'7'. 

All these models give surprisingly similar results for the 

reactions shown, and generally only one model, ZPM, was used to 

fit the data and provide L-distributiona, 

The vlbratlonal amplitudes In the ZPM model are derived 

from experimental B(E2) and B(E3) values of target nuclei and 

the B(E2)'s of the projectile. They have not been adjusted to 

fit the fusion cross sections. The results of model 

calculations are shown as full lines In fig.l. The model gives-

substantial sub-barrier enhancement and generally works well. 

This is perhaps surprising since some of the targets have large, 

permanent deformation and zero-point motion is not expected to 

be significant. Presuaably the assumed harmonic oscillation of 

the surface mimics, to a large degree, the effects of rotating * 

deformed nucleus. A typical result of a coupled channels 

calculation, for 0 on Sm is also shown in fig.l. Here 

several inelastic channels were Included and coupling to states 

with energies at 5 MeV and 15 HeV were included to account for 

1-proton and 2-proton transfers. Deformations and coupling 

strengths have been arbitrarily varied to fit the data. 
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80 tOO 120 "60 80 100 ISO 

Flg.l Fusion excitation functions. The full lines are 

calculations using a zero-point motion model. The 

magnitude of the surface oscillation was derived from 

experimental B(E2) and B(E3) values. The dash-dot line 

(bottom right) is a coupled channels calculation for 
1 5 0S. +

1 80. The Inelastic channels included the 2 

3~, 4+ states of the target and the 2* state of the 

projectile. States at 5 MeV and 15 HeV were also 

included to simulate proton transfer. 
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Fig.2 Dlffuseneas parameters obtained froa the ZPM model, (a), 
and from elastic scattering analysis, (b). The short 
heavy bars are obtained from fission excitation functions. 

The distributions from ZPM are generally well represented 
by the Fermi distribution and the values of SŁ obtained are 
shown in fig.2a. The model predicts a constant value of 6L at 
high energies, increasing as the barrier is approached and 
becoming so diffuse that the Fermi function parameterization 
fails near and below the barrier energy. 

The reactions Involving the more deformed nuclei have 
greater ZPM fluctuations which are reflected in more diffuse 
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distributions. All distributions are substantially smeared when 
compared to one-dimensional barrier penetration calculations 
which typically yield SIA0.5. 

3. Elastic Scattering 
Optical nodel analysis of elastic scattering data yields 

directly the distribution of partial waves removed from the 
elastic channel, that is the L-distrlbution of the total 
reaction cross section, <*__._. The relationship between this 

rcAw 
distribution and that for fusion is not clear, but it may be 
reasonable to assume their shapes are similar, especially at 
high energies where fusion is the major component of oreac« 

He have measured quasi-elastic scattering for a number of 
systems and the results are shown in fig.3. For most cases 
inelastic scattering and neutron transfer were not resolved from 
the elastic peak. However, it was shown that their inclusion in 
the 'elastic' channel did not affect the extracted diffuseness 
parameters in the case of 15OSn+18O, where detailed Inelastic 
and transfer data were also measured. The fits resulting from 
the optical nodel analysis are shown in fig.3. 

From the analysis the L-dlstributlons associated with the 
total reaction cross section are obtained and the diffusenesses 
are shown in fig.2b. The values of SŁreac are very well defined 
by the elastic scattering data, typical errors being ±0,1. 
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Although the data are Halted, tha trends In $Łreac are 
very similar to those from the ZPM model. Higher values of 
SL *.„ a«*e associated with the more deformed nuclei and 6L reac ccaL 
increases as the barrier is approached. Thus the effects of 
deformation on the fusion L-distributicn, as suggested by the 
2PM model, are also evident in the reaction cross sections. The 
elastic scattering data therefore gives, at the very least, 
qualitative values of SL for fusion. 

A quantitative method of obtaining the fusion distribution 
from elastic scattering has recently been proposed by Udagawa et 
al. . Their elastic fusion model uses a direct reaction 
approach in which fusion is assumed to arise only from that part 
of the imaginary potential, derived from elastic scattering 
data, inside the fusion radius. This fusion radius is 
independent of energy and is obtained by fitting fusion 
excitation functions. The model predicts transmission 
coefficients which are less than unity for low L-values and thus 
gives distributions which extend to higher L-values than the ZPM 
model distributions. For the 180 and 19F projectiles the 
reduction in the low-L transmission coefficients Is not great, 
typically MO*, and the distributions are similar to those for 
the ZPM model. For heavier projectiles, A*50, the L-
dlstrlbutlons from this model are very different to the Fermi 
function having transmission coefficients for low L-values 
reduced to *0.S. This prediction will be discussed later in 
relation to the 58Ni on 124Sn reaction. 



Also it was shown that the elastic fusion nodel in its 

simplest form Is not successful in fitting fusion involving 

deformed nuclei; it was necessary to extend the model to 

include specific channel couplings. The model works reasonably 

well at higher energies but falls to fit our low energy data. 

The effects of the coupled channels modification have not been 

studied and no conclusions can be drawn about the detailed 

distributions predicted for the systems studied here. 

4. Gamma-rav multiplicities 

If the average angular momentum carried by y-rays in 

(HI,xn-y) reactions is known, then their multiplicity, <M >, 

yields the angular momentum in the residual nucleus. The 

measurement of such multiplicities is the most commonly reported 

method of Investigating spin distributions, especially at near 

barrier energies * r . Generally only the average spin 

and widths of the spin distribution are obtained. The results 

are generally consistent with diffuse distributions. 

He have measured multiplicities for the Tb+ F reaction 

and the results have been compared with calculations using the 

19) 
Monte Carlo statistical code ZPACE . Compound nucleus spin 

distributions with SL«O and 6L=4.4 were used, the latter value 

being that predicted by the ZPH model at energies above the 

barrier. The results of the comparison for the -y-ray 

multiplicities and widths of the multiplicity distributions are 
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shown In fig.4. The diffuse distribution Is consistent with the 

data, whereas the sharp distribution Is certainly not. The 

sensitivity is doainantly in the 4n channel since this is 

associated with high spin states where the two distributions are 

very different. The Measurements are not sensitive to saall 

changes in 8L, but the results are consistent with the analysis 

of the elastic scattering and fusion data. 

100 110 

(M«V) 

Pig.4 Gaaaa-ray aultlplicitles and widths of the multiplicity 

distributions. The lines are calculated assuming compound 
nucleus spin distributions with 6L-0, (SCO), and SL*4.4 
(ZPM). 
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5. Plssion c 

The fission cross section depends on the fusion L-

dlstrlbutlon because fission barriers decrease with increasing 

L. When the L-distributlon extends beyond that value where the 

fission probability approaches unity, then the fission cross 

section is only weakly dependent on the shape of the 

distribution; transferring population to higher L-values does 

not change the fission cross section If the fission probability 

is already unity. As a general guide fission is not a useful 

probe of fusion spin distributions if the.fission cross section 

is more than 10% of that for fusion, that is when the total 

fission probability, Pf, exceeds 0.1. Fission becomes 

Increasingly sensitive as P{ falls below this value. 

Fission excitation functions have been measured and are 

shown in fig.5. Fission probabilities are less than 0.1 only 

for the lowest bombarding energies for the heavier nuclei, but 

for all energies for the lighter ones, 158Dy and 168Yb. "Sbe 

lack of sensitivity at high energies for the heavy nuclei can be 

exploited because the cross sections can be fitted with 

statistical model calculations and fission barriers and level 

density parameters can be determined without sensitivity to the 

assumed fusion spin distributions. Appropriate barriers for the 

three heavy systens are those from the rotating finite range 
?oi 

model (RFRM) and the corresponding ratio of level density 

parameters at the saddle-point and at the equilibrium deform¬ 

ation, *f/&vr Is 1.00. This value Is conventionally used.and Is 
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(MeV) 
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Fig.5 Fission excitation functions. The curves are calculated 

uslngr RFRM barriers, af/av«1.00 and av*A/10. The C.H. 

spin distribution was adjusted to fit the data. Values of 

6L were 6.0, 4.5, 4.0, 0.0 and 0.0 for 200Pb, 188Pt, 178W, 
168Yb and 158Dy respectively. 

consistent with statistical acdel analysis of pre-fisslon 

.21) neutron Multiplicity measurements 

15E 

The absolute value of a. 

was taken to be A/10. For *"uqy and 168¥b the fission 

parameters cannot be unaabiguously determined so these same 

parameters were used. The fusion L-distributions were then 

adjusted to obtain optimum fits to the excitation functions. 

The extracted values of 6L are indicated in fig.2a for the three 
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heavy systems. They are in good agreement with the values 
deterained from the other methods. 

For the light systems, Dy and Yb? unrealistic values 
of 6L=0 were obtained. However, for these systems the 
calculated cross sections are very sensitive to the value of av. 
If av*A/7.5 is used, optimum fits are obtained with SL=1.5 and 
2.0 for Dy and Yb respectively. The heavier systems are 
much less sensitive to this parameter and values of SŁ are 
Increased by less than 0.3 if the increased value of av is used. 

Thus the spin distributions from fission are consistent 
with those from other methods for the heavier nuclei. For the 
lighter systems the sensitivity to the spin distribution is 
greater, but so is the sensitivity to other poorly defined 
parameters. When these parameters are reliably known, fission 
may prove to be a mos'c sensitive probe of the spin distribution. 

The elastic fusion model reproduces the fusion cross 
sections extremely well over a wide energy range for the Ni 
on 12*Sn reaction 1 6 >. The ZPM model does not fit the low 
energy fusion cross sections but the total reaction cross 
section is well represented by a Fermi function with SL*7.0, and 
based on our earlier conclusion such a shape might be 
appropriate for the fusion spin distribution. However the 
elastic fusion model predicts that only about half of the low-L 
partial waves are absorbed. As a result the distribution 
extends to much higher L-values. These distributions are 
compared in fig.6 for 58Ni on 12*Sn at a centre-of-mass energy 
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of 170 HeV. The sharp cut-off distribution with the saae cross 

section is also shown. 

Fission and evaporation residue data have been taken froa 

ref.15 and have been supplemented by our fission data. The 

•easured fission probabilities are shown in fig.7 where they are 

coapared with results for the neighbouring nucleus, 188Pt, 

produced with 19F on 169Ta. As indicated earlier, the fission 
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l<52 

Sn 

• Argoimt f i t . and ER 
ANU fis. Argoim ER 

Elastic fusion 
Ftrmi disł. 8L»7I 

• ANU fis. and EJ* 
Ftrmi disł. 8L«45 

, 40 60 80 OO 
1 EXCITATION ENERGY (M«V) 

Fig. 7 Fission probabilities for 12*Sn+58IHl-»l82Pt and 
i69TH+19P->188Pt. Calculations for both reactions use RFRM 
barriers, af/«v«1.00 and av«A/10. For the F reaction a 
CM. spin distribution with SL-4.5 was used. 
Distributions with 8L-7.1 (dashed line) and fro» the 
elastic fusion model (solid) were used for the nil 
reaction. 

cross sections are not very sensitive to the spin distribution 
when the probabilities exceed about 0.1. However, the 

58 differences in the distributions for the Nl reaction are so 
great that fission provides an excellent way of distinguishing 
between the*. 



At similar excitation energies the probabilities are 
greater for the 58Ni reaction due mainly to the higher angular 
momentum brought in by the heavier projectile. 

The fission parameters for 188Pt have been established 
(aee above) without ambiguities associated with the fusion spin 

1S2 
distribution, and the corresponding parameters for Pt should 
be reliably extrapolated using the rotating finite range model 
and assuming &f'&v is not mass dependent. Thus the major 
uncertainty In the 58Ni reaction is the fusion L-dlstribution. 
He have calculated fission cross sections using the distrib¬ 
utions shown in fig.6 and the results are shown in fig.7. The 
Fermi distribution (dashed line) produces probabilities 
considerably less than those observed at low energies. The 
probabilities from the elastic fusion model are In excellent 
agreement with experiment. Implying that considerable saearing 
of the distribution does Indeed occur. At higher energies, the 
probabilities calculated with the different spin distributions 
converge, thus sensitivity is reduced. 

The coupled channels approach of Dasso et al.6> can also 
fit the fusion excitation function if coupling strengths are 
increased by about 30* over those previously used22). The L-
dlstrlbutlons then predicted are qualitatively similar to those 
of the elastic fusion model. The fusion transmission 
coefficients at low Ł are reduced to about 0.7 compared with the 
0.5 for the elastic fusion model. 
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6. Conclusion 

19 18 

Studies of reactions with P and 0 projectiles suggest 

that angular momentum distributions following fusion are 

reasonably well represented by a Feral distribution with 

dlffuseness parameter between 2.0 and 6.0. The magnitude of SL 

depends on the deformations of the interacting nuclei. 

For heavier projectiles, specifically 58Ni, the Feral 

distribution is a poor representation of the spin distribution. 

Evidence is presented which suggests that a substantial 

proportion of the low-L partial waves do not contribute to 

fusion. 

The fusion L-distributlons have similar shape.? to the 

total reaction cross sections for the lighter projectiles but 

substantially different for the heavier ones. 

The ZPM model works well for the lighter ion reactions and 

the elastic fusion model is excellent for the HI reaction. 

The coupled channels modification to the latter model may make 

It universally applicable. The full coupled channels approach 

of Oasso et al. gives qualitative agreement in all cases, but 

problems in identifying the most significant channels and their 

coupling strengths make the quantitative results uncertain. 
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Introduction 

Recently a lot of data ') have become available on heavy-ion fusion at 
energies around the classic Ooulom barrier.They consist in high precision ex¬ 
periments in order to get absolute cross sections ranging from a few fib to few 
hundred mb. 

The process can be schematically understood from the following picture: 

Fig.l - Schematic picture of the heavy- ion fufion procew. 

From the previous picture it is already clear how difficult it is in real¬ 
ity to detect Evaporation Residues (ER), because they have to be separated 
from paricles of the beam.Usually few particles come out from the compound 
nucleus, due to the low excitation energy produced.This implies the fact that 
the ER are recoiling in the Laboratory System in a small cone about the beam 
axis. 

Classically from energy and momentum conservation the cross section for 
fusion as a function of the energy E has the form 

(l) O-(E)= *# (<-&) 

where Ro is the distance of closest approach and V# the Coulomb bar¬ 
rier .That can be represented in a plot of a( l /E) in order to determine V^.This 
formula is indeed valid for a certain range of energy. It is immediatly clear 
how it fails for energies which are below the Coulomb banier.The region we 
are interested in is that marked with a circle in Fig.2 . 

From Quantum Mechanics the process of fusion at energies below the 
Coulomb barrier can be understood as the probability of penetrating a po¬ 
tential barrier. This is shown in Fig. 3, where the curve is the sum of a 
nuclear (short range) potential, a Coulomb (long range) and a centrifugal po¬ 
tential (related to the different partial waves involved) .In that particular case 



12 U l« 15 16 
1/E im 

Fig.2 - Plot of fułion c im «ectioiu a* a functioo of l/E. 
Data ue of MS on MNi. 

the nuclear part is a Proximity Potential.There exist many potentials in the 
literature, which are able to reproduce different data: They usually give rise 
to a different shape of the barrier.As an example we show in Fig. 3 how the 
height of the barrier, its width and the location of the pocket change with the 
choice of the potential. 

Quantum-mechanically the process can be understood following this pic¬ 
ture. 

The two nuclei come close with an energy E in the centre of mass system 
and encounter the barrier at the location RQ, than penetrate the barrier and 



Fig.3 - Potential V(r) as the sum of a nuclear.Coulomb and centrifugal 
part (for different partial waves). 

exit at the position where they 'fuse in the potential pocket*. In the W KB i 
approximation the probability or transmission coefficient is expressed in the: 
form 

1 (2) T£(fe)« [4 
The total cross section is then expressed as: 

(3) c f 

V 

In principle the sum over 1 should be extended to infinitive, practically 
it can be stopped when no pocket is in the potential. 

For energies not very far below the maximum of the potential, the shape 
of the barrier can be assumed to be parabolic.Thus the integrals* can be 
analytically solved and one obtains the well known Hill-Wheeler formula: 

and integrating over 1 instead of summing one gets Wong's formula3): 

One thing is interesting to note in (5). When the energy is above the 
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barrier so that exp(...)>>l it becomes the classical expression: 

(5a) ffF(£)« 

as it has to be in this region which is classical.Going in energy more and 
more below the barrier the excitation function is reduced to an exponential 
behaviour 

f 
Detection techniques 

So far in order to understand the physical process, it has been pointed 
out before that the evaporation residues have a sharp forward focusing, being 
mixed with the beam-like particles, which are iOu - 1012 times larger. 

Several techniques have been developped in order to separate the rare 
events of physical interest for fusion. In order to detect the ER at recoil 
angles around the beam sixia, one usually makes use of the difference in ve¬ 
locities between them and the ions of the beam.The two principal elements 
in a velocity selector are the electrostatic deflector and velocity filters. The 
electrostatic deflector produces a field perpendicular to the ions velocity, thus 
deflecting ions by an amount proportional to the ration E^/q, where Efc is the 
kinetic energy and q its charge. In a velocity filter there are mutually orthogo¬ 
nal electric and magnetic fields, which enable one to 'filter' only the ions with 
velocity v=E/B. More complicated apparatus are combinations of the two 
systems.Some examples of these instruments, which only became available a 
few years ago, can be found e.g. in Ref. 3,4,5. 

Physics of Subbarrier fusion 

The interest in subbarrier fusion has become of a very high degree, since 
the discover that cross sections of the process were of a bigger order of magni¬ 
tude than that which one can calculate with a simple one-dimensional pene¬ 
tration model.That is more and more true going from light to medium heavy 
nuclei.In order to show that qualitatively, look for instance at Fig. 4 .The data 
were taken in Munich6): it is clear how by changing the nuclear potential, the 
simple theory cannot reproduce the experimental results.Similar results have 
been collected by several groups, as can be seen from Ref. 1. 
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10* 

Fig.4 - Comparison of the experiment*! total fusion cross section* with 
theoretical calculation from simple one dimensional turmeilir.g,see Hef.6 . 

Another interesting result was the discovery that at energies where 'coid' 
fusion happens, the cross sections were influenced by the structure of the 
nuclei involved, in particular fusion seemed to be enhanced when a positive 
Q-value for the transfer of a pair of neutrons7^ was available. 

Choice of the experimental programme 

As pointed out before evidence existed for nuclear structure dependence 
in the fusion cross sections.In particular abnormal enhancements were ex¬ 
pected when positive Q-values were present for the transfer of a pair of neu¬ 
trons. The following systems were chosen because they exhibit positive Q-
values. From the figures it is clear that for instance 

64Ni(3aS,34S)62Ni Q(+2n) = 3.75 MeV 
58Ni(36S,34S)60Ni Q(-2n) = 3.35 MeV 

The data were collected in the past three years and partially published.In 
the following we shall try to summarize the results. 

Experimental set-up 

The electrostatic deflector used to detect the ER has been extensively 
described in Ref. 8.The instrument is simple and compact with a suppression 
factor of about 108.What is essentially measured is the time of flight (TOF) 
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between a micro-channel plate and a silicon detector plus the total energy of 
the ions in the silicon detector. That enables the production of a matrix of 
the type TOF - E as shown in Fig. 6-From those it is clear how the beam-
like particles can be separated from the ER, because of their different TOF 
and Energy.In order to obtain the absolute cross sections a monitor detector 
is placed in the vicinity of the target to normalize by means of Rutherford 
scattering.The quantity measured is the differential cross section as a function 
of energy and angle: 

The transmission through the deflector was both measured by elastic 
scattering of ER-like ions and comparing the number of detected particles 
with and without high voltage on the plates, at an angle different from 0°.The 
efficiency obtanined was in good agreement with Montecarlo calculations. 

The range of energy span was quite wide. Targets were isotopicaliy en¬ 
riched and self-supporting. Beams were provided by the XTU Tandem at 
LNL. In the case of 3 6S, whose natural abundance is 0.02 per cent, we used 
an isotopically enriched FeS36 pill for the ion source. 

E (cfta.l — 

Fif.5 • Example of TOF • E matrix, tee Ret 9. 
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Result! 

The excitation functions9) for the different beams and targets are sum¬ 
marized in Fig. 7. For the moment let ua compare the data only with respect 
to the dashed curves which refer to cne dimensional calculation in the WKB 
approximation. It is possible to see how for this set of data, this simple 
calculation does not reproduce tbe experimental values.The disagreement is 
sometimes more than one order of magnitude. 

One can perform a phenomenological analysis, fitting the data using 
Wong's formula3) in order to obtain the values of the barrier Vjg, its position 
Ro and its 'thickness' hw, which are capable of reproducing the data.That 
has been done, and the results are collected in the following three plots in 
Fig. 8, as a functfor. of A1/3 , that is a quantity related to the compound 
radius. The values are compared with those of the proximity potentifcJ and 
those of a systematics1) of a consitent amount of fusion data.From the plots 
it is clear how the barrier has to be lowered in order to fit the data, especially 
for the sulphur data, the discrepancy being of the order of 5, between 100 
and 500 mb, where the fusion should have a classical behaviour.The thickness 
of the barrier hw was on the contrary extracted mostly from an exponential 
behaviour.Their values are not significantly larger than the theoretical ones, 
meaning that asymptotically far from the barrier, the two nuclei undergo a 
process very close to pure tunnelling.That is not complitely true for instance, 
when fusion involves much bigger nuclei. 

A very interesting approach to the understanding of the data is to com¬ 
pare the so-called reduced excitation functions, that is plotting the cross sec¬ 
tions scaled by the barrier position squared as a function of the energy scaled 
by the barrier position.In this way, one should be able to avoid the differences 
due to the different mass. 

That is shown in Fig. 9.There is an increase in cross section of 32S 
-I- 64Ni relative to 36S + "Ni, as there is an increase of 28Si + 64Ni with 
respect to 28Si + 58Ni, and looking at Fig. 5, both have a positive Q-value 
for the transfer of a pair of neutrons (from ground state to ground state).Thus 
one could infer that in some way the transfer could be a door-way state to 
fusion.Unfortunately, thre are other systems (e.g. 36S + S8Ni,30Si + 58Ni), 
with the same characteristics, the only differencee being that the transfer in 
these case occurs from the lighter to heavier (stripping in our case) instead of 
the opposite direction. 
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Fig. 7 - Excitation functions for some of the systems measured at LNL. 
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The question at this point is: are we able to take advantage of these two 
important facts, that is a lower barrier and the possible presence of other 
channels prior to fusion? 

An interesting way of understanding the fusion was done in the previous 
sense in the coupled-channel approach10). 

The physical meaning of this model is to postulate a 'frozen' ion-ion 
potential and to couple the entrance channel to low-lying surface vibrations 
of the 'two nuclei and to specific quasi-elastic transfer channels .In the simple 
case- of two channels we have the two equations 

(7) [ fy K? W ] û W = 

Transmission probability is than 

(8) T- 2/fc;|Ł=|it±l l+|^Ł 

The total transmission is the sum of half the transmission for a barrier 
V(x) + F(x) and half for the barrier V(x) - F(x) 

That can be generalized for many channels. The problem is reduced to 
diagonalize a matrix of the type, 

(9) \ 
looking for the 

coefficient becomes 

(10) TŁ( 

( U ) <rp 

<0 F, FŁ . 

eigenvalues 

fe). 2 - l(' 

1 
Am and eigenvectors Uom.The transmission 

U Tui*-**) 
£<>+<) re (JE) 

Besides that one can add an additional two-neutron channel, with its 
proper form-factor .In our case analysis the positive Q-values considered, when 
available, or the less negative one. 
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Fig.8 - Best fits of the three quantity Va,Ro,hu> in the Wong's formula. 

The results are summarized in the plots.lt is clear that channel-coupling; 
brings the predictions nearer to the data: 

-Very good agreement in the case 28Si + 5aNi, 32S + 58Ni which are the 
lightest and most neutron poor systems.That is why we limited the calcula¬ 
tions to the lowest 2+ and 3~ states. Adding the transfer leads to overshooting 
the data. 

-All the other excitation functions are under-predicted by involving 2+ 
and 3~ (up to a factor 50). Maybe that could be due to the more neutrons 
available for transfer as door-way state to fusion. Even the N=20 closed shell 
of 36S does not reduce the fusion cross sections. 

-The calculated effect of the additional 2n-transfer channel is larger when 
the Q-values is positive and increases with Q. 

-The largest discrepancy is found for 36S + 6*Ni, where no positive Q-
value reaction channels are available. 
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-The system 33S + 64Ni and 36S + 5*Ni have the largest Q-values.The 
system 33S + 64Ni is nicely reproduced by calculations whilst 36S + S8Ni is 
over-predicted by calculations.The same goes for 28Si +MNi and 30Si + "Ni. 
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The experimental data indicate that the transfer of nucleons from the 
lighter to heavier nucleus is less effective than the transfer in the opposite 
direction, enhancing the subbarrier fusion.It might be important to note that 
the Coulomb barrier decrease when the two nuclei tend towards atomic num¬ 
ber asymmetry and that might be important (se e.g. Fig. 5) for the enhance¬ 
ment in fusion cross sections. 

Therefore the role of opposite Q-value reaction channels is far from being 
quantitatively established.Analogous results have been obtained in the case 
of 1 80 + ^Sn systems11^, where the positive Q-values for stripping channels 
do not bring any sizeable increase in the fusion cross section. 

This behaviour is not presently understood, an in order to do that it 
may be interesting to extend the measurements ofnueleon transfer at energies 
comparable to the ones of fusion.Part of this work is in progress at LNL. 
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COSMIC NEUTRINOS 

J.M. Irvine 

Physics Department, The University, Manchester U.K. 

1. Introduction 

With the discovery of the cosmic microwave background by 

Penzias and Wilson in the 19t>o's evidence began to favour one 

particular version of cosmology from the many possible scenarios 

allowed by Einstein's general theory of relativity. This has 

gradually developed into the vstandard model' of the history of 

the universe. With the tremendous advances in observational cos¬ 

mology coupled to the application of modern nuclear and high-energy 

particle physics the model has gradually been refined to the point 

where it can provide a naturail answer to many questions which until 

very recently would have been considered areas of philosophical 

speculation rather than physical sciences. 

The standard model of cosmology is now beginning to repay its 

debts to nuclear and particle physics. We can now ask of the model 

what must nuclear and particle physics be like in regimes where 

accelerator experiments cannot be performed in order that the 

universe be the way it is today, e.g. how many flavours are there 

in particle physics. 

One point is without debate the cosmology th>. t gave us the 

microwave background trust also have given us a cosmic neutrino 

background. We shall discuss in some detail the nature of this 

background, the possibilities of its detection and its implications 

for laboratory nuclear physics, but first we shall briefly review 

the standard model of cosmology. 
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2. The Standard Model 

In the beginning there v/tis nothing- - no space, no time and 

no matter - but only in the mean, there was a bubbling chaos of 

quantum fluctuations about nothing. An infinity of such bubbles 

have come and gone, are coining and going, will come and go and in 

each bubble a universe is born. 

We do not know what fixes tho number of dimensions in each 

universe nor the scalo of cvonts that it contains. We do know that 

our universe has four extended dimensions - three space-like and 

one time-like. We know that it comes with a built in natural scale, 
—h'i 19 

which we call the Planck scale, of «* 10 s, or equvalently <~'1O ' 

GeV, or -* 10 cm. For all displacements large compared with the 

Planck scale our space-time is effectively a continuum. 

In our beginning there was only pure energy and no matter. 

Particles and antiparticles were created randomly and in vast 

quantities, torn from the Dirac vacuum to return to it. This energy/ 

cloud vius not in thermal equilibrium. It was expanding so rapidly 

that the multitude of transient components had insufficient tine 

to thermalise. Here was the particle physicists Nirvana - a regime 

of total symmetry of the forces of nature a complete interchange-

ability of leptons and quarks. The X and Y bosons of grand unified 

theories (GUTS) were plentifully available, as were the monopoles 

necessary for the appearance of electric charge quantization. 

As the initial fury of the expansion began to subside the -

rate of growth of space-time began to abate giving the interactions 

time to catch up and produce thermal equilibrium. Because of a 

combination of three elements, lack of thermal equilibrium, non 

time reversal invariance fcP violation^ and baryon-lepton symmetry, 

when equilibrium was achieved there was matter, i.e. an unbalance 
9 

between particles and antiparticles. The inbalanoe was only 1:10 
and the number of baryons wa. equal to the number of leptons. 

Once thermal equilibrium was in order it became sensible to 

discuss the phase of the universe and the fir.st phase transition 

beppn to develop as the symmetry between the strong interactions 
14 15 and the electroweak force started to disappear at 10 -10 GeV. 

This phase transition was slow to spread - just as ferromagnetic 

domains remain in a paramagnetic material long after the overall 

ferromagnetism has been destroyed. This was the period of inflation 
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the -universe expanded faster than the domain boundaries tot*±l oar 

horizon wao completely within a single domain, this had a tremen¬ 

dous cleanising effect on our universe because all the impurities 

which had existed and migrated to the domain boundary, e.g. magne¬ 

tic monopoles were swept from view for ever leaving their legacy 

of charge quantization behind. 

As the temperature and density continued to fall hadronization 

began to take place, i.e. the quarks and gluons condensed but to 

form the baryons and mesons that we know today. At a thermal energy 

of 100 GeV the symmetry between electromagnetic and weak forces 

began to crumble and physics at last took the form that we find 

around us. 

At 0.1 s after the beginning all the violence and unoertainty 

of initial phase has gone. We have thermal equilibrium the density 

of the universe is a modest 10 gm cm" . The only particles that 

exists are neutrinos, electrons (and, of course, positronsJ, 

neutrons and protons together with photons, ^articles as non exotic 

as the pion and the muon have been frozen out of existence -unable 

to be sustained by the modest thermal energy of 10 MeV. The beauty 

of thermal equilibrium is that we do not need to know the details 

of what went before. We can restart our clocks now in a world 

populated by well known particles and Interacting through physics 

which is perfectly understood. The only relio of the earlier eras 
Q 

is the baryon to photon ratio 1:10 . 
As the temperature and density fall further the mean free 

path of the neutrinos (striotly electron neutrinos) grows to exceed 

the radius of the universe. Until this epoch all the components in 

the universe have been in a common thermal equilibrium. Now the 

neutrinos no longer exchange energy with the rest of the universe 

and will for ever after form a cosmic background to a large extent 

divorced from the developments In the other components. This cos¬ 

mic neutrino background contains not just electron neutrinos but 

also muon, tau and other flavoured neutrinos (if they exist and 

are stable] which would have decoupled at even earlier times. 

Now as the cooking continues the electrons and positrons 

begin to unite; nucleons start to combine into light nuclei; the 

neutrons only have a few minutes to form bonds with protons and 

other light nuclei before their brief existence is ended. Tni.s 

is the era of nucleosynthesis. It is all over in an hour for now 
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the temperature Is too low for further nuclear reactions to take 

place. The plasma of light nuclei, electrons and photons, all in 

thermal equilibrium, continues to expand and cool - and in the 

background keeping pace with it are the cosmio neutrinos. 

This epoch lasts half a million years until the temperature of the 

plasma has fallen to 10 K. Now at last the electrons can begin 

to bond to the nuclei to form neutral atoms and the weakening radia¬ 

tion field no longer has the strength to immediately tear them 

appart. As the free charges disappear the mean free path of the 

photons increases until it becomes greater than the horizon of the 

universe. Just like the neutrinos before them the photons now 

decouple from matter and begin their life as the cosmic black-body 

radiation background which we see today as a microwave field .at 

2.8 K. xNow' is an epoch some 2x10 ' years after this initial 

quantum fluctuation began. It is a universe that oontains baryons 

at a density -v2x10~^ £ E-<T2x10""" gm cm"* , a black-body radiatiron 

background at 2.8 K (which contributes less than 10~ gm c«r"* / 

and a cosmic neutrino background which will be the subject of thiis 
—29 —1 lecture. The total density of the universe is 2x10 gm en anc-i 

it is currently expanding at a rate fc/R 75-25 kms Mpe 

('«'2x10~ Sz}. Thus somewhere between 1 0 % and 90 # of the tottal 

mass of the universe is not in baryons and cannot be accounted f cor 

by the microwave radiation background. Locally the universe is 

extremely inhomogeneous as we can see in our own existenoe or the? 

planet we live on and the solar system that it orbits. Our solar 

system is one of • 10 such systems which constitute a much largtor 

inhomogeneity - the Milky Way galaxy. This galaxy is part of the 

Virgo cluster of galaxies and these clusters appear grouped into 

superclusters. There is clear evidence emerging for structure on 

a scale as large as 50 Mpc, but on larger scales there appears to 

be homogeneity and isotropy to a level of better than i in 10 . 

Certainly as late as the recombination era homogeneity and isotropy 

on all scales were the order as we can observe today in the relic ' 

microwave background. We shall not discuss how the galaxies and the 

larger scale structures might have formed - that is the subject of 

several other lectures. All we require to remember is that this 

structure did not exist at the recombination era and certainly not 

when the cosmio neutrino background came into existence. Ve sum¬ 

marise this brief history of our universe in figure 1 at the bottoa 
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of which is the Einstein equation for the expansion of the "radius' 

R of the universe at early times. Here G is the Newtonian gravi» 

tational constant, c is the velocity of light and E is the total 

energy density of the universe. 

Tin* 

£% £, 

Fig. 1. 



At the time of neutrino decoupling the universe comprises non rela¬ 
tivistic matter (nucleons) and relativistic matter ^neutrinos, 
electrons and photons/. Non relativistic matter has its energy 
stored in inertia and hence its energy density E™'- 1/RJ while 

U y-1 
for a relativistic gaś Ej,"* T . For an adiabatic expansion TV' is 
constant and Y= k/3, thus E ^ 1/R Hence at sufficiently early 
epochs the energy density of the universe is dominated by its 
relativistic components. During nucleosynthesis E_'ą* 1000 EL™, ~ 
today the situation is reversed and the universe is matter domi¬ 
nated. The transition from one situation to the other coincided 
roughly with the recombination era. 
3- Neutrinos During ffucleonsynthesis. 

At the very bottom of figure 1 we indicated the dominant 
contributions to the energy density at early times- The photon 
term should be familiar, the '/Q and '/l± in front of the neutrino 
and electron terms comes from their Fermi rather than Boso sta¬ 
tistics. The factor 2 difference between these terms represents 
the fact that, while there are 4 electron-positron states, there 
may be only 2 neutrino-antineutrino states depending on whefther 
they are Dirac or Majorana like. Ve have chosen to absorb this 
uncertainty in the even greater uncertainty of how many distinct 
neutrino species or flavours there are, represented by the jara.-
meter N-. 

Ve have indicated the contribution of each of the relativistic 
species by a single temper attire but it should be remembered that 
when once decoupled each species has an independent thermal history. 
To illustrate this consider the case of the electron enutrinos. 

The entropy of a relativistic perfeot gas is 

S = n T 3 /I/ 
where n Is the number of degrees of freedom coupled in thermal 
equilibrium. Prior to the epoch of electron-positron annihilation, 
even although neutrons have decoupled Ty = Tp and 

n = (2 x 7/8 + 1 ) = U /2/ 
electrons photons 

265 



Once the electrons and positrons have annihilated (to 1 In 10 / 

n = 1 ('photons,/ . The e+e~ annihilation energy feeds the radiation 

field so that 

after e+e"/ before e+e~ = 
9 a 

This does not alter Ty . Thus after e+e~ annihilation Ty = 1 4 Tj,-. 

Were this to exist to the present day then the cosmic neutrino 

background would be a mere 2 K. Ve see from figure 1 that the 

major uncertainty entering the expansion rate during the era of 

nucleosynthesis is Nf - the number of neutrino flavours. Clearly 

the amount of nucleosynthesis that can take place depends on this 

expansion rate and hence N^.. Today observations tell us that pri¬ 

mordial nucleosynthesis produced a world of hydrogen (protons,) 

and helium - k(ot _ particles] where the abundance by mass of He 

was 23-2 $>• This is only, compatible with N f = 3, i.e. there are 

electron, muon and tau neutrinos and no others. 

The veracity of this startling prediction will soon be tested 

in the measurements of the width of the Z in the LEP experiments 

at CERN. 

h. Characteristics of the Cosmic Neutrino background. 

We have already indicated that we expect the temperature of 

the neutrino background to be kO % below that of the photon back¬ 

ground. If the neutrinos, like the photons are mass less, then 

this relationship will be preserved today and 

Ty° K Z X. 

the number density of photons in a black-body radiation field at 

temperature Ty is 

n r 2 20 Ty
3 om"3 

So today the microwave background consists of nw°— 450 photons 
-3 3 T 

cm . Similarly n^« T and we expect ^150 neutrinos cm J of each 

flavour. 

Suppose however that the neutrinos are not mass less but we 

have a flavour mean mass m^ (my = i ( m$et + my1'+ mjj) then their 

contribution to the energy density of the universe will be 
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Since n ^ - n * = 1 0 n_ and 

Eo = ^V "̂ y 

xi_ emu. 
t) 

-11 -1 
E _ = n „ IILT > 2 x 1 0 gm cm 
O D M ' 

we have 

Thus, since EL. — 10 eV, provided ńy ) 1 eV neutrinos are a 

dominant contributor to the mass of the universe and may be able 

to explain the apparent discrepancy between the maximum byryon 

density and the total density of the universe. 

If, however, neutrinos do have a mass then the nature of 

tli9 background is considerably altered. 

The relationship Ty = 1 -•'+ Ty persists as long as both com¬ 

ponents are relativistic and cooling with the same adiabatic 

index V = 4/3 but a neutrino of mass 10 eV will become non relai-

tivistic before the recombination era and there after will cool 

with an adiabatic index !• = 5/3 and thus today would have fal icon 

to Tyj° *v 10 K. £This argument is not strictly correct because* 

of the question of how a perfect gas retains its thermal distri— . 

button as it cools through its mass temperature - this does not 

alter the above conclusion in any qualitative mannerj. One thing 

is clear massive neutrinos will slow down rapidly once they 

become non relativistic. As the velocity falls it becomes possi¬ 

ble that, instead of freely streaming through the universe as 

the microwave background does, they become trapped in the large 

scale structures of the universe-

There are two scenarios: 

/i/ Inhomogeneuties develop in the matter distribution which 

then traps neutrinos 

/ii/ Inhomogeneuties develop in the neutrino field which then 

traps matter. 

I believe that because it is so hard for the neutrinos to get 

rid of their energy (the neutrino viscosity is essentially zero) 

that we should favour the former scenario. 

Once neutrinos are gravitationally trapped they no longer expe¬ 

rience cosmic cooling. The local gravitational field maintains 
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their mean energy, by the virial theorem, at the value at which 

they were trapped, 

Neutrinos of mass 10 eV would be trapped by galactic clusters 

when their temperature is <w 300 K, i.e. sufficiently after re¬ 

combination for primordial galactic inhomogeneuties to have begun 

to form. 

More important for our discussion the density of neutrinos 

in the cosmic beckground would not be constant but would be much 

higher in galaxies. As the Hubble expansion continues this in-

homogeneuty will increase. The local density is then not that of 

u uniform cosmic background but that of the local trapped neutrino 
•3 2 

cloud. Since ny <v Ty and the trapping temperature is <v 10 the 

present microwave temperature, we may expect the local neutrino 

background density to be 
n v •=? 10

6 ny - 108 cm"3 

5. Consequences of the Cosmic Neutrino Background 

We have seen that provided neutrinos have a mass of «10's 

of eV we can expect a local background density «** 10 on" and 

with a mean energy of a fraction of an electron- Volt. ¥e cannot 

screen our apparatus from this background it will always be there 

contaminating any nuclear or particle physics experiment. The 

level of noise this introduces is negligible in almost all expe¬ 

riments carried out at present day precisions. 

Rather than view it as a possible source of 'noise' in ex¬ 

periments we should seek to detect. Just as the Penzias and Wil¬ 

son observation gave us a window on the universe back to the 

recombination era, detection of the neutrino background would 

let us glimpse the nature of our universe less than one seoond 

after it began. 

Let us look again at the Lubimov investigation of the end 

point of the tritium decay experiment which claims to yield a 

non zero rest mass for the neutrino. 

3 H - * 3He + e" + 9e 

If the neutrino has no rest mass the spectrum comes in as a 
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straight line to E (figure 2). If the neutrino has a mass my 

it comes in as a c.urve perpendicular to the axis at E - my. 

Of course this is a theorists spectrum. 

**••£. 

10* 

r 
H 

Pig. 2. 
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The whole problem is that will very few counts at the end point, 

straggling1 of electrons from the source, spectrometer resolution 

problems etc. it is only after massaging the data with sophisti¬ 

cated statistical analysis that this simple picture can be ex¬ 

tracted. 

Let me point out that if this experiment is not being done 

in a vacuum but rather in our cosmic neutrino background then 

the following reaction is possible 

cosmic) + H -+ He + e 

Being a two-body final state these electrons end up in a spike 

at E + my. It is not difficult to estimate how many counts per 

year per gramme of tritium we might expect. The dominant compo¬ 

nent of the relative velocity of the neutrons in the tritium 

and the background neutrinos is the Fermi velocity of the neutrons. 

Thus we estimate that the peak at E + my should contain 10 
- 1 - 1 ° 

counts y'r gm of tritium. All that is required is an electron 

spectrometer with essentially a hTT capability and a 20 eV reso¬ 

lution capable of holding 1 gm of tritium! I leave it to you 

experimentalists to decide if this is possible. 

I would note however that this peak must exist - detectable or 

not - if neutrinos do have a mass. Since they represent real 

counts at E + m^ and they are ignored in extracting a value of 

mv from EQ - mp then the extracted estimate will undervalue the 

neutrino mass. 

I would like to acknowledge nry collaboration with Ray Humph¬ 

reys in this work. 
6. Postscript 

Due to unforseen circumstances the author has been unable 

to proof read this contribution or to reference it in the con¬ 

ventional manner. 
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THE QUADRUPOLE AND HEXADECAPOLE MOMENTS OF NUCLEI 

IN THE GENERATOR COORDINATE METHOD. 

B. Nerlo Pomorska , K. Pomorski , H, Brack, E. Werner 

Institute of Theoretical Physics 

University of Regensburg, D-84OO Regensburg, W. Germany 

Estimates of dynamical effects of the nuclear surface have re¬ 

cently been estimated [l] to reduce the discrepancy between 

static theoretical calculations and the experimental data of 

the nuclear multipole moments. In a more vigorous and com¬ 

plete treatment, dynamical corrections to. the multipole opera¬ 

tors themselves have now been developed. In ref. [2] a multi¬ 

dimensional collective hamiltonian was derived within the 

generator coordinate method (GCM) in the extended gaussian 

overlap approximation (GOA). We use this formalism to project 

the hermitian, fermionxc multipole moment operators 

where J^ are the Lagrange polynomials of multipolarity Xt 

from the nuclson coordinate space (f,(f,*fx into the collective 

subspace (OL.) • The collective multipole moment operators 

QLjt then,consist of a kinetic term and a potential one. The 
\̂ 

potential part is the mean value of Qjt between the generator 

functions la> (taken here as deformation dependent BCS func¬ 

tions) , improved by the zero-point vibrational corrections 

„, 

*) On leave from the M.C.S. University, Department of Theo¬ 

retical Physics, 20-031 Lublin, Poland 



where (v" ) is the width tensor of the generator functions 

overlap and plays a role of the metric in 

(3) 

The inertias (AH ) are 

here Q ^ are the Christoffel symbols. 

The matrix elements of the multipole moments (1) between the 

derivatives of the generator functions ^ and 0^t are 

(R (5) 

The matrix ( r̂  ) is quasiparticle representation of the 

derivatives 
A 

and is defined in ref. [2]: 

i6 ^ 4^ > 
(8) 

The single-particle states tp^are taken here as the eigen-

functions of the Nilsson potential, (Ly> are their eigen¬ 

values. The symbols ^,*Sy., A, (\ , £v are in the usual 

notation of the BCS formalism.H is the Nilsson single-

particle hamiltonian. As collective variables Q,^ w e « s e 

the guadrupole ( i ) and hexadecapole ( i^ ) deformation 

parameters. 

The calculation was performed for light even-even rare-

earth nuclei with the "A-165" set of the Nilsson parameters 

[3]. The pairing strenght is G-jCWiSt^H] for protons (when 

jf =N) and neutrons (when <tf -Z);Llevels were included in 

the BCS equations'. L 
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Fig. 1. The electric quadrupole moments of the light even-

even rare-earth nuclei. The experimental data are 

denoted by crosses (see compilation in ref. [6]) 
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Fig. 2. The electric heKadecapole moments of the light even-

even rare-earth nuclei.The experimental data are denoted 

by crosses (see compilation in ref. [6]) 
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The collective wave functions were obtained by diagonal-

lsation of the collective hamiltonian built from the Stru-

tinsky potential energie* [5] and GCM mass parameters [2], 

In all nuclei the potential term <,<M&fcl0£ of the 

multipole moment gives the main part of the collective moment. 

The zero-point corrections and the kinetic term are of the 

order of It of the total multipole moments. These results 

confirm the estimates of refs. [l,&]. 

In fig. [l] the collective guadrupole moments 0.*, of the 

light even-even rare-earth nuclei are compared with the ex¬ 

perimental data. The discrepancy does not exceed 10% but is 

in general not better than in ref. [6] . 

The hexadecapole moments Qi< are shown in fig. 2. They 

differ much more, from the experimental data especially for 

the weekly deformed nuclei. The<5H for nuclei with larger 

deformations are well reproduced. 

The remaining discrepancies might be explained by the 

use of a not fully selfconsistent, phenomenciogical mean-

field potential for which the zero-point corrections to 

vanish [2]. 
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Interplay Between the Octuoole and Nonaxial Degrees of 
Freedom at High Spins in Actinide Nuclei 

S. Cwiok*, Ch. B.-ianc,on*, J. Dudek* and W. Naaarewicz* 
* Institute of PhysKs, Warsaw Institute of Technology, 

PL-00662 Warsaw, inland 
* Centre de Spectromśtrie Nucleaire et Spectrometrie de 

Masse, 914O& Orsay, France 
* Centre de Recherche* Nucleaires, 67037 Strasbourg, France 

In this contribution we would like to announce new systematic 
calculations of the total energy surfaces for fche 88 < Z < 96 
nuclei at various spin regimes. We used the Strutinsky shell 
correction method generalized to the case of rotation. To 
generate the single particle spectra we used the deformed 
Woods-Saxon potential. Our realisation of this potential is very 
close in all important aspects to that of refs. Cl,2,33 (see also 
references quoted therein). The average field parametrisation 
used in the above studies turned out to reproduce well the single 
particle spectra of various odd-A light and heavy nuclei C4,53. 
The potential has been further studied to establish the 
spin-orbit term properties at large deformations by optimising 
C63 it to the available experimental data on fission-isomeric 
single particle states. The effect of rotation was taken into 
account by employing the cranking model. Most of the existing 
calculations of the potential energy surfaces neglected distinct 
symmetries of the model Hamiltonian. This implied that the total 
energy surfaces were composed of many pieces corresponding to 
different particle-hole configurations characterized by different 
parity and signature what distorted the description to some 
extent. In our study the energies were calculated keeping track 
of lowest configurations specified by the conserved quantum 
numbers (parity, signature, or simplex). The method of 
controlling configurations we used has been described in some 
previous articles, see e.g. ref. C7] and refs. quoted therein; it 
is close to that of ref. C23. By controlling the symmetries 
which were demonstrated by numerous experiments to hold in actual 
nuclei, we hope to improve on quantitative precision in 
description of data and in predictions of new effects (even 
taking into account all the limitations imposed by using the 
cranking model and the Strutinsky renormalisation procedure). 

For reasons of numerical simplicity our analysis has been limited 
to two separate regions of nuclear shapes: 

1. Nonaxial shapes characterized by quadrupole and hexadecapole 
degrees of freedomf 

2. Reflection asymmetric shapes characterized by quacJrupole, 
octupole and hexadecapole deformation parameters. 

It is well known from previous studies that both shape 
parametri sat ions mentioned above are crucial for description of 
the mass distribution of heavy ion induced fission C83,- ground 
states of transitional actinides C33 and their rotational 
properties C63, fission barriers Cl,93, etc. 
The main results of tht study consist, among others, in 
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predicting definit particle numbers, deformations and spin ranges 
in which particularly strong shape effects should occur as a 
result of quantum effects. 
As an illustrative exanple the total energy surfaces of *a"Ra at 
spins I = 0, 20, 40 are displayed in Fig. 1. The upper part 
presents results of calculations in. the (J$a,/ł»)-pl<ane <I - 20, 
l.h.s., and 1 = 40, r.h.s.) while the maps in the <.fl> a, T)-plane 
<I = 0, l.h.s., and I = 40^r.h.s.) are shown in the bottom part 
of Tig. 1. It is worth noting that the total energy was minimized 
with respect to fb + deformation parameter at each mesh point. 
(Because of numerical reasons, however, the range of^« parameter 
is different in two sets of calculations. It could be the reason 
for differences between ( a, ») and ( .?, > maps seen along 
lines fb » ~ 0 and *"£* = 0"*). It is known from previous studies (see 
C3,B3) that the ground state minimum in «"Ra is very shallow in 
6>a. Our results show in addition that this minimum 
(corresponding to the yrast structure) remains octupole soft even 
at large angular momenta. The octupole softness is pronounced 
even more at very elongated shapes </ł2 > 0). Results of 
calculations indicat that the secondary minimum <at /la&O.&y for 
the N = 138,140 isotones of Ra and Th is very octupole unstable 
which should consequently lead to the existence of low-lying K = 
0- rotational bands at. isomeric shape configurations. Local 
octupole minima also emerge at ^3a«1.2 (1^0) and _/3 a 0.75 (1^20) 
not presented in Fig. 1. In al1 cases discussed variations in _/3* 
parameter are very important - they may cause lowering the total 
energy by few MeV. Especially large variations in _f3-» take place 
around the first barrier and secondary minimum. In fact 
hexadecapole degrees of freedom lead to dramatic reduction of the 
first barrier and to development of intermediate minimum at A aE 
0.45 clearly seen in the energy plot at 1 = 0 . At higher angular 
momenta two triaxial local minima at Jh 2 £f 0.42, Tfrr 32" and 
jQ,at a; 0.38, "(~ cz -38° show up. The region of fission barrier is 
flat with respect to triaxial distortion. Our results suggest 
that simultaneous inclusion of both octupole and nonaxial 
deformations is essential in description of the fission process. 

Ci] J. Dudek, S. Cwiok and W. Nazarewicz, to be published 
S. Cwiok, V.V.Pashkevich, J.Dudek and W. Nazarewicz, Nucl. 
Phys. A410 (1983) 254 

C23 W. Nazarewicz, J. Dudek, R. Bengtsson, T. Bengtsson and I. 
Ragnarsson, Nuci. Phys. A435 (1985) 397 

C33 W. Nazarewicz, P. Olanders, I. Ragnarsson, J. Dudek, 6.A. 
Leander, P. Meller and E. Ruchowska, Nuci. Phys. A429 (19B4) 
269 

C43 J. Dudek and T. Werner, J. of Phys. G4 <1978) 1548 
C53 J. Dudek, A. Majhofer, J. Skalski, T. Werner, S. Cwiok 

and W. Nazarewicz, J. of Phys. §5. C1979) 1359 
C63 J. Dudek, W. Nazarewicz and A. Faessler, Nuci. Phys. A412 

(1984) 61 
t73 T. Bengtsson and I. Ragnarsson, Nuci. Phys. A436 (1985) 14 
C83 M. Faber, Phys. Rev. G2£ (1981) 1047} 

M. Faber and M. Ploszajczak, Phys. Scr. £4 (1981) 189 
C93 W. Nazarewicz, P. Olanders, I. Ragnarsson, J. Dudek and G.A. 

Leander, Phys. Rev. Lett. §2 (1984) 1272; 
W. Nazarewicz and P. Olanders, Nuci. Phys. A441 (1985) 420 

C93 W.M. Howard and P. Moller, Atom. Data Nucl. Data Tabl. 25 
(1980) 219 

278 



«a a« ait aw am <ws 1-40 
is a a 

ttt 

m m at m im -at -— t 

-«» -m *m t ft *m nm •» M» «• 

Fig. '1 Total energy surfaces for a**Ra at 1=0, 20, 40. Pairing is 
included at 1=0. Energy difference between contour lines is 1 
MeV, as indicated by numbers. Tor explanation see ter.t. 

279 



iladioactive Decay by the Emission of Nuclei Heavier than 

Alpha Particles 

Jan Słocki 
Institute for Nuclear Studies 
05-400 Świerk, Poland 

Abstract 

The branching ratios of the lifetimes for the radio¬ 
active decay of nuclei by the emission of alpha particles 
and heavier nuclei like C are estimated". Calculations are 
based on the idea that these decay modes can be treated as 
extrenely asymmetric fisBions. The potential barriers are 
calculated as a Coulomb potential plus Yukawa plus exponen¬ 
tial folded potential. The- comparison with a recently 
observed branching ratios between alpha particle decay and 
14C emission from 222Ra, 223Ra and 224Ra shows that the 
agreement is within one order of magnitude. 
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1. Introduction 

Two years ago Rose and Jones ' have reported the 
discovery of an unexpected radioactive docay of the nucleus 
223Ra emitting 29.9 MeV 14C nuclei with a branching ratio 
to alpha decay of (8.5 ± 2,5) x 10 . At the same time they 
have calculated the Gamow penetrability factors assuming pure 
Coulomb barriers cut off at a sharp distance given by 

+ Ag^ 3). For valueB of rQ in the rang© 1.15 - 1.25 fm 
it was found that calculated branching ratios are several 
orders of magnitude higher than the observed values* Prom this 
a conclusion nas drawn thet the Gamow penetrability factor 
must be slowed down by a preformation factor, which is about 
10~^ - 10~' times smaller for C than for alpha particle. 

In another paper by Price et al. where in addition to 
2?^ 1A 222 224 

JRa two new cases of the HC decay modes in Ra and ^Ra 
were discovered it was found that the Gamow penetrability 
factors itself can explain the experimental data if one assunee 
r * 0.98 fm. This is however hard to accept as the nuclear 
radius constant r which value varies depending on the model 
never goes below 1.16 fm. New idea was therefore developed 
in which the decay of the nucleus by emission of C and other nuclei was treated as an extremely asymmetric fission 3,4) 

In such an approach there is no room for preformation factors . 
as Shi and Swiątecki ' pointed it out. Fragments are not 
preformed but take shapes as part of tha geometrical deformation 
process. In paper of Poenaru et al. ' two spheres or a spheroid 
and a small sphere were taken as a shapes of fissioning nucleus 
and for the potential energy three different models were used. 
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In the Shi, Świątecki / calculations two spheres were used as 
for shapes and in the potential energy proximity forces model 
was used. In this paper the same type of the idea is adopted 
with some slight differences especially in the shape parametri¬ 
zation part. 

2. Paracietrization of the nuclear shapes 

It was decided to take the parametrization of the nuclear 
shapes ', which describes the family of an axially symmetric 
shapes. They correspond to two spheres joined smoothly by a 
portion of a third quadratic surface of revolution /see Pig. 1/. 
There are altogether three parameters describing the shape 
completely and a convenient set of those three variables turns 
out to be the following: 

/i/ Asymmetry Variable 

/ii/ Distance Variable 

R1 + R 2 

S 

/ i i i / Neck Variable X « — 
- + 

where R^ and Rg are radii of two spheres, S is the distance 
between spheres centers and 1^ and 12 are the portions of the 
sphere 1 and 2 correspondingly taken by the neck *. Por a given 

ooo POP 1A decay mode like for example Ra — > Pb + ^C an asymmetry 
variable is fixed and equal to .4217 and then we are looking 
for a potential as a function of two variables /o 
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3. Potential energy 

The potential energy is calculated as a Coulomb part plus 

folded Yukawa plus exponential part 

E - Vo + B n (1) 

The Coulomb part of the energy V. of the assumed uniformly 

charged axially symmetric shape is calculated as a two dimensional 

integral over the nuclear surface 

RT (z) A&-- 2TT [f - z (c If)] J» (0 

where 

and K and D are the complete elliptic integrals of the first 

and second kind. 

The folded Yukawa plus exponential part of the energy is 

a three dimensional following integral 
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v<nere 

and ? = *(^) i s ^ae equation of the nuclear surface* 
Parameters are taken from the original paper and are 
the following: 

rQ =-- 1,18 fm 
a = 0.65 fm 
aQ = 21.7 MeV 
H,5= 3.0 

Integrals in both parts of the energy are calculated nume¬ 
rically with a Gauss-Legendre method. The shape is divided 
into four parts and in each of them the eight integration 
points are used. 
In Pig. 2 results of the calculations of the potential 
energy for the decay of Ra into Pb + C are presented. 
Results are presented as a two dimensional in / c , A / plane 
contour plot. 
Line A = 0 corresponds to two separated nuclei /spheres/ for 
© bigger than 1. Por o smaller than 1 the line /\. « 1 - c 
corresponds to two overlapping spheres. So these are lines of 
Shi, Swiątecki •* parametrization. The height of the barrier 
along these lines is somewhat over 30 UeV. However there is 
a more favourable path in the decay mode going through the 
saddle point /27f7 LleV/ and indicated by the dashed line. 
The potential along this line as a function of the distance 
between mass centers of separating fragments indicated in 
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Pig. 3. By the dashed curve the square root of the potential 
is shown which is the integrand in the Gamow penetrability factor. 
The same situation for the decay of Ra into Rn * 0( is 
shown in JPigs 4 and 5. One can see in Pig. 4 that, there is almost 
no difference between the height of the interaction barrier and 
the saddle point. Therefore for the simplicity it was decided 
to take for O\ decay mode the potential along the line of two 
spheres /Pig. 5/. 

4. Results 

The Gamow penetrability factor G are defined in the 
following way; 

K 

where an integral is taken between distances of mass centers 

where V/So> = ^(^eTiit^ ~ °» a n d Mr i s t h e effec'fcive mass in 
the decay degree of freedom taken to be simply the reduced roass. 
This last assumption was made also by Shi, Swiątecki and is 
probably more justified in their case as they take two spheres 
approximation and most of the barrier penetration is taking 
place for the separated shapes. In our case going along fission 
line an appreciable araount of penetration comes from the region 
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of connected shapes and therefore one could expect the mass Mr 

being quite different from the reduced mass. 
In Table 1 the comparison between measured branching ratios 
/the ratios ^tf/ «c of the lifetimes for O( decay and *C 
emission/ and calculated ratios of the Gamow penetrability 
factors Go( / G $ is presented. Numbers correspond to the 
ratios ( Gfj/Gc. ; : C **aL /••clcn a n d a r e those calculated 
in the present paper } by Shi, Swiątecki ^ and by Poenaru et 
el. . One can see that the agreement with experiment is 
within one order of magnitude in the present calculations 
and rougly the same in those done by Shi, Swiątecki , It is 
slightly worse in the calculations of Poenaru et al. . Calcu¬ 
lated values are on both sides of the experimental ones 
/smaller or bigger/ and from that one cannot deduce any 
obvious factor which should be included in the calculations. 
It seems however that the agreement with experiment is rather 
£:ood considering the fact that numbers are coming out of the 
Ganow penetrability factors which are more than 30 orders of 
magnitude. 

In Table 2 calculations of few others decay modes are presented. 
It can be a hint for experimentalists as where to look for ±k> 
other examples of the radioactive decays with emission of 
heavier nuclei. Especially favourable cases in this respect 
are Uranium nuclei emitting 17e, as in this case G24-,T are 
relatively small. 
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5. Discussion 

The comparison of the calculated values to the experi¬ 

mental data shows that the phenomenon of the radioactive 

decay with emission of nuclei heavier than C\ -particles can 

be in principle explained by the penetration factors through 

the potential barrier. Assuming fission path in the decay 

mode one does not have to go to any prefOrmation factors or 

change radius parameters in an unreasonable way. Important 

in these calculations is also to take a 'reasonable estimate 

of the nuclear potentials like folded Yukawa plus exponential 

or proximity potentials instead of pure liquid drop model. 

Another point which can also influence results is the estimate 

of the effective mass M which should be better done especial * 

in the overlapping region where assumption about the reduced 

mass is certainly not valid. 

It would be nice to be able absolute values of the 

lifetimes L ^ and *->̂  instead of their ratios but then one 

should know the values of the frequency factors which should 

be multiplied by penetrability in order to get estimates of 

the calculated lifetimes. 
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Disintegration 

2 2 2Ra-^ 208Pb+14C 

223Ra + 2O 9 p b +14 c 

224Ra^210pb+14c 

I 
I 
! 

Present 
work 

0.12 
0.37 
9.86 

\ 

Shi, Swiątecki 

4.5 
11.3 
1.43 

Poenaru 

6.8 x 10 
4.1 
0.03 

et 

-3 

i 

al.i 

i 
• 

Tab!® 2 

Disintegration 

221Ra -» 
222Ra -* 
223Ha — 
224Ha -> 
231U ~* 
232^ -* 
233U -* 

2 3 3Pa "* 
221 ? r -=» 
222 p r -^ 

223 ? r -* 

2 0?Pb • 
203pb . 
2O9Pb -
21°Pb H 
207?b -
208?b H 
2 0 9Pb , 
207 T 1 H 

207T1 , 
208T1 H 

209 T 1 H 

, 14G 

I- 1 4C 

y 1 4C 

h 1 4C 

h 2 4He 

K 24He 
H26Ne 
• 1 4 c • 
- 14C 
L H C 

I ( 
I 5.27 
| 5.83 

1.49 
2.77 
1.38 
1*33 
2.32 
6.67 
5.89 
1.25 
2.01 

X 

X 

X 

X 
X 

X 

X 
X 

X 

X 
X 

1O35 

1O35 • 
1O36 

1O36 

103i 

1031 
1031 
1032 

1037 

1O38 

1038 

I 

\ 2. 
| 4. 

2. 
i 4 . 
i 4-

1. 
1. 
6. 
1. 
2. 
3. 

/ 

01 
55 
26 
24 
05 
88 
65 
22 
23 
55 
13 

G 
X 

X 
X 

X 
X 
X 

X 
X 

X 
X 
X 

X 
10"1° 
io"H | 
10-10 | 
10"1° j 
10-13 i 
10" 1 3 I 
10-13 j 
10-13 i 
10-9 j 
10-9 j 
10-9 | 
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Figure captions 

1, A paremetrization of the nuclear shapes 

2. Potential energy map for the disintegration 
224Ila — » 2 1 0 P b + 14C. Fission path is marked by 

a dashed line. 

3. Potential energy along fission path for the 

disintegration 224Ra — 9 210Pb + U C . 

4. Potential energy map for the disintegration 

5* Potential energy along two spheres line for the 

disintegration 222Ra —* 2 i aRn + O( . 
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Excitation of the Giant Dipole Pesonance built on highly excited 
states ir !)1|Sn 

*. stolic, w.H.A. HesseUrA, J. ifenninga, H. Verheul 
Free University, Aus:erdani 

A. Balanda 
Institute of Nuclear Phyalcs, Krakow 

and Z. Sujkow3ki 
Institute for Nuclear Studies, SwierJc. 

Enhanced y-ray transitions with energies ranging Srom 10 to 20 MeV 
nave recently been observed in Heavy ion fusion-evaporation reactions'« 
These transitions, which take place in competition with neutron emission, 
ars associated with the decay of the Giant Dipole Resonance imposed on 
hi^My excited states. Tha strength function of tha SOK, deduced from 
these measurements, is an average over states covering a wide range of 
excitation energies and angular moments and typically two or three final 
nuclei. He have studied this process in note detail using the 
1 ;"Cd(a,y> "''Sn capture reaction. By measuring proapt high energy Y-rays 
in coincidence with delayed Y-raya,following the decay of the J • 7~ 
iTu « 733 ns) isoaer in Ii<łSn, this weak reaction channel was strongly 
enhanced compared to the dominating U0Cd(o,2nY) U 2 S n and lloCd(a,nY) n 3 S n 
•-faction channels. This technique further enabled a study of the GDR 
decay in a selected region of angular aoaentua jr<d excitation energy (fig. 1), 

A S tag/cm2 U 0 C d target, enriched to 96 %, was irradiated with a beam 
oi 25 Hev o-particles produced by the cyclotron of the Free University 
Amsterdam. The time Interval between the cyclotron beam bursts was 
lengthened to 1.5 ps by applying a burst suppression technique. High 
energy y-rays were measured w: th a. large \C * 16" Nat detector, which 
consisted oi 6 identical optically separated segments. For each segaent 
oi :.ME cio-iector 'Me otht-r :> seąaants were used as a veto shield. 
Nsutrons vere scoatdtod fron the sronspt Y-ray* by time of flight. Cosmic 
r*ys were -irfacLiveiy suppressed by the prompt-delayed coincidence 
technique and they ware TuiT'cher eliminated by correcting for burst 
uncorrelnted events. The •.-.'elayed y-rays were measured with a 11"* 11" m & 
two 5"* 5" Nal detectors placed close to the target. The respons of the 
6 segments of the large Nal detector to high energy y-rays has been 
measured using the 11B(p,-)liC and 12C(p,Y)13N reactions. 
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The measured y-ray spectrum clsarly shows an enhancement, in the 
energy region between 12 and 20 MeV, which can be associated with the * 
decay of the Giant Dipole Resonance (fig, 2 ) . This spectrum is not 
unfolded yet with the detector response. The y-ray spectrum below 12 MeV 
decreases exponentially. This part of the spectrum corresponds to 
statistical Y-ray emission following the H2Cd(<x,2n) 11<łSn and 
1'JCd(a,n) 1JlłSn reactions. The yield for these reactions is resp. five 
and three orders of magnitude larger than that of the (o.,y) reaction. 
Thus, although the target contamination of 1 1 2Cd and l ł lCd is only 1 %, 
the y-rays emitted after these reactions give a major contribution to 
this part of the spectrum. These y-xays cannot be distinguished from 
those emitted after a-capture in ^10Cd by means of the prompt-delayed 
coincidence technique, since they all occur in the decay of lllłSn. A 
second contribution to the low energy part of the spectrum stems from 
Y-rays following the 110Cdia,n)*13Sn reaction. Prompt Y-rays in the 
decay of 1 1 Jsn can be followed by delayed ones, which originate in the 
decay of the J * 11/2" (T, • 82 ns) i some r in this nucleus. The contribu¬ 
tion of Y-rays from the lloCd(a,n)113Sn reaction is however strongly 
suppressed due to the relatively short lifetime of the isomer in ' ! 3Sr 
as compared to the lifetime of the J * « 7 ~ isomer in 1 1 3Sn and the lower 
multiplicity of delayed transitions in m S n . 

To compare the experimental spectrum with theoretical calculations 
the statistical model code CASCADE2 has been modified in such a way 
that the spectrum of Y-rays feeding the J* • 7~ isomer In lluSn can be 
calculated explicitly. Within this calculation the competition with 
neutron emission is taken into account. To deduce the energy, width and 
sumrule strength of the GOR one has to fit this theoretical spectruc, 
folded with the detector response function, to the experimental data. 
Such a calculation is in progress. 
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Figure captions 

Figure 1 

Result of a statistical calculation for the reaction J l0Cd(a,xny) illł~xSn 
at E -26 MeV. In the top part of the figure the angular momentum 
distribution of the compound nucleus is indicated. Prom this distribution 
the population of states after the emission of one and two neutrons is 
calculated. Decay of a GDR (indicated by th* arrow} populates states 
below the neutron separation energy {dashed line), leading to the final 
nucleus łlt|Sn. Detection of a delayed t-r&y following the decay of the 
j" = 7~ i saner in u**Sn is used to select this weak reaction channel. 

Figure 2 

Froiopt r~ray spectrum measured with the 16" • 16" Nal detector in 
coincidence with the detection of a delayed transition. The enhancement 
associated with the decay of the Giant Dipole Resonance can clearly be 
seen. This spectrum is not unfolded yet with the detecter response. 
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0AMPING OF GIANT GAMOW-TELLER RESONANCES: Central versus Tensor Correlations 

S. Drożdż 
Institut fur Kernphysik, KFA JUUch, 0-5170 JUUch, West Germany, and 

Institute of Nuclear Physics, PL-31-342 Krakow, Poland 

Abstract 
The decay properties of nuclear giant Gamow-Teller resonances are dis¬ 

cussed In the framework of the second-order RPA. The effective interaction 
used Is based on a Brueckner G-matrix. This interaction in the extended model 
space gives a very reasonable description of the centroid energies as well as 
of the spreading width of the resonances. The tai ls of the distributions are 
mostly produced by central spin-isospin correlations. 

Among many nuclear giant resonances studied in the last few years the 
giant Gamow-Teller (GT) excitation has attracted, a great deal of attention. 
This type of transitions particularly dominates1) the 0°(p,n)- or (3He,t)-
spectra at Incident energies around 200 MeV per nucieon. The reason for the 
Interest lies 1n the existence of the model-independent sum rule, the Ikeda 
sum rule, which states that 

S(GT)--S(GT)+ - I I \<f\ ! ff!(tł-tJ)l0>|2 - 3(«-Z) (1) 
f u 1*1 

|0> denotes the ground state In the parent nucleus and |f> the final states In • 
the daughter nuclei. Thus 3(N-Z) provides a lower limit of the strength for 
O T . transitions. However, experiments estimates, even when certain theoreti¬ 
cally preferred background shapes2) are used, give on the average only 60 X of 
this lower limit3). While this suppression can in principle be ascribed to 
isobar-hole excitations because of the 1 sovector character of 6T transitions, 
there are also experimental reports (see for Instance ref. 4) of even larger 
fraction of missing strength in Isoscaiar excitations where Isobar-hole admix¬ 
ture in the nuclear wave function cannot take place. 

This fact points to the Importance of higher-order configuration mixing 
as a common, most important cause for all these phenomena. In fact, this mech¬ 
anism has already been studied5) up to second order (coupling to 2p2h), but 
the authors of those Investigations used either very limited model spaces or 
phenomenological Interactions with the tensor force which was much stronger 
than the one which follows from modern meson-exchange potentials. This 1s 
probably one of the reasons for the common belief that just the tensor force 
Is responsible for the spreading of strength to higher energies via the cou¬ 
pling to 2p2h excitations. 

In the following we extend6) the analyses of 2p2h damping by employing a 
realistic residual Interaction based on a microscopic G-matrix and using a 
model space determined by the convergence properties. 
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A consistent treatment of lplh and Ą>2h excitations Is provided In a com¬ 
pact form by the second random-phase approximation (SRPA). The SRPA strength 
function projected onto the lplh suhspace 1s given by*) 

I 
h'h1 

with 
(E+1nl-*php'h' 

"Vp'h1 
(E) 

(2) 

•ph 

The A-matrices: 

Air 

10 

10 20 30 40 
Energy CMeV] 

Fig. 1: Density of lplh and 2p2h 
states 1n *08Pb for ST excitations 
as a function of excitation energy. 
The states have been counted In a 
Woods-Saxon well. 

*-l 

are explicitly energy dependent due to 
the formal elimination of the 2p2h-
space. X(E) still Involves the calcula¬ 
tion of the full propagator In the 2p2h 
subspace. This Is Impractical in large 
model spaces, therefore we neglect cor¬ 
relations generated by the residual in¬ 
teraction. The effect of correlations 
Is incorporated globally when n? Is 
taken as finite. This continuation of 
the energy E into the complex plane 
smears out the narrow peaks of the fine 
structure simulating the decay of the 
?p2h states Into more complicated con-

50figurations. In practice we choose 
D2" lflxA"l/3 MeV which guarantees the 
stability of the result. But the spe¬ 
cific choice has no quantitative influ¬ 
ence on the total width of resonances, 
especially when the density of 2p2h 
states Is large which Is the case for 
realistic model spaces (see fig. 1). 
The density of 2p2h states Is typically 
three orders of magnitude higher than 
the density of lplh states. 
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::o -O 
Ftg. ?.: Second-order diagrams 
Iterated by the SRPA equations. 

Fig. 2 shows the second order 
corresponding to the energy p 
piece of A*. These diagrams are IH» fa-
called self energy corrections, bubbles 
and ladders, respectively. Ihe selfen¬ 
ergy diagrams contribute only to lite 
diagonal part of %. I* empirical (ex¬ 
perimental or frcn a Kooos-Saxon well) 

single particle energies are used, these diagrams have to be properly resca'ed 
In order to avoid double-counting. A procedure analogous tc the PauH-Villnrs 
regularization works In this case") which, In addition, preserves the r. on-en¬ 
ergy-weighted sun rule. 

If the G-matrix is used as an effective Interaction the real part of the 
pp piece of the ladder diagram generates further double-countino. Therefore It 
has to be removed. 

Especially Interesting In this formalism Is the presence of the bubble 
tern which constitutes the perturhative analog of the "Induced Interaction" of 
Rabu and Brown9) when the 6-matr1x Is used as a "direct term". The presence of 
this diagram significantly Improves?) the description of natural parity exci¬ 
tations by enhancing the stability of the ground state against density fluctu¬ 
ations. This type of correlations is, however, less Important 1n other chan¬ 
nels where the G-matHx works reasonably well already on the RPA level. 

In the calculations presented here the nuclear hamtHonian is specified 
by a Moods-Saxon potential and a G-matrix as a residual interaction. The G-ma¬ 
trix was obtained in local density approximation by solving the Bethe-Gold-
stone equation in nuclear matter using one of the Bonn potentials (HM3A^)) as 
a bare nucleon-nucleon interaction. 

Since the transition density of the GT modes is surface peeked the inter¬ 
action is taken at 35 S of the saturation density of nuclear natter, IV.--
should stress, however, at this point that the density dependence of the fina* 
result ^s weak particularly when 2p?h states are Included because of th* com¬ 
pensating effect of the Induced Interaction. 

The momentum transfer dependence of the Interaction 1s plotted (dashed 
line) for the central part 1n fig. 3a and for the tensor part in fig. 3b re¬ 
spectively. The other two curves describe relativistic G-matrices (.solution of 
the Bethe-Salpeter equation) for HMSA (solid line) and BMR2 (long dashes}. TV, 
reiativistic effects white reducing significantly the attraction in the sca-
lar-isoscalar F-channel and therefore providing the second Important stabilis¬ 
ing effect11-', almost do not Influence the GT channel G'. The explicit calcu¬ 
lation confirms this. 

Our interaction does not contain any adjustable parameters and in the 
calculation we should preserve its momentum transfer q dependence as ?n fig. 
1. Since a truncation of the model space, which always has to be done in prac-
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tfcal applications, 1s equivalent to changing the q dependence of the Interac¬ 
tion, we have to use a model space large enough to ensure convergence, The nu¬ 
merical analysis shows6*7) that the strength function essentially converges 
for N*3 where N 1s the number of shells above the Fermi surface. The conver¬ 
gence 1s somewhat faster for unnatural than for natural parity states. 

The calculated ot.-strength distributions for three different neutron ex¬ 
cess nuclei 4^Ca, 90Zr and 20%>b are displayed in fig. 4. In obtaining the RPA 
response from the expression (2) the energy averaging parameter m equal 1 MeV 
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Nudeut Enajy Ccninl Cential 
* tenior 

""Ci > 18.0 
>43.0 

nZ> > 21.S 
>4S.S 

"»Pb > 27 

>J2 

24 
7 

22 
6 

36 
i 

29 
10 

27 
10 

40 
.0 

Table 1: Comparison of the amount of 
central versus tensor 2p2n correla¬ 
tions for the GT strength distribu¬ 
tion in 43rdi 4OtV j n d ?'>Sb< ^ 
percentages of integratec." J T . -
strerqtn .•?:..•* ive to 3(N-/) above the 
Rioted «xc'ta:ion energies in each 
nucleus are 'isted. 

itas been chosen which gives an ar t i f i¬ 
cial width 1n RPA strength distribu¬ 
tion. Except of 208pb the centroid jn-
ergies of the RPA scales ire H good 
agreen>ent with the experiment.! i »n«»r-
ijies indicated by arrows. The th'rd 
hjmp In the ?oftPf> RPA response elimi¬ 
nates mainly from the coupling or :m> 
RT resonance with the 2h«* l+-ex.--u-
tlons. This coupling gives airead, w. 
the RPA level about 2? % of tv,e t • i1 

strength above 20 McV excitation «"•> -
gy. The mixing with 2p2h states v.1 

SRPA correlations leads to a substd-
t i a l fragmentation of the RPA strength. 
Also the discrepancy between theory anr 
experiment In 208Pb U removed. 

The percentage of the total (3{N-Z); 
strength carried by the high energy 



tails is listed in table 1. We conclude that this fraction of strength Is pro¬ 
duced mostly by central correlations. The tensor correlations account for 
about 5 % of strength in Che tall but this strength Me find at very high ener¬ 
gies of more than 50 MeV. This Is due to the long range of the tensor force In 
the momentum space. 

From the strength distribution one can also extract the explicit time 
evolution of the damping process. Originally stationery (en the !svs? of RPA) 
or 1n the language of the strength function sharp state 1s now redistributed 
over many more complicated states m > of different energy. Each of Its compo¬ 
nents evolves 1n time with a different phase. The time dependence of the prob¬ 
ability amplitude aF(t) of finding a system In its Initial state 
l*(to)> - »F> - M 0 > Is given by 

a F ( t ) <F|n> e 
-lE.t/ft 

Passing to the continuous set of states we have 

a F ( t ) 

where 

SF(E) / / Sp(E)dE 

t i m e C I O s ] 
Fig. 5: Time dependence of the real 
part óf the probability amplitude 
(solid line) and of the probability 
(dashed line) for decaying GT modes 
1n 90Zr and 2°«Pb 
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(3) 

(4) 

(5) 

The oscillating curves In fig. 5 de¬ 
scribe the time dependence of the real 
part of the amplitude aF for

 90Zr and 
Z 0 8Pb respectively. These curves are 
confined by the envelopes of the proba¬ 
bility PF(t) - |aF(t)|2. 

The decay period 1s of the order 
of 10"21s and Is shorter for 208Pb than 
for 9°Zr which Is consistent with the 
corresponding strength distributions. 
The beat structure of af(t) is a result 
of Interference between two peaks \n 
the strength distribution evolving 1n 
time with two different frequencies. 

In conclusion, the nuclear matter 
G-matr1x seems to model properly the 
effective Interaction for Gamow-Teller 
excitations in the extended model space 
which Includes consistently lplh and 
2p2h states (SRPA). The high energy 
tails of the strength distribution 
typically contain 30-40 % of the total 
sum rule value. This is the amount of 
strength which reduces experimentally 



detectable strength suggesting that nothing is missing. However, fn obtaining 
S (E) as given 1n eq. (2) we have assumed that the ot-operator does not cou¬ 
ple the ground states to 2p2h directly (the projection procedure). Inclusion 
of this effect unblocks the GT+ strength and creates additional GT'-stren^th 
(see eq. (1)). For realistic Interactions based on meson exchange tensor cor¬ 
relations play a minor role in shifting GT-strength to higher energies, partly 
because the tensor force 1s relatively weak already in the bare Interaction 
and partly because of screening corrections due to ' 

I would like to acknowledge the cooperation with V. Klemt, S. Krewald, K. 
Nakayama, J. Speth and J. Wambach and clarifying discussions with F. Qster-
feld. 
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ISOMERS IN POLONIUM NUCLEI 

Adam Maj 

Institute of Nuclear Physics, Kraków 

C in cooperation with K. H. riaier, K. Sraue, H. Kluge, 

ft. Kuhnert, N. Roy, A, Berger, H.-E. tiahnke, W. Semmler -

Ulest Berlin; H. HObel, K. P. BXume, J. Racht - Bonn; 

n. Guttormsen - Oslo; R. A. rteyer - L.tvermore ) 

Th8 ground-state deformation calculations of Holler and 
Nix C1J predict the region of well deformed nuclei at 2>BB and 
N<114. We have studied the m.ao»p0 n u ci ei, which are close 
to that region, in order to see possible onset of collectivity 
or deformation. A number of experiments have been performed 
including j-jf-coincidsnces, conversion electrons, g-factor and 
quadrupole moment measurements. The pulsed 3ONe beam with an 
energy ranging from 105 to 111 MeU provided by UICKSI 
accelerator at Httl-Berlin and »»»»»"*u targets were used. 
Fig.l shows examples of spectra. 

Obtained partial levels schemes are shown on fig.2. Both 
nuclei posses 3 isomerś: 8-, 11-, is*, what is also a feature 
of other known even neutron-deficient Po-isotopes (Fig.3). 

The ratio of 1* to 2* excitation energy RC4/2), usually 
used as the measure of a collectivity, is displayed on fig.4, 
together with RC4/2) for Rn-isotopes CSD. One can see that 
only the vibrator limit is reached (compare e.g. C8D). 

The g-factors of all 8* isomers are equal within 25; and 
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equal to the ground-state g-factor of ao*Bi CO,914), which 

Ą indicates rather pure proton h»,a configuration. 
• t 

The g-factors of 11~ states are also almost constant 
Cl.09+S5;) which is compatible with hT/ai,a/l, proton 
configuration as the main component. 

The g-factors of 12* isowers are -0.155C3) and 
-0.149C2) for »»*Po and »°«Po rap. The comparison with 
sy-tematics of coresptinding lead nuclei C33 suggest a ii3/22 

proton configuration Cfig.5a). This is furthemors suportad by 
a comparison of the 10* excitation energies with those in 
3propriate Pb's Cfig.5b) Chowever the 12~->lO* transition 
energies in both cases are not known). 

In fig.6 the BCE3, ll-->8~) systimatics is displayed, 
ft strong and enhanced increase with increasing neutron 
deficiency is evident. For "°Po the BCE3)-value reaches 25 
ui.u. Such fast E3-transitions are known in this region of 
nuclei j however they proceed usually from iri»̂ a->irfT<-a or 
•*Ji«--»->vg,/2. A spin-flip Cil3,a->h,,2,E3)-transition, 
as in polonium isotopes, should be slower by a factor SO. Such 
strength of a priori forbidden transition can be due to 
coupling to a vibrational octupole phonon. One can estimate 
the amount of the octupole admixture from the measured BCE3) 
assuming that the 8* level in >»"po is pure wh»xaa Cas 
suggested by the g-factor) and 
lll"> - Ml-a2" Ii7ii3,2h»,a> + a Ihw*3 • 3-> 

The admixture probability « is 0.33C12) Cthe g-factor limits 
that to <0.SB). Sharp increase of that collective admixture 
suggest that octupole vibrations might play an important role 
for N<11*. 

Fig.7 displays the effective charges for B* isomer vs. 
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neutron number. The solid line presents ew#*'s from measured 
Q-moments Cses C4.S3) and the dashed lines are obtained From 
measured lifetimes. Both sets of data Cnormalized to **°Po) 
show consistently an increase with Failing neutron number from 
N-155 to N-116. A sudden drop in e.«« Clifetima data) is not 
well understood. It might mean that 6* state is not anymore 
pure proton h,/Z but has essential admixture of collective 
or neutron component. 

The increase of the quadrupole moment means substantial 
increase of nuclear deformation. The deformation parameter fł 
rises from 0.01 for ałOPc to 0.05 for ""^Po and is also 
shown in fig.6. Sines we have measured only absolute value of 
0-moments, both positive and negative solutions for R are 
possible. The negative value Coblate deformation) was chosen 
following Deformed Independend Particle Model CDIPfi) C73 which 
predicts such deformation for particle high-spin states. 
Contrary, if the spin of the stats is made mainly by holes, 
DIPM gives a prolate deformation. 

In "•Po, where the proton states have rather 
particle-, and neutron states hole-nature, both deformations 
should coexist. This can be a reason, why "neutron" states in 
""Pa are almost unshifted in energy compare to 1**Pb Cfig.B): 
the neutron and proton states have opposite sign of 
deformation, hence they have also rather small spatial overlap 
and do not interact. 

Concluding, the g-factors as well as the RC4/S) surveys 
of polonium isotopes do not show effects of deformation down 
to neutron numbar N-11H. On the other hand tha increase of 
more sensitive quantities such as tha E3 and E5 transition 
31O 



rates possibly marks the beginning of the quadrupole deformed 
region with significant admixture of octupale vibrations. 
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FIGURE CAPTIONS : 
Fig.l Examples of spectra. 
Fig.S Level schemes of »»».«>op0# 
Fig.3 Systematics of the yrast states in neutron deficient 

even-A Po nuclei Cpresent work and C23). 
Fig.4 ECH*)/ECe*3 systematics of even-mas3 Po and Rn 

nuclei (in NpNU parametrization CBD5. 
Fig.5 Comparison of Pb and Po isotones: 

a) g-factors, b) 10* excitation energies. 
Fig.6 B(E3)-values for the Cirh„»ił3,a n ~ -> w h ^ a a 8*; E3) 

-transition in Po isotopes. 
Fig.7 E2-properties of the wh^/aaB* isomBr in Po isotopes. 
Fig.8 "Neutron" states in ""Po compared with those in *»*Pb. 
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"ALL" STATES IN 143ND 

J. Wrzesinskl * 

Institute for Nuclear Phgsics, Krakow, Poland 

Host of the experimental studies for nuclei in A~150 mass region 

concern grast or near yrast states. Due to configurational puritg 

of such states theg provide a test for shell model description 

which relates to doubly closed shell-like character of 146Gd 

nucleus. In order to investigate the details of the coupling of 

the valance particle with core excitations one has to identify 

multiplets of states which are usually located above the grast 

line. There are onlg few nuclei in the region which are available 

for production in reactions populating non-grast states. Among 

them the 143Nd, the only stable n«B3 izotone, is accessible in 

several nuclear processes leading to a selective population of 

specific structure states. Detailed information already exists 

gathered from Cn, | > C13, <d,p) C23", C3He, « D C33, Cd.d'J CHI, 

Cd,t> C53, C«t,3n) C63 experiments but still many of expected ex¬ 

citations of simple configurations were not get identified. 

Recently we have reported high resolution lHSNdCp.p'? data C73, 

which allowed us to identify the complete septuplet of positive 

parity states arising from the coupling of f7/2 neutron with the 

3- octupole core vibrations. Identification was based on the 

• In collaboration with: P. von Brentano, R. Broda 

A. Clauberg, A. Dewald, R. Rainhardt, L. Trache, 

C. Ufesselborg, K.O. Zell. 

Reported experiments performed at Institut fuer Kernphysik of 

Cologne University . 
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observed shape of angular distribution characteristic for dif¬ 

ferent core excitations. Within the multiplet the intensity rule 

resulting from the weak coupling model was , used for tentative 

spin assignment. The observed multiplet splitting is sig¬ 

nificantly larger than the well known case of similar multiplet 

in 80SB1. Both cases are shown in Fig.l. Besides, me observed two 

groups of states with negative parity in Cp.p'} a periment 

belonging to either the quedrupole or haxadscapola multiplet. Due 

to the strong configuration mixing definite spin assignment far 

this negative parity states was not possible. 

-0.* 

Figure 1. 

In order to improve the spectroscopic information we performed 

the detailed investigation of 143Nd excitations using the <«,ny) 

reaction. The beam of energy between 14 and 51 PieU from the FN 

Tandem of the University of Cologne was used to study 

140CeC«,n)143Nd reaction by standard in-beam gamma ray and 

electron spectroscopy methods. They included the excitation 

function, angular distribution, gamma-gamma coincidence and con¬ 

version electron measurements. The targets of natural Ce rolled 

to 4 mg/cmS thickness and placed on bismuth backing were used in 

gamma experiments. Conversion electron spectra were taken by tuo 

mini-oringe spectrometers with different field settings using 
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Figure 2. 

thin target evaporated on carbon backing.-

From the excitation function results the beam energy of 17 rteU 

uias Fixed for all other experiments to optimize low and medium 

spin states population within one neutron evaporation channel. 

The example of single spectrum taken by GeCLi? detector with an-

ticompton BGO shielding is shown in Fig.2. The transitions from 

the octupole multiplet states are' marked with a star to il¬ 

lustrate non-graat state population. From high statistics coin¬ 

cidence data taksn by three large volume GeCLi? detectors the 

level scheme with more than 50 levels was constructed. It is 

shown in Fig.3 and For simplicity only the lowest state transi¬ 

tions are included. The transitions were characterized basing an 

conversion and angular distribution results providing essential 

input for spin - parity assignments. 

Special attention has been deviated to the detailed excitation 

functions measurement. It was demonstrated in the morning session 

by van Brentano how sensitive spin meter can be the direct feed¬ 

ing excitation function measurement in the vicinity of the 

Coulomb barrier, we use this feature to determine the spin for 

most of the observed levels. This achieved spin resolution is il-' 

lustrated by examples shown in Fig.1. Excitation function 



i 

Figure 3. 
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results confirm spin assignments from Cp.p') far ell octupois 

multiplet members except for two states with spin 7/2 and 9/2 

where the assignments had to be reversed Case Fig.5). 

Interesting is the question of completeness of excised stats 

population within defined spin and energy window, achieved in the 

CO(,n) reaction. Up to S.S Mev excitation energy we observed popu¬ 

lated with reasonable intensity all states firmly established 

previously in distinctively different processes as Cn.f), Cd.pJ, 

or <p,p''). This shows that Col, n.i reaction populates without 

selectivity all states within energy and spin range determined by 

initial condition of compound nucleus formation. 

The established scheme and nearly complete characterization for 

most af the states makes a solid input for detailed analysis of 

243Nd excitations structure. This analysis is in progress. 
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Shap» cotxlstmcm In Itad Isatopms 

J. Penning*, A. Bstbnda*. V.R.A. Hesselink, A. StoIk, and H. Verheul, 

Natuurkundig Laboratorium van de Vrije Oniv«rsiteit 

Amsterdam, The Netherlands 

J. van Klinken, H.J. Rieseboa, M.J.A. de Voigt, 

Kernfyaisch Versneller Instituut, 

Groningen, The Netherlands 

Atomic nuclei can be divided into 3 major classes in (Z,N) space. In 

the first one, where only very few valence nucleons are present, nuclear-

she 11-model technics permit a detailed study of low-lying excited states. 

In between closed shells nuclei have a pemanent deformation. There are 

also regions where one type of nucleon is in a closed or near-closed shell 

configuration and the other has a middle-shell configuration. These nuc¬ 

lei have an irregular level-scheme, but excitation "through tha closed 

shell" is possible at low excitation energies and "intruder states11 can be 

observed. An intruder configuration usually gives rise to shape coexist¬ 

ence and the converse, occurence of shape coexistence, always implies an 

intruder configuration. 

For lead isotopes, the energy gap between the closed proton shell and 

the next non-occupied shell is on the order of 3 MeV if the nucleus is not 

deformed. Therefore almost all states with excitation energy below 3 MeV 

are expected to be shell-model neutron excitations. A number-projected 

BCS model with one broken nucleon pair (A1172) was applied by Hengeveld 
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. ••') (Hen82) to calculate neutron statas with J below 12 h. In addition to a 
•j 

large configuration apace for neutrons,also proton excitations were 
allowed in this calculation. All the statas »T« wall described as pure 
neutron excitations axept for J* » 2 , 4° , S" states which are described 
correctly only if the configurations are Mixed with the proton 
particle-hole excitation. Neutron excited states with J > 12 h can be 
described by a number-conserv£=£ two-broken-pair model (Bonfil). 

>In addition to normal (neutron) excitations one can investigate proton 
particle-hole excitations leading to Intruder states and a change ot 
shape. Heyde et al. (Hey83) described in detail the study of intruder 
states and shape coexistence in odd-A nuclei. Intruder states at low 
excitation energy have been observed also in even-even nuclei. The rota-
tional-like bands in llł" łlłSn are the most conspicious examples of shape 
coexistence (Bro79). Observation of bands is the best fingerprint of 
coexistence. The search for another proof of shape coexistance in lead 
isotopes was a main goal of the reported work. 

A group of physicists working at LISOL has recently reported a set of 
second 0 states in lead isotopes (Dup84,Dap85). Those intruder states 
were explained as proton 2p-2h excitations across a closed 82 shell. Exci¬ 
tation energies of 0- states are relatively vary low and for Isotopes 
with A < 196, the Oj state becomes the first excited state. The posi¬ 
tions of 0, states at very low energy can be easily explained. A Nilssoi* 
diagram for the region of interest shows that the energy gap between Sj ,j 
and hg<2 orbitals becomes very small for oblate deformed nuclei. It was 
shown by van Duppen et al. (Dup84) that i*a energy of the 0 2 states can 
be approached by 

* ) * EX(9/2',Z*81,N) + Ex(l/2.+,Z««3,N). 
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Fig. 1. Construction of a 0, state in even-even Pb by 5 "steps" and siai-

lar construction of 1/2 and 9/2" states in neighbouring nuclei Bi and Tl. 

+ A In fig.l this, energy relation between the 0 2 states in Pb and the 9/2 

intruder states.in A"1T1 and the l/2+ intruder states in A + 1Bi is visual¬ 

ized. Th* excitation of a Q2 state in the Pb isotope is done by 5 "steps" 

which are similar to those needed to excite 1/2 and 9/2* states in the 

neigbouring nuclei Bi and Tl respectively. Note that it is assumed in 

this approach that the wave function of the 0, state in Pb has a pure 

{9/2"[SOS] ,l/2+[400] ̂ configuration. 

In order to search for rotational like bands built on 0- states in "*Pb 

and *"Pb we have measured coincidences between Jf-rays following the 

'"HgCo.xn) reaction and conversion electrons corresponding to E 0 Q + _ Q + 

transitions in these nuclei. The 7-ray spectra were taken with two 
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("'Pb) and four (l**Pb) Ge detectors, each provided with a cylindrical 

BGO+Nal Compton suppression shield. The conversion electrons were meas¬ 

ured with two spectrometers, each consisting of a mini-orange filter and a 

Si(Li) detector. The reaction 1T*Hf(*°Ne,4n)***Pb has been used to inves¬ 

tigate 1 - Z coincidences in l**Pb. In this case we have used 4 Ge detec¬ 

tors and a 7-ray telescope (LEG, n-type, p-type) placed in a BGO+Nal 

Compton suppression shield. The analysis of that experiment is still in 

progress. 
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Fig. 2. Partial level scheme of 1>$Pb. 
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As an example of the results obtained we present in fig. 2 a partial 

level scheme of l**Pb. Rotational-like bands aro built o n a d j state and 

all" state, which is interpreted as an intruder 2p-2h state with a ( t h ^ 

*i13/2)ll" ^al"jlh+ configuration. To obtain s»re evidence about the 

nature of the J¥ » ll" isomer in **$Pb we have measured the g-factor of 

this state using the spin precession method. A least squares fit through 

the data yields the unique solution g = 0.96(8), A2 • -0.14(6) and T^2 " 

74(10) ns. The aeaaured g-factor indicates that the ll" isomer has indeed 

a proton 2p-2h nature. 

The level (8+) with t,/2 = 50 ns could be a nice exaaple of shape isiom-

erism. This state can be well understood as a coupling of two (excited) 

protons in the h- ̂  orbit to J = 8 . 

196Pb,0+ 
192Pt 

Fig. 3. Relative excitation energy as a function of J(J+1). 
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The regular increasing transition energy between the four lowest 
states of the collective band on the Oj state shows a strong similarity 
with the transition energy between the corresponding levels of th« ground 
state band in ł**Pt (fig.3} indicating the sasie structure of both bands. 
The nucleus " s P t has the saae number of active protons and neutrons as 
ł**Pfe assuming that in the latest nucleus a pair of protons is promoted 
across the Z • 82 shell, 
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THE VERTICAL DRIFT CHAMBER AS A TWO DIMENSIONAL FOCAL PLANE DETECTOR 
FOR LIGHT AND HEAVY IONS IN A QMG/2 SPECTROMETER 

J.M. Schippers, W.T.A. Borghols and S.Y. van der Werf 

Kernfysisch Versneller Instituut University of Croningen, 
9747 AA Gronlngen, The Netherlands 

Since 1978 the QMG/2 magnetic spectrometer {1J at the Kernfysisch 
Versneller Inslluut (KVI) has been used for various nuclear physics studies 
using ions from mass I to abouc 20. The energy resolution observed in the 
focal plane of the spectrometer ts determined by contributions of the 
cyclotron, analyzing system, beam optics, spectrometer optics, focal plane 
detector and target thickness. The first four of these are designed to iiave a 
total resolution AE/E»2xlO~'' pwHM. This corresponds to Ax-1.1 nm in the focal 
plane. During the last few years it appeared that the limitation in the 
energy (or momentum) resolution was due to the detector system in the focal 
plane of the spectrometer. In this contribution we report on the design and 
performance of a new focal plane detector which has a very small contribution 
to the energy resolution and which can be used for the detection of various 
particles at different energies. The detector {2], a vertical drift chamber 
(VDC), determines the coordinates of the focal plane intersection in two 
dimensions and makes use of the fact that the tracks are Inclined with respect 
to the focal plane. 

The VDC has the same 
structure as a auit.lwlre 
proportional counter, as can 
be seen in figure 1. It is 
filled with a gas mixture of 
argon and isobuthane at 300 
Tort and mounted in an 
aluminum box, which is 
placed in the vacuum of the 
spectrometer. The front-end jS 
electronics Is also mounted * , 
in this box to minimize the *' ,' 
amount of cables through the /* 
vacuum. The wires are 
oriented perpendicular to 
the bending plane of the 
magnet and they coincide 
with the focal plane of the cmh«n ion 
spectrometer. There are two 
types of wires: thin wires 
which act as signal wires 
and thick wires which shape 
the electric field and 
prevent cross talk between 
the signal wires. The field 
wires are connected to 
ground and the signal wires 
are connected to a 
preamplifier through which 

V** 

Truk 

V 

fig.I 
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they are kept at ground potential. On both sides of the wire plane a cathode 
foil is nounted. The front cathode Is a continuous aluainlzed mylar foil and 
the rear cathode consists of a mylar foil on which aluminum strips in the 
horizontal direction have been evaporated. When a negative high voltage is 
put on the cathodes, sensitive regions are formed between the signal wires 
and the cathodes due to the electric field. 

When an lonitlng particle traverses the VDC it creates a track of 
Ions and electrons« Due to the electric field the electrons will drift 
cowards the wires with a constant velocity. The geometry of tha VDC is such 
that the particle track crosses three or four sensitive regions, so that 
three or four signal wires will fire. The time differences between the 
signals on the wires and the t»0 signal froa a plastic scintillator 
positioned behind the VDC, give the drift times tl, t2, t3 (and t4). The 
horizontal coordinate x where the particle crossed the focal plane and the 
angle 8 of the track with respect to the focal plane (45±3*) can then be 
calculated froa these drift tines with a FWHM of Ax-150 urn and A9-Q.5*. 

The electrons which arive at the 
signal wires will start a gas amplification 
process, due to the high electic field near 
Che signal wires. The positive Ions created 
near the signal wires will migrate slowly 
towards the cathodes. The centroid of the 
charge distribution on the strips of the rear 
cathode can be measured to determine the 
coordinate of the track in the direction 
along the wire (y-coordlnate). The result of 
a neasureaeut of x and y, with a mask mounted 
in front of the VDC, is shown In fig 2. The 
total charge collected on the cathode is in 
first order proportional to the energy loss 
AE' of the ionising particle is the VDC. 
Using the t-0 signal froa the tcintillator 
and the radio frequency signal of the 
cyclotron, the tciae of flight (TOF) of the 
particles through the spectrometer can be 
obtained. The combination of the AS '-signal, 
TOF and the light output of the scintillator 
is usually sufficient to determine the aass 
and the charge of the particles. 

During one year now we have used the 
VDC for several experiments. A resolution of 
oE/E-2xlO~'' hiis been achieved, as 
demonstrated in figure 3 for the 197Au(«,*') 
spectrum, ae«»ured with a 50 ug/caz target. 

flg.2 
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An experiment that had been done earlier, but where the old focal plane 
detector was used, namely the llSln(«,f)H5Sn reaction at E„-d5 MeV [3] is 
performed again, using the VDC. Although better results have been achieved 
with the old detector, the inproveaent of the resolution using the VDC, 
compared with the result of the earlier experiment as shown in figure 4, 
can be regarded as typical. 

400 

300 

200 

"•to fat) "*Sn 

^-VM^WUW 
6 S 

e, mn fig,. 4 

A detailed study has been performed on the optical characteristics 
of the spectrometer, which has become: possible now the contribution of the 
detector resolution is much smaller than the contribution of the opdcs. 
Higher order effects can be made visible with scatter plots of 8 versus x, 
which appeared to be a powerfull diagnostic tool to tune the optics of both 
the bean and the spectrometer end we use this facillity frequently if high 
resolution is required. 
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ANGULAR MOMENTUM AND TEMPERATURE DEPENDENCE OF HARTREE-FOCK 
FISSION BARRIERS 

Jacek Oko/owicz 
Institute of Nuclear Physics, Kraków, Poland 

The fission barriers of a r»r» earth nucleus have been 
calculated within extended two-dimensional Hartree-Fock 
approach. These extensions have accounted for a rotation 
around an axis perpendicular to the symmetry axis and for 
a temperature. Critical angular momentum for hot fission 
is deduced. 

The fission of a nucleus of mass number around 150 has been 
considered. Negligence of spin-orbit interaction however results 
in no straightforward connection with any particular rare earth 
nucleus. But general properties, e.g. symmetric fission 
preference, are reproduced properly. 

Previous zero temperature calculations have shown that 
nuclei in that mass range are characterized by the nearness of 
fission saddle and scission points. What is more quadrupole 
constraint does not give a convenient parameterization of tht 
saddle C13. Instead separation distance has been used 

! 
dr dz (i) 

to decompose total quadrupol* moment 

<Q > - 2<Q > + <Q > <2> 
T I S 

where 

<Q > * | A R (3) 
S Z 

is the part of quadrupole moment due to separation of fissioning 
fragments only, and <GL> is the deformation of these fragments. 
The separation distance parameterization is easy to use as it 
appears explicitly in starting single particle deformed two-
centre harmonic oscillator wave functions — the most convenient 
way to start Hartree-Fock minimization procedure - and is not 
considerably changing during this procedure C23. An example 
result is shown on fig. 1. Preference of fission leading to 
deformed daughters rather than spherical is clear. The 'barrier 
height of 48 MeV is also fully acceptable. 
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Figura ł. The static Hartree-Fock fission 
barriers for ***Nd as a function of separation 
distance R. The dotted curve assumes an asymmetric 
spherical two-centre shape corresponding to **Ca and 

"Zr fragmentation (proton closed shell nuclei). The 
other two curves correspond to symmetric 
fragmentation with the broken curve produced by a 
spherical two-centre starting basis and the full 
curve by a deformed two-centre basis. 

Rotational degree of freedom has been introduced according 
to Feldmeier's prescription C3.4J. That is done for the 
rotation around an axis perpendicular to the symmetry axis which 
is relevant for the fission. The form of minimized quantity is 
then 

(4) 
is the full Hamiltonian, L.. is x-component of angular 
operator and fa) a L«gr ltili b i 

where H , is xcomponent of ang 
momentum operator, and fa) - a L«grange multiplier being just an 
angular velocity. Then the single particle wave functions can be 
expressed as 

t <r.. - « fr.,, 
i (5) 

Taking Fourier expansion of the phase function Yj the requirement 
of the minimum of (4) lefts only the first cosine term C33 
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¥ (r,z,e>) • g <r,z> cottf • (6) 

Hartrae-Fock aquations bacome than 

under ful l collectivity assumption of the rotation, i .e. the same 
phase function g for a l l the single particle states. These mrm 
now supplemented with adequation for g. 

Mhara the singla particla dansity is d«finad as 

and is tha only quantity to coupla (8) and <7). 
Tha resulting fission barriers for different angular 

momenta were presented in C43. Critical angular Momentum of 
about bdh was deduced, and should be compared with that of 
rotating liquid drop model CS3 for the same fissibility parameter 
(x * 0.5) resulting with the value of 100ft. However medium 
energy proton induced fission is far batter consistent with the 
former value C63. 

2* ItOBtC*tUC« 

Let me consider now the fissioning nucleus as a statistical 
ansamble simply by assuming thermal equilibrium occupation 
numbers (two-component system of fermions) of single particle 
states C73 
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i 
q q q 

n » < 1 + expC(& - /A- )/T3 > (10) 
i i ' 

where chemical potentials ih and A are determined by the neutron 
and proton numbers respectively. An index q runs over lsospin 
label and i numbers consecutive single particle states up to a 
certain arbitrary cut in the single particle basis discussed 
later on. The temperature T plays again the role of a Lagrange 
multiplier. 

The minimized quantity is now Helmholtz free energy 

F * E - T S 

where S is entropy: 

S Z" q q 
n In n 

i i 

q q 
- n ) l n ( l - n ) 

i i 

(in 

(12) 

The s e l f - c o n s i s t e n t min imizat ion scheme cons is ts of f o l l o w i n g 
stepst 

q q q «S 
{«f > —> « —> <C > —> <n > —> f —> iy> —> . . . 

i i i "* i 
Where the first one is a time dependent Hartree-Foek evolution 
step using imaginary time technique C83. The next step is only 
an evaluation of new single particle energies and then thermal 
equilibrium occupation numbers are calculated. Finally that 
thermal redistribution in turn changes the density and the next 
imaginary time step is proceeded. 

Repeating the above procedure for different values of the 
parameter T one can determine an excitation energy versus 
temperature function defined as follows: 

* 
E <T) » E(T) - E(0) (13) 

where the energy E is taken for the sams deformation. It appears 
that gross features of temperature dependence of the excitation 
energy and the entropy are described by (non-interacting) Fermi 
gas model. So we prefer to present the fallowing quantities 
instead C93 

* 2 2 * 
a - E /T « S/2T = S /4E (14) 

The sings of equality are valid of course for the Fermi gas only. 
A short glance at fig. 2 shows now the problem of the number 

of single particle states taken into account. That figure 
contains all three quantities (14) as well as the differences of 
the energy *nó the free energy plotted versus the temperature, 
but for daughter nucleus for easier bases extensions. Smaller 
(<) basis consists of 22 neutron states and 18 proton states what 
allows for 4 of both kinds being empty at zero temperature (due 
to spin and angular momentum projection degeneracy occupation 
numbers are 2 or 4 depending on m). Large' (>) basis consists of 
34 and 30 states respectively. 

33** 



Figure 2. The 7*Zn 
daughter nucleus temperature 
dependence o-f a n 
<«xcitation> energy and free 
energy accuracy is presented 
in the upper part o-f the 
•figure. The accuracy is 
taken as a difference of 
appropriate quantities for 
the smaller <<) and larger 
<» single particle bases. 
<The zero temperarturs 
energy does not depend on 
the size of the basis.) The 
lower part presents 
different Fermi gas 
•«timates for a density 
parameter - nam-ly 
continuous, long and short 
dashed curves correspond to 
6 * /T* , S/2T and S */4E* 
respectively; where** 
dashed-dotted »nć dotted 
curves correspond to the 
neutron and proton 
contributions to the middle 
quantity. In this part of 
the figure thick lines 
represent calculations with 
the smaller basis and thin 
ones - the larger bas-s ' 
calculations. 

EiSSiaQ feąr tiers. 

r e . deformation (cf. (IT). Full 
calculating in Ull Ju.tlfySJ thl^rSSS.? 

la" t " m p e r * t u r e dependence of fission barriers 

s 
****** 

presented 
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1 T (M»V) 

Figure 3. The -free energy 
barrier for ^^Nd nucleus is 
plotted as a -function of the 
temperature. Two different 

bases are 
the spherical 

represented by 
line and the 

line, 
line 

starting 
consideredi 
one is 
continuous 
deformed - by dashed 
Thin branch of each 
corresponds to uncorrected 
quantities, and thick branch 
is corrected at the saddles 
for truncation of the single 
particle basis using the 
appropriate free energy 
difference function of the 
upper part of fig. 2. 

is more after correction for the finiteness of the single 
particle basis they gradually decrease. A rough extrapolation 
suggests that the barrier disappears at T « 8 MeV - equivalent of 
about 6 MeV excitation energy per nucleon. That is lower that 
the critical temperature of 11 MeV obtained in C123 as Coulomb 
instability (for comparable Skyrme force). 

Subsequent self-consistent calculation with both the. 
rotation and the temperature included ensures that they act 
independently, as expected, because the entropy should not depend 
on any collective (notion. So the results may be combined giving 
even greater reduction of the fission barrier. E.g. at the 
temperature 3.S MeV the barrier is only about 30 MeV and the 
critical angular momentum of 3Cłł makes it to vanish completely. 

Summing up the results two points must be emphasized: 
firstly that the critical angular momentum even for the zero 
temperature Hartree-Fock approach is much lowered in comparison 
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with the rotating liquid drop model. Secondly the temperaturę 
reduces the fission barrier even more and suggests it to be 
smaller than the v*lue coming out of nucleus + vapour one-
dimensional temperature Hartree-Foek method of C9fl22 (spherical). 

Finally 1 would like to acknowledge collaboration o-f 
Nemeth and Maxwell Irvine. 

Judit 
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BACKWARD Z a 1 PARTICLE EMISSION 

IN THE REACTION 3He + 2 3 8 U 

AT INTERMEDIATE ENERGIES 

V. Skul ski +^M. Patyea ***K. Hick* | ) , H. K&rvowski * >, 
K. Kviatkoxvski **^V.E. Viola**5 

In a rocent study L'J of tlio l i n e a r moiucuitum trunsi'cr 
(Urr) in tho r e a c t i o n M «• 2 j 8 U at the intermediate bomliar-
ding enorgy ( tens MoV/nudoon) i t was shown that two well 
separated peaks appoar in tho i n c l u s i v e f i s s i o n frutrracut fo l¬ 
ding angle distribution. Tlio f irst peak attributed 10 peri¬ 
pheral reactions vas conterod at folding angle close to 130° 
implying low momentum transfer, the second one characteris¬ 
tic or moro central collisions dominated the lii;;h uiotuentuiii 
transfor part of tbo l'oidinc anglo spectrum. In order to 

if a similar decomposition can be made in the cuso of iio + f 
i-eaction and to study the central and tho pariphoral reaction 
mechanisms in more detail we measured fission frn.^nent folding 
anglo v.n in coincidence with light charged particles (LCl'j 
at 6k, 129, 199 and 269 WoV JHe beau energies. The oxpuriiRunlul 
setup consistod of tvo position sensitive fission fra,,11/0.1;t do-
tec Lora (u mul ti wir o gas chamber and a silicon PSD) and l'our 
IXP telescopes. (The details may bo found in rcf. (.3] ) . In 
tho present contribution we will focus our attention on Urn 
'£, = \ JLCP- emission in a backioard LAO direction. (At buckv.-arJ 
uuj;lo9 our statistics is inwui'ficiont for Z = 2 ejectilcs.) 
V.'o aim at studying central collisions leading to coi:i}>lctc (or 
almost complete) fusion with the subsoquont f on;snti on oV et|ui-
libi-ated intermediate nuclear system. Tvo signatures ol' such 
a procoss would be a) (almost) complete linear m 01:1 on tum Łrmjsl or 
and b) evaporative spectra of the decay products, both of them 
most readily observed at tho backward LCP detection an<;lo where 
tho forward-peaked projectile breakup does not virtually contri¬ 
bute to the measured yields. 

Fie. 1 shows that the high UfT component can bo f il torrxl 
out of the homogenous inclusive "^xB distr:'-Ł>lłtioła VY g*t-i>iiS 
on the backward LCP emission. Sample baclc-.rard p and d spectra 
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-ц. 

presented in fig. 2 sbov an exponential decay l'or particle 
energies exceeding the Couloab barrier (sliaractoris.ic «f 
evaporation process). Hovevor, despite of this ii|>}>urc;iL ful
filling of the criteria a) and b) abovo vo cannot attribute the 
backward Z = 1 particle omission to the decay of compound nuc
lei in thermal equilibrium for the following- reason»: 

i) There exists a substantial parallel missing кюшкииш 
component p , . . s (1 - П)р. (vhore the uomen tum balance 

missing |{ л "usara-
R = (p_ .,., • p . ,.-„ )/p. ) « a few percent, at <»'• KoV * *recoil l| K«iec*-ie|| *,ł4>oaur . 
but at) much as 1/3 Pi,ea a* 2Ó9 WsV bombax-diii£ onox\;y (sou 
table I). It indicates that a stronę non-equilibrium fnvwurd-
-poukod particle omission occurs In coincidence with hucliwuril 
ojcctilos. 
ii) Tho temperature JsT derived from the slopo of the energy 
spectra by x'itting the >laxwell - Boltzoiann distribution 
N(li) *w 1>ехр(-Ё/кТ) would imply compound uuclouii uxti tiitiuii 
• E* = (A/9>(k'f)2 muoh higher than the beam energy, 
ill) There is a difference-in spectral stiapo betveon proton 
and dcucoron data reflected in the hiyhor doutoron tottipornta
res. 
iv) The proton spectra fall off too rapidly at the hi,;h onea-f.y 
ends in comparison with the Maxveil - Boltzmann formula, indi-
eating the epectra do not itx-uo statistical shape. 

Vo conclude that although the high LMT and thex-tual outlook 
of the energy spectra indicate that a great deal of relaxation 
is achieved in the backward 2 = 1 LCP coincident events, the 
underlying; emission anechonism cannot bo the decay of the compo
und nucloue in statistical equilibrium. This finding casts serio
us doubt on the interpretation of bl̂ ti temperatux-o LGi* spoctx-a 
iix term* of such a mechanism [z] . 

Jloavy Ion .Laboratory, Vax-sav University, banacha *», 
Varsaw 02-097, Poland 

++Indian* University Cyclotron Facility, bloomington, 
Indiana 4?4oj, USA 

***Uuivex-sity of Colorado, Boulder, Colyxudo 8030У, USA-
*!»resent address: Till UMK, Vancouver, British Columbia, Cs.mida 
#Present addx«oss: Univ. of North Carolixxa, Chapel Hill. 
КС 275»5f USA.-
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Table Г 
pMTticli 

pro con 

dcuteron 

tri ton 

Stan a ' energy 
(«•V) 

269 

199 

129 

64. 
269 

199 

129 

ZC9 

199 

129 

6*4 

Detecti 
angl» 
(de«) 

118 
1<»3 
\k6 
1ĆO 
1'l6 
l6l 
156 
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2. S. Song, «t al, 1'hyti.iuOtt. JJO U, ih (lySlł). 
3. V. Skulski, ot al* '•» b o published 

Fli^tro captions 

1. A) Inclusive I'isaion fragment folding ank;le **\., d i s i r i -
bution in the reaction lie + U at 269 MeV bouui onor»;y-
1)} V distribution/* in coincidence with protons dniuctod 
at 10 and lk6 (LAU) in tlio sane react ion, The l inear IUO-
Kientuia transfer scalo i s draun above tiio d i s tr ibut ions 
( 1 i s f u l l womentom transfor) . 

2, 1*113 energy spectra of protons and deutorons dotocicO u t 
118°_during SÓ9 MeV raca sur event. Ttia >!axvcll - l^olizuunn 
1'orinula has boon f i t t e d to tho tii^h onoiv.y U<}.< of Oio 
spoctra (dushad U n a ) . 

t 

Table I 

The summary of the Z- = 1 back-ward par t i c l e Ua'u muasui-oii in 
react ion. 

3^2 



1 
\ 

SEMI CLASSICAL NUCLEAR KANY-PARTICLE MA.YV-H0LE LEVEL DEXSITIES 

A.K. Biińr- Uiboratoire da Physique Sue U * i re. Centre d'Etudes NucUiaires 
do Crenoble, F-38041 Grenobltt Cedax, Franca 

fi.W. Hasse* - Inscitut Laue-Langevin, F-J8042 Grenoble Cedex, Franco 
B. Hiller+ «<i p. Schuck '- Inatituc daa Sciences NucUaires, 
F-38026 Grenoble Cadax, Francs 

ABSTRACT 
An exacc general scheme La described co calculace che m-parcicle n-hole 

fermion level densities for an arbitrary single particle Hamilconiaa 
caking into account che Pauli exclusion principle. This technique is 

applied co otu.ain level densities of the three dimensional isotropic 

harmonic oscillator semiclassicaliy in Che Thomas-Ferni approach. 
In addition, w? study che l-parciclc 1-hole level dcnsicy of Che Woois-

Saxon pocencial. For che harmonic oxcillacor we analyze che temperature 

U6pend«r.c« of che linear response function and che influence of pairing: 

correlations. 

1. ŁSTROOCCTtOW 
Most of the theoretical work to date is bused on statistical models to 

yield approxiaace lavel density formulas and some of them do noc incor

porate che Pauli exclusion principle. At auch, they cannot be employed 

for low energies. 

In chis work, we describe a general scheme developed earlier [I] which 
pennies co caiculace exaccly arbicrary m-parcicle n-hole excicacions 
for any type of single parcicle Hamilconians. We explicitly cake into 
ae??unt the Pauli exclusion principle for fennions. 

K) 
Present address : GSI, 0-6100 Darmstadt, Germany; on leave from' 
Keraforschungszentrum, D-7500 Karlsruhe, Germanyw. 

"^Present address : Theoretische Physik, 0-8400 Regensburg, Germany W. 
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2> ITERATION FORMULA FOR MANY-PARTICLE HAMY-KOLE LEVEL DENSITIES 

Tne definition of the n-particle n-hoU l«v«l density for fermions •• a 

function of th* energy E is : 

where che tn*n fold sum extends over all particle state* (Ubeiled by 

en* indices ?( through p ) with the restriction p { <>••< p , and similarly 

for the hole state* h. The restrictions pj <•••< p^, and hj <•••< h^ 

arc co avoid xultiple counting of the i*ae terms and to honor the ?auli 

exclusion principle. The c. are the eigenvalues of the single particle 

rariitsnian H. 

The Fourier transformed level density is then 

The function* A o and »n are conpUf.ely determined by the iteration 

procedure 

• ( « . l { ( « . ( l { ( l ) | . j / D IB.M^(8) for«>2 „. 
with th* initial definitions 

(2.5) 

* " ' F * f (2 .6 | 

In the *»ffliclas»ical approximation 

-»»». d denot., th. .pin degeneracy of f.r»ion,, w, ,how ch, U v t l 



tot ttO feraions in a Harmonic Oscillacor potential in Fig. I 

vt see an excellent overall agreement of the se«nicla«sical 
c.i* average <>>:3cc resulcs. 
In concrasc wich che HO case, the Uoods-Saxoa level denticy decreases 
for Urge energies due co che subtraction procedure, since che intiutnee 
of cne pocencial becomes lest important for highet excitation energies. 
3. T£MPE8ATIJR£ DEPENDENCE OF THE NUCLEAR LINEAR RESPONSE rUNCTIOil 

Semiclasiically. this effect is taken into account by replacing che 
seep funccion distributions by Fermi distribution*. The temperature dependence 
of %,rlh up to T - 20 M»v is shown in Fig- 2-
<.. THE INFLUENCE OF PAIRI.VC C0«REUTI0SS 

In che case of a pure pairing force, BCS theory [ 2 ] leads co 
"saeared out" occupation probabilities, seep functions have to b* replaced by-
corresponding BCS expression*. The Ip-lh level density thu* becotntf 
W 

0'płł» 

X)3 
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A.H. Blin, M. Brack, B. Hiller and S. Warner 

SRMIHICROSCOPIC CALCULATION OF IOW-IOM POTBfflALS 

Abstract 

He derive the imaginary part of the ion-ion potential following the steps: 
1- He use Peshbach's projection formalism (1) to write an equation for the wave 

func.that describes the relative distance between the centers of Mass of the 
two ions. 

2- We assume that the Q-space can be truncated at the excitation of lp-lh states 
in either one or the other ion, leaving one of them in its ground state. 

3- The projected Schrodinger equation in the chosen subspace contains an effec¬ 
tive potential V e f f which is truncated at second order of the eleaer.tary two-
body interactions V. 

4- The matrix elements of the elementary interaction are of finite range, re¬ 
presented by an effective Higner force. 

5- The total many-body wave function of the two ions is antisynnetrized only in 
the partial intrinsic wave function of each ion. This antisynmetxization is 
not treated explicitly, but contained in the effective interaction. 

6- Calculations are done in the Thomas-Fermi approximation. 

The Model 

The many body Bamiltonian for the system of two interacting ions A and B is 

where r^ and s± denote intrinsic coordinates, R is the relative distance 
between the centers of mass of A and E, V^g is the two-body interaction between 

'] one nucleon of B at t± and one nucleon of A at r-j. The operator T stands for 
'i the kinetic energy of the relative motion. For the many-body wave function 

which satisfies the full Schrodinger equation B V * EVwe make the separation 
"ansatz11 

which is of very general form except for the neglect of antisymmetry between 
the partial intrinsic wave functions f>a and <pB. 

We proceed to derive the direct term. In the language of 2nd quantization 
we write V( in Dirac's notation) as 

where aj> creates a particle above the Fermi level of the ground state of A and 
ai< destroys a particle below the Fermi level of A. The operators btv and b^< 
have similar action on B. The ket |O>AB denotes the correlated ground states 
of A A B. The ket |gj£> is the component of the wave function which describes 
the relative motion (plane wave a eilal) and is eigenstate of T, Tlgifc »C 

We define projection operators P and Q on the "intrinsic subspace" of" 
A ® B as 

(1.4a) 

(1.4b) 



where P + Q - 1; [HAfBjPj - C
a& B ; Q ) " £*»*! » (T.QJ - 0. We obtain the effec¬ 

tive Schrodinger equation for tne relative vave function i?K> by operating 
alternatively with P and Q on the Cull Hamiltonian H (eq. 1.1) and eliminating 
y the two equations: 

where 

and £o is the ground state energy o£ A and B, which we set equal to zero. Here 
V stands for the sum over two-body interaction* V&g of eq. 1.1. 

In the following we look only at the part of Vef f
 wnicn contains inter¬ 

mediate excited states, the 2nd term of <jl.6) and truncate at 2nd order in V. It 
is the polarization contribution to the ion-ion potential (call it V(). So we 
exclude from our study the Hartrea-Fock term, which has been considered in 
e.g. (2). Inserting complete sets of eigenatates Cat the ip-lh level e g . (2). Inserting complete sets of eigenatates Cat the i p l h level 
dj> di<T I ^ A B I S K " ) # (d • a,b)J to the unperturbed Hamiltonian H « H^ + BB + T, 
with Hc|(f))c • ec/$c ' c * *'B ' on# °bt*ins 

Here we use the definitions 

and Vj£mn - ̂ i^lVj^imn^ where |i),it^,l at) ,\ n} denote single particle states 
in the intrinsic systems of A and B. 

WK*, K" is the asked 1st order correction to the ion-ion potential. In 
the case of either A or B being nucleon, eq. 1.7 reduces to the direct term 
of the nucleus-nucleus optical potential, studied previously 3,4 . 

In coordinate space the imaginary part of the optical potential WK- tx~ 
reads 

+ Contribution o| £> . 
with 

The quantities f,t denote tha hole and particle densities respectively, which 
arise fro* the restricted sums in (1.7) and $H the density associated with the 
relative motion 

10. 
He now proceed in analogy to (3) and take the interaction v to be an effec¬ 

tive trigner force, of finite range v(S,fi,r4,S2/S4) - o'(52-S3)d(ri-'r4)u(R+ri-r2 
This sets the excitations -of ip loid-lh at the same place in one of ions, say A, 



Ą as well as the virtual excitation B4>IŁ>4+bt10>B in the other ion, but is non-
"* local in these two. Than th« quantity F simply reduces to the averaged interac¬ 

tion u in the density distribution of the ion which remains in the ground state 

We take u - - « o«~ ( t / r° ) 2. (1.12) 

The nucleon-nucleus potential of (3,4) has a structure very similar to 
eq. (1.8). It is obtained by replacing F-* u and <R |fMe"iTt|R')-»<r I e-iHAŁ| f ?. 
However, note that whereas $ is a particle density, therefore restricted above 
the Ferniievel, fu is unrestricted. 

To evaluate WR,R*we use the semiclassical approximation (S) 

(1.13) 

where o and /*. denote the nucleon mass and the reduced mass of the A A B system, 
respectively. 

Following similar ilar manipulations as in (3), Wf;(R-can be rewritten as 

(1.1S) 

subject to the mutual condition 

Here _ _ _. . _ 

u 
the conjugate momentum to the relative distance R-B'. PF(x) - (2m (> -V(x)))1' 
is the local Fermi momentun,^the Fermi-energy. 

A Schematic Calculation 
As a first sketch we take J( J ) to be of Gaussion shape ?(J) « ,foe~ ^a 2, T h e n 
we are able to reduce the lo-fold integration of eq. (1.15)to a 2-dimensional 
one, which on shell (21, £) reads „ OM t. i\\ 

(1.16) 



21 G£ ati l l 
/** (1.16) 

+ contribution of other ion> 0£ $ £ & ,i •» Q f£ ft|a)£ Q. 

with 
(1.1?) 

and ao being the range of the Gaussian. In eo. (1.16) all momenta are expressed 
in units of i* n', x and Y in units of \Ya.1+tr? j o< ; 

the factor C • J_ A rQ UpX ał , A is the mass number of one of the ions. 

In Fig. 1 we show how WR R, (E,Y,Q) changes as function of Y at the inci¬ 
dent energy E -HOMeV for a symmetric reaction with A « 64, V(x) the Harmonic 
oscillator, X - t«A>)(£A)1/3» 47 MeV, a2 - .12 fm2, r - 2.25 fin, u » 26.5MeV. 
Then <<« 1.61 fro,results are in units of C. Vie also calculate the effect of 
approximating ?p(x) by Py.(Y), reducing therefore the number of integrations to 
one. This approximation has been called the local momentum approximation (LMA) 
in (3). The deviations (dotted line) are almost not visible.Whereas there i 
is a sharp cutoff for Pp(Y) at Y » 6* & 9.6 fm {turning point), the results 
obtained with PF(<) are not subject to this restriction in Y, but drop extreaely 
fast too. Therefore the LMA is a justified approximation and seems to be even 
better in this case than for the nucleon-nucleon potential. Certainly physicallLjy 
relevant is only the surface region, where the overlap of the densities cause 
changes in the density which can be neglected. 

Summary and Outlook 
We derived the imaginary part of the polarization correction to ion-ion poten- * 
tials in Thomas-Fermi (T.F.) approximation, applying Feshbach's projection for¬ 
malism. T.F. allows to treat easily finite size systems. Finite range forces 
are used. 

He plan to improve the preliminary results of this letter to deal with 
more excitations than just the Jp -In. Depending on the bombarding energy 
thtro will be reaction channels which dominate more or less the interaction. 
These channels can be treated explicitly by extending our subspace. 

Also a more consistent way for treating the densities is desirable in 
order to generalize to a proper treatment of non-peripheral collisions. Further¬ 
more our results must be corrected for a full antisymmetri .ation of the many 
body wave function. 
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PATH INEEGRALS IN SPONTANEOUS FISSION* 

A. Baran, Z. fcojewski, A. Stasscsak 

Department of Theoretical Physics, M.flurie-Skłodowska University 
Lublin, Poland 

1. Introduction 

Zn calculations of fission half l i f e times one usually 
assumes the KB foanaela for the penetrability of the potential 
barrier1*2^ 

P « [1 + expCSiS}]-1, (1) 

.here ^ 

S « f ^ZtF - «)Be'48 (2) 

i s th* reteeed action taken along some trajectory i n the de¬ 
formation space. Here 7 ( s ) i s the potential energy of the de¬ 
formed nucleus, B_(s) i s the e f fec t ive mass parameter and 
E i s the energy of a f i ss ioning nucleus* The parameter s 
spec i f ies the posit ion on the trajectory with s 1 and s 2 

corresponding t o the c lass ica l turning points determined by 
V(a) « E. The e f fec t ive inert ia B 8 ( s } associated with the 
f i s s ion motion along th i s trajectory i s 

Work supported partly by OKBP 01.06. 
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T 

where BŁ1(s) are components of the inertia tenaor and q̂  
(l«1,...,n) are the deformation parameters specifying the 

n-dinengional defozmation space admitted in the description 
of the fission motion. 

She fission half life time Tgf i s calculated from the 
formula2^ 

v-
where n is the number of assaults of nucleus on the fission 
barrier in unit time and is equal to the frequency <0j/2 71 
of the vibration in the fission degree of freedom. Ire assume 
«Wf a 1 KeV1»2), 

There are two basic methods of choosing the path to 
fission: 

i ) The static approach. The fission trajectory is taken to 
be that minimizing the potential energy 7(e) 5 ) . 

11) The dynamic approach. The path to fission in deformation 
space i s that one which minimizes the total action S**^. 
In this way the influence of B parameters is taken into 
account dynamically 

In both cases the penetration probability (1) i s calcula¬ 
ted along the single path in deformation space. From the quan¬ 
tum mechanic* point of view such a description of the tunnell¬ 
ing problem i s incomplete. The basic reason i s that only one 
path (trajectory) i s taken into account. The proper Inclusion 
of more then one trajectories may improve the dynamics of the 
process and will make the theoretical description more quantal. 

Row to do this is the basic subject of presented paper. 
The answer is given by the path integral formulation of the 
quantum statistical mechanics ' ' ) . 

2. Path Integrals 

We follow closely the conclusions of paper'). The basic 
expression will be the Euclidean (imaginary time) version of 
?eynman*8 path integral*) 
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_ -SLqJ/fc 
D q e . 

The role of imaginary time plays the length %s* of the trajec¬ 
tory. We assume the action S to be given by the formula (2). 
Making the axia *s* discrete we can write the integral (5) in 
the form 

r N 
\ { ćGL exp( -5 
3=1 3 

H e r e "q . = " q ( s . t ) , j = 1 , 2 , . , , S!I w h e r e - « > < Q J <+**»» k = 1 , 2 , . . . , n , 
n is the number of deformation parameters and N i s a number 
of grid points on s axis (= the number of *time* intervals). 

The last expression io * partition function for a statisti¬ 
cal mechanics problem. The action S which couples the nearest 
neighbour sites on a lattice (q^-1, q ,̂ q^+1) plays the role of 
the hamiltonian of n xN dimensional system (e.g. crystal). 
TLe Boltamann factor is 

e (7) 

and ix is equal to the temperature VI, 
I t is now simple to write down the expectation or average 

value of any statistical variable, e.g. spontaneous fission 
half life time 3?af: 

n do, r - " • 1 >1 * "• ' «s) 

i=1 ł 

In the above formula T
af (5i»««»»%) is given by (4) and is 

calculated for the trajectory represented *ay the set of points 
(q.j i... »^j) on a lattice* 

The average T . contains in "that way contributions from 
all trajectories occaring with a Boltanann factor 
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3. Monte Carlo experiment 

The technique for evaluating the STUB over a l l paths i s 
based on the Monte Carlo method of Metropolis '. In this me¬ 
thod one approximates an integral of the type 

q- (9) 

by a sum of a f inite number of terms 

The points in (8) are not selected at random but are distribu¬ 
ted in that region of deformation space giving the dominant 
contributions to the integral. I t means that the points "a* 
have to be selected according to the distribution 

The Monte Carlo estimate < T g f > for the quantity 
simply reduces to an arithmetic average 

where M i s the total number of configurations (trajectories) 
generated in Monte Carlo sequence. The method of selecting im¬ 
portant configurations i s called the * importance sampling*'). 

In the following we sketch the practical rules of Metro¬ 
polis algorithm as applied to generating the important con¬ 
figurations* 

L e t ft})' 3=1»2,...|H denote some ini t ia l trajectory. 
Let us now select at random the new value "q^ for a given "a* 
point of a trajectory. If the action S i s lowered by the 
replacement of q̂  by " ^ the variable at the s i te j i s 
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set to the new value ^JL. If however OS (« BS - S) ^ 0 
then a random number r'€(O,.1) with unifoim probability dis¬ 
tribution i s generated and "cL i s changed t© "q^ only i f 
exp(-AS)>r*. Otherwise the latt ice variable at the site 3 
retains i t s previous value "a,. All s i tes of the in i t ia l tra¬ 
jectory are probed in analogous manner. Doing this for a l l 
points j«1,2, . . . ,N the one Monte Carlo step i s made and a 
new configuration{"%*} As obtained. Repeating the process M 
times and then making use of the formula (12) the Monte Carlo 
average < T - y can be calculated. 

The sequence of configurations or trajectories generating 
in such a way i s strictly connected to the Markov process '. 

4. Results 

The calculations were done for the case of 3-dimensional 
deformation space { B^Ąt ^p» ^ n ) as described in paper9^where 
£ 2 4 i s Nilsson model parameter aad &p, &n are the pairing 
average field gap parameters. 

Two cases were studied: 
i ) The starting curve was a statical trajectory, 
i l ) The starting curve was a dynamical curve. 

The comparison of convergence of the Monte Carlo method 
i s illustrated in ?ig. 1, where the results of log T £ are 
plotted after each 25 MC steps. The number of grid points N 
•as equal to 20. The corresponding *time* interval measured 
on the Eg/ a x i s * a a 0.05. 

Fig. 2 shows log T , values as calculated accordingly to 
static* dynamic and Monte Carlo methods. The systematic of 
half l ives i s similar for the a l l considered cases. However, 
the value of Tgf*s are different. 

In Fig. 3 one sees the *path to fission* in t.Le deforma¬ 
tion space ( £ 2 4 , An , Ap) for 252Fm. I t i s the osan path 
averaged over a l l MC trajectories. 

The next Fig. 4 shows three potential barriers. The MC 
barrier i s averaged in analogous manner as T ~ (or A , A 
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on Pig.3')". Ihe Honte Carlo mean barrier i s geaerally loner 
than the corresponding static one. 

In Pig. 5 the effective mass parameter B i s ahoim for 
three cases. The MC mass parameter i s calculated along mean 
MC path. Again the MC mass i s somewhere in between the static 
and dynamic values. 

The results of the presented Monte Carlo Method as ap¬ 
plied to the path integrals are in qualitative agreement with 
results obtained from another methods used until now in the 
spontaneous fission process. However, the latter method seems 
to be more quantal. I t takes into account the whole possible 
space of deformation parameters as a fission scenario. 

Details of calculations will be presented elsewhere. 
Our hope i s to improve on the systematic of half l ives in 
the more real ist ic model in which one Includes more degrees 
of freedom ( £ , £ + , T ' A

n ' Ap>* 
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CONCLUDING REMARKS 
Ziemowid Sujkowski 

Institute for Nuclear Studies, 05-400 ŚWIERK 

I have the honour to be the last speaker of the XXI Winter 
School on Physics. While there may be some doubt whether it was 
a SCHOOL or whether it was WINTER, it certainly was on PHYSICS. 

In fact, B a f a i B y o d a has opened this meeting with 
a fair warning that this would be a Conference rather than a 
School. The appearance of a guy to present his CONCLUDING 
REMARKS may be taken as a sign that the Organizers want to empha¬ 
sise this distinction once again. On the other hand, it is likely 
that they wanted to justify the use of the word "Winter". They 
have therefore arranged for the last snowfall, to the surprise 
of everybody. 

Having stripped the headline of the two important descrip¬ 
tors I wish to find some other ones. Well, There are some adject¬ 
ives which I would like to use, but I reserve them for the end 
of my talk. At the moment I shall be satisfied with the subtitle 
provided by the Organizers: Selected Topics in Nuclear Structure. 
What I propose to do now is to have a quick look at the Selection 
we have got. It is more or less like having a look at the menu 
after you have finished your dinner. Well, some dinners do 
deserve it. And the eyes of the diner will focus at the names of 
dishes he liked most - he will try to memorize them and sometimes 
even ask for a recipe or for the name of the cook. 

I hope you will agree with me that our dinner is worth 
having such a look back and such memorizing. I also hope that you 
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will forgive me that I shall be subjective in my tastes - it is 
neither possible nor perhaps even desirable to be otherwise. "De 
gustibus non est disputandum" which freely translates to "Choose 
for yourself what you like and tolerate the tastes of the others". 

We have heard here a number of outstanding presentations -
altogether 19 lectures and 13 seminars. We have been promised 
even some more. I guess I shall express everybody's sentiment 
when I say that we have especially strongly missed Dick 

Diamond and his talk on the high spin studies with HERA. 
I hope it will not be necessary to move the School to California, 
as Rafał had threatened to do. We would rather see Dick here in 
Zakopane the next year! 

W e h a v e a l s o m i s s e d V i t a I i j S t r u t i n s k y 

and Peter Kleinheinz, but at Least the announced 
subjects of their talks were well covered by other speakers. 

There were three main groups of topics covered. Firstly, 
there was the High Spin Physics in its full richness of the ripe 
but lively subfield of nuclear physics. This represented roughly 
3/4 of the total. Then, there were the Heavy Ion Reaction Mecha¬ 
nisms. While most of the high spinners around here treat these 
as their tools, for some of us the study of them is the goal in 
itself. Whatever the motivation, all of us listened with keen 
interest to the few lectures on the subject. Of course, what we 
have got were just a few glimpses of what is going on in this 
field - just to whet our appetites, it seems. 

Finally, there were a few lecures a bit away from the ordi¬ 
nary: the quarks in nuclei, the positron puzzle, the to-day's 
talk on the unified theory for laymen. Needless to say, we have 
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especially painfully ralased another lecture promised to us, which 
would have belonged to this group. This is the talk on the cosmic 
neutrinos by Max Irvine 

I ara Bure many of us will have opportunities in the near 
future to listen to his lectures and to enjoy his humour and sing¬ 
ing. For the moment, however, we are missing all of these very 
strongly. He have lost them almost just as soon as we have learnt 
to appreciate them. 

Let us look for the moment at lectures and seminars belong¬ 
ing to the first two groups of topics, namely those on the high 
spins and on the heavy ion reactions. 

What we have had here was really a workshop of experts pre¬ 
senting their newest results or showing details of their craft. 
The standards of the craftm&nship were high and practically in 
every talk there was a large overlap with the subject alloted by 
the Organizers to Kleinheinz. 

Just to remind you: first there came Zdaislaw 

Sxymadeki as a senior master in the High Spin Guild. 
I have always thought that Zdzisław had liked pairing but this 

361 



time he was zealously searching for pairing collapse. He did not 

hide his difficulties in this guest - experimental as well as theo¬ 

retical ones. He was also in a fighting spirit - as a result the 

Munich-Copenhagen controversy has been renamed the Munich-Copenha¬ 

gen-Warsaw Controversy. 

After that Jerry G a r r e t t overwhelmed us with 

a flood of data: analyzed, systematized, jargonized, arranged, re¬ 

arranged, labelled, meaning, meaningful,.,. In addition, he mana¬ 

ged to surprise us with his expertise on the recipes for the Polish 

barszcz. 

The two guys set the tone for much of the rest of the 

meeting. Other members of the Guild followed suit. Herbert 

H A b e I has reminded us what is the state-of-art of the equip¬ 

ment needed to produce the high spin ladders and how the half-

-products (the spectra) look like. Reiner L i e d e r 

proliferated the side bands to the dismay of the screen watchers. 

Dave R a d f o r d has upset our geometrical vision of the 

world by introducing an $n device. He has gardening as a hobby, 

so he told us about the trees, the grass and the soil they culti¬ 

vate in Argonne. This has inspired a lively discussion what kind 

of fertilizers should be used to make the grass grow. 
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And so on, and so on. I cannot, even mention all the distin¬ 

guished speakers and all the refined talks we have heard. High 

Spin was the word. What can the fashion doJ I have never suspect¬ 

ed that Dirk S o h w a I m is so fashion-conscious, He 

really pretended to be a High-Spinner. But when given some extra 

time he got carried away and showed his real colours. He is not 

a High Spinner at alii To the contrary, what he likes most is to 

use his crystal ball to suppress the high spins. And, to the 

horror of the audience, he is extremely effective in this. But 

he showed us only a few glimpses of what he can do as a fortune-

-teller when he looks into his ball. 

I must say I have been thinking about this fashion question 

when I heard the Fritz D 8 n a u" a talk.-1 could not 

help the feeling that his Mean Field Theory of Nuclear Spin was 

not only dealing with our most fashionable subject, it was a 

fashion setter in itselfI 

Let us leave the fashion for a moment. Peter von 

Bventano did that first. Instead of talking about high 

spins he talked about F-szpins and in place of shapes he described 
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symmetries (approximate, to be sure). To make things even worse, 

ha also talked about the complete spactroscopy. How incomplete 

the complete could be was later discussed also by J a o « k 

WrzeBiHoki.I was afraid this all would lead to an end¬ 

less discussion, but somehow they got away with that. 

The Guild of Heavy Ion Reaction Mechanisms was bravely re¬ 

p r e s e n t e d b y O « s o h l e r t p e n g o , L e i g h a n d 

a few others. They were in a clear minority, but they stood their 

ground. I was impressed, among other things, by the multiplicity 

of ways the Australians use to get insight to the single but not 

simple question of angular momentum distribution in fusion 

reactions and by the simplicity of ways and means the Legnaro 

people apply to get relevant information on the subbarrier fusion. 

I think this is refreshing. 

Various creatures have been introduced to us by some of the 

speakers. There were MONSTERS and VAMPIRES. Some of them seemed 

even to be rather excited about something or by something. This 

left us somewhat scared and uneasy. 

However, there were also some beneficial results of this 
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A magic. I am particularly pleased that one of our guests here has 

•£-: had the nerve to call the old magician, MERLIN, and to claim that 

he has had a peek under Merlin's hat. What ha* in fact happened 

was that Merlin dropped by here and was so kind as to leave us 

his hat as a souvenir. You may have noticed that I an trying to 

make use of it now and then during this talk. • 

What I see now under this hat is that I should stop talking 

about the craft. X should rather try to remember the two talks 

which were outside the scope of the workshop. X would characteri¬ 

ze them as having large overlaps with the subject supposed to be 

Strutinsky's. It certainly was exciting to hear abou- the quark 

degrees of freedom in nuclei. And what a performance1 Even though 

X personally find it regrettable that Max Irvine has 

shot down the SMC effect X am sure all of us have enjoyed the way 

he had done it. His conclusion that the more you look for quarks 

in nuclei the harder it is to get them out has the same ringing 

of deep truth as when Piglet had looked for Winnie 

the Pooh and the more he looked in the more the Pooh was 
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• not there. 

You know the feeling when there is a tune in your mind and 

you cannot get rid of it. You go on humming the tune at ths ssest 

improper moments and places. It happened that I have recently 

listened to the songs from the "Fiddler on the roof" Musical. 

And the one tune from this musical which kept coming to my mind 

was that: 

..."And it won't make one bit of difference 

If I answer right or wrong 

When you're rich 

They think 

You really know!" 

"If I were a rich man..." 

Fiddler on the roof 

j When Helmut Bokemeyer started to unfold his 

puzzle in front of our bewildered eyes I thought he might really 

know. But in spite of the richness of his data he did not pre¬ 

tend he knew. He neft us bewildered, with the puzzle unsolved. 

In fact, he extended an invitation to all of us to try to solve 

it. 

"And that would be the sweetest thing of all..." quoting 

"Fiddler on the roof" again. We have witnessecJ this morning 

how appealing this challenge was when professor 

R a y e k i - as the first among us - has had a go at it. 

I wish Helmut and his colleagues the best luck in this 

pursuit. May be it really is a Copernican task, as one of the 

newspapers quoted by Bokemeyer has suggested? But as far as 
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Copernicus is considered as an example to follow, it would per¬ 

haps bring more luck to think of more quiet periods of his life 

than that in Olsztyn, referred to in the talk. At the time, he 

was too much involved in defending that city against the strong 

neighbour from the west to concentrate on his Big Puzzle. 

A peek under the hat now induces some general reflections. 

The discussions. They were on the whole lively and constructive, 

engaging, extending well beyond the lecture hours and outside 

the lecture room. Just as it should be. Only occasionally I sur¬ 

prised myself with humming another verse from the same "If I were 

a rich man..." song: 

"I'd build a big tall house... 

... right in the middle of the town... 

There would be 

one long staircase just going up 

And one even longer 

coming down 

And one more leading nowhere 

just for showl" 

Ibidem. 
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Another personal reflection. There was a fair fraction of 
the talks given by Polish speakers. As an old-timer of the Win¬ 
ter Schools in Zakopane I note with satisfaction that while the 
scientific level of these talks was just as high as ever, there 
was a remarkable improvement in English. An ultimate proof of 
this is in the pronunciation of names. You know - this is usual¬ 
ly the most difficult thing in any language. Only a few years 
ago Polish speakers, when quoting references, would say for 
i n s t a n c e B a l a n d a , Q k o ł o w i c z , ' S w i ą t e c k i , 
B ł o c k i , V r z e e i H s k i . Now I hear the impeccable 
B a l a n d a , O c q o l o v i t z , S v i y a t e a q y , 
B I o a ą y , V r e a i n a k y . 

Hell, I look again under the Merlin's hat and what I see 
there is something nice. This is real magic. I see the rooodi The 
lively and friendly atmosphere 1 The happenings, spontaneous as 
well as the well organized ones. The social evenings. The excur¬ 
sions. The whole background to the scientific programme. The 
smooth functioning of the dining room, the reception, the travel, 
the ... you name it. And whom do I see behind all this? 

T h e W o r k i n g C l a s s o f K r a k ó w ! 
I think our Colleagues from this Primus inter Pares of 

Polish cities deserve really our appreciation and warm thanks 
for the excellent job they have done. Most of us do not even 
imagine how much work has to be invested in order to create such 
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a smoothly functioning mechanism as running this School has 
turned out to be. And this was so against all the odds. You got 
to do it yourself at least once to really appreciate the effort. 
In fact the closer to perfection is the mechanism, the less you 
notice it. 

Those who did most of the job among the Working Class of 
Kraków are the ones with yellow badges: the Organizing Conanittee. 
Some of them we have seen and interacted with daily during the 
meeting, other had tasks much less visible, but equally essential 
for the functioning of the machinery. Let .us look at the list of 
their names just to remind ourselves who did what; 

Maria Rybicka *t School 
Małgorzata Łach. J management 
Barbara Szynusik*] 

/
- secretaries 

_ 
Jerzy Grębosz - indispensable individual 
Jacek Wrzesiiiski - Kasprowy Wierch 
Wiesław Potempa - accomodation 
Tomasz Pawłat 

technical 
Adam Maj ~ -

problems 
Erazm DutklewiczJ 
Jerzy Sieniawski * transportation 
Zbigniew Stachura - kindly reminds: the 30th of May 1986 

is the deadline for sending 
manuscripts 1 

I think Z shall express the general sentiment around here 
if I call upon you to give a standing ovation to 
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the whole 
O r g a n i z i n g C o m m i t t e e / 

And separately 
t o R a f a ł B r o d a ! 

His nane is missing on this list. He just did nothing. And 
for this nothing let us sing STO IAT for him. 

II r u i 
I hand Rafał the Merlin's hat and I wish him - and our¬ 

selves - many happy returns, many a Winter School in Zakopane, 
where we could meet all the old friends again and make some 
new ones. 
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