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manufacturer, or otherwise does not necessarity constitute or imply its endorsement, recom-
mendation. or favoring hy the United States Government or any agency thercof. The views
and opimiens of authors expressed herein do not nccessarily state or reflect those of the
Unined States Government ur any agency thereol.



NEW SHAPES AND STRUCTURES

Studies of nuclei far from stabiity in recent years have brought
about major changes in our understandings of the structures of nuclei.'”?
No longer does a nucleus have to have a single, "permanent™ shape which
characterizes its low-lying levels. Now throughout the periodic table
one finds nuclear shape coexistence where two or more different shapes
can coexist with energy levels characteristic of each shape overlapping
in energy. These coexisting shapes include small oblate (near spherical)-
large prolate; spherical-prolate; triaxial-prolate and other combinations.
In these cases sudden ground state phase transitions from one configuration
lying lowest to the other being lowest or to even totally different
shapes also are observed.

In addition, new "magic" numbers which play an important role in
shape coexistence and superdeformations observed in certain regions
have been identified. In Fig. 1 are shown the magic numbers (2, 8, 20,
28,...) for the spherical shell model (deformation parameter, 8 = 0).
Note that 40 is shown as magic for a spherical shape as taken from the
review of Baranger and Sorensen.® It was the double closed shell
structure of J33Zr,, which originally provided the evidence for the
spherical magic character of 40. Subsequently, the double-closed-
shell-like structure of 35Zr,, and more recently well off stability
SeNi.,, provide support for both Z and N of 40 being magic for a spherical
shape. Likewise, }3Srs, is often taken as the inert double closed
shell core in many shell model calculations. Thus, it was quite surprising
to discover® in 7*s]iKr,s .o, where N = 38 and 40, a new region of
unusually large deformation with B ~ 0.35. This new region of very
strong deformation is found to be centered around N = Z = 38, It was
independently predicted by the calculations of the ground state shapes
and masses of over 4000 nuclei by Méller and Nix.'° Without going
through all the experimental evidence, what emerges can Dbe understood
by looking at Fig. 2 which shows the single particle levels as a function
of deformation, as taken from Bengtsson et al.,!' and at a summary of
the data as given in Table 1. When 40 or the 38 spherical (B = 0)
shell gaps get reinforced by a strong spherical magic number like 28
and 50 and even the weaker subshell gap at 56, then the reinforcing
push of the protons and neutrons for the same shape, here spherical,
makes nuclei like ’°'3§Zr,°'56, $8Ni,, and 38Srs, look like spherical
double magic nuclei. However, there are competing shell gaps at large
prolate deformation (8 - 0.35) for N,Z = 38 and 40. These deformed
shell gaps are somewhat deeper than their competing spherical gaps at
38 and 40 so that when both N and Z approach 38 and 40, the stronger
push for a deformed shape by both the protons and neutrons drives these
nuclei to unusually iarge deformation as first observed in 7“+18Kr,s oo
(ref. 9). So, the reinforcing effect of the protons and neutrons éan
cause a switch in which shell gap is "magic™ in this region in stabilizing
the nuclear shape to be spherical or deformed.

The reinforcing of the proton and neutron shape driving forces, as
seen by the gaps in the single particle spectrum in Fig. 2, also explains
the sudden appearance of another new region of equally strong deformation
(B ~ 0.35) in ‘°°v‘S§Zr5°'sz and *®»1388r¢, ¢, (as described in detail
in ref. 2). As discussed there? and seen by looking at the 2* energies
in Fig. 3, it is the reinforcing of the neutron shell gap at N = 60 at
large deformation (8 - 0.35) by the proton shell gaps at 38, 40 at the
same large deformation (B - 0.35) that leads to this region of very
strong deformation and not simply the N = 60 shell gap at large deformation
as first proposed. For the N = 60, 62 nucleil as Z increases from 38,

the large and suddenness of the onset of deformation (as indicated in
Fig. 3 by the 2* level energies) are both gone by Z = 42 and clearly by
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Fig. 1. Chart of the nuclides as a function of N and Z from ref.
8 with the spherical closed-shell magic numbers shown by
verical and horizontal lines and deformed regions by
ovals.
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Z = 4L, The suddenness of the onset of deformation in the ,,2r and ,,Sr
nuclei between N = 58 and 60 is also explained by the reinforcing
proton and neutron shell gans. The N = 56 spherical shell gap reinforces
the spherical gaps at Z = 38 and 40 to keep these nuclei spherical
further out from N = 50 than they would otherwise be. The double-
closed-shell-like level structure seen in 2$Zr., but not 38Srs. indicates
that the Z = 40 and N = 56 spherical shell gap reinforcement is stronger
than for 38-58. However, the Z = 38 and N = 60, 62 deformed shell gap
reinforcement 1s stronger to drive the N = 60,62 ,,S5r nuclei to have
even larger deformation than the N = 60,62 ,_,Zr nuclei. Thus, we have
clear evidence for new "magic" numbers, 38 for N and Z, (and perhaps 40
for N and Z) and 60 for N but now ‘or defcrmed shapes, These "deformed
magic" numbers or shell gaps confirm the longstanding prediction of
Brack et al.'? that there should be such magic numbers for different
deformations which play the same role at large deformation as the well-
known spherical magic number derived by Mayer and Jensen from the
spherical shell model. The importance of reinforcing shell gaps on
nuclear deformation and of the new "deformed magic numbers" are additional

examples of new phenomena which could only be ob‘{iained by studying
nuclei far from stabilty.

As one looks at Fig 2, one sees that in addition to 38 and 60 there
are other shell gaps at different deformations. Theorists have emphasized
that the shell gzaps at equally large deformaticn but for an oblate
shape (B ~ -0.35) at Z = N = 36 should be as important as the Z = N = 38
shell gaps. Thus, a new region of the strongest oblate deformation
ever observed should exist around N = Z = 36 or 35. The Vanderbilt
group initiated studies to seek to identify this new region of very
strong oblate deformation and the phase transiticn from™ very strong
prolate to very strong oblate deformation. All ground state oblate
sSnapes previously observed have had small deformation (B ¢ -0.15).
Good candidates to observe the sudden transition are the bromine isotopes
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Summary of Experimental Data for N = 38 and 40 Nuclei
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$®Ni spherical double magic
energy levels

SSNi spherical,
large E2+ = 1.42
1

near-spherical ground
states and low-lying
deformed 0} states

near-spherical ground
states and low-lying
well deformed 0} states
and deformed bands,

clear shape coexistence

strongly deformed ground
states and near
spherical 0; states

strongly deformed ground
states, but no near
spherical 0} states
observed

N=42-50 no deformed
bands seen

N=42-50 no deformed
bands seen

N=42,44 Y-soft to
N=50 spherical

Smooth decrease in
deformation as N
increases toward 50
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Fig. 3. The 2] energies for Sr to Cd nuclei with
= 50-70.

72473, TBr,, 38 316 Since its Z = 35 is in the center of the expected
new region and ‘the N values span the prolate-oblate phase transition
region. Unfortunately, the lightest of these isotopes has less than 1%
of tHtotal cross section in a heavy ion reaction. Thus, special
techniques had to be employed in order to identify the very low cross
section products in a heavy ion reaction.

First a five sector neutron detector'?® was built for in-beam n-v,
n-n-Y, and n-Y-Y coincidence studies which have been carried out at the
Holifield Heavy Ion Research Facility and the University of Notre
Dame. Then this detector was used with the recoil mass spectrometer at
the University of Rochester for recoil-mass-n-Y studies. By combining
these data, the energy levels in 72Br were identified for the first
time (see Fig. 4) and new high spin states in 7%Br (ref. 14). The
strongest band seen to high spin in both 7®Br (Fig. 4) and ?®Br 1s the
one built on the g9,y orbital. The transition energies in this band in
7*Br, beginning with the 13/2%* + 9/2* transition are 563, 830, 1045,
1209, and 1325, respectively. By comparing these with Fig. Y4 one sees
that these two bands are nearly identical. (Recently some additional
very low energy transitions have been placed!® below the 9/2* band in
73Br compared to Fig. 4, but the 9/2% bands are identical). The AI = 2
sequence of levels in the 9/2% bands in 7?+75Br are characteristic of a
prolate rotor with very large deformation (8 ~ 0.35).

A new five separated sector neutron detector and four large solid
angle Nal detectors for light charged particles® were built. These
detectors were used with the Rochester recoil mass spectrometer in the
reaction '§0 + Z3Ni + (7"Kr)* to search for }iBrss. From a comparison
of recoil-mass-n-Y and recoil-mass-p-Y coincidences, we identified
several transitions as belonging to "!Br (ref. 16). All have energies
in the range of 200-400 keV. Since the strongest cascade transitions
in 7* 7%Br are in the 9/2* band, we assume this will be the case for
7'Br. If this is so, then the low energy of the transitions observed
there would indicate a AI = 1 seguence in contrast to the Al = 2 sequence
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Fig. 4. Energylevels in "?Br fromn-Y and recoil mass-n-Y coincidence
data'". Additional transitions have been placed below
the §/2% level.'®

in 7?:7°Br. Based on the single particle orbitals available, a AI = 1
sequence is expected for an oblate shape. Thus, these data may be an
indication of a sudden phase shift from a very large prolate ground state
in 7*7%Br to a very large oblate shape for the ground state of 7'Br,
Analysis of n-n-Y and n-Y-Y data are in progress to establish the bands
and spin sequence in 7!Br.

As described in more detail inrefs. 1, 2, the concept of reinforcing
proton and neutron shell gaps i{lluminates a vzoriety of other regions
such as the reinforcing of the spherical subshell gaps at Z = 64 by the
strong spherical shell gap at 82 to make '{%Gd,, a double closed shell
nucleus. Indeed, the spherical subshell gap at Z = 64 plays the same
role that the N = 56 spherical gap does in the Sr-Zr region in the sudden
onset of deformation as discussed above. It is the influence of the
spherical Z = 64 gap that keeps the ,5m, .Gd and ¢¢Dy nuclei spherical
further out from N = 82 than they would otherwise be, so there is a
sudden onset of deformation between N = 88 and 90 for these three elements.
However, the suddenness of the onset of deformation between N = 88 and
90 disappears for 62 > Z > 66.

New regions and types of nuclear shape coexistence are continuely
being found throughout the periodic table. For example, a new and
different type of shape coexistence was found this year in the very
light Pt nuclei '7®:17°%pPt (refs. 17, 18). Dracoulis et al.!’ studied
the yrast cascades in '7%»'J8Pt. 1In Fig. S (from ref. 18) their data
are compared with similar data for !'72»']uW and '7"s']%0s (refs. 19,
20). The behaviors of the high spins (2 6%) states in !72W, '7*0s, and
'7¢pt, as shown in Fig. 5, are remarkably smilar and characteristic of
a well-deformed rotor. However, there is a strong deviation in the 2%
level of 1'7°%pg, Quite similar behavior is seen for the yrast energy
levels in the N = 100 isotones except only a small perturbation is seen
at 2% in '7°Pt. Dracoulis et al.!” interpreted the '?®Pt low spin
difference to the coexistence of two shapes Wwith quite different dzfor-
mations. Independently and simultaneously, potential energy surface
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calculations were being carried out for the Pt isotopes.'® These
surfaces (Fig. 6) independently predicted the coexistence of two shapes
in '7%.178py and predicted a sudden ground state phase transition from
a strong prolate ground state (8 ~ 0.23) in '?°Pt to a weakly deformed
(B ~ 0.12) ground state for '7°Pt with a coexisting, nearby, excited
prolate deformed shape which had been the ground state of '7°Pt, As
178pt pegins to rotate, the minima in the potential energy quickly goes
to the prolate shape (flate space in Fig. 6). The weakly deformed band
is the excited band in '7°Pt and slightly perturbs the 2 energy there.
Dracoulis et al.!” noted the similarity of the shape coexistence in
178pt to that in '®“Hg. However, the potential enrgy surface calculations
point to a significant difference; the ground state of '®*Hg has a
small oblate deformation while for !'7%Pt the ground state has a small,
triaxial deformation.

In summary, varieties of nuclesar shape coexistence are seen throughout
the periodic table (see refs. 1,2 for other examples). In addition, we
have firm evidence for new "deformed" magic numbers, 38 for N and Z and
60 for N, which manifest themselves when the proton and neutrons have
shell gaps at the same deformation so both the protons and neutrons
drive the nucleus toward the same large, prolate deformation and tentative
evidence for the N = Z = 36 shell gaps at large, oblate deformation,.
As seen in Fig. 2, there are numbers of other shell gaps at different
deformations. The importance of many of these gaps will undoubtedly be
seen when nuclei far off stability with the right reinforcement of
proton and neutron shell gaps at the same deformation are studied.
These data all clearly suggest that in the collision of U on U or U on
Cm one could expect to see the stabilizing influence of other new shell
gaps, and certainly we expect to see a much wider range of collective
phenomena associated with these collisions than we have seen.

EXOTIC DECAY MODES

In 1980 Sandulescu et al." predicted from their calculations a new
type of radioactivity for heavy nuclei intermediate between fission and
alpha decay. They predicted that a heavy nucleus could emit a heavy
cluster such as '"C or 2?"Ne when such emissions yielded a daughter
nucleus at or near double magic 233Pb,,. Heavy cluster emission is a
new collective type of decay mode which is an additional manifestation
of the strong nuclear shell structure associated with spherical double
magic *°®*Pb. The first heavy cluster radioactivity, the '*C radioactivity
of ?2?%Ra, was discovered by Rose and Jones?! who were apparently unaware
of the predictions of Sandulescu et al.," as noted in ref. 22. As shown
in Fig. 7, ??%°Ra was predicted by Sandulescu et al.?° to have the
largest ratio of !*C to a decay of any isotope. An earlier review of
this process is found in ref. 23 and more extensive theoretical analysis
and predictions in the recent paper of Poenaru et al.*®

Basicaliy, the conditions for the splitting of nucleus Ay into

Az] + A222 are shown in Fig. 8. Heavy cluster radioactlivity occurs

when the potential is like curve 2 with a positive Q value and E; > 0.

For a potential like curve 1, the nucleus is stable and for curve 3
corpletely unstable.

Now !“C radioactivities have been observed for 2227228R3 (refs. 21,
24-28). The expected Llifetimes and the '*C/a branching ratios are
compared with the orig.ncl theoretical calculations of Sandulescu et
al." and recent calcul: ions from Frankfurt?® in Fig. 9. While ihe
original calculations do not reproduce the *2%2,22%Raresults, by increasing



-112-

logif e ri

’ L " N
Yo m 1} 134

Fig. 7. The '“C/a ratios and o partial lifetimes from
ref. 4.

1 Stable
2 Metastoble(Rodiococtive)
3 Unstoble

.- i E-E, o (E°E5) (internction)
“-.... E-potentigl energy of deformation
{ mocel dependent )
4 oy, _
‘ - shape parametrization
volurme conservation

matching

Fig. 8. Possible potential energies for a heavy aucleus. Curve
1 would give a stable nucleus; curve 2 where the Q value
ls greater than zero would give a radioactive nucleus,
and; curve 3 is an unstable nucleus.



-113-

EVEN-0DD EFFECT IN ¥C RADIGACTIMTY
Apg—Thg + A tpy

10

12+ E
A VAN .
—
o L
<]
- 16} 4
l T_L‘ - m——— = . S R -t
e-¢ -0
£, 0.055 00S6 ---- )
— = 40062 0083 e similor witha
Qg oms —
-8 o T T T
a0f it 1
T
D //
g | & ’/
— V ‘ ’A)~/
4k ]
J r 1
133 134 135 N 136

Fig. 9. The experimental **C/a ratios (b) for the decays of
222,223and22%Ry are compared with the recent calcu-
lations of the Frankfurt-Bucharest group.2??® Note
by allowing the zzro vibrational point energy to
increase for the e-e and decrease for the e-o cases,

excellent agr-«ement between theory and experiment is
obtained.

the zero point vibrational energy for the even-even and reducing it for
the even-odd cases, excellent agreement with experiment is achieved.?®

Since the largest Q values occur when one daughter product 1is
298pPp, as the mass of the heavy elment increase the mass and Z of the
heavy cluster radiocactivity must also increase as illustrated in Fig. 10.
Now 2*Ne radicactivity has been reported for 23'pa, 2?2y, 2?°U and
23°Th (refs. 30-33, respectively). The theoretical calculations® of

the lifetimes are up to an order of magnitude faster than observed
experimentally for these ?"Ne decays.

Barwick et al.?! also have point out that the reported spcntaneous
fission half-1lives®*™"° for the eight isotopes in Table 2 are in reasonable
agreement with the theoretically calculated half 1lives*s»3 for heavy
cluster radiocactivities. They note that it is very likely that what uWere
called spontanecus fission (into two more equal size fragments) in
these eight cases are heavy cluster decays.

In the first calculations, decays to excited states of the heavy
daughter were neglected“:*® and this could introduce a serious correction.
Very recently Greiner and Scheid"' have calculated the corrections to
the partial half lives for heavy cluster decays to the ground states"“:?®
by calculating the total transition rates including those tc excited
states of the heavy daughter fragments. Tr'y find that this increases
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Table 2. Half-Lives Predicted“»® for Heavy Ion Emission Compared With
Measured Spentaneous Fission Half-Lives?¢7 "2,

-

Decay Mode Predicted 1y Measured 1gf Ref .

232y 4 2%\e 1 x 10! 6 x 10%? 36
232Th » 28Ng 1 x 1022 > 1 x 102} 37
231py . 24Ne b x 10" 2 1.1 x 10'* 38
23197y 4 2%ye 3 x 107 2 1.5 x 107 38
233y » 25Ne 9 x 10'% 1.2 x 107 39
23%y + 28y 2 x 107 1.6 x 10!¢€ uo
237Np + '°%Mg 3 x 10'°® 21 x10'"® U1
2elpm + ?%Si 2 x 10'° 2.3 x 10'" 42

the decay rates ever in unfavorable cases by at most not more than half
an order of magnitude and so is not a serious correction to the original
calculations.“»* This amount is within the overall accuracy of the
calculations. The effect 18 essentially zero when one daughter is
2°%Ph whose excited states are very high in energy.

Poenaru et al.*?® have now calculated the possibility of heavy
cluster emission from lighter nuclei. They find that all stable nuclei

-
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with Z 2 4D are radioactive with respect to heavy cluster emission but
with lifetimes in the range -10%° to 10%°s.

A NEW NUCLEAR COLLECTIVE PHENOMENA: VERY ENERGETIC PROTON AND ALPHA
EMISSION IN HEAVY ION REACTION )

Recently Maguire (at Vanderbilt) as part of a collaboration with
Argonne, Michigan, Kansas, and Notre Dame constructed several large
solid angle Nal detectors to measure very energetic light igns with
energies up to 10 times the incident MeV/u in heavy-ion reactions.®
The detectors were calibrated with 80 MeV a particles on CHp.

The reactions 300 MeV %235 (9.38 MeV/u) + Ta and 600 MeV 3°Ni
(10.34 MeV/u) + Ta were studied.” Very surprisingly, significant
numbers of protons with energies up to and greater than 100 MeV and
alpha particles with up to 150-200 MeV were observed. These partlicles
are coming out with up to 10-20 times the incident MeV/u and are carrying
off up to 50% and more ©of the total incoming energy. There is some
strong collective effect which is giving rise to the concentration of
such a large fraction of the total incident energy into one particle.
At present there is no theory to predict such energetic particles:
There is much research to be done to investigate when and where these

particles are emitted during the collision and what other fragments are
in coincidence with them.

Even though one does not have any theoretical understanding,
these exciting results generate numbers of interesting speculations.
In relation to this conference, one can speculate whether in collisions
of UonU or U on Cm at energies in thne range of 5-10 MeV/u such fast
protons or alpha particles may be emitted at such times and locations
as to cool the reaction and lead to longer sticking times for the two
heavy nuclei. Also, it is known that there is enhanced alpha emission
along the long axis of a prolate deformed nucleus in radicactive decay.
If the most favored orientations for two heavy nuclei like U to collide
and stick is end-to-end, as has been suggested,“?® there could be added
enhancement to such fast alpha or fast proton emission along this axis
which, in turn, could increase their sticking tiwe. There could be
other consequences as well.

SUMMARY

The thrust of this paper was to illustrate that we are continuing
to find in numerous, diverse ways throughout the periodic table (Z%92)
new manifestations of collective nuclear behavior. These include
various types of nuclear shape coexistence for low-lying levels, new
"magic" numbers for deformed shapes which give stability, for examples,
to very large prolate and very large oblate shapes, new collective
decay modes such as heavy cluster emission, and collective concentration
into a single outgoing proton or alpha particle a large fraction (up to
50% and more) of the incident energy in a heavy ion collision. The
wealth and diversity of these collective phenomena strongly suggest
that in the collision of two heavy nuclei, like uraniium and uranium or
cu’ium, that there should be a variety of new collective phenomena
including previously inaccessible, exotic collective phenomena.

Already, Greiner*® has suggested that if two such heavy nuclei
collide and stick for even 107'®s that one could see new collective
excitation such as a "butterfly" type motion where the opposite ends
of the two touching nuclei oscillate up and down about their touching
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Fig. 11. Possible new collective excitations associated with

two heavy ions which have stuck together as shown
(from ref. 43).

point or when the angle between the two symmetry axes is not 180°
when at the touching point, they can rotate about a common center of
gravity (see Fig. 11). These are but two new easy to visualize collective
motions and considerations of other collective behaviors should be
made. Some of .hese phenomena may have strong bearings on the positron
line production. Already, at this conference, Raefelski proposed a
new way of producing e*e”™ pairs. Also at this conference, Oberacker
suggested that the excitation of even one uranium nucleus into its
second minima, which has a much large deformation than its ground
state, would significantly change the Coulomb energy and so alter
possible potential pockets which could lead to sticking. We should
look at the possibility tnat there are new shell gaps at large deformation
including very large deformations associated with second minima in the
potentials for Z in the range 180-190 and N of 290-298 which could help
stabilize two colliding heavy nuclei., One should explore whether the
new observed emission of a very energetic proton or alpha particle
could, if present in these *“eavy ion collisions, significantly cool the
system soO as to influence this sticking of the two nuclei. Finally, it
is possible that there is more than one origin for the positron peaks
being observed. So, in different colliding nuclear systems or even in
the same system, positron lines from more than one origin may be confusing
the theoretical interpretations.

This work was supported in part by a the US Department of Etnergy,
Division of Basic Sciznces under contracrt No. DE-AS05-T76ER-05034.
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