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Exploring New Regions of the Chart, through Masses

Figure 1 shows a part of the chart of the nuclides for light nuclei

displaying the properties for some of them measured at GANIL recently. It is a

good illustration of the importance of Mass measurements when exploring new

regions in this chart. One can note the successive lines when moving from the

drip lines towards stability. The furthest area is where new isotopes have

been identified, then is the area where masses were measured and finally the

ares, of half-Hf es and total cross-section measurements.

In such an exploration, one can thus distinguish several steps which

are closely linked to the level of production of the new nuclides.

The very first step is the identification, i.e. the existence or

non-existence of a bound state for a given collection of nucléons. That step

requires few events, one single event would even be enough, provided its

signature is good. Identification gives very important information, specially

in the case of light nuclei, when approaching the drip-lines. I shall give an

illustration of this point, later in this talk, with the consequences of the

identification or non-identification of 18fl9B, 21>22C, 24N, 25>26O, 28>29F

and 31'32Ne.

The second step is already related to the measurement of one of the

most primordial quantity of a nucleus, i.e. its mass. This step usually

requires a few hundred events for the measurement to be significant, at least

in the case of direct measurements.

At the same level of production, and for very exotic species,

half-live measurements could provide some interesting informations.
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Further steps would give deeper and clearer insight in the structure

of these nuclei through the decay modes, the level structures, the r.m.s.

charge radii and isotope shifts, the total radii, etc.... but at the expense

of much higher productions, which means much larger beam time.

It sounds then reasonable that the complete and systematic survey of

a new region of the chart be made through the measurement of the masses of

nuclei, and, when an irregularity in the mass-surface is found, to focus all

possible types of experimental tools on such an irregularity in order to

identify or reveal its real nature. At the same time, calculations with the

various existing models could be solicited to search for the eventual

explanation.

This is just one out of the many aspects of the need for mass

measurements, but of course not the only one. It is outlined in this talk,

because I think that with the stemming of new machines and the production of

new nuclear species, we, in the nuclear physics community, should consider

with still firmer conviction this tool as "the" basic tool in the exploration

of new regions of our chart.

Il -

Figure 1 : Chart of the light nuclei showing the results
obtained at GANIL recently. The drip-lines are from predictions
in ref.l.



Significant Mass Measurement

In order to understand what a significant mass measurement is, one

needs to know how it is to be used to extract information.

The basic idea is regularity of the mass surface (in the N1Z

coordinates). This has already been observed in 1935 when Bethe and von
2)

Weizsâcker elaborated the now famous liquid drop formula which fitted quite

well the masses known at that time. Large structures appeared already then,

like those due to pairing energies or to the shell closures up to N or Z=20,

and still, the last one was not really outstanding (today we may still
40

wonder how much magic number 20 is, apart in the neighbourhood of Ca and I

shall come back to this point later). Since that time, the number of known

masses has considerably increased and, much more important, the accuracies

with which they are known has been improved by 2 to 3 orders of magnitude. On

top of the quite smooth behaviour of the mass surface observed then, other

irregularities came to light, which were related to more shell and subshell

closures, to deformation, to the so-called Wigner interaction for N=Z nuclei,

to the Thomas-Ehrman shift across the proton drip-line, etc....

One of the best way, up to now at least, for the observation of

structures in the mass surface is to plot differences in masses along pathes

on this surface. One example is the variation of the two-neutron separation

energies along isotopic chains as in figure 2:

S_ (AZ ) = BE(N,Z) - BECN-2.Z)Zn N

BE(N1Z) is the binding energy of the isotope AZ .

On figure 2 two types of departure from a smooth trend are

displayed.

The sharp decrease is associated with the neutron shell closure at

N=82. The magnitude of the step provides a quantitative idea of the

"intensity" of the shell effect: approx. 2 MeV here. It means that a neutron

pair in the new shell will be less bound by 4 MeV than the last neutron pair

in the previous shell. Similarly, subshell closures could be observed

elsewhere with much weaker "intensities" (5 times weaker in the case of N=56).

The second type of departure observed here and also in two other

cases (N=20 and N=60) is a significant increase of S2 when compared to the

extrapolated trend from less exotic isotopes. It reflects a new structure



giving an extra binding energy to these nuclei. The hump observed in figure 2
3)

The two other ones
4)

has been discovered in 1964 by Barber and his coworkers

:red respectively in 19'

All three have been related to spherical to

at N=20 and at N=60 were discovered respectively in 1975 by Thibault et al.
5)and in 1979 by Epherre et al."

prolate shape transitions.

Figure 2 : The two-neutron separation energies Szn for a
few elements between Z=52 and Z=63 6). Two features are
clearly displayed: the sudden drop after completion of
the sdg-neutron shell at N=82; and the onset of
deformation for some rare-earth (Pm, Sm, Eu) when adding
the 90 neutron.

Then, what will a significant mass measurement be? There is no a

priori and straightforward answer to this question. It all depends on what

sort of effect one is looking at or expecting. Sometimes one or more MeV

precision may be good enough to have a significant measurement, this would be

the case when searching for the existence or non-existence of strong shape



transitions or other strong effects, in the course of a first exploration.

Such cases do not occur very often. Last time was 14 years ago with the

already mentioned discovery 4) in 31l32Na. At the other extreme, we should go

much beyond what could be seen on figure 2 and a mass measurement to be

significant may require an accuracy better than 10 keV for the determination

of the mass of 11Li 7J or better than 5 keV (Q determination of Tb and

its implication in the determination of the neutrino Ve mass), or 0.5 keV (in

the mass difference between 76Ge and 76Se, related 9 to the Ov-pp decay

problem) or 0.1 keV (for the determination of the mass of v from the

EC-decay of 1 Ho) or even 5 eV for the determination of the electron

anti-neutrino v mass from the tritium beta-decay.
e

To conclude this part briefly and in the frame of the title of this

talk, I shall distinguish 4 points, the 4 one will be related to the

"topography" of the mass surface:

1- For particular cases, like the ones just mentioned, the "significant"

accuracy is to be defined for each case individually, taking into account

the physics implied in the measurements;

2- In the case of conflicting data (or in the case of a datum conflicting

severely with systematics or calculations), a new measurement to be

significant should have an accuracy at least 2 times better than the

difference between the two conflicting data;

3 - In more general cases, remeasuring a mass will be qualified as being

significant if the new result is at least 3 times more precise (it will

then weight 10 times more in the least squares procedure) than the

generally accepted value. It would be qualified as being "interesting" if

it is only as precise or slightly better;

4- But, in the exploratory phase of a new region of the chart, a result with

almost any accuracy is good, provided, it goes without saying, the assigned

accuracy is trustworthy. Now, the higher the accuracy is, the better the

possibility is to see finer structures. An "ideal" target, today, for

exploration, could be defined as being 100 keV, for two reasons. First,

such an accuracy seems to correspond to the roughness limit of the

mass-surface in the "regular" regions, i.e. outside the regions with well

known structures. Second reason, the required accuracy to decide between

the predictions from different models or formulae l l amounts to a few

hundreds of keV.
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Figure 3 : a - The two-neutron separation energies S2n ; b - The one-neutron
separation energies Sn for odd-Nuclei. The experimental values are represented
by points with, when necessary, their error bars. They are mainly from a
recent compilation 12 and they include the most recent results. Values
estimated from systematic trends are represented by open circles. Those in the
neighbourhood of S2n=0 and Sn=O embrace recent informations on the
"existence" or the "non-existence" of some nuclei on the neutron drip-line.



Illustrations

It would be interesting now to give some illustrations of the

preceeding statements, by examining in details a few particular cases, and

what we can learn from them. The first one will illustrate how identification

of some peculiar nuclei can give information on masses and on the behaviour of

the mass-surface in their neighbourhood. In the other cases we shall exploit

only direct experimental information on masses.

a - Identification:

On figure 3 are plotted the 1-n separation energies for odd-N nuclei

and the 2-n separation energies. The experimental values are only those

represented by points. But actually, there are much more informations, which

can be derived from the knowledge we have on the existence or non-existence of

bound states for some nuclei, more exotic than the preceding ones.

As an example, we know today from the beautiful experiments

performed by our colleagues at GANIL working on LISE that F is' unbound and

that F is bound . These two informations put already very strong

constraints on the values of both S and S0 for each of these two nuclei and
n Zn

thus to the behaviour of the Fluorine curve. We can then reach a situation

like the one represented by the open circles in figure 3, with not so many

possibilities to move the Fluorine points too much up or down.

Playing the same game with Carbon, Nitrogen, Oxygen and Neon gives

the global picture of figure 3. One can contemplate all the informations that

can be gained from the close examination of such a figure:

i- Comparison of the behaviour of the Neon and of the Sodium lines gives some

evidence that the known onset of deformation at N=20 4'14 does not extend
to the Neon (Z=IO) isotopes.

ii- If we observe the Fluorine curve and imagine the Oxygen one would have a
28similar behaviour, we cannot exclude completely the possibility for O to

exist.
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Figure 4 : The two-neutron separation energies S2n in the region
including the new "magic" N=15. The experimental values are
represented by points with, when necessary, their error bars,
a - As in the "1983 Atomic Mass Table" 6) ; b - Mainly from a

12)
recent compilation and including the most recent results.



b - N = 15 :

For the second example, we stay in the same region as in the

previous one, but we focus our attention on N=15. Figure 4 a shows how the

situation was, 6 years ago, when Prof. Wapstra and myself evaluated the

"1983 Atomic Mass Table". On this figure one can see that nothing very

particular could be said at that time about anything special at N=15, except

for the point corresponding to Ne where the Neon line broke unexpectedly.

And this was then the only irregularity at N=15 (for the Mg curve beheaviour,

see below). Nowadays, due to the extension of mass measurements around N=15 to

lower Z by both the GANIL 15) and the TOFI 16) experiments, the S plots look

as in figure 4b. What clearly appears now is a sudden decrease of the S_

values for Ne, F and 0 when adding a 16 neutron. At higher Z this effect

could well exist, but it does not show up clearly, being hidden by the very

close neighbourhood of the Wigner effect at N=Z. To understand this last

point, let's consider figure 5. The squares are the even N=Z nuclei. They are

always more bound (higher value of S0 ) than expected from a regular behaviour
18)

of the curves due to the "Wigner Interaction" at N=Z . As a counterpart,

and by exactly the same mechanism acting at magic numbers, the S0 values for

the N=Z+2 isotopes are lower, by an equivalent amount. This is exactly what is

exhibited by the Mg (Z=12) curve at N=14, washing out thus the possible N=15

effect for this element. Only when going up to Sulfur (Z=16) could this effect

be seen again clearly.

An interpretation has been given by Wouters et al. in the frame

of the Shell Model calculations of Wildenthal and Brown, as being due to the

interplay between the two-body interactions in the d and s neutron

orbitals. It is interesting to note also that spherical Hartree-Fock
19)

calculations with the density functional method of Lombard, performed for

oxygen isotopes, exhibit the same drop in the S curve at N=15 as with the

experimental masses (figure 6).

This point is very interesting : it would be the very first time

that "magicity" would have been observed at an odd number, N=15.

Another interesting point could be to understand why, if the

experimental values are confirmed, the gap in S between 27F and 28Ne is

patently larger than the average gap at N=18 (figure 5).



Figure 5 : The two-neutron separation energies S2n in the region
including the new "magic" N=15 and the neighbourhood of N=20.
Squares are the even N=Z nuclei and diamonds are the N=Z+2 ones;
they limit the "Wigner Interaction" region.

20 25

Figure 6 : The two-neutron separation energies S2n in the region
including the new "magic" N=15. The results of spherical
Hartree-Fock calculations, with the density functional method
of Lombard, for C and O isotopes, are represented by squares.

19)
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c - "Magic" Number 20 :

The 3 r d illustration is "magic number 20". At the beginning of this

talk it was stated that one may wonder how much "magic" number 20 is, apart in
40

the neighbourhood of Ca.

Effectively, examinination of figure 5 exhibits a very large step

for 40Ca, suggesting a huge shell effect with an intensity of some 4 MeV, and

no step at all for 38Ar suggesting no shell effect. Actually, this is not

true: the large step is due to the added combination of 2 effects, the shell

effect of course, but also the Wigner interaction effect as in the previous

section, whereas, for 38Ar, these 2 effects result in a null step on the S2n

plots. Going lower in Z, until reaching a region where Wigner should not be

acting any more, we reach Sulfur (Z=16) with a pure shell effect with an

intensity of only si MeV and Phosphorus (Z=15) still weaker. And that is all.

There is no structure for Silicon CZ=14) and below.

This observation is confirmed by the E systematics (first

excited 2 energy in even-even nuclei) in figure 7. This is an information

completely independent from the mass information. Similar comments could be

made: scanning along N=20 from Calcium and down, one can observe the same

vanishing of "magicity" below Silicon.

Very similar observations could be made about "Magic" number Z = 20.

18 20 22

Proton Number Z

Figure 7 : The first excited 2 energy in even-even nuclei as a
function of Z, from the compilation of Raman . Mixed line for
N=16 isotones. Dotted line for N=18 isotones. Full line for N=20
isotones.
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Figure 8 : The two-neutron separation energies Szn in the region
around N=40. Very smooth, regular lines, could be seen almost
everywhere, with only 4 exceptions: Co, Ni, Cu and Ga.
The dotted lines are what would have been expected from a
regular and smooth beheaviour.
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135,Figure 9 : Connection diagram around Cs. Each link represents
an experimental result. "D" means mass-doublet. Double-lined
boxes represent absolute mass-doublets (link to 12C).
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d - "Accidents" on the Mass-Surface:

This 4 t h example, will illustrate a different type of information

that could be gained by close examination of the structure of the mass surface

through the S? plots. Figure 8 exhibits such plots in a more quiet region of

this surface, where not as many structures wouid be lying close to each other

as in the preceding examples. Here, around N=40, very smooth, regular lines,

could be seen almost everywhere, with only 4 exceptions: Co, Ni, Cu and
72Ga. The dotted lines are what would have been expected from a regular and

smooth beheaviour. For each of these nuclei, either there is an undetected

bias in the available experimental data, and this is to be checked by new

mass measurements, or there is a real physical effect that would deserve

further investigations.

The first three nuclei have their masses determined each by a

staightforward, unique link to another nucleus, namely Zn for the three of

them, through reaction energy measurements . For Cu, there exist a
22)

conflicting Q0 data that would better agree with the smooth trend. The
P 7 2

fourth nucleus, Ga, is strongly imbricated in many relations with its close
neighbours, and these relations are very consistent with each other, leaving

not much room for a change of 400 or 500 keV. So we can ask the question:

"how much real is the relatively low binding energy of Ga, and what is the

physical effect that could be responsible for this?".

For the four nuclei, in this example, new mass determination with

accuracies better than 150 or 200 keV could be very "significant".

135,,
e - Cs :

Here is a very interesting case of conflicting data, and I would be

very happy if some experimentalists among the audience, after hearing about it

would consider performing new experiment on Cs.

Until very recently, mid-September, the situation seemed very simple

and clear: the Cs mass was imbeded in a loop of connections to its

neighbours as shown on figure 9, and the consistency of all these relations

was excellent. But then, the new and beautiful mass experiment at ISOLDE with

a Penning Trap yielded the first series of results on unstable nuclei,

very precise «20 keV) and quite consistent everywhere, except... for 135Cs,

for which a discrepancy of 100 keV was found.
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At first sight, the situation looked critical. If the Penning Trap

measurement for 135Cs was wrong, there would be a serious doubt over this

experiment and its results. Many possibilities have been explored, like the

occurence of a third long-lived isomer, but this is somewhat improbable from

the systematics of the excited states.

A deeper analysis, however, showed that the only real conflict is

between 2 data only: the Penning Trap datum and the Q of Cs . The latter
24)

was published in a regular journal 36 years ago . But the original document

is actually only an abstract of a few lines. This experimental result cannot

be considered as being fully documented.

At this stage, at the least, we should not mark any preference for

any of the two data, and only another measurement of the Cs (/3 ) energy or,
134-

better, a new relation, as for example a Cs (n,r) energy measurement with

very standard accuracies, .would solve this serious conflict.

f - N = 108 :

Last picture of the mass-surface for this talk is figure 10.

Focussing on N=1O8 where a few lines have been added to guide the eye, one can

observe undoubtedly a drop in each of the experimental lines. Nothing special

could be found in the littérature about N=108.

This is a real typical illustration of the title of this talk: the

survey of the Chart of the Nuclides with masses allows, here again, the

detection of an irregularity. Next step will be to identify its physical

nature:

i- is it a subshell closure ? Its "intensity" then would be some 350 keV,

very similar to the 2d5/2 subshell closure at N=56.

ii- is it rather a signature of the end of the well known region of

deformation which onsets at N=90 ? or of a transition from prolate to

oblate deformation ?

iii- or is it due to some completely different properties ?

The answer, as showed in the introduction, will come from other experiments

focused on a few nuclei in this region in a hunt for a deeper insight of their

structure.

14
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Figure 10 : The two-neutron separation energies S2n in the
region around N=108. A few lines and angle drawings have been
added to guide the eye.

Conclusion

The conclusion of this talk can be brief: first, the mass surface

deserves close examination and can reveal interesting properties of the

nuclei; second, when exploring a new region of our Chart of the Nuclides, make

first of all an as precise as possible and complete survey of this region with

measurement of masses : they have the best ratio of information over

production yield.
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