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This is a short memorial tribute to our late daughter Kathy (1966-2013) 
who died after a four-year battle with ovarian cancer, a year ago in 
March, just prior to this meeting.   She was a “gamer” and also an adult 
“mixed-gender” ice hockey player.    Here, she is holding one of the 
trophies earned by the team which qualified for an international 
tournament in Toronto on one occasion.  	




Topics on my agenda	

	

Chemists and Elemental abundances	

	

68Ni and neighbors for the structure people, along with a discussion of 
experimental methods 	

	

The coming end of the “big dip”.	

	

The “myth” of important experimental measurements	

	

Who is eating Rh?	

	




Journal of the American Chemical  Society 39, 856 (1917).

Chemists have long 
recognized the relationship 
between elemental 
abundances……measured by 
analytical chemists and by 
geochemists, and the structure 
of the nucleus, even before the 
neutron was discovered.	

	

The centennial of this paper in 
the Journal  of the American 
Chemical Society 39, 856 
(1917) is fast approaching.  
Perhaps an ACS symposium 
should be held to mark the 
occasion and celebrate the 
work of William Harkin.	




As this is a “school” I would like to spend a bit of time describing some 
of the modern methods for studying the structure of nuclei.	

	

Gammasphere and Gretina are modern detector systems.	

	

Deep Inelastic reactions and fast fragmentation are methods for 
production	

	

Gammasphere is 20  years old and consisted  of ONE HUNDRED 
COMPTON SUPPRESSED DETECTORS	




A lot of solid 
angle is lost to 
the BGO.	






Hard wired triple coincidences…..old Gammasphere	

Digital Gammasphere, all data are written and then events reconstructed 
with whatever is needed.  MUCH MORE SOFTWARE INTENSIVE.	


Prompt gamma 
rays, window 1, 
delayed gamma 
rays, isomers, 
beta decay in 
window 2.	






At the start of this work, the one 
sure gamma ray in 64Fe was at 746 
keV, discovered at ISOLDE in the 
decay of 64Mn in 1997, the 
experiment that STARTED the 
whole 68Ni craze.  The reaction 
was 64Ni + 238U.	




Why GRETINA.  In Gammasphere a 
lot of data are thrown away via the 
Compton Suppression.  Each detector is 
surrounded by a BiGeO low-resolution 
detector system that detects Compton 
scattering and cancels that event.	






Each module is broken into 36 segments, 6 x 6.  The Compton events are 
detected and added back to produce full-energy events.	

	

VERY SOFTWARE INTENSIVE.  	




First Gretina paper in print from MSU, winner of the Macchiavelli prize	




Here are spectra from DIS at Gammasphere	

See the gamma at 1139 keV.	




Gretina 	




Knocking out 2 neutrons leaves an excited 68Ni nucleus,  whose gamma 
rays can be studied in coincidence with the 68Ni fragment	




82Se VERY FAST   + 9Be   …….    70Ni	

	

70Ni FAST    +   9Be………..68Ni + 2n	




82Se VERY FAST   + 9Be   …….    61V	

	

61V  FAST    +   9Be………..58Ti + 2n+ 1p	

	

61V  FAST    +   9Be………..60Ti + 1p	

	




70Ni gammas, 5kev/bin, top from 2n KO from	

 incoming 72Ni, bottom 70Ni made from incoming 73Cu.	


1866-keV gamma ray was identified in one decay study, but	

 not in another decay paper. The other high-energy gamma rays were not 
previously seen.	
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These seem to be the	

 “agreed-on levels in magic	

 68Ni. What is the fuss?  Mainly that below 
3 MeV, there are three 0+ levels and two 2+ 
levels and a single 5- level.  Although this 
often portrayed as “unique” the fact is that 
66Ni has a similar structure. This region  is 
quite interesting owing to the “p1/2 gap” of 
1600 keV between the 9/2+ and 5/2- levels, 
a value comparable to the pairing energy. 	


A second major feature of the N = 
40 oscillator shell gap is that 1- 
neutron-particle-1-hole states have 
negative parity, whereas, similar 1-
proton-particle-1-hole states have 
positive parity.  Hence they don’t 
mix.	




These are the five 68Ni low-energy levels from	

 Tsunoda et al., that will serve as a basis for an analysis of the level 
structure of 69Cu.   These graphs show the deformation from 
wavefunction components from Monte Carlo Shell Model calculations.	


Accepted PRC?	


prolate	
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These seem to be the “agreed-on levels in 
magic 66Ni. Guess what??? Below 3 MeV, 
there are three 0+ levels and two 2+ levels 
and a single 3+ level.  	




66Co27 39

66
28 38Ni
0+

2+

0

1425

26700+

66
Fe

0

26 40

0+

1+ 981

[!f7/2-2, ("p3/2)4
,("f5/2)4,("p1/2)0("g9/2)4] 0+

"f5/2   #     !f7/2    +   $-   +    "$ ~

1+     0
~

f7/2

f5/2

p1/2

g9/2

[!f7/2-1, ("p3/2)4
,("f5/2)3,("p1/2)0("g9/2)4] 1+

"f5/2   #     !f7/2    +   $-   +    "

24370+
[!f7/20, ("p3/2)4

,("f5/2)2,("p1/2)0("g9/2)4] 0+

[!f7/20, ("p3/2)4
,("f5/2)6,("p1/2)0("g9/2)0] 0+

f7/2

f5/2

p1/2

g9/2

log ft = 4.5

log ft = 4.5

log ft = 4.5

log ft = 4.7

f7/2

f5/2

p1/2

g9/2



66
28 38Ni

0+ 0

2+ 1425

8+ 5175

4+ 3185

2+ 2907

24430+
26710+

2+ 3228

6+ 4550

3+ 2971

4+ 4407

4+ 3614
4+ 3793

67
28 39Ni

1/2-      0

5/2-  694

9/2+  1007

 17243/2-

68
28 40Ni

0+ 0

5- 2847

16040+

2+ 2743 3120

7-

35586-

0+, 1+ 2+ 4167
8+ 4208

3933

25110+

6+ 3999

34445-

4-

4+ 3405

3- 3302

2+ 2033

n-2 • n+2

2+ 4026

4+ 3147

2+ 3313

641.8

6+ 4811

1425.2

1245.4

40897-

35415-
35996-

33713-

40706-
37254-



Two more points, first magnetic moment for  the p1/2 ground state has 
been measured and found to lie close to the Schmidt single-particle limit.	

	

Second, Spin orbit splitting is restored in 67Ni to nearly the same value as 
it was in 49Ca…….before EIGHT J – L + 1 f7/2 protons were added.  	

	

So, the tensor interaction is not the whole story in nuclear structure.	




Measured moment 0.60 (5)	

Single-particle 0.64	
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Here, I want to make an 
observation about spin-orbit 
splitting. Much comment has 
been made about the Tensor 
interaction and the lowering of 
the J – ½ state.  BUT, look here, 
when the nucleus is returned to a 
largely spherical state in 67Ni, lo 
and behold, the total change is 
from 2020 to 1724 keV only 
300 keV relative to the 
splitting observed in 49Ca for 
the p3/2 to p1/2 split!!!  
Compared to the high-j f5/2 
orbital, the change for the 
lower-J L = 1 orbitals is much 
smaller.	
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Here are the levels with 
crossover transitions 
removed showing the 
bands associated with the 
three different Tsunoda 
shapes.	
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The transitions that are weak or 
not observed are those from the 
prolate levels on the left into 
the oblate and spherical levels 
on the right.  The conclusion is 
that the 7/2- level, down in the 
well has not mixed with the 
oblate 7/2- level at 1872 keV.	
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K = ½- prolate intruder	


Core coupled oblate levels	


3-particle 
spherical levels	
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There is a GRETINA 
paper due out 
momentarily showing 
the levels of 60Ti.  The 
structure shown below 
seems to rule out the 
wild notions of big-time 
deformations for 60Ca.	
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Here the three magic Ti nuclei, N = 20, 28, 32, each with two 
protons coupled to the Ca core.  For 60Ti38, it is possible to 
observe “some mixing” with the g9/2 neutron broken pair from 
across N = 40.	
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Now, I would like to return to a topic that is approaching 20 years old 
that is not quite yet resolved, but, at least one aspect of possible 
resolution seems to be at hand.	




K.-L. Kratz, B. 
Pfeiffer et.al	


This chart was a hot topic about 18 years ago and is a composite of 2 charts shown next.	

I call it “the big dip”	






The “mother paper” for the shell quenching and filling of the big dip is excerpted here.  The 
source of the differences are shown on the next page.  Namely, the calculated overbinding of 
the h11/2 neutrons for Kr, Zr, Mo, and Ru.  The net effect of “shell-quenching” has been to 
maintain the straight line behavior for neutron binding.	
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As ~2 MeV is the critical 
binding energy for many 
temperatures used in r-
process abundances, it is the 
leveling off for Sr,  Zr and 
Mo that causes the big dip.  
Ru is always tight enough 
bound to move to the N = 82 
closed shell, and Kr reaches 
2 MeV far from stability.  
Hence the problem lies 
with Sr, Zr, and Mo.  The 
problem starts above N = 75 
for Zr and adjacent nuclei.  
Note that these are single-
neutron separation 
energies, those that are 
needed in calculations for 
photodisintegration in the 
(γ,n) = (n,γ) equilibriium.	


Observe there is NO	

 leveling for the Sn 
nuclides!!!!	
The Sn points are	


Experimental.	
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This is an old drawing showing 
the two extreme paths, one 
arriving at N = 82 at Ru with 
residual isotopes along the way, 
the other racing across and 
arriving at Y or Zr that leaves 
behind few nuclei in the 110 ≤ A 
≤ 122 that will decay back to 
stability.  The blue numbers are 
calculated half-lives.   The lower 
four are so short as be consistent 
with few “waiting” nuclei.	
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These are the current 1-
neutron separation energies 
in keV from the new AME 
paper.  So far, only Sn has 
moved close to the 2-MeV 
level.	


N	
 Chinese Physics 36, 1157 (2012).	


Zr	


Mo	


Ru	




This is a clean plot of the data on the previous page.	


•	




This is a plot showing the extrapolation 
of the 1-neutron separation energies.  
What is seen is that for 117Mo75, the 2-
MeV separation energy at N = 75 would 
fall in the middle of the “big dip” 
and…….      completely destroy the 
calculated “big dip?  However, 
misbehavior can be seen for Ru and Pd 
as N increases, so there may be no 
justification for a straight line.  	


There could be isomers in both Ru and Pd.  These 1-neutron separation energies are never going 
to play a role in the big dip as they never reach 2 MeV before the N = 82 closed shell.  But, if 
there is “enhanced binding” in those N = 70 to 78 nuclei, then, indeed, the straight line for Mo 
may not be supported, EVEN if it is difficult to measure the Mo masses, new data for Ru and Pd 
would be helpful.	


•	
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686 on left	

693.3 below	

RIKEN DATA	

So, 506 and 674 for 122Pd 
and  597 for 124Pd maybe 
guess 720 for 4+ to 2+ in 
124Pd?	




One point is that if it has been possible to accumulate enough atoms or 
Pd and Rh to obtain these data, then there should be enough atoms of Ru, 
Tc, and Mo to obtain masses much nearer to N = 82.  It has taken 10 
years since we reported the structure of 120Pd to move on to the shell.  It 
is possible to see the broken g9/2 pair in both 96Pd50 and 128Pd82 and the 
changes brought about by adding 32 neutrons to the nucleus.	
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Mark Stoyer and I did some work 
trying to see if their alpha-
induced mass-gated fission data 
could be extended beyond 120Pd.  
The observed numbers suggest 
more collectivity than found in 
isotonic Xe or symmetric Pd for 
122,124,126Pd, in spite of the nearly 
identical structures for 126Pd and 
128Cd.	






One point is that if it has been possible to accumulate enough atoms or 
Pd and Rh to obtain these data, then there should be enough atoms of Ru, 
Tc, and Mo to obtain masses much nearer to N = 82.  It has taken 10 
years since we reported the structure of 120Pd to move on to the shell.  It 
is possible to see the broken g9/2 pair in both 96Pd50 and 128Pd82 and the 
changes brought about by adding 32 neutrons to the nucleus.	
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My point is that if enough Pd can be made at RIKEN to reach 
128Pd, surely it will soon be possible measure Cd, and Pd masses 
out to N = 82.  And most likely, enough to go out to 121Ru77, far  
enough to see if the “bump” has any chance to exist for Mo and Zr.	


•	


N =        75    76     77     78    79      	
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Here, it can be seen that N = 
77 is the critical point where 
the “bump” is present for 
Ru, meaning 121Ru77.	


The Sn points are	

Experimental.	


}	




Now I would like to make a few comments about some occasional 
exaggerations about the importance of nuclear data for r-process 
abundance calculations.  	




160 ms	

130Cd	


300 ms	

130In	


4 m 	

130Sn	


Consider the claim that uncertainty in the values for the neutron	

 capture of 130Sn will have huge effects on the calculated yields of Pb region nuclei!!!	

The neutron density when Pb is being made is probably ~1026 n/cm3.	

Where is the r-process at that density?	




At 1026, Ag is 
around A = 131	




At 1026, Cd is around A = 134.  At what neutron density is 130Cd 
dominant, down around 1024?  But when the flux is THAT low, very few 
Pb region nuclei will be produced.	






1024	
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1020	
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300 ms	
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The point is that by the time any significant quantity of 130Sn is produced, the neutron density is 
far to low to carry those nuclei toward Pt.      The sum of the mean lives for 130Cd and 130In is 
~600 ms.  If the speeding up argument is sound, the r-process is over before there is any 
significant quantity of 130Sn.  Stated another way, when the neutron density is high, there are few 
130Sn nuclei,  by the time there are a lot of 130Sn nuclei, there are few neutrons.	




Now I want to comment on the “rare-earth bump and fission 
recycling”.  The left graph is selected because is shows so 
clearly that the bump centers at A = 160, and the graph 
below shows that the heavy fission mass bump would center 
at A = 139. Maybe the “fuzz” on the heavy side of the A = 132 
peak could come from fission, most likely from slow beta 
decay.	




Delayed neutrons for control	

	

Wigner,  John Wheeler, 135Xe and 
the Hanford Pu production reactors 
1500 + corner 500   December 1944	

	

Henry Stimson, Sec. of War.	

	

The first 9 chapters are an excellent 
description of the history of nuclear 
science in the early 20th century that 
led to the discovery of fission.  	

	

The last 9 chapters are devoted to 
describing the human, scientific, and 
engineering activities that actually 
produced and delivered the bomb.	




Delayed neutrons and the r-process	

	


I checked with Karl-Ludwig and he confirmed the notion that the neutron 
to see ratio varies downward from100 when making U and Th to around 
30 when making A = 130.	

	


As with the control of a reactor, delayed neutrons reflect nuclei produced 
slightly earlier.  	

	


So, even if every irradiated “seed” nucleus was spraying out 1 delayed 
neutron each, the net increase might only be 5%.  In other words, 3% of 
the nuclei have been irradiated, and the delayed neutrons come from a 
time slightly earlier.  Not a big deal????	

	


Wigner designed Pu reactors, Wheeler built them.  Wheeler was cautions 
and “worried” about a fission product “poison”.    He drilled in large 
unoccupied corners.  When the 135Xe poison shut the reactor down, it 
was possible to fill out the corners and stuff them with U and get going 
again.  The delay was about 3 months for the drilling.  By December 
1944, fuel rods were being sent to Seaborg’s robotic separators at full 
speed.	




Now, I want to ask about the low value for Rh and Ag in old halo stars?	

Fermi used Rh as his flux monitor in the Rome experiments of 1936/7.	






December 2008	

submitted to:	

Landolt-Börnstein, New Series, Astronomy and Astrophysics,	

Springer Verlag, Berlin, 2009	

K. Lodders	

Department of Earth and Planetary Sciences,	

Washington University, St. Louis, Missouri 63130, USA	

H. Palme	

Sektion Meteoritenforschung	

Forschungsinstitut und Naturmuseum Senckenberg	

Senckenberganlage 25, D-60325 Frankfurt am Main, Germany	

H.-P. Gail	

Center for Astronomy, Institute of Theoretical Astrophysics,	

University of Heidelberg, Albert-Überle-Str. 2, 69120 Heidelberg, Germany	


103Rh	


101Ru	
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107,109Ag	
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These are usually seen in a 
log plot where they all look 
equal.   Even in a linear plot, 
these abundances are, more 
or less equal, varying in this 
plot by a factor of 3.	

	

If Rh is large in Solar, does 
this mean the main source is 
the s-process?	


121,123Sb	




Where do Solar Nb, Rh 
and Ag come from, 
given that they eat 
neutrons strongly, 
including those beta-
delayed neutrons, at the 
end of the r-process?	
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The point is that the capture cross sections for Rh are HIGH!!!	
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Here, it is possible to see 
that 103Rh is “protected” in 
the r-process by 40-day 
103Ru, so any neutrons from 
late beta-delayed processes 
will have little effect.  
Moreover, 107Ag is well 
protected by six million-
year 107Pd.  	

	


My question is 
“how are the 103Rh 
and Ag being eaten 
in the old halo 
stars?”	

	


The large cross section for 
103Rh and short daughter 
half life made 104Rh an 
excellent flux monitor for 
Fermi in his Rome 
experiments when he was 
irradiating “everything” 
with neutrons.	









