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AHSTRACT 

Progress on our contract AT-(40-1)-2434 is summarized 
for the contract year from August 1, 1972, through July 31, 
1973. In our study of nuclear models v/e have compared the 
levels in 138i,a and j,n nuclei in the vicinity of 210Di with 
levels predicted from the appropriate configurations of the 
shell model. We have also considered the structure and 
spectroscopy of transitional nuclei — in particular, the 
neutron-excess Ru-Pd, the neutron-deficient Da, and the 
neutron-deficient Rn, Ra and Th nuclei. Evidence is presented 

208 
for stable octupolc deformation in the nuclei beyond * Pb. 
The deformed nuclei 176IIf, 180ltf, 18 8W, and 188Pc are analyzed 
from the point of view of the Nilsson model. Theoretical 
research on shell structure for deformed nuclear shapes, the 
A-dependence of the critical spin in nuclei, and the synthesis 
of superheavy elements in nature is presented. Our study of 
the isotopi^ substitution and nuclear moments in metal carbonyls 
is described briefly. Finally, a discussion of our progress 
in the preparation lor studying muonic x-rays at LAMPF in 
collaboration with LASL is presented. 



I. DECAY SCHEMES AND NUCLEAR REACTIONS 

Nuclear Reaction Spectroscopy 

lm s h e l * Model Nuclei 
138 a. The Low-Lying States and Configurations in La 

During the last contract year we have studied the levels 
of the odd-odd nucleus 138La using the reaction 139La (d,t) 138La. 
Data were taken using 16 MeV deuterons and our broad-range 
Drovme-Buechner magnetic spectrograph. In order to establish 
the transferred angular momentum we have studied the reaction 
from eleven reaction angles from 22° to 90°. The nine lowest 

138 lying states in La are interpreted in terms of the shell 
— i —i „ _ -j model configurations ' ^^1/2* 

and ^va3/2* Seven levels in the energy 
range of 700 - 1300 keV are populated by £ - 5 transitions and 
are interpreted as coming from the ^ *vllll/2^ con-

13*1 figuration . La has particular interest since it is a 
naturally occurring heavy odd-odd nucleus with a half-life of 

11 1.56 x 10XA years. The long half-life together with the 
known 8 energies infer log ft values of 19.2 and 18.5 in the 

4* 1 decays to the 2 first excited neighboring isobars, QCe and 
138 Ba respectively. These log ft values have previously been 
interpreted in terms of third forbidden 8 decay transitions. 
The 5* ground state for 1 3 8La determined in these experiments 
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allows a 0 decay which is second forbidden rather than third 
forbidden. Thus, the nuclear theorist is able to understand 

+ 138 much more easily the 5 ground state for La on the basis 
of shell model configurations but is left with the dilemma 
of explaining anomalously large log ft values for second 
forbidden (5 decay. 

This paper was published during the present contract year 

and is appended as Reprint 1. 

P) and (p,t) reactions on even Ce iso opes 

During the last contract year the first of a series of 
papers on the pairing vibration was published in The Physical 
Review. This paper presents the results of a study of the 
(t,p) and (p,t) reactions on a series of even-even Ce nuclei. 
Differential cross sections were measured from 12° to 66° in 
6° intervals with particular emphasis on the assignment of the 
I = 0 distributions corresponding to 0+ states in the final nucleus. 

+ 4-
The most strongly populated 0 and 2 states are discussed in 
the pairing-vibrational formalism. For example, the state 
at 3226 keV in 140Ce was shown to contain 70% of the [1,1] 
two-phonon strength (where [1,1] refers to the number of 
addition and removal phonons). No attempt is made in this 
paper to derive the microscopic structure of the pairing 
vibration. This will be done both experimentally and theoretically 
in papers to follow during the next contract year. This research 
is appended at the end of this Progress Report as Reprint 2. 
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210 c. The preparation of a Pi Target and Progress in 
the Analysis of the Levels in -*210bI 

210 Data on a number of reactions leading to states in Bi 

have been collected, reduced and analyzed. The results of this 
analysis and further experiments recently completed provide 
the material for several papers and reportson the shell structure 
of the lead region and the effect of neutron-proton interactions 

210 on the multiplet structure of Bi. 
209 210 The experiment Bi (d,p) Bi was performed at Florida 

State University. Data from the reactions (t,d) 2^0Bi 
and (n?y) were received from Los Alamos Scientific 
Laboratory. All of these data have been reduced, with levels 
assigned energies and cross section values. Recently, data have 
been taken on the reaction 2 1 0Bi m (d,d') 2 1 0Bi at Wright Nuclear 
Structure Laboratory, Yale University. These data are still being 
received and have, as yet, not been reduced or analyzed. 

210 Bi is a combination of a neutron and a proton removed 
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OftQ 2 1 0 from Pb. The simplest picture of Bi, which still appears 
to provide a good explanation of many of the levels observed, 

+ 20 8 is the ground (0 ) state of Pb forming a core with the 
extra neutron and proton in their respective shells making the 
low-lying energy spectrum. If these nucleons did not interact, 

210 
the energy levels in Bi would appear as single levels at the 
position of the sum of the neutron and proton shell energies, 
and all the spectroscopic strength would be found in those 
levels. Because of trie neutron-proton interaction, these levels 
are split into multiplets roughly centered at the single particle 
energy positions. The splitting of these multiplets and the 
position and strength of their members provide information 208 about the neutron-proton interaction in the Pb core. 

The (d,p) and (tfd) neutron transfer reactions populate 
levels with proton configuration frlhg,^ coupled with , 
(vli11/2)/ (vlj15/2>, (v3d5/2), (v4s1/2), <v2g7/2), (v3d3/2), 
etc., neutron configuration wave function components. The 
neutron transfer data extend past 3 MeV excitation energy in 
210 

Bi and should contain information about all the levels with 
such configurations present. These states will be mixed with 
other proton configurations such as (7r2f^2), (trli^^) , 
(ir2f^2) , etc., coupled to one of the above neutron configurations 
States where such "excited proton" configurations dominate the 
wave function of the level would not be seen in a neutron 
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transfer reaction, but can be observed in an (n,y) or (d,d') 
reaction. Hence these reactions provide valuable additional 
information not obtainable by neutron transfer reactions alone. 

Considerable theoretical effort has gone into the prediction 
of energy levels in the lead region of nuclei. Preliminary 
analysis of the (n,y) data has reported significant agreement 

210 with these predictions, but a detailed analysis of the Bi 
levels which can distinguish between the predictions of the 
various theoretical models has not been published to date. 
The (t,d), (d,p) and (n,y) reactions have now been analyzed 
and are ready to produce information about the detailed structure 

210 
of Bi and comparison with the various theoretical models 
used to describe it. 

Data on the reaction ^ B i ^ d j d ' ) 2 1 03i which have recently 

been obtained are unique for many reasons and involve use of a o 1 A „ 
Bi target, which has never before been available having been 

recently produced by Florida State University1s isotope 
separator facility. The metastable 2 1 0Bi m is in a 9~" state 
(half-life - 2.6 million years), and this high spin value means 
that reactions utilizing it will strongly populate high spin 
states in the residual nucleus. In the case of 210Bim(d,d')210Bi, 210 
high spin states in the Bi spectrum are most strongly populated. 
The data from this reaction are still being received and have as 
yet undergone no reduction or analysis. Because of the uniqueness 
of these data, they may be separately publishable. In any event 
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they will contribute to the investigation of 210Bi. 
Some publication has already been done on Bi, but a 

great amount of material has been analyzed and the results of this 
work should yield a major publication and perhaps several 
shorter publications within a year, A paper on the preparation 
of the * Bim target is appended as Reprint 3. 

2. Transitional Nuclei 
208 a- Qctupoie Deformation in the Nuclei Beyond Pb 

Although quadrupole deformations are dominant in the region 
of nuclei up to mass number 250, it is completely obvious as 
pointed out by Bohr and Mottelson in Volume II of their book 
that, if one went to heavier nuclei, ultimately octupole defor-
mation would become more important than quadrupole deformation. 
This fact may be understood microscopically because if one 
goes to heavier nuclei p, g and j orbitals, for example, begin 
to be quite close to each other--that is, quite degenerate— 
and also close to the fermi surface. This condition should 
give rise to octupole deformations. The first place this 
happens in the nuclear periodic table is for the neutron 
deficient Rn, Ra and Th nuclei. Thus one of the interesting 
questions which nuclear experimentalists and theorists must 
ask themselves is, "Does one approach or achieve stable 
octupole deformation in this region?" In order to answer 
this question an experimental and theoretical study has been 
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carri3d out in conjunction with Professor S. G. Nilsson and 
his graduate students. Experimental spectroscopic data for 
ground state rotational bands and for the K = 0*~ octupole 
bands have been gathered. The systematics of the energies 
and moments of inercia of these bands give some indication 
that the normal assumption of a prolate and octupole vibra-
tional band is an inadequate description of the experimental 
data. Calculations using the Strutinski formalism of the 
potential energy contours plotted against octupole and 
quadrupole coordinates clearly indicate the existence of 
two minima, a prolate minimum which lies lowest in energy 
and an oblate octupole minimum which lies somewhat higher 
in energy at about the right position to account for the 
K = 0~~ bands experimentally found. The calculations indicate 
that the neutron deficient radium and thorium nuclei are 
extremely soft to both octupole and quadrupole deformation, 
but that one must seriously consider permanent octupole deformation. 
Furthermore, it strongly suggests that the past interpretation 
of the K = 0" bands as octupole vibrations is not satisfactory. 
This paper is appended as Reprint 4. 

b. Study of the Transitional Nuclei in the Neutron-
Excess Ru-Pd Region, in the Neutron Deficient Ba 
Region and in the Neutron Deficient Gd Region 

During the last contract year a considerable effort has 
been expended in the study of nuclei which on the basis of 
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systematics are in the region adjacent to strongly deformed 
nuclei or are in regions of the nuclear periodic table where 
deformation may not fully develop but is very close to 
development. We believe the study of these nuclear regions 
is particularly important as an aid to studying the transition 
between strongly deformed and spherical nuclei. 

One region where studies of this type have been made 
is in the neutron-excess Ru and Pd nuclei. Detailed studies 
of the energy levels in 1 1 5Ru and 111Pd have been made using 
the reactions 104Ru (d,p) 105Ru, 110Pd (d,p) i:L1Pd. 

The experimental data on these nuclei seem not to be fit 
well by the Nilsson model nor by the normal shell model. 
Attempts at the application of the weak coupling model, while 
not entirely satisfactory, appear so far to do better than 
any other theoretical method. We are hopeful that it may be 
possible to utilize the decoupling model of Stephens ejt al in 
explaining these interesting nuclei. We hope that publication 
will be possible during the next contract year. 

IOC "1 o -1 
We have also been studying the nuclei Ba and Ba. 

130 
The nuclear reactions which we have employed are Ba (d,t) 
12 9Ba and 13 0Ba (d,p) 131Ba. We had hoped to be able to 
assign specific Nilsson states on the basis of the "finger prints" 
of the rotational bands. So far this has not been possible. 
We now hope that the detailed understanding of the isobaric 

129 131 
nuclei La and La in terms of decoupled bands may prove 
decisive in helping us to complete our interpretation of the 



9 

data on these light Ba nuclei. We know quite definitely as 
a result of the study of these La nuclei that deformation in 
this region is prolate with a value of B - .2. We hope that 
it will be possible to complete this research sometime during 
the next contract year. Professor Roger Griffioen, Chairman 
of the Physics Department at Calvin College, is responsible 
for this work. 

Finally, in experimental work which is just now going 
on we are studying a sequence of odd-A and even-A Gd nuclei. 
Those nuclei being studied are 146Gd, 147Gd, 148Gd, 149Gd, 
150 151 

Gd and Gd. The reactions utilized in these studies are 
148Sm (a,xny) and (a,xny) . This work began in November 
1972 and is being continued at the Lawrence Berkeley Laboratory 
in conjunction with Frank Stephens and Dick Diamond. Those 
involved from Florida State University who carry the primary 
responsibility for the project are Peter Kleinheinz ar" R. K. 
Sheline. For the most part the analysis of these data is very 
incomplete. However, it is already clear that very exciting 
new experimental information will be obtained. We expect a 
number of publications from this experimental work. Probably 
most of them will come in the contract year 1974-75. 

3. Deformed Nuclei 
a* Single Neutron Transfer Studies of 1 7 6Hf and 18 0Hf 

During the last contract year we have published a paper on 
the level structure of 1 7 6Hf and 180Hf. These data go with 

178 extremely comprehensive work which has been done on Hf, 
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which should be published sometime in the not-too-distant 
176 

future. The nuclear reactions used in studying Hf and 
180Hf are 177IIf (d,t) 17 6Hf and 179Hf (d,p) 180IIf, respectively. 
A large number of two-quasineutron rotational bands have been 
identified in these nuclei. Detailed calculations, particularly 
of coriolis coupling, were involved in the analysis. Some 
comparison of the octupole vibrational bands experimentally 
observed and those predicted in the calculations of Neergard 
and Vogel is made. This paper is appended as Reprint 5. 

Levels in 
One of the best examples of an experimental and theoretical 

study of a deformed nucleus is the study of the levels in 
188 

Re, which we have completed in this last contract year. 
This study again shows the importance of collaborative work in 
understanding the complex nuclear wave functions of odd-odd 
deformed nuclei. The experimental techniques used in this 
study include: measurement of neutron-capture y-ra.y transitions 
with energies between 4.8 and 6.0 MeV using a Ge(Li) pair 
spectrometer? study of (d,p) spectra using 12 MeV deuterons 
and a broadrange magnetic spectrograph; measurement of (n,y) 
spectra between 45 and 830 keV with a bent-crystal spectrometer; 
coincidence studies of the (n,y) radiation using two Ge(Li) 
detectors, including a study of short-lived isomeric states 
using delayed-coincidence techniques; and observation of the 188 v-rays following 3 decay of w using a Ge(Li) detector. 
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The final interpretation of the level scheme in terms of the 
Nilsson model includes fifteen separate rotational b-^nds. An 
incredible amount of experimental data can be interpreted in 
terms of these bands and no discrepancies between the experi-
mental data and this interpretation are observed. Of parti-
cular interest is the fact that our previously derived neutron-
proton interaction is able to predict the parallel-antiparallel 

18 8 
splitting energies and the K « 0 even-odd shifts in Re with 
considerable success. This paper is appended as Reprint 6, 

c. The 0* -» 0* Beta Transition of 
188 A detailed Jtudy of the 6-decay of W into levels in 

188 
Re strongly suggested the existence of a 0 state at 207.9 keV, 

The configuration of this state is n9/2~[514t] - v9/2~*C5C5 + J . 
However, the measured log fc of the 8-transition to this state 
is 9.9. This is indeed an extremely high log ft. In the case 
of light nuclei a number of 0 0 transitions are observed 
with log ft's = 3.5. These B-decays are superallowed and 
involve the fermi matrix element. In the case of the 8-decay 
of 188w, however, the 6-decay cannot go vith the fermi matrix 
element since the 0 state with the correct isospin lies high 
in the spectrum. The measured log ft value goes through the 
slight admixture of this high-lying 0 state into the 207.9 
keV 0 state and thereby gives us valuable information about 
the extent of this mixing. A theoretical calculation of thf» 
log ft value obtained by determining the mixing amplitude of 188 
the isobaric analog state of the W ground state into the 

+ 188 207.9 keV 0 state of Re was attempted assuming the entire 



interaction to result from the coulomb force. The calculated 
log ft value obtained in this v/ay agrees extremely well with 
experiment. This work was done in collaboration with the 
Los Alamos Scientific Laboratory of the University of 
California and is appended as Reprint 7. 

B. Theoretical Nuclear Research 

1. Shell Structure for Deformed Nuclear Shapes 
Probably the single most exciting development resulting 

from this contract during the last year is the calculation 
and experimental justification of shell structure for 
deformed nuclear shapes. This research resulted from a 
collaboration between the principal investigator and Professor 
Sven Gosta Nilsson and his graduate students at the University 
of Lund as part of a one-year sabbatical spent in Europe and 
Berkeley. 

As early as 1960 Geilikman had suggested that for certain 
specific deformations there is an unusual stability similar 
to the stability of the magic-number spherical nuclei. 
Recently, Bohr and Mottelson have generalized these ideas 
in Volume II of their book, yet unpublished, to show that for 
simple v?hole-number ratios of the frequencies of the rotational 
symmetric harmonic oscillator these special stabilities always 
exist. As is well known, without spin orbit coupling unusually 
stable configurations of neutrons or protons are produced for 
the magic numbers of 2-8-20-40-70-112-168. However, for 
frequency ratios w z

: w
x - 1:2 corresponding to a deformation 

e » 0.6 a special shell structure also exists which is 60% 
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as great as that for spherical nuclei for nucloon numbers 2, 
A, 10, 16, 28, 40, 60, 80, 110, 140 and 182. Just as spin-
orbit coupling affects the r~:;ic numbers for spherical nuclei, 
so it affects them also for deformed nuclei. However, it is 
possible to calculate the effect of spin orbit coupling, and 
in our collaboration Professor S. G. Nilsson and one of his 
students, Dr. Xngenar Ragnarsson, have done these calculations. 
As in spherical nuclei, spin orbit coupling does not affect 
the lower magic numbers at all, but beginning with the 
numbers $0 and above in general the magic numbers are some-
what higher as a result of spin orbit coupling. In view of 
the uncertainty in the MiIsson parameters it is not always 
completely certain which is the most appropriate magic number 
for a particular region. Details of the calculation may be 
changed somewhat for different radial shapes and modifications 
in the spin orbit term. The general trend of these calculations 
will however remain. 

Experimental evidence for this interesting phenomenon 
abounds throughout the nuclear periodic table. It appears 
virtually certain that the fission isomers result because of 
a m-*gic number in the vicinity of neutron number 144-148. 
This results in a secondary minimum, which although it does 
not become the ground state comes extremely low just in this 
region of nuclei. We have also succeeded in showing that 
nucleon numbers 16, 20, 28, 40 and 60 (64) have an unusual 
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stability. For the extremely deformed shape e =0.6 
in some cases, as for example in the doubly-magic ^*4oZr6o 

102 
an<^ 40Zr62' w e Relieve that the highly deformed c » 0.6 
system becomes the ground state. The presence of a variety 
of deformed shapes in a single nucleus suggested by this 
new approach adds richness and detail to nuclear spectroscopy. 
We are very excited about the prospects in this area of re-
search and will continue to exploit them. This research 
is appended as Reprint 8. 

2. A-Dependence of the Critical Spin in Nuclei 
One of the important recent developments in nuclear 

spectroscopy has been the observation of anomalous rotational 
structure in the ground state bands of even-even deformed 
rare earth nuclei. As early as 1960 Mottelson and Valatin 
had predicted an anomalous structure on the basis of the 
uncoupling of the paired spins of nuclei. This prediction 
of Mottelson and Valatin has come to be known as the coriolis 
antipairing effect (CAP). In this effect, as a result of 
the crossing of a completely unpaired band with the rigid 
moment of inertia with the ground state band, the structure 
of the ground state band is severely affected. 

In order to test this explanation, calculation of the 
A-dependence of the CAP effect was undertaken. This A-
dependence turns out to be approximately A 5 ^ . Using the 
parameters available from experiment, it is possible to 
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predict that one should find anomalous bands in other regions 
of defor?. jd nuclei. The appropriate regions are ^2-3 for 
A = 22, 1*9 for A = 100 and ^11 for A = 126. 

Using the best experimental data available, there is a 
strong indication that both in the A = 22 and A = 126 regions 
the predictions are borne out. In the A = 100 region dcta 
are not conclusive but are highly suggestive that the theory 
is correct. In view of this success one may tend to believe 
that the CAP effect is the full and complete explanation for 
the anomalous bands experimentally observed. However, recently 
Stephens and Simon have come up with an alternative explanation 
involving decoupled bands. This explanation also appears to 
have an approximately satisfactory A-dependence. Thus at 
the present time it is not clear whether the coriolis anti-
pairing effect or the decoupling effect or some combination 
of them best describes the anomalous structure in rotational 
bands. The formal paper describing this research is 
appended as Reprint 9. 

3. On the Synthesis of Superheavy Elements in Nature 
The special stability connected with the closed shell of 

protons and the associated sphericity at proton number 114 
together with the neutron closed shell at 184 neutrons strongly 
suggest a relatively stable superheavy element with proton 
number 114 and total mass number 29 8. Because of 6 and a 
decay systematics it seems reasonable that elements 110, 112 
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and 114, all with neutron number 184 should each be reasonably 
stable. Theorists have calculated the stabilities but differ 
from each other in the calculated half-lives by 5 or 6 orders 
of magnitude. Normally such a discrepancy would be taken 
to mean errors in one or more of the calculations. In this 
case, however, uncertainties in barrier potentials and not 
errors cause the differences. In spite of these considerable 
differences in calculated half-life, there is agreement on 
the stability of these particular superheavy elements. 

Recently, Schramm and Fowler have concluded that the 
successive neutron capture process usually called the r-process 
in supernovae would produce sufficiently heavy nuclei which 
would then 3-decay into the superheavy island of stability. 
Thus, their calculations published in 1971 in Nature suggest 
that the superheavy elements should exist in nature as a 
result of the r-process in supernovae. 

In conjunction with Professor S. G. Nilsson and R. Boleu, 
of the Department of Mathematical Physics of the University of 
Lund, and Dr. K. Takahashi of Waseda University in Japan, we 
have made calculations on the spontaneous and neutron-induced 
fission,a and 6 decay, partial half-lives for elements with 
proton numbers greater than 90 on the neutron rich side of the 
8-stability line. In spite of considerable uncertainties in 
barrier dimensions these calculations negate the possibility 
that superheavy elements are synthesized in supernovae. More 
recently Meldner in Physical Review Letters has suggested that 
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it might be possible to make superheavy elements by two 
consecutive nuclear devices in a two-step neutron capture 
process. Our calculations also suggest that superheavy 
elements may not be synthesized in this way. The details of 
the calculations and the arguments are presented in Reprint 
10, appended at the end of this Progress Report. 

Isotypic Substitution and the Study of Nuclear Moments 
in Metal Carbonyls 

Study of the Quadrupole Coupling and Anisotropic 
Chemical Shift irT Bimetallic Carbonyls 

Single crystal NMR studies on Mn2(CO)1Q, Re2(CO)1Q and 
ReMnCCOj^Q were performed at room temperature. Earlier studies 
on the orientation of the FGT (field gradient tensor) in 
Re^fCO)^ and M n 2 ( C O ) w e r e corrected. The z-axis of Re2(CO) 
was found to be within 6° of the Re-Re bond. In Mn2(CO)^ 
the y axis was found to be within 10° of the Mn-Mn bond. The 
coupling constant = 8.6 MHZ and the asymmetry parameter 

n = 0.61 for MnRe(CO)1Q. The z-axis of the field gradient 
55 o tensor at the Mn site was within 2 of the Mn-Re bond. The 

orientation of the FGT was determined at liquid nitrogen 
temperature for M n 2 ( C O ) a n d Re2(CO)1Q. The angle between 
the z-axis and the Re-Re bond in R e 2 ( C O ) w a s found to double 
by cooling from room temperature to liquid nitrogen temperature; 
whereas, in the case of M n 2 ( C O ) i t was unchanged. Lattice 
distortions are thought to be responsible for this. A small 
anisotropy in the chemical shift was found for Re2(CO)1Q; whereas, 
the shift in R e 2 ( C O ) w a s essentially isotropic. An NMR probe 



18 

for constant temperature studies which is useful for the 
study of air-unstable compounds is described. The possibility 
of nuclear hexadecapole interaction in R e £ ( C O ) i s discussed* 
This study has been published in the Journal of Chemical 
Physics and is appended as Reprint 11. 

2• Nuclear Magnetic Resonance Studies in Substitution 
Products of Manganese Penta'carbonyl 

o 55 e mO The Mn quadrupole coupling constants - ̂ 1 and the asymmetry 
parameters n were determined for four members of the series 
X3M-Mn(CO)5 where X3M stands for (CgH^Pb, (CgH^Sn, 
(CgH5)^Ge, and Cl^Sn. The results were compared to the results 
of a previously studied series of compounds of the Co-series 
and to the parent carbonyl CoMn(CO)^ as well. The chemical 
shift tensor was also determined and the charge distribution 
around the manganese was found to be isotropic. The asymmetry 
parameters were found to be higher than expected. This was 
attributed to lattice distortions. Finally, the coupling 
constants were correlated to the Allred Rochow electronegativi-
ties of the liaand-metals Ge, Sn and Pb respectively. An 

2 
attempt to correlate the coupling constants ' to the CO 
stretching frequencies was not very successful. A successful 
relationship of this kind would have enabled the prediction of 
quadrupole coupling constants from the more easily acquired 
infrared data. This research has been published in the Journal 
of Chemical Physics and is appended as Reprint 12. 
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3. Isotopic Substitution as an Aid in Structural 
Determination and Bond Strength in Metal Carbonyls 

Despite several infrared studies of M n 2 ( C O ) a n d Re2(CO)^ 
which included band assignments and even attempts of force 
constant calculation, some questions are still remaining even 

13 
in the CO stretching region. By means of C 0 enriched species 
a study of the Raman and IR spectra was undertaken and the 
force constants were determined using a CO factored force 
field. The results indicate that some of the assumptions of 
the Cotton-Kraihanzel force-field are valid for these compounds. 

It was found that the end-to-end interaction of two CO 
groups is quite small and that only nearest equatorial neigh-
boring CO groups seem to interact considerably. The Cotton-
Kraihanzel assumption that K, = 2K . was found to hold urans cio 
for both Mn2(CO)10 and Re2(CO)1Q. For Mn2 (CO) 1 Q K c i s - 0.191 
and K. = 0.388, thus K * 2.0 K . , and for 3^e0(CO).n K . XL "C CIS t JLU CIS 
is 0.249 and = 0.480. 

This research has been published in the Journal of Inorganic 
and Nuclear Chemistry and is appended as Reprint 13. 

4. Study of the -^C Anisotropic Chemical Shifts 
and Spin Rotation Constants in Ni(CO)4 and Fe(CO),-

Anisotropic chemical shifts for the central nucleus in 
a number of diamagnetic metal complexes have been determined in 
recent years. The anisotropy of the chemical shift A 6 
vanishes in the free metal ion. For a nucleus in a ligand 
group, however, A 6 is usually different from zero in the 
bound as well as in the free ligand. In metal carbonyls 
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13 the isotropic shifts of C, measured in a liquid, differ 
from the value in free CO. These shifts are large 
(-12.5 ppm) for Ni(C0)4 and (-31.5 ppm) for Fe(CO)5. It is 
therefore interesting to investigate whether the anisotropy 
of the chemical shift differs even more between free and 
bound CO. 

By studying the frequency and temperature dependence 
13 

of the *C spin lattice relaxation time T^ one may get A6. 
For Ni(CO)^ and Fe(C0)5 only two mechanisms contribute to 
the relaxation values, anisotropic chemical shift and 
spin rotation interaction. These two contributions can be 
separated because the relaxation rate due to the anisotropy 
of the chemical shift is proportional to the square of the 
resonance frequency. Thus three parameters are to be 
determined A6, C,, and C . 11 j_ 

By studying the transverse relaxation time by the 
Carr-Purcell technique it is possible to learn something 
about chemical exchange mechanisms like the one expected 
in Fe(C0)j-. By this study we get one equation with two 
unknowns, which describes the relationship between xe 

the mean life time of one configuration,6w the chemical 
shift difference between both the equatorial and the axial 
position and t 2 the transverse relaxation time. 

2§ (6u>)2Te <_ 10~3sec"1 

Together with studies to determine 6o> by an indirect method 
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which we propose in the Renewal Proposal we hope to get the 
order of magnitude of such a flipping process, which is 
thought to occur in the case of Fe (CO) ̂  between the D ^ and 
the CA structures. 4 v 

This research has been published in the Berichte der 
Bunsen-Gesellschaft fUr physikalische Chemie and is appended 
as Reprint 14. 
D. Equipment 

1. Isotope Separator and Evaporator 
During the last contract year a considerable amount of 

equipment has been obtained for the isotope separator laboratory. 
This includes 

a. A 20" vacuum coater 
b. A 270° electron beam source 
c. A 5-10 keV constant voltage electron beam 

power supply. 
With the addition of this equipment, additional floor 

space was even more urgently needed. Fortunately, this has 
now been obtained and is used for a dry box and storage space 
thereby making room for both vacuum coaters, each of which 
has now been installed. Most of the floor space in the new 
laboratory will be used for developmental-type work. 

II. MUONIC X-RAY STUDIES 

A. Progress During the Current Year 
It is now expected that the LAMPF accelerator will begin 
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to function for research approximately September 1, 1973. 
Progress for the study of muonic x-rays on this facility has 
continued during the current contract year. Among those 
areas in which specific progress has occurred are: 

1. Personnel 
a* D r• PGt<3r Kleinheinz has been hired as a research 

associate with specific responsibilities for the muonic x-ray 
program. Approximately June 1 he will go to Los Alamos to 
help in the final set-up. 

k* L o u Wagner, a physics graduate student at Florida 
State University has indicated that he wants to work on muonic 
x-rays for his doctorate in physics. Approximately June 15 
he will go to Los Alamos to begin his work on this project. 

c. As the principal investigator, I will dpend a 
considerable fraction of the summer at Los Alamos, going 
there early in June and staying there until about August 15. 
I will divide my time between low-energy nuclear physics and 
preparations for muonic x-ray experiments. 

c1-' P r• Akitsu Ikeda and Dr. Hiyo Ikeda have begun 
theoretical studies of the effects of gamma instability on 
muonic x-ray spectra. It has long been recognized that par-
ticularly in the Os nuclei the gamma vibrational band becomes 

4. approximately degenerate with the 4 member of the ground 
190 192 state rotational band at Os and finally at Os drops 

below the 4 state. Kumar has shown theoretically that this 
corresponds to the transition from prolate to gamma unstable 
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to oblate nuclear structure. The question naturally arises 
whether this transition in nuclear structure will produce 
experimentally observable effects in the muonic x-ray spectra. 
The initial calculations of the Ikedas suggest a small but 
experimentally observable effect. These calculations are 
being continued and expanded during the next contract year. 

During the last contract year the projected beam intensity 
for muons has been lowered by a factor of approximately 4. 
This has significantly changed our experimental plans; for 
example, at Los Alamos a Nal(Tl) annulus had been purchased 
in order to use coincidence and anticoincidence modes in the 
muonic x-ray spectroscopy analogous to that which had been 
done in neutron capture gamma ray spectroscopy. This procedure 
allows one to lower backgrounds significantly. However, the 
lower muon intensity makes the use of the tlnl (Tl) annulus 
doubtful. We will probably begin without using it and may, 
depending on the activity of muons achieved in the accelerator 
use it at a later date. 

In summary, the muonic x-ray program, both experimentally 
and theoretically, is going well. During the next contract 
year we hope to publish on our theoretical calculations 
involving muonic x-ray spectra from approximately gamma 
unstable nuclei. We also expect to man one of the earliest 
experiments operating on LAMPF and are confident that these 
experiments on the gamma unstable Os nuclei will prove to be 
valuable. 
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III. SUMMARY OF PUBLICATIONS, PERSONNEL AND MISCELLANEOUS 
ITEMS 

During the last contract year fourteen publications have 
resulted from the contract between Florida State University 
and.the Atomic Energy Commission. These publications have 
been discussed at considerable length and are appended as 
reprints at the end of this Progress Report. In addition, 
there have been a number of oral presentations at American 
Physical Society meetings and at international conferences 
and as invited seminars. These include the following: 

1. "Experimental Investigation of the Complex Wave 
Functions of 188Re", r. k. Sheline, invited 
seminar at the Niels Bohr Institute, February 
3, 1972. 

2. "Calculation of Potential Energy Surfaces and 
Their Application to Nuclei", R. K. Sheline, 
seminar at the University of Bordeaux, 
March 30, 1972. 

3. "The Study of Nuclei Far Off the Line of 
Stability", R. K. Sheline, nuclear chemistry 
seminar given at the University of Mainz, 
May 24, 1972. 

4. "A Study of the A-Dependence of I • , R. K. Sheline, 
seminar, Jttlich, May 31, 1972. cr:Lt: 

5. "The Use of Potential Energy Functions to Understand 
the Spectra of Nuclei", R. K. Sheline, seminar 
given at the University of Frankfurt, May 31, 1972. 

6. "An Alternative Explanation for the So-Called 
Octupole Vibrations", R. K. Sheline, seminar given 
at Orsay, France, June 5, 19 72. 

7. "Potential Energy Functions and Their Use in 
Describing Spectra in the Vicinity of A = 100", 
R. K. Sheline, seminar given in the Physics 
Department, University of Aarhus, June 9, 1972. 
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8. "The A-Dependence of Icrit"* R- K- Sheline, paper 
given at rhe International Conference 
on High Spin States, Stockholm, Sweden, June 15, 
1972. 

9. "Shell Structure in Deformed Nuclei", R. K. Sheline, 
seminar given in the Physics Department, University 
of Heidelberg, and the Max-Planck-Institut ; 
August 2, 1972. 

10. "Potential Energy Functions and Shell Structure in 
Deformed Nuclei", R. K. Sheline, seminar in the 
Physics Department, University of Zagreb, 
August 15 ? 1972. 

11. "Potential Enerqy Functions and the Spectra of 
Nuclei", R. K. Sheline, seminar given at the 
Physics Department, University of Munich, 
August 21„ 19 72 

12. "High Spin States and Their Explanation", R. K. 
Sheline, seminar given in the Physics Department, 
University of Munich, August 24, 1972. 

13. "Potential Energy Functions, Shell Structure in 
Deformed Nuclei and Phenomena in Nuclei", 
R. K. Sheline, seminar, Chemistry Division, 
Lawrence Berkeley Laboratory, University of 
California, November 3, 1972. 

14. "Shell Structure and I c r i t Phenomena in Nuclei", 
R. I<. Sheline, seminar given for the Physics 
Division, Los Alamos Scientific Laboratory, 
December 21, 1972. 

15. "Level Structure of 1 2 9Ba from the 130Ba (d,t) 1 2 9Ba 
Reaction", R. D. Griffioen and R. K. Sheline, 
BAPS 17, 511 (1972). 

16. "An Application of the Projection Method to Odd-A 
Nuclei", A. Ikeda and R. K. Sheline, BAPS r7, 
579 (1972). 

17. "Particle Rotor Weak Coupling in the Odd Mass 
Lanthanum Isotopes", P. Kleinheinz, G. LjzJvhjzJiden, 
K. Nakai, and S. Harris, BAPS 17, 898 (1972). 

2 9 18. "Giant Dipole Resonance in P", M. Hasinoff, B. Lim, 
D. F. Measday, T. J. Mulligan and K. Ebisawa, BAPS 
17, 893 (1972). 

/ 
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All personnel who have been directly connected with the 
joint project of Florida State University and the AEC during 
the contract year from August 1, 1972, through July 31, 1973, 
are listed in Table I. In addition to those listed a number 
of other personnel such as machinists, glass blower, electronics 
technicians and secretaries have been involved in the successful 
operation of our contract in a part-time capacity. In general 
they have been supported by the nuclear program of the State 
of Florida and have been utilized by many projects and people 
at Florida State University in addition to the project 
described herein. 

Two of the graduate students listed under Chemistry— 
Dirck Benson and Ron Mlekodaj have not yet completed their 
degrees. They are both fairly close to the completion of 
degrees, having written most of their dissertations. Dirck 
Benson is now a research associate at the Brookhaven National 
Laboratory and has indicated that he will defend his dissertation 
during the spring quarter (i.e., from April 1 to early June). 
Ron Mlekodaj is working with the Isotope Separator Project of 
Southern Universities at the Oak Ridge National Lcrboratory. 
He recently visited Tallahassee so that we were able to work 
on his thesis together. It is my opinion that he could complete 
his thesis during the spring quarter also if he is willing to 
work long hours. It is perhaps more probable that he will 
complete his degree in the fall. Roger Thompson has just 
successfully defended his dissertation in the Physics Department 
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Table I 
Personnel connected with the joint project 
of Florida State University and the Atomic 
Energy Commission under Contract AT-(40-1)-
24 34 during the contract year August 1, 1972 
through July 31, 1973. 

Principal Investigator 
Raymond K. Sheline 

Research Associates 
Akitsu Ikeda Peter Kleinheinz 
Miyo Ikeda 

Graduate Students - Chemistry 
Dirck Benson* Ron Mlekodaj* 
Haraid Mahnke 

Graduate Students - Physics 
Lee Ponting Lou Wagner 
Roger Thompson** 

Isotope Separator Engineer 
Bob Leonard 
Technicians 

Ella Jean Wehunt 
Secretary 

Lucy Wright 

Jean Rhodes 

As of March 1, 19 73, these people have terminated 
from this contract, but have still not completed 
their degrees. They are expected to complete degrees 
within the next six month period. 
Has completed degree, is completing publications and 
will leave the contract some time between April .1 and 
July 1. 
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here at Florida State University and is seriously looking for 
employment. Among the position possibilities are postdoctoral 
fellowships in Australia and in the medium energy physics 
program at LAMPF. Among the other graduate students it seems 
probable that both Harald Mahnke and Lee Ponting will complete 
their doctorates during the next contract year. The next 
contract year should also see the beginning of formal research 
at LAMPF. Lou Wagner and Peter Kleinheinz will be intimately 
involved in this effort in addition to the principal investigator. 
Dr. Akitsu Ikeda and Dr. Miyo Ikeda are now negotiating with 
Professor Walter Greiner to spend the next year at the University 
of Frankfurt in Germany. If this negotiation is successful, 
we will attempt to replace them by Dr. Tsutomu Une. On the 
other hand, if they are unsuccessful, we will be very pleased 
to keep them for an additional year. Both of the Ikedas have 
been particularly successful as "house theorists" in our 
group. They have not only provided important new theoretical 
ideas but have related well to experimentalists, research 
associates, students and faculty and have been important in 
the analysis of our experimental data. 

During the last contract year we have hired a new permanent 
plate counter, Mrs. Lucy Wright. This was done in part because 
Mrs. Ella Jean Wehunt has indicated that sometime in the next 
few years she will want to retire, and we felt that it was 
important that her replacement have adequate training while 
Mrs. Wehunt could aid in that training. For this reason we 
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have not hired student assistants to help in the plate counting. 
During the last contract year we have used effectively a 

number of accelerators at other installations. These include 
the 88" cyclotron at the University of California at Berkeley, 
the tandem Van de Graaff at the Los Alamos Scientific Laboratory 
of the University of California and the Yale tandem and multi-
gap spectrograph at the Wright Nuclear Structure Laboratory, 
New Haven, Connecticut. During the next contract year, we hope 
to continue using accelerators at other installations. In 
particular we expect to use the Yale accelerator again and 
probably also the rjOS Alamos and Berkeley accelerators. 

This in no way indicates any dissatisfaction with the 
super FN tandem Van de Graaff at Florida State University. This 
machine is running well and we expect to continue to take data 
using the coupling to our Browne-Buechner spectrograph. In 
particular during the next contract year we hope to develop 3 
a useful He beam. 

During the next contract year we hope to interest new 
chemistry and physics graduate students in our program, both 
in low-energy nuclear physics and in medium energy physics. 

In conclusion, we wish to express our appreciation to the 
AEC for its support. It is clear that our program could not 
exist without this support. We hope and believe that our 
program has been successful and therefore that the support for 
past years and for the next year is merited. 
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IV. INCIDENT REPORT 

There have been no incidents as defined in Attachment 
from the period November 5, 195 8, when this contract 
initiated to the present time, April 1, 1973. 
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VI. ENDORSEMENT 

This Progress Report has been read and approved by the 
undersigned. 

ft ^ J i i k 
Raymond K. Sheline, Professor 

of Chemistry and Physics 

Robert M. JohnsonvGraduate Dean 
and Director d>£ Research 
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