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ABSTRACT 

Progress on the research on our AT-(40-1)-2434 Contract 
is summarized for the twelve month contract yoar beginning 
October 1, 1974r and ending September 30, 1975. The main emphasis 
of our research continues to be an experimental study of nuclear 
models. Some change of emphasis is occurring. In the past, 
the emphasis has been overwhelmingly nuclear reaction spectroscopy 
and comparison with theoretical models. This year an increasing 
percentage of the emphasis (perhaps 25%) is on the study of 
nuclear structure from the view point of muonic x-ray spectroscopy. 
Furthermore, it seems probable that this change in emphasis will 
continue and probably increase. During this contract year we 
have studied the levels in 209Pb, 208Bi, and 2 0 9Bi utilizing the 
210B^m target and a group of 83-neutron nuclei from the vantage 
point of the shell model. We have studied the transitional nuclei 
^51Gd, *900s, and 129Ba, experimentally and have applied several 
different models to their interpretation. Of particular importance 
is the observation that in some of these nuclei, states correspond-
ing to very different nuclear deformation coexist. The onlv defornec! 

icc 
nucleus studied during this contract year is Ho which is 
interpreted with the Nilsson Model. Theoretical studies includo 
a systematic survey of backbending and rotational alignment in 
rare earth nuclei with the application of the model of Stephens 
and Simon and a comparison of calculated and experimental nuclear 
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potential energy surfaces, particularly in the transition 
regions. The study of the isotopically substituted metal 
carbonyls was continued on a limited basis. The equipment 
for studying muonic x-rays is described and the results of 
the first paper on the study of muonic x-ray spectra of the 
medium mass nuclei is presented. Finally, a summary of 
publications, lectures, personnel, miscellaneous items, and 
budget use is appended. 
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I. DECAY SCHEMES AND NUCLEAR REACTIONS 

A. Nuclear Reaction Spectroscopy 
1. Shell Model Nuclei 

ai Use of the 2 ^ m B i Target 

Approximately two years ago we fabricated a unique 
210 

target. It consists of the second excited state of Ei -
a 9- state with a half life of approximately 3 x 10 years 
and an energy of approximately 270 keV. This target was 209 . 
made by capturing neutrons in the lOOS " Dx. The five 
day ground state was then allowed to decay out. An 
initial separation on the calutron at Oak Ridge produced ^ 1 Q 2 Q Q 

'Bi material with approximately 2% abundance in Bi. 
Beginning with an initial 210rnBi sample of approximately 
38 yg the enrichment of the 2:I"0inBi was increased to 
99+% in the process of fabricating a target which was 
approximately 8 ug/cm thick on a carbon backing. This 
target has been used during the last year for a number of 
experiments and will be used for a number of other 
experiments during the next year. No publications will 
be forthcoming during this year although one or more 
publications will be 

submitted. A brief discussion of 
those researches which have already been completed follows. 
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We have been studying the levels in ' Bi produced 
from the reaction 2 1 0 m Bi (d,t) 209Bi. This study was 
carried out at Yale University using their multi-gap 
spectrograph. The reaction was set up in such a way 

209 

that we do not see the ground state of ' Bi but in-
stead concentrate on the three-quasiparticle states 
which can be produced by coupling the hole produced 
in the (d,t) reaction with the 9~ target state assumed 
to have the configuration ^g/^vcTq^ • T h e experimental 
results clearly show the expected three-quasiparticle 
states. Publication of these results should occur 
either latex- in this contract year or early in the next 
contract year. 

During the present contract year we have also used 
the 210n>Bi target to study the levels in 2 0 9Pb using 
the reaction 210niBi (t,a) 209Pb. This study has been 
undertaken at Los Alamos, New Mexico, using the Q3D 
spectrograph. It is immediately obvious that this 209 
study is very similar to the one on the levels in Bi. 
In this case we extract a proton from the core 
whereas in the other case we extract a neutron. The 
main purpose of this study is to observe the proton 
excitations which is one of the last remaining gaps 
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in our knowledge of the low lying spectroscopy of " Pb. 
This rcsoarch is progressing very rapidly and publication 
should occur early in the noxt contract year. An initial 
account was given to the American Physical Society Meeting 
held in Anaheim, California, on February 1, 10 75, as Abstract 
K E 8 . 

Finally, studies of the reaction 210inni (p,t) 20RBi 
have also been carried out at Yale. Those studies populate 
particular sets of four-quasipnrticlc states--mainly the states 
which can be made from the "^9/2^9/2 "^^Di target coupled 
to the two holes which the (p,t) reaction makes. 

We hope to continue the use of this unique target 
during the next contract year for a few additional 
nuclear reactions. Those being considered are (d,p), 
(t, p), and (3JIe, d) . 



- 4 -

b. 83-Neutron Nuclei 

In the process of the systematic study of (a,xn) 
reactions in which the gamma ray spectra for the residual 
nucleus wore observed for odd-A nuclei with neutron number 
from 83 through 89, some unexpected results on the single 
particle shell model states have resulted. In particular, 
half life measurements on the first excited state in the 
nuclei 141Ce, l43Nd, 145Sm, and 1 4 7Gd carried out in 
collaboration with a group at LBL at Berkeley are inconsistent 
with the previous assignment as an hg/2 fra9rn<^nt* These 
half lives however are consistent with the assignment of 
the first cxcited state in these nuclei as the 
single neutron excitation. This excitation had previously 
been believed to be above 3 Mev in 83-neutron nuclei. This 
significantly altered shell structure for the 83-neutron 
nuclei for both the ^3/2 a n d t h e ^9/2 neutron states 
and will have significant effects on shell model calculations 
which utilize experimental shell model energies. It is 
also conceivable that it will significantly affect Nilsson 
model calculations which use shell model states for zero 
deformation. 

This article has been published in Nuclear Physics and 
is appended as Reprint Number 1. 



2. Transitional Nuclei 
a. Shape Coexistence and its Cause in Gd 

The (a,3nv) reaction has been used to study the level 
151 structure of Gd. Thn most interesting result of the 

1 5 1 

study is that there are two bands with band heads at 
excitation energies of 851 and 1210 keV respectively with 
very different structures. 

The information about the moment of inertia of a nucleus 
may be obtained fror the energy level spacings provided 
the structure of the levels is reasonably simple. On the 
other hand if the moment of inertia can bo obtained unambigu-
ously in this way, it is possible to know the dofornation 
parameter 3 by using the simple empirical relation betveen the 
E2 transition life time and the 2+ energies in the even-even 
nuclei. 

If the unique parity high-j orbital in each ma'or shell 
is responsible for the energy levels in the bands then the 
structure will be simple since in this case we can assume that 
there will be no mixing with other orbitals and the calculation 
will be unambiguously reliable. It has been pointed out that 
under certain conditions a system consisting of a particle 
(hole) with pure j coupled to an axially symmetric rotor 

I22T 
S 
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gives rise to a simple spectrum. Specifically, a system 
of a particle coupled to an axially symmetric rotor of inter-
mediate prolate deformations gives rise to a band with spin 
sequence j, j + 2, j+4... and the energy spacing equal to those 
of the ground state band of the neighboring even-even core. 
On the other hand for a system of a hole coupled to such a 
rotor a normal rotational band with energy spacing proportional 
to 1(1+1) results. 

151 
Tho band based on the level at R51 J;eV in ' Gd has energy 

levels similar to the ground state band of the neighboring 
even-even nucleus. Decoupled bands of this type have also 
been found in the odd-A Lanthanum isotopes and elsewhere .in 
the nuclear periodic table. The band based on the level at 
1210 keV has normal energy spacings proportional to 1(1+1). 
Tho decoupled band is interpreted as arising from a single 
neutron state in the 2̂.3/2 which has deformation 
6^+0.14, while the normal rotational band is from a single 
hole state iri the shell a n d deformation 6^+0.29. 
These two deformations can be explained in terms of the 
Wilsson diagram. 

If we look at the Nilsson dxagram around the N=82 closed 
shell, the orbitals immediately above the shell generally 
slope downward, thus favoring deformation, while some of 
those immediately below the shell slope upward and favor 
spherical equilibrium shc>r>i. 
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"̂'"Gd has 87 neutrons, thus in its ground state there 
are two pairs and one odd particle occupying the down-sloping 
orbitals above N=R2. Promotion of the odd neutron from the 
ground state orbital to the lowest orkital represents 
a promotion from a moderately down-sloping orbital to a 
similar down-sloping orbital. Such a change in occupation 
should leave the nuclear deformation relatively unaffected. 
In the hole state configuration, on the other hand, a neutron 
has been lifted from the 11/2[505] strongly upward-sloping 
orbital through the i!=82 gap to the down-sloping orbital. 
As a result of this change in occupation the nucleus has 
three pairs in the down-sloping orbitals above N=82 and the 
11/2[505] orbital has become 50% unoccupied. Both consequences 
of this rearrangement produce a very strong tendency towards 
deformation. The result of this study has bc-en published 
during the last contract year in Physical P.c-view J^etters 
and is appended as Reprint Number 2. 
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100 b. Levels of * Os 

During the past contract year an investigation was 
undertaken using the techniques of radioactive decay and 
single neutron transfer reaction spectroscopy to study the 

190 190 level structure of Os. Various aspects of the Os level 
structure are discussed in the light of the combined radio-
activity and transfer reaction results. 

The Florida State University isotope separator was used 
189 to produce isotopically enriched targets of Os. The 

targets were bombarded with 12 KeV deuterons from the Florida 
State University Tandem Van de Graaff accelerator. The proton 

13 9 190 from the " Os (d,p) Os reaction were analyzed with a 
Rrowne-Buechnor broad range magnetic spectrograph. Gamma 

I90rr. 
ray spectroscopy was carried out on the decays of 3.3h Re 

190 
and 12d Ir. The y-ray singles spectra were recorded using 
calibrated Ge(Li) spectrometers and a 4096 channel analyzer. 
The y-y coincidence measurements were performed using a 
Ge(Li) gating detector in combination with the Ge(Li) 
detector used j"> the single spectra study. 190 

It was found that many of the Os levels located in 
190 

the earlier 12d Ir decay studies are populated also in 
the B- decay. A detailed investigation of both decays 
was undertaken, which has established a near complete decay 
scheme and eliminated several discrepancies concerning 
spin-parity assignments. Based on y-Y coincidence results, 
using energy-sum relationships and the assigned transition 
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190 multipolarities, the Os level scheme was constructed. 
190 

The direct EC decay of Ir to the well known ground 
190 

state band of Os was not observed, while 5 decay of 
190mRe p0pUiate(j only the 6+ member of the ground state band. 
An interpretation of the 1204 keV level as the 5+ member 
of the y vibrational band had been questioned based upon the 
assumption of an El transition to the 3+ member of this v 
vibrational band. However, this study found that the conver-
sion coefficient was lower than previously reported and 
consistent with E2 multipolarity, thus allowing the 5+ 
assignment. A level at 1514 keV was also interpreted as 
the 6+ member of the y~vibrational band. 

The results presented support the assignment of 5-
rather than 4- to the level at 1872 keV because of transitions 
to the Y vibrational band. The 1872 keV level is interpreted 
as a member of K=3 octupole band. A well established 4+ 
level at 1163 keV is suggested to be the band head of the 
two-phonon Y ~ v i b r a t i o n a l band, since the energy is approximately 
twice that of the one-phonon Y vibrational band. A tentative 
4- assignment is proposed for the level at 1903 keV based 
upon an El transition character. Finally, three additional 
levels at 2061, 1069 and 2121 keV are observed. 

From the (d,p) study, a number of new levels between 
2 and 3 MeV excitation have been located along with previously 
unknown levels at 1570, 1826 and 1965 keV, which have not been 
observed in the decays. In all, a total of 36 levels below 
3 MeV excitation energy in 190 Os have been located in the 
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189 190 
Os(d,p) Os reaction study. The intrinsic reaction 

cross section for orbital momentum 1 at angle 6 is found 
using optical model parameters. The reaction cross section 
is calculated for various two quasiparticle states of interest 

19 0 in Os, assuming considerable coriolis mixing of the 3/2-[512] 
189 and 1/2-[510] bands in the Os ground state. The mixing 

between these close-lying bands would produce a pure 3/2-3/2[512] 
189 

configuration for the Os ground atate. 
This study, using reaction spectroscopy, confirmed the 

assignments of the ground state band and also determined the 
energy levels more precisely. In a microscopic description of 
two phonon states there will be admixtures of two-quasiparticle 
configurations. A firm conclusion from this investigation is 
tnat the 1115 keV 2+ level contains a sizeable admixture of 
two-neutron character. It is probable that the levels at 19 0 
912 keV 0+ and 1115 keV 2+ in Os have properties resulting 
from a quasi-band appreciably mixed with the ground band, so 
these levels are best described by the pairing-plus-quadrupole 
model. Finally, experimental data support an interpretation 
of the 1996 keV level as the 3/2-[512]v-9/2-[505]v two 
quasiparticle state. This should be one of the lowest lying 190 
tv?o-neutron excitations in Os and the observed (d,p) cross 
section is of the expected magnitude. 

This research has been published in Nuclear Physics 

during this contract year and is appended as Reprint Number 
3. 
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129 
c. Levels in. Ba 

It has been recognized for some time that the light 
Ba isotopes represenc a transition region in which nuclei 
are approaching nuclear deformation. For this reason we 129 have undertaken a study of th-~ levels in Ba using 

130 129 the reaction Ba (d,t) Ba. In order to undertake 
this study it was necessary to obtain the extremely 

130 
rare Ba target whose normal isotopic abundance is 
0.1%. We were able to get a useable target by obtain-
ing an Oak Ridge calutron separated target with an 
enrichment of ~15% which on separation upon the Florida 
State Isotope Separator produced a <arget of >99%. 

Energies and angular distributions were observed 209 
for 13 levels below 1.0 Mev in "Bi. 

Using the data produced by this research, together 
with the established systematics of the Nd and Ce 
nuclei, it has been possible to show the existence of 
a prolate region of deformation consistant with the 
decoupled bands observed in the odd-A La nuclei. This 
research has been published in the Physical Review 
and is appended as Reprint Number 4. 
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3. Deformed Nuclei 
i C P a* Levels in Ho 

ICC 
The nuclear structure study of Ho using the transfer 

reactions 1 6 6Er (t,a)165Ho, 164Dy(3He,d) 1 6 5Ho and 1 6 4Dy (a, t) 165fIo 
is complete. This study was performed in cooperation with D. G. 
Burke and H. C. Cheung of McMaster University. This study 
allowed the identification of the previously unassigned 
1/2[541] band and the 11/2 member of the 9/2[514] band. 
States previously assigned as the 5/2 and 7/2 members of the 
5/2[532] band were reassigned as the 5/2[402] orbital. The 
data also provided new evidence that the 5/2[413] band is 
actually the KQ+2 gamma vibration band based on the 1/2[411] 
state with a large admixture of the 5/2[413] single particle 
state. The paper has been submitted and accepted for publica-
tion in Nuclear Physics and is appended as Preprint Number 5. 
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B. Theoretical Nuclear Researc.i 

1. Backbending and Rotation Alignment 
A very sudden structural change occurs in the ground 

state of rotational bands of a number of deformed 
nuclei at high angular momentum. In the rare earth 
region this transition usually occurs at spins from 
I = 12 to 16. Backbending itself is said to occur 
when one or more rotational transitions in the ground 
state rotational band become lower in energy with 
increasing I. 

Two fairly different explanations have been used 
to explain this phenomenon. The first of these which 
predated the experimental finding of backbending is 
the explanation of Mottelson and Valatin which is known 
as coriolis-anti-pairing (CAP). The other explanation 
due to Stephens and Simon suggests that certain in-
dividual high spin nucleons may respond to the Coriolis 
force prior to the complete phase transition expected 
from the CAP effect. 

In collaboration with Stephens and Simon at the 
Lawrence Berkeley Laboratory, University of California, 
we have examined the Z and N dependence of backbending 
in the rare earth region using the model of Stephens 
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and Simon. In this model which involves the rotational 
alignment of the i 1 3 / 2

 n e u t r o n s the important parameters 
are the rotational moment of inertia, the position of the 
Fermi surface and both the quadrupole and hexadecapole 
deformations. These parameters are fixed experimentally 
by a comparison with the odd-A spectra of the neighboring 
nuclei to those used in this study. A qualitative agree-
ment of the general trends in backbending is observed 
throughout the rare earth region. Quantitative comparisons 
are made for the two pairs 1 6 1Er - 1 6 2Er and 1 7 1Hf - 17 2Hf. 

In summary it seems probable that the backbending 
observed thus far in the rare earth region can be ex-
plained on the basis of the model of Stephens and Simon. 
This research has been published during the last contract 
year in Nuclear Physics and is appended as Reprint 
Number 6. 
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2. Comparigon of Calculated Nucle/r Potential 
V 

Energy Surfaces with Experimental Systematic3 
During the last contract year we have succeeded in 

completing a large amount of research begun during my 
sabbatical in 1972 at the Niels Bohr Institute in 
Copenhagen. This research has involved careful col-
laboration between experimentalists and theorists at the 
Niels Bohr Institute in Copenhagen, at the Institute 
for Nuclear Research in Warsaw and with Florida State 
University. This research involves a comparison between 
calculated potential energy surfaces and experimental 
data for even-even nuclei with both normal and quasi -
rotational bands. The emphasis of this comparison is 
on the transitional region intermediate between spherical 
and deformed nuclei. In particular the nuclei in the 
light Ba region are found to be particularly soft to 
the gamma deformation as are also the nuclei in the Os -
Pt region. Evidence is also found for a second prolate 
minimum in nuclei such as 20^Pt in contrast to the lowest 
minimum which is spherical in nature. 

This paper was printed in Nuclear Physics during 
the last contract year and is appended as Reprint 
Number 7. 



- 1 6 -

3. A Theoretical Description of Quasi-bands 
near Double Closed Shells 

Recently the existence of quasi-band structures has 
been demonstrated for nuclei near double closed shells. For 
these weakly deformed nuclei, however, the Nilsson model 
loses its simplicity. This results because configurations 
up to at least a few quasiparticles should be taken into 
account and the assumption of adiabaticity is no longer 
appropriate. On the other hand, the spherical shell model 
requires huge dimensional matrices even with a few particles 
(holes) beyond (in) the double closed shell. Moreover, the 
concept of the intrinsic shape cannot be introduced through 
the shell model (with the possible exception of the SU3 
formalism) although these quasi-band members are expected to 
have some regularity in their wave functions because of the 
regularity of their excitation energies. 

To explain these quasi-bands, we have attempted to use the 
truncation of magnetic substates in spherical bases. The 
method of truncation, introduced by Mottelson and called the 
aligned coupling scheme, is able to introduce the concept o f 

the intrinsic shape into the shell model calculation and to 
reduce the dimensions of the energy matrices. The calculation 

40 56 41 on Ar, Fe and K shows that this truncation is a useful 
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procedure in the description of quasi-bands near double 
closed shells and also that the alignment of nucleons in 
their magnetic substates occurs for these nuclei. This 
article has been accepted by Phys. Letters and has been 
appended as Preprint Number 8. 
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C. Isotopic Substitution in the Metal Carbonyls 
1. Study of Temperature Dependent IR and NMR 

Spectra to Determine the CO Flipping Frequency 
in the Metal Carbonyls 

Since electron diffraction studies^ of Fe(CO),. show 
it to possess a triagonal bipyramid structure having D ^ 
symmetry, the axial and equatorial carbons would be expected 

13 [2 to give two lines in a C NMR spectrum. However, such studies ' 
result in only one line being observed, even upon cooling the 
sample down to -170° C . ^ Similar results were also observed 
for some MtPF^)^ species which were studied down to -160° C.'"^ 
The failure to resolve the spectra into the two expected lines 
was thought to be due to the fact that the activation energies 
of the inversion process are sufficiently low that the exchange 
process—axial carbonyl to equatorial carbonyl—can not be 
observed at even the lowest experimentally available temperatures. 

In order to study this exchange process, it was necessary 
to develop another experimental method. This new method, 
which has been used in the study of Fe(CO)5-x(PF3)x systems, 
is the direct measurement of the rate of exchange. 

In favorable cases, the exchange rate can be determined 
by measuring the nuclear relaxation times by the Carr-Purcell-
Gill-Meiboom t e c h n i q u e , even when this rate is large 
compared to the frequency difference of the interchanging 
sites. This method, unfortunately, led to an equation with 
two unknowns: 

2§-<60°)2 T e < 10"3 sec."1 (1) 
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Since the chemical shift difference, 6a°, is unknown, a 
method for its calculation is needed. The observed chemical 
shift, a, can be expressed as the sum of the axial and equa-
torial chemical shifts multiplied by suitable weighting 
factors: 

a = c o° + C o° (2) ax ax eq eq 
If the weighting factors could be changed, values for o° 3X 
and could be obtained. As the weighting factors are 
obtainable from the mole fractions of isomeric mixtures, the 
following work was carried out for mixtures of isomers belong-
ing to the Fe(CO) (PF_) series. Even though the separate ID—X <5 X 

stereoisomers corresponding to each value of x = 1,2,3,4 can 
not be separated due to the high rate of interconversion, the 
infrared spectra show bands which correspond to the various 
isomer Haas and Sheline^ have calculated the mole 
fractions in each mixture from infrared spectra of these 
mixtures. By measuring temperature dependent infrared 
spectra for these isomeric mixtures, a complete set of 
weighting factors can be obtained,. If time-averaged chemical 
shifts are also determined for the corresponding temperatures, 
then o° and o° can be calculated from Eq. (2). ax eq 

Furthermore, since an overdetermined system of equations 
was obtained, a check could be carried out on the prediction 
that chemical shifts do not vary greatly with the changing 
degree of PF^ substitution for CO. By a comparison of 
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observed and calculated values of the carbon-phosphorus 
spin coupling constants a check on the infrared assign-
ments of Haas and Sheline of the CO absorptions could also 
be carried out. 

The Fe(CO)_ (PF,) compounds were prepared as 3"X O X 

mixtures of isomers by the reaction of iron pentacar-
bonyls with PF^ at elevated temperatures and pressures. 
The mixtures corresponding to different values of x were 
separated by gas chromatography. Compounds 90 percent 

13 
enriched in C were prepared by carrying out a photochem-
ical reaction between Fe(PF3)5 and carbon monoxide 90 13 
percent enriched in C. The FetPF^),. was obtained by 
irradiation of a mixture of PF^ and the original mixture 
of products. For x=0,lf a solution of the compound in 
hydrocarbon and ^ C O were stirred o/er.Pd powder on charcoal. 
The NMR spectra were measured on a Bruker HS-90 spectrometer 
equipped with a Nicolet 1080 computer system. A pulse 
repetition rate of 20 seconds was used due to the extra-
ordinarily long relaxation rates in Fe(CO),.. Neat samples 
were sealed in "10 mm" NMR cylindrical microcells (Wilmad) 
using vacuum techniques and then put into ordinary 10 mm 
NMR tubes. The infrared spectra were obtained from samples 
dissolved in n-pentane on a Perkin-Elmer 521 spectrometer 
using a low temperature ir cell with NaCl windows and a 
path length of 0.1 run. 
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13 The C chemical shifts show a strong temperature 
dependence for both Fe (CO) 3 (PF-j) 2 a n d Fe (CO) ,, (PF3) 3, 
whereas the remaining compounds show, at most, a very 
small temperature effect. This temperature behavior is 
in accordance with that observed for the infrared spectra 
and for the carbon-phosphorus spin coupling constants. 
Since the NMR spectra were obtained from neat samples 
using external references, there were no shift effects 
due to solvent interaction. Therefore, the integral absorp-
tion obtained from infrared spectra, the carbon-phosphorus 

13 
spin-coupling constant, and the observed C chemical shift 
can be used to evaluate 5o°. 

In order to determine the weighting factors, it was 
necessary to calculate the band areas of the infrared 
spectra. A band stripping analysis was performed using-
Lorentzian band shapes as only stretching modes were 
involved. A Beer's law treatment was used to check the 
calculated areas. This treatment allowed the assigr 
ment of pairs of bands belonging to the same stereoisomers. 
The differentiation as to the symmetry of the bands can be 
made using the NMR data. 

The mole fractions of the mixtures at various tempera-
tures were determined from the temperature dependent 
infrared spectra and the weighting factors were then 
calculated. 
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From the NMR studies, values for the time-averaged 
chemical shift at various temperatures were obtained. These 
values, along with the corresponding weighting factors calcu-
lated from the infrared data were used to determine 
6o° = _ o®q|. For Fe(CO)2(PF3)3, 6o° was found to be 
17.7 + 1.5 ppm. This result, along with previously obtained 
results from relaxation studies give a mean lifetime, T e , for 
the interchanging sites of 9.02 x 10- 1 1 seconds, corresponding 
to an exchange frequency, of 1.1 x 10^^ sec 1 at -20° C. 
The accuracy in the measurement of the transverse relaxation 
time, which is largely systematic, almost entirely determines 

the error limits on v . This error is, however, difficult to e 
estimate and, therefore, no error limits have been placed on 
v . Assuming that the weighting factors C . and C „ are 0.4 
and 0.6, respectively, values for o° and a° for Fe(CO)_ can . ax eq 5 
be calculated. Relative to benzene, these values are found to 
be o°x = -95.6 ppm and = -77.93 ppm. 

The observation that as the temperature decreases, the 
chemical shift approaches the value of a° for Fe (CO) - (PFO •» a X 6 j J 

and of for Fe (CO) 3 (PF-j) 2 consistent with the low 
temperature infrared spectra which reveal that all but one 
stereoisomer disappear. At the low temperatures, the favored 
isomer for Fe(CO)2(pF

3)3 is that with both CO groups in the 
axial positions and for Fe(CO) 3(PF3) 2» that with the CO groups 
all in the equatorial positions. 
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The carbon-phosphorus spin coupling constant was 
observed for the various compounds as a function of 
temperature. The observed values of the cis, trans, and 
vicinal carbon-phosphorus spin coupling constants can be 
used to calculate the carbon-phosphorus spin coupling 
constant J and a comparison made between the observed 
and calculated values. The very good agreement which 
occurs, confirms the infrared assignments previously 
made by Haas and Sheline. 

This work suggests that the arrangement of the ligand 
groups in the triflourophosphine carbonyl compounds is 
determined by the degree of symmetry achieved and not by 
the mass effects of the ligands. The mass effect would 
tend to direct the heavier bulkier PP^ groups to the 
less-crowded equatorial positions whereas the symmetry 
effect tends to favor Lhe positions whereby the highest 
possible symmetry group is attained. This suggests that 
the symmetry effect is the driving force for the temperature 
induced changes in the distribution of the various isomers 
in the mixtures. This tendency towards higher symmetry and 
the high frequency of exchange strongly suggests an exchange 
mechanism based upon normal vibrational modes. 

This work has been published in the Journal of Chemical 
Physics during this contract year and is appended as Reprint 
Number 9. 
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13 2. Analysis of the C Chemical Shift Tensor 
in CO, Ni(CO)4 and Fe(CO)s and Its 
Relationship to Ti-Back Bonding 

Under normal conditions, CO shows little tendency, 
in general, to undergo chemical reactions. Although 
most reactions of CO are therefore carried out under vigorous 
conditions of temperature and pressure, it reacts under room 
temperature and pressure as a ligand in metal carbonyls. This 
change in reactivity has been ascribed to ir-back bonding. 

The n-back bonding mechanism is described as the inter-
action of a metal pn or diT orbital with low lying, vacant 
antibonding TT* orbitals of the CO ligand groups. This 
proposed mechanism suggests a decrease in electron density 
along the CO axis and a corresponding increase in the 
electron population perpendicular to this axis. These 
electrons would then be more readily available for bond 
formation. 

A previous MO treatment^ for carbonyls of Ni, Fe, and 
Cr has not only confirmed the possibility of u-back bonding, 
but has also indicated that it is stronger for Fe(CO)than 
for Ni(CO)^. However, experimental evidence for u-back 
bonding is not available, even though several observable 
parameters do shov; gradual changes in the series CO, 
Ni (CO) ., Fe(CO),. which are suggested by the MO calculations. 
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The purpose of this work was to attempt an explanation, 
based upon ir-back bonding, for the changes of one of these 
parameters, the isotropic chemical shift. Since the chemical 
shift is a tensor, it was necessary to analyze it in terras 
of shift components. Furthermore, these shift components were 
decomposed into diamagnetic and paramagnetic contributions. 

Using a proposed bonding mechanism consisting of two 
separate bonds contributing to the total bond strenqth, a 
contribution of 8 percent of the total bond was found to be 

2 
contributed by the 5o orbital in CO. The bonding mechanism 
consisted of a donor a bond of the filled 5a2 orbital of the 
CO to the unoccupied o-type metal orbitals and of a donor 
back bond of electrons from filling d* orbitals of the metal 

* 

to unoccupied ir antibonding ligand orbitals. 
Although the diamagnetic component of the chemical 

shift failed to explain the shift of the perpendicular 
component of free and bonded CO, the paramagnetic component 
accounts for the shift quite well. The it-back bonding, by 
stabilizing the bond, reduces its energy and, therefore, 
increases the contribution of the paramagnetic component 
to the perpendicular chemical shift. This increase, which 
is observed, can be correlated to the amount of lr-back bonding. 

The increase in the paramagnetic component to the 
•perpendicular shift between free CO and Ni(CO)^ lies within 
the errpr limits of this analysis while that for Fe(CO),- is 
outside the error limits. These results confirm the prediction 
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from the MO calculations for greater n-boch bonding in 
Fe(CO)5 than for Ni(CO)4. Furthermore, sinco only the 
paramagnetic component to the perpendicular component of the 
chemical shift shows a pronounccd changc between free CO and 
metal bound CO, the observed chcmicol shifts in the metal 
carbonyls can be explained on the basis of this one component. 
This result is important due to the fact that the observed 
chemical shifts are easily obtained, with high precision, by 
high resolution NMR, whereas the paramagnetic component to 
the perpendicular component of chemical shift can be determined, 
with lower accuracy, only in very special eases. 

This work has been published in the Journal of Chemical 
Physics during this contract year and is appended as Reprint 
Number 10. 
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3* 5 tu<1v iil nnrlchncl .MnP.n (CO) 1Q 
Although the infrared and Ua«an spectra of ?!n-,(ro)J0 

end r.OjjtCOĴ Q have been studied in detail, vary little has 
appeared on tho related nolcculc HnRa (CO) ̂ . Due to the 
increased complexity of the force field for thin nolr?culo, 
it is difficult to interpret the vibrational Rpcctruw, oven 
in the CO strefcehiner region, -''one of the arbitrary n s r . u r o -

tionfi needed to analyze the vibrational spectra of rctal 
carbonyls can bo eliminated by the study of *'.nre(CO}jn 

13 
enriched in CO. 

The sanoles enriched in 13C0 wore prepared either iy 
UV-irradintion of a cyclohexanc solution of T?eMn(CO)ln 
stirred under *3C0 (75% isotopic purity) at a pressure 
slightly above 1 atmosphere or by an exchange reaction 13 between Mn{CO)PBr and CO followed by reaction with sodium •J 
and then with P.e(CO)sr>r. 

The infrared spectra were recorded on a Psrkin-nimer 
521 grating spectrophotometer or a Perkin-El-ner 337 
equipped with an external recorder. The spectra were cali-
brated with gaseous DCl and the measurements were accurate 
to +lcnf1. Tho Raman spectra were obtained from both crystalline 
solid and n-hexane solutions on a Cnry ??1 spectrophotometer equipped 
with an He-Me laser. 

The carbonyl vibrational modes were assigned to the 
bands between 1970 cm"1 and 2124.5 cm"1 for the unsubstituted 
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— 1 — 1 spccies and between 1937 cm and 2122 cm for several 
substituted species. The Raman spectra were assigned in this 
work for the first time. Two Raman bands, at 20 39 cm"1 and 
2007 cm having no infrared counterparts, were assigned to 
the vibrations of Uj symmetry which are not allowed in the 
infrared. 

For monosubstitution in fie axial position on either 
manganese or rhenium, assuming negligible coupling, the 
nodes (1991 cm"1 and 197f3 cm 1) would lie expected to shirt 
about 49 en-1 e a c h . ^ This mode is therefore assigned to the 
band at approxirately 1945 cm 1 in the spectra of the substi-
tuted compounds. For equatorial substitution, the synnotry 
is lowered from C^ to Cg and all ten bands should be observed 
(7A* and 3A"). In the case of rhenium substitution, 4A* nodes 
were assigned, while for manganese substitution, 3A' modes 
could be assigned. 

No vibrational modes could be assigned to substitution 
on the rhenium moiety for the compound prepared by direct 
substitution. This is a possible indication that the carbonyls 
on the rhenium moiety are more difficult to displace photo-
lytically than those on manganese. 

A force constant calculation for MnRe(CO>iQ gave values 

of about 16 millidynes/Angstrom for the diagonal terms. The 
values obtained indicate that several of the assumptions 

[1 21 
involved in the Cotton-Kraihanzel force field1 ' are valid 
for MnRe(CO)1Q. For example, K T is found to be approximately 
equal to 2K for both metals. 
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Th is work has been published in the Journal of 
Inorganic and Nuclear Chemistry during this contract year 
and is appended as Reprint Number 11. 
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D. Equipment 
Isotope Separator and Evaporator 

During the last contract year a 270° electron bean 
apparatus has been put in operation. This apparatus to-
gether with the appropriate power supply, boll jar, and 
related hardware has made it possible to mal:e certain 
special thin films to be used in super conducting research 
done in conjunction with the solid state grou?> at Florida 
State University. 

In addition during the last contract year a method 
has been developed to evaporate 5-50 mg of rare materials such 
as separated isotopes and their compounds. The basic 
technique has involved the development of a cylindrical 
evaporation crucible with a baffle cap or chimney heated 
by electron bombardment. In this way the vapor to be 
evaporated may be directed with high efficiency toward 
a small area which serves as a condensing surface. A 
small chargc is placed in the cylindrical crucible. 
When heated it follows an indirect path through series 
of baffles and then out through a vertical chimney. 
Vapor columniation is possible by using a chimney or 
cap whose inside diameter is small compared to its length. 
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The baffle eliminates any chance of spitting and streaming • 
which has often caused pinholes and breaking of the thin 
carbon backings on which the targets are deposited. 

During the last contract year we have successfully 
evaporated isotopic Pt and Ir targets with the equipment 
described in the preceding paragraph. 

In view of the success of these evaporations and the 
fact that they have not been possible in other laboratories, 
we hope to write a paper for Nuclear Instruments and Methods 
on this research. 
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II. Muonic X-Pny Studies 
A. Experimental P.csults 

1. Equipment 
The credibility and success of the muonic x-ray studios 

undertaken as a cooperative effort among I.ACL, the University 
of Mainz, Florida State University and Purdue University is 
made possible by the high resolution of the Ge(Li) spectrometer. 
During the initial startup of low intensity bean tine at I.AMPF, 
the group accumulated over one-hundred muonic x-ray spectra 
on isotopes of Fe, tli, Zn, Cu, Co, Pt and Os with energies 
measured to an accuracy of one part in 104. Such accuracy 
is essential in order that the data provide the necessary, 
fundamental tests of nvslear models. 

The muonic x-ray data were accumulated using a high-
resolution Ge(Li) detector on-line with a PDP-11 computer. 
The data were stored on the disk of the computer, tagged with 
an appropriate identification and then dumped onto magnetic 
tape. The data were then read from the tape and analyzed 
using the CDC-7600 computer system at LASL. 

Typically data from three targets were stored simultaneously 
along with a calibration spectrum which was recorded during 
beam-gated intervals so that any systematic errors in non-
linearities due to beam-on and beam-off periods would be 
eliminated. This arrangement enhances the accuracy to which 
isotope and isotone shifts can be measured. The x-ray identi-
fication for each target was accomplished by using a typical 
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scintillator telescope arrangement coupled with appropriate' 
fast electronics in order to identify a muon stopping in a 
particular target. X-rays from any one target detected by the 
Ge(Li) within 150 nanoseconds of the nuon stops arc stored in 
the spectra corresponding to the stop. Two spectra, prompt 
(received within 50 nanoseconds) and delayed (received after 
60 nanoseconds) are stored for each target in order to distin-
guish betv/een prompt photon events (nuonic x-rays or prompt 
nuclear gamma rays due to radiationless excitation of the 
nucleus) and delayed nuclear gamma rays which occur due to 
muon capture by the nucleus. 

This experimental arrangement combined with the high 
purity of the muon beam produced at LA.MPF, provide very 
clean experimental spectra with very high peak to background 
ratios. Such clean spectra not only make the analysis of the 
data easier, but also eliminate some sources of error in 
determining the experimental energies. 
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2. Muonic Isotope Shifts in the Even Fe Nuclei 

The isotope shifts of the 2p-ls transitions between the 
54 56 5 5 5 6 nuclei Fe- Fe and Fe- Fe indicate that the nuclear charge 

1/3 
radii increase as A while Hartree-Fock calculations, which 
take into account proton-proton and neutron-neutron pairing, 
are unable to produce these results. It is suggested that the 
discrepancy between experiment and theory is most likely due 
to neutron-proton pairing which the theory at. present is not 
able to include. The most important factor in the success 
of this study is the accuracy to whj -:h these isotope shifts can 
be measured'(to within 40eV for shifts of ^2.7 keV). They 
thus provide stringent, fundamental tests of nuclear models. 

This research is the first experimental' inuonic x-ray 
result to be published from work done exclusively at LAMPF. 
We are particularly proud of our association with LAMPF and 
with this publication which is appended as Reprint Number 12. 
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B. Theory 

Unusual Nuclear Structure Effects on Muonic X-Ray 
Spectra 

We had expected to complete a final paper on sophisticated 
nuclear structure effects on muonic x-ray spectroscopy during 
the last contract year. Our collaborators, Dr. Miyo Ikeda 
and Dr. Akitsu Ikeda, returned to Japan in August, 1974. 
The great majority of the calculations were complete but 
virtually none of the writing had been completed when they 
left. It was our intention that they would write a first 
draft and send it to me during the present contract year. 
I was to have completed it and added additional sections 
if necessary and then returned it to them. Unfortunately, 
Drs. Miyo and Akitsu Ikeda have not yet completed a first 
draft of this manuscript although it is clearly their 
intention to do so. 

Briefly, the results of their calculations indicate 
that there is a noticeable effect of gamma deformation 
on the muonic x-ray spectra - an effect which should be 
experimentally observed. However, the calculated effect 
of octupole deformation, even in the radium isotope where 
it is largest, is so small as to be experimentally unobserv-
able .. 

I hope that this paper will be completed during the 
next contract year. However, in view of the fact that the 
Ikedas are in Japan, I feel some uncertainty about the 
completion of this project. 
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III. SUMMARY OF PUBLICATIONS, TALKS/ ABSTRACTS, PERSONNEL 
AND MISCELLANEOUS ITEMS 

During the last contract year twelve publications have 
resulted from the relationship between Florida State 
University and the U.S. Energy Research and Development 
Administration. These publications have been discussed 
at considerable length in earlier parts of this Progress 
Report 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, 
at international conferences, and at invited seminars. 
These include the following: 

1. "Spectral Evidence for Actinide and Rare 
Earth Carbonyls", R. K. Sheline, invited seminar 
given at the Merck Symposium held near 
Darmstadt, Germany, May 16, 1974. 

2. "The Flipping Frequency in Fe(CO)5", R. K. 
Sheline, invited seminar given at the Merck 
Symposium held near Darmstadt, Germany, 
May 17, 1974. 

3. "Anomalous tluclear Spectroscopy in the Heavy 
Odd-A Os Isotopes", R. K. Sheline, physics 
seminar given at the Institute for Mathematical 
Physics in Lund, Sweden, August 30, 1974. 
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4. "The nuclear Zoo", R. K. Sheline, invited 
seminar at the International School on 
Nuclear Physics held in Mikolaki, Poland, 
September 9, 19 74. 

. 5. "Shell Structure in Deformed Nuclei", R. K. 
Sheline, invited seminar at the International 
School on Nuclear Physics held in Mikolaki, 
Poland, September 12, 1974. 

6. "Spectroscopic Anomalies in the Nuclear 
Transition Region", R. K. Sheline, seminar 
given at the Institute for Nuclear Physics, 
Krakow, Poland, September 14, 1974. 

7. "Magic Numbers for Deformed Nuclei", R. K. 
Sheline, invited seminar, Charles University 
in Prague, Czechoslovakia, September 17, 1974. 

8. "Shell Structure in Deformed Nuclei with 
Emphasis on the Light Nuclei", R. K. Sheline, 
invited seminar, Institut fur Kernphysik, 
Julich, Germany, September 19, 1974. 

9. "2p-lh States in 2 0 9Pb Excited by the 210mB(t,a) 
Reaction", N. Stein, D. Burke, E. Flynn, 0. 
Hansen, J. Sherman, J. Sunier and R. K. Sheline, 
Winter Meeting of APS held at Anaheim, California, 
February 1, 1975. 
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All personnel who have been directly connected with 
the joint contract between Florida State University and 
the U.S. Energy Research and Development Administration 
during the time from 1 October 1974 through 30 September 
1975, are listed in Table I. In addition to those listed 
in Table I, a number of other personnel such as machinists, 
a glass blower, electronic technicians, and secretaries 
have been involved in the successful ooeration of our contract 
in a part-time capacity. For the most part, these people 
have been supported by the nuclear program of the State of 
Florida, and to a lesser extent, by the Departments of Chemistry 
and Physics. These people have been utilized by many other 
projects and contracts in additi ~>n to the contract described 
herein. 
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TABLE I . 

PERSONNEL CONNECTED WITH THE JOINT PROJECT OF FLORIDA 
STATE UNIVERSITY AND THE U. S. ENERGY RESEARCH AND 
DEVELOPMENT ADMINISTRATION UNDER CONTRACT AT-(40-1)-2434 
DURING THE CONTRACT YEAR OCTOBER 1, 1974 through 
SEPTEMBER 30, 1975 

Principal Investigator 
Raymond K. Jheline 

Research Associates 
Sitaram Shastry Yasutoshi Tanaka 

Yoshishige Yamazaki 
Graduate Students - Chemistry 

Charles Atwood George Green 
Richard Bagnell Martha Hoehn 

Wayne Morris 
Graduate Students - Physics 

Romedon Lasijo Lou Wagner 
Isotope Separator Engineer 

Bob Leonard 
Technicians 

Nancy Baker Lucy Wright 
Jon Ware* 

Secretaries 
Tania Chang* Agnes M. Murphy 
Susan Ice* 

•Those people with an asterisk (*) after their name are 
no longer connected with this contract. In particular 
there has been a severe turnover in secretaries during 
this contract period. Details about specific personnel 
are spelled out in the body of this Progress Report. 
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One graduate student, Harald Mahnke, got his 
doctorate in June 1974 during the last contract year. 
He has accepted a job working for the BASF Company in 
West Germany. Thus, in the period of the last year 
and one-half four graduate students have completed 
their doctorates. This has resulted in an almost 
complete turn-over of graduate students with the ac-
ceptance of a large number of new graduate students 
as indicated in Table I. Unfortunately Wayne Roberts 
failed his qualifying examinations in June 1974 and 
as a consequence has been forced to leave the graduate 
program in chemistry. In the meantime Romedon Lasijo 
has successfully completed the written portion of his 
comprehensive examinations in physics and will be taking 
the oral portion of these comprehensives in the late 
Spring of 1975. Lou Wagner will have completed 
two years at the Los Alamos Meson Facility in June 
1975. A majority of the data for his thesis has been 
taken and it is expected that he will be able to complete 
his degree some time in the Fall or Winter of 1975. 
Richard Bagnell successfully passed the qualifying 
examinations in chemistry in June 1974 and is already 
involved in research. He is studying the nuclear 
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reaction spectra of the Xr isotopes. The qualifying 
examinations to be held in June 1975 in chemistry are 
particularly crucial for Charles Atwood, George Green, 
Martha Hoehn, and Wayne Morris. 

Drs. Akitsu Ikeda and Miyo Ikeda left our contract 
in late August 1974 and were replaced by Dr. Yasutoshi 
Tanaka. Dr. Tanaka has been very active and is an 
extremely good addition to our group. Not only is 
he helpful with the theoretical problems of the 
nuclear experimentalists in the group but he has also 
initiated a number of theoretical problems. These 
include such widely divergent problems as the treat-
ment of decoupled bands by the weak coupling model 
of de Shalit appropriately modified and the study of 
the giant multipoles. 

Peter Kleinheinz who has returned to the German 
AEC in Julich, Germany, has been replaced by Dr. Yoshi'shige 
Yamazaki. Dr. Yamazaki is an extremely hardworking 
experimentalist with considerable interest in theoretical 
explanations of his nuclear spectra. He has also 
proven his ability to work closely with the graduate 
students in this project. It is tentatively planned 
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that Dr. Yamazaki will spend a considerable portion 
of the summer of 1975 at the Los Alamos Meson Facility 
once it begins operations at higher intensities. Finally, 
Dr. Sitaram Shastry, Associate Professor of Physics at 
the State University of Plattsburgh, New York, is spend-
ing his sabbatical here at Florida State University. 

There has been an extremely rapid turn-over of 
secretaries which has unfortunately resulted in some 
inefficiencies. This situation now appears to be 
corrected with the presence of Agnes M. Murphy who 
is doing an outstanding job. 

Because of the large amount of nuclear reaction 
spectroscopy data which has been taken recently a 
considerable backlog of plate counting has occurred. 
We are in the process of attempting to hire one or 
more student assistants to alleviate this problem. 
Initially since they must be trained and this task 
will fall on Mrs. Lucy Wright, the only plate counter 
presently employed, it may tend to aggrevate the 
problem but ultimately it should help considerably. 

During the last contract year a trip to Lund, 
Sweden? Mikolaki, Poland; Charles University in 
Czechoslovakia; and the German AEC at Julich, Germany 
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has been very important in getting out a number of 
research papers previously begun. As a result of one 
of these collaborations a trip to Lund, Sweden is 
planned for this contract year in August 1975. 

During the last contract year we have made effective 
use not only of the Tandem Van de Graaff at Florida 
State University but also of the Van de Graaff at 
Los Alamos, the Meson Facility at Los Alamos, and the 
88" Cyclotron at the University of California at 
Berkeley. We hope to continue our contacts with 
these other accelerator facilities. 

A large number of chemistry and physics graduate 
students have shown interest in our program and we . 
have reached the point even in this time of scarcity 
of graduate students where we can not accept many 
more graduate students because of the financial drain 
on the contract. It is however pleasing to have this 
interest shown in our research at Florida State University. 
Considerable interest in both the low energy nuclear program 
at Florida State University and the medium energy physics 
program of LAMPF at Los Alamos have been expressed. At 
present it seems that two new graduate students, George Green 
and Martha Hoehn, plan to do their research in medium energy 
physics at Los Alamos. This is gratifying in view of an 
initial reluctance of students to leave the F.S.U. campus. 
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In conclusion we wish to express our appreciation 
to the U. S. Energy Research and Development Administration 
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 that the support for 
past years and for this next year is well merited. 
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IV. INCIDENT REPORT 

There have been no incidents as defined in Attachment 
from the period November 5, 1958, v/hen this contract 
initiated to the present time, May 1, 1975. 
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VI. ENDORSEMENT 

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

mSondlcT ŷntond K. ShelTrte, Professor 
Chemistry and Physics 
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VII. REPRINTS 
1. Revised Single-Particle Energies in N=83 Nuclei, 

P. Kleinheinz, M. R. Maier, R. M. Diamond, 
P. S. Stephens and R. K. Sheline, Phys. Letters 53B, 
442 (1975). 

151 2. Shape Coexistence and Its Cause in Gd, Peter 
Kleinheinz, R. K. Sheline, M. R. Maier, R. M. 
Diamond and P. S. Stephens, irhys. Rev. Letters 
32, 68 (1974). 

190 190 3. Levels of Os Populated in the Decays of 3.3 h Ir 
and in the 189qs Reaction, S. W. Yates, J. C. Cunnane, 
P. J. Daly, Roger Thompson and R. K. Sheline, Nucl, 
Phys. A222, 276 (1974). 

129 1 1 ?9 4. Level Structure of Ba from the Ba(d,t) Ba Reaction, 
Roger D. Griffioen and R. K. Sheline, Phys. Rev. C 10, 
624 (1974). 

5. A Nuclear Structure Study of 16~ lo from the reactions 
166Er(t,a)165Ho, 164Dy{a,t)165Ho, and 1 6 4Dy (3He,d) 165Ho, 
L. K. Wagner, D. G. Burke, H. Cheung, P. Kleinheinz 
and R. K. Sheline, accepted for publication in Nucl. Phys. 

6. Backbending and Rotational Alignment, F. S. Stephens, 
P. Kleinheinz, R. K. Sheline and R. S. Simon, Nucl. 
Phys. A222, 235 (1974). 

7. Comparison of Potential-Energy Surfaces and Moments of 
Inertia with Experimental Spectroscopic Trends for 
Non-Spherical Z = 50-82 Nuclei, I. Ragnarsson, A. 
Sobiczewski, R. K. Sheline, S. E„ Larsson and B. 
Nerlo-Pomorska, Nucl. Phys. A233, 329 (1974). 

8. An Approach to the Description of Quasi-Bands in 
Nuclei Near Double Closed Shells, Y. Tanaka and 
R. K. Sheline, accepted for publication in Phys. 
Letters (June 1975) . 

9. Temperature Dependent 1 3C NMR and IR Studies in 
Fe(CO)c (PF_) , x = 0, 1, 2, 3 and 4, H. Mahnke, j—X 3 X 
R. J. Clark, R. Rosanske and R. K. Sheline, J. Chem. 
Phys. 60, 2997 (1974). 
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13 10. Analysis of the C Chemical Shift Tensor in CO, Hi (CO)., 
and Fe(CO)5 and its Relationship to n-Back Bonding, 
H. Mahnke, R. K. Sheline and H. VI. Spiess, J. Chem. 
Phys. 61, 55 (1974). 

13 11. Vibrational Analysis of CO Enriched MnRe(C0).Q 
W. T. Wozniak, G. O. Evans and R. K. Sheline, 
Journal Inorg. Nucl. Chem., 37 (1), 105 
(1975). 

12. .Muonic Isotope Shifts in the Even Fe Nuclei, T.. B. Shera, 
G. A. Rinker, Jr., M. J. Bennett, R. B-. Perkins, E. T. 
Ritter, H. D. Wohlfahrt, G. Fricke, L . IC. V7ayner, 
P. Kleinheinz, R. K. Sheline, R. M. Steffen and J. V7. 
Negele, Phys. Rev. Letters 34, 535 (1975) . 


