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SCOPE AND CONTENTS: 

The reaction 165Ho (3He,d) 166Er was studied using the University 

of Rochester Tandem Van de Graaff accelerator and an Enge-type split

pole magnetic spectrograph. The observed cross sections for the ground 

state rotational band and the gamma vibrational band were consistent with 

predictions based on the unified nuclear model. The population of the 

1574 keV level was consistent with that expected for the Kn=4-, 

7/2-[523] + 1/2+[411] assignment obtained from decay scheme studies. 

The Kn=2- octupole vibrational band based on the 1460 keV state was not 

populated as strongly as expected, indicating that the admixture of the 

7/2-[523] - 3/2+[411] two proton state into this vibration is only about 

one-fifth as large as predicted by Soloviev et al. 
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CHAPTER I 

INTRODUCTION 

Most investigations of the nuclear structure of heavy deformed 

nuclei have been done by beta and gamma decay studies. Such studies often 

involve measurement of gamma-ray transition probabilities, branching 

ratios, internal conversion coefficients, gamma_-gamma and beta-gamma 

coincidences. Spins and parities of many states belm'-12.MeV excitation 

and of some higher states have thus been established. However, many 

states still remain unexplained. 

In spite of the fact that beta-gamma techniques are well 

established methods of obtaining nuclear structure information, some 

limitations to their usefulness exist. Firstly, some levels are not 

populated or are populated very weakly in the decay scheme studies 

because of the selection rules of beta and gamma decay processes. These 

selection rules are stronger than those of the nuclear reactions. Most 

of the beta decays in heavy nuclei are allowed or first forbidden, which 

means that a maximum of one or two units of angular momentum are 

transferred. In a typical (3He,d) reaction, such as studied in the 

present work, observable cross sections are obtained when five or six 

units of angular momentum are transferred. Also in a beta decay study, 

the Q-value is small enough so that only a limited range of excitation 

energy can be populated. In cases where the Q-value is greater the 

number of de-exciting gamma-rays is very large and an analysis becomes 

complicated. 
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It is now technically possible to carry out reaction studies 

on heavy nuclei with sufficient precision to obtain results complementary 

to those provided by the decay scheme studies. The word 11 complementary 11 

should be stressed, because some states can be populated by the beta 

decay and not by the reactions and vice versa. 

The Coulomb barrier has provided one of the difficulties 

encountered in carrying out reaction s tu di es in heavy nuc 1 ei, because -

the older accelerators which were capable of energies sufficient to 

overcome the Coulomb barrier did not have well defined beam energies. As 

a result, the closely spaced levels commonly found in heavy nuclei 

2 

could not be resolved. The development of the Tandem Van de Graaff 

accelerator has almost removed this difficulty. The model MP(so-called 

"Emperor" Tandem) accelerators which are installed at several inst"itutions 

accelerate Helium-ions up tol0 1MeV with an energy spread of+ 3 KeV. 

Another technical problem has been the design of a detector 

system with high resolution to analyze the reaction products. At present, 

the newest magnetic spectrographs offer the best resolving power for 

this type of study. 

Up to now the levels in 166Er have been investigated by means of 

decay scheme studies using sources of 166Ho (Jn=7-)(l, 2), 166mHo (Jn=0-)( 2) 

and 166Tm (Jn=2+)( 2,3), and spins and parities of many states have been 

established. In addition, Coulomb excitation (4), (d,d 1)l( 5) and (d,t)( 6) 

reaction studies have been used to study the levels in this nucleus. 

So far, in spite of the large number of data available, there is still 

considerable uncertainty concerning the interpretation of some of the 

levels. 
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In the present work, the (3He,d) reaction has been used to 

provide further information in hopes of clarifying some of the uncertainties. 

It is to be noted that the (d,t) reaction transfers a neutron and thus 

can be used to populate two-neutron states in 166Er whereas the (3He,d) 

reaction transfers a proton and thus can populate two-proton states. In 

this respect these two single .. particle transfer processes are complementary. 

The level structure of this nucleus is usually explained within 

the framework of the unified nuclear model(?,B), which has been quite 

successful in this mass region. On the basis of this model the 

differential cross section for a single nucleon transfer reaction leading 

to a member of a rotational band can be calculated using the theory of 

Satchler(g), a single particle cross section obtained from a DWBA (lO) 

(Distorted Wave Born Approximation) calculation and the Nilsson wave 

functions. ( 8) 

Soloviev (ll) B~s (l 2) and co-workers have made extensive 

microscopic calculations for the vibrational states in deformed nuclei. 

Whereas the vibrational states have been conrnonly described as super- . 

positions of large numbers of single particle components each with a small 

amplitude, the calculations have shown that certain of the amplitudes 

can sometimes be fairly large. In an even-even nucleus the vibrational 

states consist mainly of superpositions of two quasi-particle states. 

It is not uncommon to find amplitudes as large as 0.7 or 0.8. In 

particular the calculations have shown that the Kn=2- octupole vibration 

in 166Er should contain a large two-neutron component and a large two-

proton component. 



The first of these has been verified experimentally by the use of the 

{d,t) reaction (6) One of the main reasons for carrying out the present 

experiment was to look for the predicted two-proton component. 
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CHAPTER 2 

THEORETICAL CONSIDERATIONS 

2. l Unified Nuclear Model 

2.1.l. Introduction 

The Nuclear shell model has successfully explained the magic 

numbers, ground state spins, magnetic moments, etc., but it could not 

explain the quadrupole moments whi.ch were observed in many nuclei. In 

the strongly deformed region, these are 10 ~ 100 times larger than the 

values calculated on the basis of the single particle model. It could 

also not explain the strong enhancement of E2 transitions which are a 

conspicuous feature of many nuclei (l 3). 

To account for the large quadrupole moment which shows that 

nucleus is no longer spherical, N. Bohr and J.A. Wheeler (l 4) introduced 

the liquid drop model. This model also has shortcomings, however. It 

predicts too few levels and these are too widely spread. 

A. Bohr and B. Mottelson (l) combined the nuclear shell model 

and the liquid drop model into a single "unified model". They studied 

a system consisting of a few nucleons moving in a field provided by a 

nuclear drop. 

They postulated the following two properties; 

1) The existence of non-spherical equilibrium shape. 

2) The separability of the nuclear wave functions. 

The property (1) comes from the experimental evidence of the large 

quadrupole moment which indicates the deformation of the nucleus. The 

second property is the so-called adiabatic assumption which implies that 
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the rotation of the nucleus is very slow compared with the rotation 

of individual particles in their orbits, so that one can treat the 

nuclear rotation adiabatically. 

One writes the nuclear Hamiltonian 

H = H "b + H + H. + H v1 rot 1 nt coup· 

Where Hvib and Hrot are the energy operators of vibrational motion and 

6 

rotational motion, respectively. Hint is the internal motion, independent 

of the rotation of nucleus. Hcoup represents any coupling interaction. 

Therefore, the total wave function is of the form of 

'¥ "' I/! .• b Dx Vl 

The function ,,, describes the nuclear shape and its state of vibration. 'l'vib 

The function D describes the orientation of the shape, and the deformed 

shell model wave function x describes the nucleon's motion in the 

deformed potential well. 

Since the potential is no longer spherical, the quantum numbers 

j and ~ of each nucleon are no longer constants of motion. However, the 

axial symmetry of the lowest states of the deformed nucleus is preserved 

and therefore, n., the projection of j on the symmetry axis remains a 
J 

good quantum number for each orbit. 

The rotational motions of the deformed nucleus are well described 

in a number of references (lS) and therefore only a few remarks are made 

here. As shown in Fig. l, the total angular momentum! is a vector sum of 

a rotational operator R and an internal angular momentum operator j; 

1 = R + j 
-+- -ii" 
J = l:J. 

. 1 
1 

J is no~ a good quantum number, but its projection on the symmetry axis 

Z' is a good quantum number. One writes this quantum number n(=[n.). 
j J 



FIGURE l 

Angular momentum diagram for a deformed nucleus. z and Z' 

stand for the space fixed axis and the symmetry axis, 

respectively. 
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~ ' The projections of I on the symmetry axis and on the space fixed axis 

are Kand M, and they are also good quantum numbers. 

When one takes into account the interaction between the rotational 

and vibrational motions, one obtains the following expression for the 

total energy; 

Etot = £IK + A[I(I+l) - K(K+l)] + B[I 2(I+l) 2 - K2(K+l)2J. (1) 

Here A and B are constants within a band and are usually determined by 

the experiment. 

In recent years, many calculations of the microscopic structure 

of the vibrational motions have been carried out by Soloviev (ll), Bes(l 2) 

and co-workers. The properties of these states were studied under the 

assumption of the superconducting pairing correlations (l 6) plus quad-

rupole-quadrupole, octupole-octupole, and other interactions which are 

responsible for the collective properties of nuclei. 

Therefore, the interaction between nucleons in the nucleus is 

described by a Hamiltonian of the form; 

H = Hav + Hpair + Hcoll' 

H~v describes the average nuclear field. The interaction Hpair leads to 

the superconducting pair correlations which are described by a super

position of various two-quasiparticle states in the case of an even-even 

nucleus. The solutions for the problem are derived by means of second 

quantization, that is, two-quasiparticle states are obtained by a 

canonical transf6rmation of Bogolyubov operati_ng on the single particle 
+ + 

Nilsson states. It is assumed that Gin Hpai·r = -G ·I: A s+A s-As'-A '+is 
ss' s · 

+ constant. A and A are a creation and annihilation operator, respectively, 

for the Fermi particle, while A stands for the time reversal operator . s-

of As+ and vice versa. 



Energies and wave functions for the vibrational states of 

strongly deformed even-even nuclei were calculated by solving a 
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secular equation derived by a variational principle. As discussed in 

the Introduction in Chapter I, the results of these calculations show 

that some of the two-quasiparticle components making up the vibrational 

motion have rather large admixtures. Some of these components have 

been measured by means of single particle transfer reactions and good 

qualitative agreement between experiment and theory has been obtained in 

many cases ( l 7). 

2.1.2. Nilsson Model 

The Nilsson model (B) has proven to be very successful in 

predicting many aspects of nuclear structure. The model assumes a single 

particle Hamilton representing the interaction of one nucleon with the 

nuclear field provided by the rest of nucleons; 

-p2 (-+ ) -+ -+ -+2 
H = 2m + V r , S + C .Q. • s + Di 

where C, D and S are adjustable parameters. A further substitution is 

made; 

K = c 
- 2hw 

- 20 ° '-

µ --c 
The values of K and µ have been fixed so as to make the isotropic levels 

(zero deformation) coincide with those of the shell model as closely as 

possible. 

The wave function x in the body fixed axis is expanded in 

terms of the shell model wave functions which are the eigenfunctions of 



angular momentum. 

2.2. Theoretical Cross Sections 

2.2. 1. Spectroscopic Factor 

The stripping reactions were originally discussed by Butler 

who used the plane wave Born approximation. As the name implies, this 

approximation treated the incoming beam and the reaction products as 
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plane waves. These reactions have been shown to be very useful for 

studying nuclear structure. Both theory and experiment showed unique 

angular distribution patterns for the various t-values and in many cases 

one could determine the parity and the orbital angular momentum of states 

in the final nucleus. It was in the spirit of this theory to neglect 

the excitation of the target nucleus before capture and of the final 

nucleus after capture. In general the plane wave theory was successful 

in predicting the position of the first maximum in the angular distri

butions for reactions on light nuclei. However, it did not yield accurate 

values for the absolute cross sections or the correct shapes for the 

angular distributions. 

The plane wave theory has now been replaced by the more 

sophisticated distorted wave theory which takes into account effects of 

the Coulomb and nuclear forces which "distort" the incoming and outgoing 

"plane waves". 

The reactions in this work are considered to be direct reactions, 

in which a nucleon is transferred from the projectile to the target 

nucleus and the remaining nucleons in the projectile continue on their 

way. It is assumed that there is no formation of a compound nucleus. 



French and Raz (lS) have given the followi.ng cross sections for such 

11 stripping 11 reactions; 

do(8) = 2If+l E St~t(8) 
dQ 21 .+l 9, 

1 

(2) 

11 and If are the total angular momenta of the initial and final 

nucleus, respectively. e is the angle between the incident beam and 

the observed reaction products. ~t(e) is the single particle reaction 

cross section for angular momentum transfer t at an angle of 8. This 

quantity can be obtained by means of the DWBA calculations (lO) as 

12 

discussed in the next section. The spectroscopic factor SR.is determined 

by the nuclear structure only, and is thus independent of angle 8, 

Q-value, etc. If one uses the Nilsson wave functions, the value of 

St for a transition to a rotational state in a deformed nucleus is; 

S,, = Ee 2 
~ j jt 

ejt = gJ~i~:~ < IiJ:!::_K+liK[If Kt >Cjt <wi[i)!f > 

The cji values (lg) are characteristic of the orbital into which the 

proton is stripped and are related to the Nilsson coefficients AR.A by 

means of the Clebsch-Gordon transformation; 

= EAR.A < 9, 1 /2 A LI j Q > 
A 

where the quantities A,E, Kand ri are the same as those used by Nilsson. 

Ki and Kf are the spin components parallel to the symmetry axis in the 

initial and the final nucleus, respectively. liK is the K-value of the 

orbital into which the nucleon is stripped. < i)!i [¢f > is the overlap 

i ntegra 1 for the i ni ti a 1 and the fi na 1 states of core and is exno.cted to be 

nearly unity if the nuclear deformation does not vary greatly. The 

http:followi.ng
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factor g is equal to {2 if Ki = 0 or Kf = 0, and is otherwise equal to 

unity. 

The pairing effects(l 6), which are a common feature in heavy 

nuclei, were taken into account simply by multiplying the cross section, 

eg. (2) by an emptiness factor u2(or a fullness factor v2), so that one 

has; 

_Q_.i_tl = 2 I f + l ·}: St<!> t { e ) 
dri 21 .+ l Q, 

1 

(3) 

A simple explanation for this is that the cross section for putting 

a particle into a given state is proportional to the probability of the 

state being empty. However, v2 should be used when the final state is 

the ground state of an even-even nucleus, since the probability of finding the 

'lrnp~~.r:ed p1.-oton in tht-:! target ground state orbital vis unity, and 

the cross section for putting a proton in this state is given in .e£J. (2). 

Following t:·lis process there is a condition of two protons in the state v 

which, however, is not the ground state of the even nucleus, since the 

latter has only a probability v2(v) of state v being full. Hence, the 

cross section eg.(2) should be multiplied by the factor v2{v), which is 

the overlap between these two cases. 

2.2.2. DWBA Theory 

The DHBA theory of calculating direct nuclear reaction cross 

sections has become widely used during the last several years. In this 

approximation, the transition amplitude is calculated as a first-order 

matrix element between initial wave functions and final wave functions. 

That is, for the A(a,b)B reaction, the transition amplitude is; 

( 4) 
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~B' ~b' ~A and ~a are the internal wave functions for the noninteracting, 

separated particles B, b, A and a. The interaction V is the interaction 

whose off-diagonal matrix elements are responsible for the transition. 

Herera is the displacement of a from A, and rb is the displacement of 

b from B. The functi ans Xa and xb are the "dis tarted waves 11
• They are 

elastic scattering wave functions which describe the relative motion of 

the pair a,A ( asymptotically, with relative momentum Ka) before the 

collision, or of the pair b, B (with Kb) after the collision. Asymptotic~lly 

the x have the form of plane wave and scattered wave; in the absence of 

a Coulomb field when r becomes large, the x approaches the right hand 

side of the following equation; 

x(+) (K,r)-+ exp(iK·r) + f(e) exp~iKr) 

The superscript (+) or (-) denotes the usual outgoing or ingoing wave 

boundary conditions. It is convenient to first isolate in eg.(4) the 

matrix element of the interaction, taken between the initial and the 

final states; 

(5) 

~ represents all the co-ordinates independent of ra and rb. Generally, 

the calculations of eg. (5) are fairly easy. In terms of this matrix 

element, the calculation of the transition amplitude is completed in the 

form, 



Several approximations other than the first order perturbation 

theory were made in the calculation of eg. (6). Certain interactions, 

which depend on the type of the reaction, are neglected. For example, 

in the (3He,d) reaction, the interaction between the deuteron and the 

15 

target nucleus, and some exchange terms are neglected. In addition to 

these, the DWBA calculations consider only direct processes and compound 

processes are neglected. 

Uncertainties in the calculated DWBA cross sections depend 

mainly upon the following factors; 

1. Insufficient knowledge of Helium-3 potential and deuteron 
potential. 

2. Radius R
0 

where proton is captured. 

3. If one uses cut-off, 11 how 11
, 

11where 11 and "how much". 



CHAPTER 3 

EXPERIMENTAL PROCEDURE AND RESULTS 

Targets of 165Ho were bombarded with beams of 28 MeV 3He-ions 

obtained from the Model MP Tandem Van de Graaff accelerator at the 

University of Rochester. The scattered particles were analyzed with an 

Enge split-pole broad range magnetic spectrograph using Kodak NTB 

nuclear-emulsions 50µ thick to record the deuteron groups. An Aluminum 

foil 0.83 nm thick was placed in front of the emulsions to stop triton 

groups which had the same magnetic rigidity as the deuterons being 

observed. The energies of protons, deuterons, Helium-3 and alpha

particles resulting from the 3He-induced reactions with the 165Ho 

targets were low enough , so that these particles could not interfere 

with the deuteron groups being studied. At small angles, however, 

some peaks in the spectra were obscured by deuterons from (3He,d) 

reactions on the 13c in the carbon backing. Two 165Ho targets with 

thickness of approximately lO~g/cm2 evaporated on carbon backings were 

purchased from Fodor Accelerator Targets of Pittsburg, Pennsylvania. 

Other 165Ho targets were made in this laboratory by vacuum-evaporating 
165Ho from a crucible on carbon foils which were 10 to 30 µg/cm2 thick. 

The desired beam of particles obtained from the Tandem Van de 

Graaff was deflected 90 degrees by the analyzing magnet which selected 

the particles with the required energy. The beam then passed to the 

magnetic spectrograph. Magnetic quadrupole lenses were located at the 

various points along the beam line to focus the beam to a small spot. 

16 
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The properties of the Enge-type split-pole magnetic spectrograph 

<2o) used in this study are similar to those of the Elbek-type (2l) 

magnetic spectrograph. The advantage of these spectrographs over the 

previously designed magnets is that they have completely eliminated 

second order aberrations over the full momentum rangP,. The usable 

momentum range is Pmax/Pmin and is 2.5 for the Elbek magnet and 2.8 for 

the Enge magnet. A cross sectional view of the Enge-type magnetic 

spectrograph is shown in Fig. 2. 

A monitor counter located in the spectrograph target chamber was 

used to count the 3He-ions which had been elastically scattered through 

an a_ngle of 90 degrees. The monitor counter consisted of al mm thick 

Nal scintillator and a photomultiplier. Pulses from the monitor were 

amplified and sent to a multichannel pulse height analyzer and a single

channel pulse height analyzer simultaneously. A typical block diagram 

is shown in Fig. 3. Pulses corresponding to the elastic scattering 

events were selected by the single-channel pulse height analyzer and 

sent to a scaler. The scaler readings were used to normalize the intensity 

of the deuteron peaks recorded on nuclear emulsions. The multichannel 

pulse height analyzer was used to observe the whole spectrum from the 

monitor counter while the experiment was in progress and to check whether 

the spectrum appeared to be reasonable. 

The camera assemblyincluded a six sided rotatable drum so that 

six sets of emulsions could be loaded at the same time. The photo

graphic plates were scanned by counting the tracks in strips, 0.25 mm 

wide, using microscopes. 



FIGURE 2 

Enge-type split-pole magnetic spectrograph and the target 

chamber. Two pole pieces are shown by dashed curves. 
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FIGURE 3 

Block diagram for the counting circuitry. 
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The conventional Faraday-Cup and the current integrator were 

used to obtain the absolute value of the integrated current or the charge, 

that is, the total number of 3He-ions which passed through the target. 

This information was used to estimate the target thickness. 

Slits were used at the entrance to the magnetic field region of 

the spectrograph to limit the entrance aperture and define the solid angle. 

The reaction cross sections were determined by comparing the 

intensities of the observed deuteron groups with that of the elastically 

scattered 3He peak in the monitor counter. The ratio of the solid 

angles for the spectrograph and the monitor counter was determined from 

the geometrical dimensions of ~pertures. The cross section for the 

groups thus observed is; 

(do) = (do) dn monitor ~l spectrograph 
ci"Q spectrograph dn monitor· dn spectrograph N monitor 

elastic · 

dn and N refer to the solid angle and the number of counts observed, 

respectively. 

In order to determine (~i) elastic' it was assumed that the cross 

section for small angle scattering approaches the Rutherford cross section, 

since for the small angle scatterings the projectile does not come close 

to the nucleus. By measuring the angular distributions of elastically 

scattered 3He and equating the small angle values to the Rutherford 

cross sections, the elastic scattering cross sections at large angles 

could be determined. The angular distributions were thus normalized to 

the absolute values. This procedure was not carried out for the 165Ho 

target, but was interpolated from similar data for 174Yb and 182w 
targets. 
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A typical angular distribution showing the elastic scattering 

for 174Yb is presented in Fig.4. For the 165Ho experiments, the elastic 

scattering cross section ate= 90 degrees was taken to be -z 6.0 % of the 

Rutherford cross section or ~7.8 mb/sr. 

Energy calibration of the spectrograph was carried out using 

6.0498 MeV and 8.7864 MeV alpha-particles from an active deposit of ThB 

placed in the target position. The a-particle momentum is proportional 

to the magnetic ri gi di ty B p, where p is the radius of the trajectory of 

the a-particles in a magnetic field of strength B. By selecting a set of 

values for the magnetic field, the a-particles of certain energy take 

on a set of values for p and hence a set of peaks at various positions 

along the focal plane are obtained. In this way, one can establish a 

mathematical relation between p and the distance along the focal plane, D. 

The deuteron spectra were measured at angles of 15, 22, 29.5, 45, 

53, 60, 65 and 70 degrees and the observed spectrum at the angle of 

53 degrees is shown in Fig. 5. The interpretations shown for some 

of the levels are described in Chapter 4. The excitation energies and 

absolute cross sections for many of the states populated in the present 

reaction are presented in Table 1. As the ground state was not populated 

very strongly, the excitation energies were measured relative to that 

of the 265 keV state whose position was well known in the decay scheme 

studies. 

The Q-value for the present reaction is estimated from the 

mass tables (22 ) to be 1902 keV with an uncertafoty of 34 keV. The 

experimental Q-value obtained in our reaction study is 1880 keV and 

the error is + 50 keV. The error is large since the energy of the 

incident beam has not been measured precisely. 



FIGURE 4 

Elastic scattering of 3He-ions on 174Yb. Circles indicate 

the experimental values of (dd~)elasti'c I (d 0
) 

H dst Rutherford. 
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FIGURE 5 

Deuteron spectrum from the 165Ho (3He,d) 166Er reaction 

at the angle of 53 degrees. 
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TABLE 1 

THE EXCITATION ENERGIES AND THE OBSERVED CROSS SECTIONS (ub/sr) 

Energy Energy 
KI i'lt Present Previous Mode 

(keV) (keV) 

1 0 a) 0,0+ A 
80 81 a) 0,2+ A 

265 265 a) 0,4+ A 
547 545 a) 0,6+ A 
788 787 a) 2 2+ B I 

859 860 a) 2,3+ B 
957 957 a) 2 4+ B I 

1573 1574 a) 4,4- C* 
1658 1662 b) ( 4) I 5- C* 
1686 1688 b) ( 4) I 5- C* 
1785 1785 b) (4),6- C* 
1825 1825 b) ( 4) I 6- C* 
1916 
1986 
2054 
2137 
2221 
2604 

I 
a) Reference (3) 
b) Reference (1) 
* See discussion in 4.5 
A Ground State Rotational Band 
B Gamma Vibrational Band 
C K~~4- Rotational Band 

T 

65° r----70·~ 22° 29. 5° 53° 
I 

15° # 45° # 6001 

I 
0.16 0.18 0.20 0.05 0.18 
1. 05 1.34 0.86 0.73 0.40 0.45 
3.8 4.4 3.4 .2 • 3 2.1 1.8 
2.1 2.1 1. 7 1. 22 1.15 0.72 
0.26 0.30 0.33 0.20 0.09 O.lO 

0.33 0.20 0.14 0.10 
0.48 0.29 O.l1 0.08 0. )_6 

23.5 21.9 26.8 7.8 13.6 9.9 6.8 5 •. 7 
6.6 6.0 8.2 5.7 4.7 3.1 3.1 2.6 

10.7 9.9 11. 2 7.2 6.6 4.6 3.9 1.8 
2.6 1.22 2.9 1.6 1.07 1.07 0.70 0.83 
5.3 3.3 6.5 3.5 3.0 2.5 1.7 1. 6 
5.2 11.6 18.8 11.5 9.3 6.4 4.6 3.6 

36.7 45.2 50.5 28.8 24.8 17.7 13.8 10.8 
43.2 51.8 52.0 33.8 25.2 20.4 12.9 10.9 
33.3 49.8 49.8 32.4 23.3 19.l 15.0 11.7 
19.5 30.0 35.6 20.1 14.4 12.5 8.2 8.1 

72.5 139 75.5 45.4 35.9 
1

26. I 23.8 

I 

# Experimental data at 15° and 45°were divided 
by a factor of 1.7 in order to make the 
angular distributions smoothly varying 
functions of angles at 15° and 45° • This 
normalization is necessary partly because 
these data were taken on a different day using 
different apertures for the monitor and 
spectrograph. Other experimental data obtained 
with the same geometrical conditions at the 
same times indicate that a correction of 
1.25 should be applied. 

N 
co 



CHAPTER 4· 

INTERPRETATIONS OF THE SPECTRA 

4. 1 . Introduction 

For some (3He,d) reactions on heavy even-even nuclei (23 ), the 

angular distributions have been found to give some indications of the 

1-value, but with 28 MeV 3He-particles the patterns are not nearly so 

unique as for many studies on light nuclei. As mentioned in Chapter 2, 

the cross sections to each state of 166Er can have contributions from 

several different i-values. Even if the calculation predicts that some 

levels have predominantly one 1-value, it is quite difficult to determine 

the 1-value definitely, because of inevitable errors in the cross section 

and the similarity of the angular distributions for various 1-values. 

Detailed discussions on the observed cross sections for several rotational 

bands are made in the following sections. 

DWBA calculations for the reaction studied in this work have not 

been carried out. However, the calculations were available for Samarium 

and Wolfram targets. An interpolation of these calculations has been 

performed to obtain estimates of theoretical cross sections for Holmium. 

The justification and procedure for this interpolation is discussed in an 

Appendix. 

4.2. Ground State Rotational Band 

The ground state configuration of the odd-Z nucleus 
165

Ho has 

been confirmed to have proton in the 7/2 - [523] Nilsson or~ita1< 22 ). The 

five lowest levels of 166Er constitute a rotational band with K=O, 
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7/2-(523] - 7/2-(523] in agreement with Bohr and Mottelson's unified 

nuclear model. A member of this band can thus be populated with the 

( 3He,d) reaction by transferring one proton into the 7/2-(523] orbital. 

For this Nilsson state, the calculated c.~ coefficient is largest for 
J~ . 

30 

j = 11/2 (i=5). The cji coefficients for j = 7/2(i=3) and j = 9/2 (i=5) 

are 30 ~40 times smaller than for j = 11/2. The single particle cross 

section ~i= 5 is fairly small, so it is expected that this band will be 

populated rather weakly, though substitution of these values to eg. (2) 

shm<J that the 4+ and the 6+ states are expected to have the largest cross 

sections. 

As ~hown in Fig. 5, the cross sections for this band are small, 

especially to the ground state and the fourth excited state (8+), so that 

the statistical errors are large. If some unwanted particles mix in the 

peak, they change the cross sections appreciably. At the angles of 15 

and 22 degreesalmost all the peaks of this band were obscured by the 

strong intensity of deuteron groups from Carbon and other impurities. 

The angular distributions of this band are shown in Fig. 6. 

Good agreement is not obtained for the ground state transition because 

of poor statistics. + However, good agreement for the 265 keV state (4 ) 

and the 545 keV state (6+) are obtained. The 81 keV state (2+} shows 

a fairly good agreement. 

It should be mentioned that the theoretical values were multiplied 

by a factor of 0.9 to fit the experimental data. In other words, the 

fullness factor, v2, for the 7/2-[523] Nilsson orbital in the ground 

state band in 166Er is 0.9.·' The value 0,9 is somewhat larger than 

normally expected for this orbital, because a state near the 



FIGURE 6 

Angular distributions of the ground state rotational band. 

The theoretical curves are all multiplied by a factor of 

0.9. 
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Fermi level would be expected to have v2 equal to about one-half. 

However, the probable error in deduced value of v2 is large because of 

poor statistics and uncertainties in the theoretical cross sections with 

which experimental values were compared. 

4.3. Gamma Vibrational Band 

The rotational band based on the gamma vibrational state at 

787 keV has been studied by other groups (l, 2,3), and has been found to 

be in good agreement with theoretical predictions by Bohr and Mottelson's 

unified nuclear model. 

Microscopic calculations of the structure of this band show no 

large quasi-particle component which could be populated in the (3He,d) 

reaction. 

Indeed, in the spectrum of the (3He,d) reaction, the cross 

sections to the members of the gamma vibrational band l'\re small. f\s we have 

no assurance that the observed cross sections are, in fact, due to a direct 

reaction process, no further discussion concerning this band will be made. 

4.4. Octupole Vibrational Band 

iylicz et tl (3) have suggested that levels observed in the decay 

scheme study at 1460, 1516 and 1784 keV form the 2-, 3~ and 6- -members 

of the Kn=2- octupole band. The octupole nature of this band was 

confirmed by Tjpm and Elbek (5) who performed the inelastic deuteron 

scattering experiment and observed a large B(E3) value connecting the 3-

member of this band to the ground state. 

The microscopic calculations of Soloviev (ll) predict that 

the rotational band based on the KTI=2- vibration has two relatively 



large two-quasiparticle components; the two-neutron configuration 

7/2+[633] - 3/2-[521] with an admixture of %58%, and the two-proton 

configuration 7/2-[523] - 3/2+[411] with an admixture of ~36%. The 

two-neutron component was confirmed in the (d,t) reaction (6) with an 

admixture of 1t150% in agreement with prediction. 

34 

One of the major reasons for undertaking the present experiment 

was to search for the two-proton configuration 7/2-[523] - 3/2+[411]. 

This component should contribute to cross sections of the octupole states 

in the (3He,d) reaction vlith an intensity of %36% of those indicated by 

eq. (3). However, the experimental data show no strong population for the 

1460 keV level, the band member, which is expected to have the largest 

cross section. There are not enough counts to make meaningful measure-

ments of peak positions and intensities. However, an attempt can be made 

to set an upper limit on the observed cross section for the 1460 keV le~el. 

The results are shown in Table 2 where the entries in column.3 are the 

numbers of tracks observed in an energy interval corresponding to a 

peak width at 1460 keV. The cross sections corresponding to these numbers 

are shown in column 4. The cross sections which would be expected for 

this state can be obtained from eq. (3) using a value of u2 %15%. 

This estimate of u2 is based on an analysis such as that shown in Fig. 23 

of reference 24, assuming that A~ 800 keV (25 ) and that the 3/2+[411] 

state (22 ) in the 165Ho target is found at the excitation energy 360 keV. 

As discussed above, this result should also be multiplied by a 

factor of 0.36, because the two-proton component being populated is 

expected to make up this fraction of the states. The predicted cross 

sections obtained in this manner were shown in column 2 of Table 2. 
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TABLE 2 

(µb/sr) 

Corresponding 
Angles Expected A Number of Maximum 
(degree) Cross Sections Counts Observed Cross Sections Ratios 

15 1.00 obscured 

22 0.84 obscured 

29.5 1. 16 obscured 

45 0.69 7 0 .14 0.20 

53 0.43 7 0. 12 0.28 

60 0.32 not observed 0 0 

65 0.26 5 0.059 0.23 

70 0.21 5 0.044 0. 21 



Ratios of experimental values to theoretical estimates are 

given in the last column. Their average is~ 0.18 and indicates that 

the two-proton configuration 7/2-(523] - 3/2+[411] has an admixture 

~7% in the Kn=2- octupole vibration; not ~36% as the microscopic 

calculations of Soloviev predict. 

4.5. Kn=4- Rotational Band 

In an even-even nucleus the level density above the first 

single particle state increases rapidly as the excitation energy, so 

that experimental studies on these states become complicated. Very 

little knowledge about the physical nature of these states has been 

obtained. With more sophisticated methods, people have made attempts 

to investigate the nature of these high excited states. 

Indeed in 166Er, above the level at 1574 keV, many states 

are populated in the present reaction studies. Before discussing 

in detail some of the levels populated in the (3He,d) reaction, it 

is important to review the investigations done by other groups. The 

results of these attempts are listed in Table 3. 

Some of the levels listed in Table 3 have been discussed 
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in connection with the Kn=2- octupole band. Zylicz et al (3) suggested 

that the 6- state at 1784 keV belonged to the octupole band and 

from the I(I+l} rule they predicted 4- and 5- states should be 

located at 1589 and 1679 keV. Two 5- states have previously been 

observed at 1662 and 1688 keV. • Zylicz et al suggested that the 1688 

keV level did not belong to the octupole band, but to a Kn=4- band 

based on a 4- level at 1574 keV. As discussed in 4.4, in the inelastic 



. 
Zylicz et al Reich and Cline 

Excitation Excitation 
Energy I tr Energy I tr 

, 574. (4f 
1590 ( 4-) 

1662 ( 5"') 
1687 ( 5-) 1688 (5-) 

1787 rn 1784 6-

1825 (6-) 

I ! 
-'. 

TABLE 3 

(keV) 

Burson et al 

Excitation 
Energy I tr 

1572 4-

1663 1+ 

1667 5-

1693 I (5-) 
1704 1(3+ ,4+) 

l 
1787 16< +) 

! 
1828 !( 5 ,6) 
1831 I 1-

I 

' 
I and tr in parentheses indicate tentative assignment. 

Tj,0m and Elbek 

' ' 
t 

Exci ta ti on l 
Energy I I 1T 

I 
I 

1 1662 

I 1698 

1719 3-

1759 

I 

( d, t) 

Excite. 
Energy 

1571 
1597 

1667 
1693 

1722 

1761 
1787 
1826 

Present 
Work 

Excite. 
Energy 

157 3 

16 58 
1686 

1785 
1825 

w ......, 



deuteron scattering experiment the strongly excited level at 1516 keV 

was confirmed to be the spin 3 member of the octupole band. However, 

the proposed 5- state around 1679 keV was not observed and possible 5 

states of the octupole band were found at 1662 keV and 1698 keV. 
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Zylicz et al have assigned the KTI=4- band with 4-, 5- and 6-

members at 1574, 1688 and 1825 keV to be the two-proton configuration. 

However, in view of the uncertainties which are still present, it can 

not be clearly said which 5- or 6- states belong to the octupole band 

and which to the Kn=4- band. In principle the stripping and the pick-

up reactions should be useful in resolving this ambiguity. For instance, 

the rotational band based on the above two-proton configuration should 

not be populated in the (d,t) reaction (6) which transfers a neutron. 

The 1574 keV was indeed populated only very weakly in the (d,t) reaction. 

However, weak peaks were found in the (d,t) spectrum at or near the 

energies expected for both the 5 and for both the 6- states, so it was 

not possible to decide which 5- and 6- states belonged to the octupole 

band from that reaction. 

One might expect that the (3He,d) reaction would solve this 

problem. As seen in last section, the 2- member of the octupole band 

was essentially not populated in this reaction. Since the 2- member 

was expected to have the largest cross section, it is logical to 

assume that any cross sections for higher spin states in this band would 

be negligible. As the 4-, 5- and 6- members of the band based on the 

Kn=4- two-proton state should have appreciable cross sections in the 

( 3He,d) reaction, one might hope to isolate them from· the corresponding 

members of the octupole band. However, two peaks with approximately 
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the same intensity appear in the (3He,d) spectrum with the energies 

roughly corresponding to the two previously known 5- states. Similarly 

two peaks with comparable intensity are found with energies at or near 

the two 6- states. This does not mean, for example, that both 5- states 

have been populated. The density of levels is such that some other 

state (or states) could be near one of the 5- states. The energy 

resolution and precision in the present experiment is poor enough so 

that any state within 15 keV of a given energy could not be discerned 

as being distinct. In fact, there is a known l+ level at 1663 keV 

and l state at 1831 keV. The net result is that one still can not 

decide which 5- and 6- levels belong to the octupole band and which 

to the Kn=4- band. 

The angular distributions of the observed levels at 1573, 1658, 

1686, 1785 and 1825 keV are shown in Fig. 7, where the relative theore

tical cross sections calculated using the proposed two-proton configura

tfon are shown. As discussed above, the two possible 5- groups have 

nearly same magnitude, so that both levels are eligible as a member of 

the Kn=4- rotational band. On the other hand, the 1825 keV state 

seems to be the preferred choice for the 6- member of the band, but 

the existence of the level at 1831 keV (1-) weakens this preference, 

becuase it is impossible to separate these levels in the present reaction. 

Again it is not possible on the basis of the angular distribution to 

decide which of the observed peaks are the members of the Kn=4-

rotational band. 



FIGURE 7 

Angular distributions of the Kw=4- band. Theoretical curves 

are multiplied by a factor of 0.43. This gives a good fit 

to the data. Black circles show the level at 1573 keV. 

Crosses and white circles show the possible 5- state at 1658 

keV and 1686 keV, respectively. Triangles and squares 

indicate the levels at 1785 keV and 1825 keV, respectively. 
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CHAPTER 5 

CONCLUDING REMARKS 

The 165Ho (3He,d) 166Er reactions have been performed and the 

results were compared with predictions based on the unified model of 

nuclear structure. The observed cross sections for the ground state 

rotational band and the gamma vibrational band were consistent with 

theory. 

The admixture of the two-proton configuration 7/2-[523] -

3/2+[411] in the KTI=2- octupole band should have been observable if 

it had been approximately 36% as predicted by Soloviev. However, in 

this study, the 1460 keV state was populated very weakly and an upper 

limit of approximately 7% was ·placed on this admixture. It is not 

possible to decide which of t\IJO previously known 5 states belong to the 

KTI=4- rotational band based on the 1574 keV state, since both states 

have similar cross sections. For the same reason it is still not 

known which of the two previously known 6 states belong to the KTI=4-

rotational band. 

At about 2600 keV excitation, a very intense peak appears. Its 

cross section at ¢ = 53 degrees is ~45 µb/sr, a value so large that it 

could be obtained theoretically only by .e,.=O, 1, 2 or 3 transitions. The 

angular distribution favors an £=0 or £=2 transition. 

It should be pointed out that the DWBA calculations used were 

interpolated from calculations carried out for nearby nuclei. This 

interpretation is justified by the fact that the structure of the two 

sets of calculations was quite similar. It was an unfortunate feature 

of the angular distributions that the cross sections dropped off with 
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increasing angle at about the same slope for all values. Thus it was 

difficult to determine ~-values from the angular distributions. 

The ambiguity of level structures at the excitation energy 

about 1500 keV to 1800 keV could be removed by carrying out more 

sophisticated experiments. 
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APPENDIX 

No DWBA calculations of <P.e, for the present 165Ho (3He,d) 166Er 

reaction have been done, but the results of the DWBA calculations for the 
152sm (3He,d) 153Eu and the 182w (3He,d) 183Re reactions were available. 

In the present work an interpolation between the two sets of 

available data were carried out in order to obtain the shapes of the 

angular distributions. These cross sections were then normalized to fit 

existing experimental data for well known transitions from targets of 

Sm and Yb. The justification for the above interpolation is based on 

the fact that the shapes of the predicted angular distributions for Sm 

and W are quite similar - corresponding maxima and minima for the two 

curves occur at the same angles. A typical example for .e. = 2 is shown in 

Fig. 8. The similarity between the curves results because 4>.e, is expected 

to be a slowly varying function of atomic number (9) due to the geometrical 

aspects of the reaction. Since the atomic number of Ho is close to the 

average of Sm and W, the interpolation was carried out by taking the mean 

values for the Sm and W curves at each angle. 

This procedure was carried out for each i ~ value, which means 

that the cross sections obtained have the mean i-dependence predicted by 

DWBA for the Sm and W cases. This is reasonable because relative 

intensities for various .e.-values can be predicted quite well with DWBA. 

This is because relative intensities are also smoothly varying functions of 

.e.-values. 

Since the DWBA calculations have not always been successful in 
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FIGURE 8 

Angular distributions calculated by DWBA for Sm and W and 

the interpolated curve. Value shown up is i = 2. 
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predicting the absolute cross sections, the angular distributions obtained 

in the above manner have been normalized using experimental (3He,d) data 

for some well known t=2 transitions. 

The experimental values used for normalization were cross sections 

in the 152sm (3He,d) 153Eu reaction leading to the 172 keV state in 153Eu< 23 ) 

and the 172Yb (3He,d) 173Lu reaction leading to the 357 keV state 
173 (26) in Lu . In each case the data at e=30 degrees were used. These 

states correspond to the 5/2 3/2+[411] and the 5/2 5/2+[402] configurations. 
2 Both of these states have large values of Cj t' therefore, large cross 

s ecti ans. 

Only the case of the state in Eu will be discussed in detail. 

For an even-even target nucleus, eg. (3) simplifies to 

because of the fact that Ji = 0 and Jf = j. Thus one has 

Hence, 

do 2 2 ( ) dQ - 2Cjt <PiU = 230 µb/sr observed 

cj~ = o.79 (l 9) 

u2 % 0.85 (estimated in a similar manner as th~ 
octupole state) 

<Pi= 2 = 179 µb/sr 

In a similar manner, one has 

<Pt= 2 = 91.JJb/sr for the Lu case. 



The Q-value dependence of $
1 

for the 152sm (3He,d) 153Eu 

reactions obtained from the DWBA calculations is shown in F_ig. 9, where 

$1 is normalized to unity at Q=-1.000 MeV. 

Assumi_ng that the Q-value dependence does not vary rapidly as 

mass number, Fig. 9 was used to normalize other data. The $
1 

values for 

the 182w (3He,d) 183Re were calculated at Q=-l.210MeV, so one has to 

multiply them by 0.96 to normalize to Q=-1.000 MeV. The Q-values to the 

states at 172 keV in 153Eu and at 357 keV in 173Lu are 0.238 MeV and 

-0.842 MeV respectively. Therefore, they must be multiplied by 1.30 

and 1.03 to be normalized to Q=-1.000 MeV. 

The last column of a Table 4 shows the cross sections obtained 
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at 30 degrees both from experiment and theory after a Q-value correction. 

These values are plotted againstatomic number in Fig. 10. At Z=67 (atomic 

number of 165Ho) the experimental points show $
1
=2 is% 130 µb/sr ~hich 

corresponds nearly to the midpoint of the two theoretical predictions. 

Thus it is seen that the normalization to the experimental results is 

almost identical with that which would have been obtained assuming the 

absolute value of DWBA calculations. 

The angular distributions thus interpolated for the present 

reaction are shown in Fig. 11. 



FIGURE 9 

Q-value dependence of the DWBA cross sections. Three cross 

marks indicate Q-value at which theoretical calculations have 

been done for the 152sm (3He,d) 153Eu reactions. 
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TABLE 4 

Excitation I Q-value Q-value ( cffi) µb/s r 
Reaction Energy (MeV) (MeV) Factor µb/sr 

IQ= -1.0MeV 
d 

::>i:::Sm (::5He ,d) T5JEu 0. 172 0.238 l.30 179 232 

52Sm (3He,d)l53Eu DWBA -1.000 l.00 230 230 

72Yb (3He,d)l73Lu 0.357 -0. 842 1.03 91 94 
~ 82w (3He,d) 183Re DWBA - l • 210 0.96 84 80 



FIGURE 10 

Interpolation of the cross section ~t=2 for the present study 

at e = 30 degrees. Cross marks are experimental points for 

Sm and Yb while circles show theoretical predictions. Triangles 

are interpolated points. 
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FIGURE 11 

Interpolated ~i for various i-values. 
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