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HYPERFINE STRUCTURE OF Dy'®> AND SPIN OF Er!®3
Sanford Stein
Lawrence Radiation Laboratory

University of California
“ ' ' Berkeley, California

ABSTRACT
The atomic beam magnetic resonance flop-in method was used to meas-
ure the hyperfine structure of Dy165 and the spin of Er163.
The result for the 66Dyégs ground state are
a = +89.8(7) MHz
b = #1520(30) MHz
where a and b are the magnetic dipole and electric quadrupole hyper-
fine interaction constants. The spin was previously measured to be

I = 7/2. From these values one can calculate the nuclear magnetic dipole

moment iy and the nuclear electric quadrupole moment Q which are

.uI(uncorr) +0.50(4) nm

I

Q(uncorr) = +2.8(3) barns

These values are in good agreement with that predicted by the strong

deformation collective model.
The spin of the ground state of 68Erég3 is
. I=5/2
whichAagrées with the Nilsson state assignment.
The theory underlying the atomic beam method, a description of the

technique and equipment used, and a comparison with appropriate theoretical

calculations are presented.
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I. INTRODUCTION

The field of atomic beams is a little over 50 years old. It had

~its start in 1911 when Dunoyer (DUN 11) produced directed beams of

neutral sodium atoms. The mean free path was much longer than the
apparatus so collisions could be ignored. The beam method was used

as a tool by Stern_énd his collaborators to study the Maxwelliaﬁ distfi-
bution, molecular scattering and many other diverse phenomena. - This
lead to the incorpération of an inhomogeneous magnetic field in the beam
path and demoﬁstration of the space gréntization of angular momentim,
the famous Stern-Gerlach experiment (STE 21). Empioying the known

technique of two inhomogeneous magnetic fields as polarizer and analyzer,

Rabi (RAB 38) made further improvements by incorporating a small oscillating

magnetic field to cause a desired transition between levels. This
enabled one to concentrate on a single transition_réthér than on all of
the transitions at the same time. A refinement in the configuration of
the machine by Zacharias (ZAC 42) to a flop-in type, i.e. where a
resonance means an enhancement of the signal rather than a diminishment,
lead to an increase in the signal-to-noise ratio. With the advent of
radioactive samples and radioactive detection schemes the signal-to-noise
becaneeven larger (SMI 51). The basic design of the flop-in atomic

beam apparafus used in this experiment is described in Brink's Ph.D.
thesis (BRI 57).

Only that part of the theory directly connected with the experiment
or of general importance will be covered in this thesis. For more
general references there are the review articles 'The Measurement of the
Nuclear Spin and Static Moments of Radioactive Isotopes'" (NIE 57) or

"On Atomic Beams'" (MAR 62) or the book '™olecular Beams (RAM 56).
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II. ATOMIC THEORY
- The nonrelativistic Hamiltonian representing a system of N electrons

in the field of a nucleus having Z protons can be written as

- MN ¥ ﬂen * JJYee * Mfs * ths * H'other (2‘_1) _
~_where
N .2 2 ' .
H - Pi_  Ze’ | :
en iil (Zu . ) : (2.2)
X N e2 '
= I —— (2.3)
°®  ij=1 Tij < |
N — —
Mfs = z € (1)) L5, : (2'41

H represents the internal energy of the nucleus. Since the energy
difference bétween the nuclear ground state éna any éXcited state is
very large (keV or MeV) it can be ignored here since one is not dealing
with energies sufficient to excite the atom oqt.of its ground state. In
fact.the energies dealt with here are extremely small, about iQOO MHz
(0.00001 eV). l%n is the interaction of the electrons with the nucleus
consisting of the kinetic energy of each electron and the Coulomb |
attraction between each electron and the nucleus. l%e is the Coulomb
repulsion between electrons. :Hfs’
‘between the_spin of the electrons and their orbits. ths, the hyperfine
structure, is the interaction of the nucleus with the electric and
magnetic fields generated by the electrons. It will‘be treated %n detail

in the next section. H are other interactions such as spin-spin,

other
spin-other-orbit, orbit-orbit, etc. which for the present can be ignored

due to their small effect.

the fine structure, is the interaction

A\



The eigenvalue equation

Hy = By | (2.9

~is pi‘esently to complicated to be solved analytically. Since

- > > ’ - - . . N - N
:Hen + :Hee yfs_ ths one can break the Hamiltonian into its various

parts and approximate a solution by pérturba_tion theory (CON 35) (SLA 60).
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III. HYPERFINE STRUCTURE
For the Dysprosium and Erbium isotopes used in the experiment the
magnetic.octupole moment was too small to be observed so it will be "
'ignOred. Thus the hyperfine structure arises from the coupling of the | Y
nuclear mégnetic moment with the magnetic field of the atom at the pbsition ' |
of the nucleus and of the nuclear electric quadruﬁdle moment wifh;the

gradient of the electric field at the nucleus.

In general, the energy for a magnetit dipole is

H = -u-H ('3. 1)

dip
where Ti is the dipole moment and H is the magnetic field. Here U is ﬁi,
the nuclear magnetic moment and H is H, the average magnetic field at
the nucleusvproduced by the orbital and spin magnetic moments of the

orbitai electrons. Thus one has

Mdip = -up + Hy (3.2)

Normally the magnetic dipole moment of the nucleus is treated as a

point dipole oriented collinearly with the nuclear angular momentum I

which gives

up = gugl (3.3)

where y, is the Bohr magneton (yy = %%E-= 0.927 x 10°%C erg/G).» The
magnetic dipole moment My is the expectation value of ﬁi in the state
mp = I.

The classical expression for the magnetic field at the nucleus due

to circulating electrons with permanent magnetic dipole moments is



'H'N - Z. (__ec_ Fx—g _ E(?'a':')_gﬁi—‘a) (3.4)
1 r r

The sum is over all electrons not in closed shells. Writing in the form
of angular momentum operators one gets
1 — 3r(s-T '
By=2u I <= {-T+ 4,'f‘£7‘:1}i o G
‘ 1 T 1 - S . !
where mr x v = xf, U = —Zqus_ and 7 =7 + 3, ():Ti=7).
» i
It can be shown that (MAR 62)

+

<LJBmg|-u; Ay | 1JEm> = <IJFmF|ahT3j

1JFm> (3.6)

which defines the'magnetic'dipole interaction constant a . Evaluating
both sides in the state with the maximum total angular momentum F = I + J

- and the state with maximum m, yields

F

1

a= --m- My <HZ(O)>J, (3-7)_ ’

my = J
For the complex atoms dealt with in the rare earth and transuranic
regions of the periodic table, fhe evaluation of the magnetic field
depends onvfhe coupling assumed among the electrons. The coupling uSed
here islthat of equivalent electrons of the configuration )" coupling
to the Hund's rule ground state term of maximum spin S and maximum
orbital angular momentum L consistent with the Pauli Exciusion Principle.

This calculation is carried out in (MAR 62) where other couplings are

also discussed.
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J(J+1)+L(L+1) S(S+l)

- H, (0> = ‘2“0<r3>{ 20+ D)
202 2y, L(L+1) [J (J+1)+S(S+1) -L(1+1) ] 5.8)
n®(2L-1) (22-1)00+3) 2(9+1) '

3 [J(J+1)-L(L+1)-S(S+1) ] [J(J+1)+L(L+1) - S(S+1)i]
T (J+1)

where n is the number of electrons for less than é half filled shell or
the number of holes for more than a half filled shell.

Since <HZ(0)> depends only on the orbital electrons it is to a 'good
approximation the same for all isotopes of the same element. Therefore

from Eq. (3.7) one can see that
u (@) = ) S5 1oy or 8y (2 - £ 2y (3.9)

This is-one of the Fermi-Segré relations.
The electric quadrupole energy can be eXpressed as
, v

_ 2 ™
¥ =-e ;

k ~(2) ) o
quad (-1)7 G (8,0 Cl (859, (3.10)

)
k
‘where T, and Ty are respectively the electronic and nuclear radii and

¢ (6,00 = (4n/9)!/% v}

uate the matrix element in the IIJFmF> representation obtaining

(6,4) are spherlcal harmon1cs One can eval-

eq : - NI
<IJFm, mquadl LJFm> = 21J(21-§(2J~1) [%(21.33 (2T-J+1) -1(I+1)J(J+1) ](3. 1

where F=I+J  2T-J=F(F+1)-I(I+1)-J(J+1)

o - 1 3 2 . -

qJ—<J,mJ—J|;<—3>. (3 cos™ 6 l)|J,mJ J> (sum over electrons)
iri

)

Q=<I,mI=I|Z rﬁ (3 cos ek—l)II,mI=I> (sum over protons)
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The quantity -e qJQ is called the electric quadrupole coupllng constant

and is wrltten as hb.
= - qJQ/h : (3.12)

" The electric field gradient‘qJ»for Hund's rule ground state is also
calculated in (MAR 62) where other couplings also are discussed. For

(2.)n equivalent electrons one gets

3(23-L) (27 L 1) 4L(L+1)J(J+l)][ (2¢- n ]

9y = <;“>[ (LI O+ T) (20+3) RZC-D) (zz+3)

(3.13)
where § = J-T  2J-L = J(J+1)+L(L+1)-S(5+1)
For léss than a half filled shell n is the number of electrons and the
~minus sign is used; for more than a half filled shell n is the‘number of
holes and the positive sign is used.

Since q depends only on the orbital electrons; it is to a good

'approximation the same for all isotopés of the same element. Therefore

from Eq. (3.12) one can see that

Q(2) = (1) ET(‘:ZD)“ ' (3.14)

This is the second Fermi-Segrd relation.
If A is the order of the moment, then the parity of the electric
‘moment is (-1)A~and that of the magnetic moment is (-1)l+1,so that only
even electric moments (electric quadrupole)‘and odd magnetic moments
(magnetic dipole) can exist. Let X, Tepresent either type of moment of

: *
order A and ¥; a state vector with angular momentum I and f ¥q WIdV #0.

. |
[ ¥px,¥AV # 0 (3.15)
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X, ¥y can have angular momentum from [A-1] to A+I but for Eq. (3.15) to

exist it must have angular momentum I. This means that it must be possible

to add I and XA vectorally to form I or that 2I>A. Therefore an atom with
spin 1/2 can only have a magnetic dipole moment, an atom with spin 1 can
have only a magnetic dipole moment and an electric quadrupole moment, etc.
The existence of a quadrupole moment means that the charge distri-
bution is not spherically symmetric buﬁ a nucleus with spin 0 or 1/2
which caﬁ't possess a static electric quadrupole moment is not necessarily
sﬁhefical. If the quadrupole moment is positive one has a prolate
(cigar shaped) charge distribution, if neégative an oblate (disc shaped)
distributibn.

One now has the Hamiltonian

bh
2TCT-D)I(20-D)

W = ahT.T + [3(T-T)2+3/2(T-D-1(1+1)J(J+1)]  (3.16)

which is true in zero external field. It can be rewritten in terms of
b/a as

W = T3 + b/a yrorpyprey BED 320D 10 G.17)

which for a given I and J is a series of linear equations for the various
F's. F can take on values from |[I-J| to I+J. Eq. (3.17) has been solved
on a digital computer for various I's and J's and written up in (BAK 60).

One can roughly calculate and plot the lines for various F values manually

163

as has been done in Figs. VI-4 and VI-17 for Dy165 and Er This gives

one the zero field level ordering of the various F levels versus b/a.
If one now puts the atom in an external magnetic field Eq. (3.1)
again applies. This time one gets

= “HyHexe ~ HroHext (3.18)

H

ext
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where My is given by Eq. (3.3) and ﬂj is similar. It should be noted
that My is a thousand times smaller than Uy since one is dealing with
the proton mass rather than the electron mass q% = Tﬁ%ﬁa’ Unless one

goes up to very high fields the up temm contributes very little so that

it usually can be ignored. This is the reason why g is usually calcu-

lated from a . o . o
If one combines Egs. (3.16) and (3.18) one has the hyperfine

Hamiltonian including an external magnetic field.
LT bh - =2 -
H = anTeJT + Ty 3T “+3/2(T-0)-1(1+1)J(J+1) ]
“ByHoT Hoxe = 80T Hoxe (3.19)

If a and b are zero one has the normal Zeeman splitting which is
linear with magnetic field. The existenbe of a and b éausés a
deviation from the Zeeman lines. To obtain Valﬁés for a and b it

is nécessary to use an external magnetic field of sufficient strength

to cause large deviations from the a=b=0 lines. One can solve Eq. (3.19)
exactly in both the low and high fieidjregiohs but in the‘intermediate
field the Hamiitonian is much too complicated to be sol?ed unless

J=1/2 or I=1/2. One is thus forced to solve Eq. (3.19) numerically and
computer programs have been written (ZUR 64).

Since one measures transitions between levels, a and b , which
determine the absolute energies of the various levels, are of little
interest at low fields. At low fields one can determine I and J. In a
weak external field I and J are tightly coupled together to form the

resultant F. I and J precess around F and F precesses around the field

direction as shown in Fig. III-1. So at low fields one has
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()

MU-13365

Fig. III-1. The precession of I andJ in the presehce of
(&) & weak magnetic field, and (b) & strong magnetic field.

(b)
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|

J*F .Hext

Hlf‘ S L)

]

F.

where <IJFmF'j°F| LJFm> = F(F+1)+J(g+l) -1(1+1)

<IJB“F F‘I_IextIIJFmI? B mFHext
So
o E(R+1)+J(J*1)-1(I+1) _ |
Hop = -2y 2F (F+1) MeHext = ~BploMEext (3.21)

+ Since the photon only has one quantum of angular momentum, mp can

-only change by one so the transition frequency is
| gMotext F(F+1)+J(3+1)-1(1+1)
h

V= 2F(F+1) (3.22)

As one goes to higher fields one finds that Eq. (3.22) no longer
gives the correct transition frequency. One can solve Eq. (3.19) by |
perturbation theory whéreJiO, the zero field part, is given by Eq. (3.16)
‘and the'perturbatidh part §' is given by Eq. (3.18). In the Fm

representation one has

= W° 1 2
W= W +Wg +Wg + ...

where the superscripts refer to the order of the perturbation and

We = <Emf)|Fm> = W° (F,m)

'Wém ='<Fmﬂ4'|Fm> [this is what was obtained in Eq. (3.21)]

W2 = | <Fm ! lF-l,m>|Z
Fm W. _WF-l,m_

for the highest F state
Fm
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_ L<mmPr | Bs1,me ], [<Em Y |F-1,m0 )2

W2 - for other F states
Fm YEn wF+1,m me-WF-l,m
Using
- 7 2 | [FE- -4 [+ 24
<Fm|T-H[E-1,m> = -H VF’-m s
» sFPQEy
_— '1/ 75 [l anA e -
.<Fm|J-H|F+1,m> = -H J/(F+1)“-m —

4(F+1) 2[4 (F+1) %-1]

and defining : l

W2 - W
_F  "F-1
Wpp1*— 1w — (3.
W2 (E,m) - W2(F,m-1 W(E,m) - W(F,m-1 n
Svp; = (E,m) - (F,m-1) - (F,m) = (Fm-1) (3
one gets
N _WOEm) - WOF-Lm) |,y 3EO-3F[I(I+1)+J(J+1)] + 3/2F
F,F-1 h ZI(2I-DJ(23-D) (3.
: _W (F,m - W (F,m-1)
\)...
h
(3.
Hg84H
_ P83 F(F+1)+J(J+1)-1(I+1) _
=— I JF(ED) ] [same as Eq. (3.22)]
for the highest F state, Fmax = I+J
2 2 2. 2 2. 2 2 2
SO(E._ ) = - [E-(-)) A+ “-F ) m -m-D7](B+D " 5
_ max Av

F,F-1 (AF%-1) [E(F+1)+J (J+1) -1 (1+1) ] %

23)

.24)

25)

26)

27)

W
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for other F states

o R VG 423 ¢ ) o [ S5 D oV o
AV Rl [4(F+1)%-1] [F(F+1)+J (J+1) -1 (1+1)]°
PRV i:ile oy R T 6. DI 1 5 VK T SO
AVE p-1 (4F%-1) [F(F+1)+J (J+1) -1(1+1) ]2 |

"Gvbié fhe differénce between the actualvmeaéufed ffequéhc} and the Can
éulated frequency v for-a=b=0, i.e. 8v is the deviation. |

To use the perturbation equations one would calculate AVF,F-l from
Eq. (3.27) and AvF,F+1 from Eq. (3.28) and solve Eq. (3.25) as two 1inear
simultaneous equations for a and b . To determine the proper transition
frequency for a higher field one would use Egs. (3.26), (3.27) and (3.28)
to calculate the deviatipns &v. The equationé don't give very good
results so their main use is in approximating the deviations at moderate
fieids before sufficient shift has occurred to warrant the use of the
computer programs. From Eqs. (3.27) and (3.26) one gets

2

Sv(H 1

(3.29)

D - CvZ(Hl) = KH

where H is the magnetic.field. So for a higher field to second order one

has

2. : :
SV(H,) = §v(H,) 7 (3.30)

1
The frequency used in the experiment is v + §v, the linear term plus the
deviation. As an example of the accuracy of Eq. (3.30) the deviations
are given in Table I11-1 for data taken from Table VI-1 for Dy165 and

163

from Table VI-2 for Er As can be seen the results are not too good.
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Table III-1. Deviations Using Perturbation Theory

Field Measured Deviation sz* Transition Isotope
In Gauss In MHz In MHz

30 0.23 | | o - pylos

50 B 0.95 0.6 . a o m
100 3.90 - 3.80 Qa _ "
220 19.90  18.9 o "

30 0.08 B "

50 v 0.56 - 0.22 B "
100 2.05 2.14 B "
220 12.82 9.94 B "

20 1.50 o Er103

50 4.90 4.16 a "
13b: o 14.60 v33.1yv a "

.o B . . L
sz = le ﬁ;j- where-H1 and 6v1.are the field and deviation from the

1line above.
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To get good values for a and b, one must use thelcomputer programs;
If one goes to large enough magnetic fields, the.ﬂi-ﬁ'term in Eq. (3.19)
becgmes important and one can determine M1 and its sign directlyf Often
one is only interested in accuracies of 1% in the hyperfine constants so
‘only the magnitﬁde of My is obtainable from a . Unless one goes to a
high magnetic1fie1d-only the magnitudes and relative sign of a_‘and  b
are obtainable. The abéolute sign.is usually inferred_frgm theoretical

considerations.
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IV. NUCLEAR MODELS
From the data collected in the past oﬁ nuclear‘ground state
properties, the following generalizations have been made:
1. The ground state of all nuclei with an even number of protons

and of neutrons {[even-even] has zero angular momentum (spin) and even

parity.
2. In'nuclei consisting of an even mumber of (MCUtTONS) 4ng an
\protons
rotons .
odd number of (ﬁeutrons)’ [odd A], the ground state properties are

protons

determined by the (neutrons

] alone and the nuclei have half integral .
spin. The spin of a single proton or neutron is 1/2A.

3. Nuclei with both an odd number of protons and neutrons
[odd-odd] have integral spins.

4. Nuclei that contain 2, 8, 20, 28, 50, 82 or 126 protons and
or neutrons are particularly sfable. These numbers were ;alled “magic'
numbers'' since they had this exceptional stability characteristic
which at the time couldn't be explained. |

One possibie reason why the magic numbers were not obvious was
that for the atomic case the spin-orbit coupling plays an dnimportant
role,>itvcauses a splitting of the levels j = £ +1/2 which is small
compared to the energy between levels of different £. But in the
'nuclear case, it is the reason for the magic numbers. The splitting
is so large that it causes changes in the groupings as shown in
Fig. IV-1. With the incorporation of the spin-orbit interaction Mayer
and independently Haxel, Jenson and Shell in 1950 were able to account
for the observed magic numbers and many other nuclear prbperties (MAY 55).

Their theory is called the Shell Model. Nucleons may be considered as
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\' .‘ 126 -
N .
lifzrs 14 (126)
_ s 3173 2 (112)
2 T . 3p3/2 4 (104)
—~ ~ .
25— 8 {100)
/ lhg7s 10 (92)
' 7 v : e —— 82
3s \<— : ) 351/2 2 - (82)-
' 4
3 T 24372 : (80)
2d———~<:.\\ hitrs » 12 {76)
2d575 6 (64)
- lgrrs 8 (58)
1 ._._._.</ 50
g
T
~ legrs 10 (50)
| - 2p173 2 (40{
< - Ugrs 6 (38)
P 2p573 4 (32)
lf—___<: :
| .\\\\» . 28
, lfz/z 8 (28)
20
,zs————~\\~;<,,— : ‘, ldgr> 4 (20)
ld__f_.<::\\::j— ZSI/Z ‘ 2 (16)
ldg73 6 (14)
8
- 1p3/2 4 (6)
2
1s - ' Is177 2 (2)
MU-17154

Fig. IV-1. Shell model single-particle energy levels (spin—orbit
and Coulomb energy terms included).
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occupying states of binding, characteristic of independent particle
motion in the average nuclear field.

The observed quadrupole‘moments of odd-A nuclei in the rare earth
region and electric quadrupole radiation (E2) transition rates in even-
even nuclei are considerably larger than those predicted by the Shell
model. Other models were formulatéd. The unifiedjmpdelvof'Bohr and
Mottelson (BOH 53) has cleared up some of the difficulties. Tﬁe large
mass of the atomic nucleﬁs, as compared with electrons' mass, had
made it possible, to a first approximation, to treat the atomic field
as a static quantity; but in the nuclear case, the dynamic aépects of
the field associated with the collective oscillations of the struc-
ture, as a whble, must be expected to play an essential role. This
theory has-been refined by Nilsson (NIL 55) and Mottelson and Nilsson
(MOT 59) and is usually called the collective model.

Neér closed shells (magic numbers) the nuclear shape is sbherically
symmetric (no deformation) and one has essentially the Sheli.model
'with possible collective vibrational motion. Further from the closed
shells the nucleus acquires a slight deformation and the coupling.
between the collective modes and the individual particle modes of
motion may lead to a foy complicated structure of nuclear states. Still
further from cloSed.shglis the situation again simplifies. The nucleus
has a large defonmationgwith a resulting stability in shape and
orientation. Only in Ehe case of large deformation is it possible to
separate the nuclear m@&ion into an intrinsi; nuclear motion relative
to the deformed but fi%%d nuclear field, a collective rotational

motion and a vibrational motion.
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For large deformation the magnetic moment is given by Nilsson

(NIL 55) for I # 1/2 as

_ I 2
o {(gA gz)f : (az a-1/2 2 a/2) * gl * gl
where the gyromagnetic ratios 8y and gp> and gr are

- {ngggg} for a free {proton }

g = {y} for a free { neutron

proton
neutron} and gé

~and for that associated with the surface angular momentumgR = Z/A. -The
»éU&Qil/Z'S are the mixing coefficients and are tabulated for various
values of § (the deformation) in Nilsson's articles.

The intrinsic quadrupole moment is given by

S~

Q= §m@u+—& - (4.2)

where R is to be taken equal to the radius of charge of the nucleus or

R=1.2 x 10713 Al/3

cm. The relation (projection factor) between the
measured quadrupole moment Q and the intrinsic quadrupole moment Q for

the ground state is

120-1) | |
ST % (4.3)

FigUre‘iV—Z,is from (MOT 59) and is}”Singlé Particle Levels for
odd-N nuclei in the'region 82<N<126'". The numbers alongside.the 1e§els,
‘i.e. 7/2 + [633], are the asymtotic Nilsson ofbital assigmments, Q, parity
{NnSA] where Q@ is the spin, N the total harmonic oscillator quantum
number , (-1)N =-parity, ng is the oscillator quantum number aloﬁé the Z'
aXis and A is.the orbital quantum numbef._ From analogy~with j=l+s,

= +1/2 one here has Q ‘A + % where T = +1/2.
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V. EXPERIMENTAL TECHNIQUE
The atomic beam machine used in this experiment is described in
Brink's thesis (BRI 57). The machine is now buried someWhere in Nevada.
The background radiation emitted by the machine, the amount of radioactive -
waste in the machine and the difficulties in repairing anything, siﬁce
everything was insideva Welded can, made continued use of the @achine.a,
' dangerous health hazard. Figure V-1 is a picf%%e of the back end of the
machine showing the lead shield around the ovéhichamber and the shielded

cave with manipulators while Fig. V-2 shows the front end and button

~
-

loaders.

The machine is of the flop-in type, where a resonénce is given by
‘an enhancement of the.signal. It consists of a source of atomé,_three
magnetic fields, assorted collimating slits, a stop wire, a detector and
assorted vacuum pumps as shown schematically in Fig. V-3.

For the isotopes used in this experiment either tantalum or tungsten
ovens and oven-liners were used. Oven, oven-liner, oven support and.

samples from which Dy165 and Er163

were made are shown in Fig. V-4.

For Dy165 a chunk of Dyspfosium was seéled in a quartz tube under helium
.and sent to a neutron reactor. Upbn its return the quarti tube was opened
in a special shielded cave and the sample was dropped into the cave |
attached to the beam machine.where téngs were used to.put it into the
oven. The oven loader was put into the beam machine by hand. For Er;§3,'
four disks of Hélmium were placed in a target holder és shown in Fig. VI-8
and sent to the cyclotron. Upon their refﬁrn the disks were'put_intq the

oven. The oven was heated by electron bombardment to produce a beam of

atoms. _
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XBB 678-5013

Fig. V-1. Rear of atomic beam machine showing
the lead shield around the oven chamber and
the shielded cave with manipulators.
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Fig. V-2. Front of atomic beam machine showing back of
shielded cave and button loaders.
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Fig. V-3. Schematic representation of a flop-in atomic beam machine

0 = oven
S = Stop wire
D = Detector

(@D = Path of nonresonance atoms

(® = Path of resonance atoms
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Fig. V-4. Oven, oven liner, oven mounted on oven support,
chunk of Dy and disk of Ho.
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The emitted atoms go through a very large inhomogeneous magnetic

field, the A region, where they are deflected. The force is given by

Y aH ot

5H 57  Meff 57 (5.1)

F=-vH=

where 8 is given by Eq. (3.19), H is the magnetic field and.Z is the

~direction of the magnetic field and gradient. The atoms then-enter a - -

uniform homogeneous magnetic field, the C region, where a r.f. field
can .induce tranéitidns., They then go through another &ery 1arge
inﬁémogeneous magnetic field, the B région, where those atoﬁs not
undergoiﬁg the correct transitions are further deflected so that they
hit the sides of the magnet and are removed from the beam as depicted
by trajectory D of Fig. V-3. Those atoms that haﬁe undergohe the
éorrect transition are refocused on the detector as shown by trajectory
®. |

If the fields and gradients in fhe A and B_regions are the same

then for the atoms to be refocused

) Ueff(A) = _ueff(B) | (5-2)

"where .

Hepf = 8gMoMg * BrHoTr T BgHoMy (5.3)

since [gJ|>>|gI| and orie is in the high field or Pashen-Back region.

Therefore, the explicit refocusing condition is
my(A) = -my(B) | (5.4)

The stop wire "'S" prevents atoms that are not sufficiently deflected,
such as those in the high velocity tail of the Maxwellian distribution,

or those that are not deflected at all, the zero moment atoms, i.e. those

)
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with my = 0, from reaching the detector and contributing a high back-
ground.

The hairpin, located in the center of the C field, is the means by
which transitions are inducéd. One applies a r.f. frequency v to the

hairpin and if
(El 'Ez)
VE TR ' (5.5)

one can induce transitions between levels Ei and EZ' The hairpin can
induce 7 (r.f. field perpendicular to C field) transitions and if rotated
90°, o (r.f. field parallel to C field) transitions. In a weak field

the w transitions are

"o
1+
b

AF = #1, 0 with Am (5.6)

F

while the o transitions are

Il
[w]

AF = #1 with Amy, (5.7)

L Ferid integral, one must have Amy = +2 for refocusing. The double

quantum transitions for weak fields become for m transitions

AF = 0, Am_ = +2, Am; = 0, Am, = +2 (5.8)
and

AF

it
1+
ot
-
=]
ft
I+
[
-
g
]
+1
$—
-
g
n
4
~N

(5.9)

The transition in Eq. (5.8)‘is the one that is used for the spin search
and most other measurements.

From Eq. (3.19) it can be seen that the energy levels are magnetic
field dependent so one must be able to set the value of the C field very

accurately. This is accomplished by having a calibration isotope whose
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field versus frequency dependence is known. Stable potassiﬁm (K39) was
used becéﬁse it can be detected with a hot wire. Since the ionization
- potential of K is less than the work function of the tungsten hot wire,
K atoms that hit the wire are boiled off as jons and accelerated to a
collector plate where the resulting ion current is measured with an
electrometer. The field is checked periodically to see that it has not
drifted. The ng is in a separate oven that can be lowered infront of
the source oven for calibration purposes.

The detector for the radioacfive‘sources are freshly flamed
‘platinum foils which are shown in Fig. V-5. Thefétoms tﬁatvmaké it
down the length of the machine strike and stick to the Pt foil. After
>exposure the foils are taken out of the beam machine and counted in an-
appropriate counter. For the isotopes used in this experiment, a
continuous.flow methane B counter was used since the isotopes eithef
decayed by electron emission or capture.

Two fypes of exposures were made during the experiment. The first,
called'a direct beam, is used to normalize the beam intensity. It is a
ohe minute éxposure with the stop wire out of the way. The second,
called a resonance, is taken with the stop wire in the beam path and
lasts for five minutes. The normal procedure is to take a direct beam
followed by a resonance and then another direct beam to see that the beam
intensity has not changed. The values for the resonance curves plotted

in section VI are given by

o\

resonance counts/min— average counter background/min
D.B. = ~ - . 2 x 100 (5.10)
average of direct beam counts/min
taken before and after resonance
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Fig. V-5. Platinum foils (0.001 in) shown with beam
machine button holder and beta counter holder.
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The resonance exposures were usually countedfor ten minutes while
the direct beams were counted for five minutes. This entailed the use
of three Cdunters simultaneously. The countérs are shown in Fig’. V-6
and the foil holders »i'n Fig. V-5. The counter background is about |

1 count/min.
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XBB 6711-6662

Fig. V-6. Beta counters and associated electronics.
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VI. EXPERIMENTAL RESULTS

A. Hyperfine Structure of Dysprosium-165

1. Introduction

The spin of Dy165 was measured to be I = 7/2 by Cabezas (CAB 60).

165 ' '

Dy -
165

has a half-life of 2.3 hours, decaying by B~ emission to stable
Ho Natural dysprosium metal (28% of Dy164) was irradiated for five
minutes in a nuclear reactor at the Lawrence Radiation Laboratory at

Livermore at a neutron flux of about 1 x 1013 z

secflcm- to produce Dy165
by thermal neutron capture by Dy164. As is evident from Fig. VI-1

only Dy165 was produced in detecfable amounts. The decay curve is a
straight line for eight hours (v three half-lives). The sample was
placed in a Ta or W oven and oven liner and heated>By eiectron bombardment
until a satisfactory beam was obtained. About 100 watts of heating was
ﬁecessary. Beams wéfe stable and lasted about four hours, by which time
all of the approximately 1/2 gram sample was evaporated out of the oven.
As soon as one obtained a direct beam in excess of a hundred counts pef
minute one could start taking data since individual atoTs_were produced’

166 is even-even and thus having no

from the beginning of the run. Dy
nuclear spin was used to determine gy to high accuracy, g5 = -1.24166(7)

GMI 61).

Dysprosium has a >

Ig ground state arising from a 4f10652_¢onfiguration.
With a spin of 7/2, there are 136 Zeeman sublevels in the beam, giving

rise to eight Zeeman flop-in resonances as shown in Fig. VI-2. Six of

~the eight transitions yielded high resonances at 20 Gauss (>15%) while

the seventh (F = 11/2) resonance was smaller (6%) and the eighth (F = 9/2)

even smaller. A possible explanation for this might be that for the
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F = 23/2 state, with sufficient r.f. power, one might induce up to eight

transitions, from m, = 1 <> -1 to m, = 8 <> -8, but for the lowest state,

F F

F = 9/2, there-is only one refocusable transition, m

The hyperfine structure was investigated by studying the magnetic

=1+ -1.

field dependence of the three highest F transitions. Resonances were
first traced out in the low field region where their frequencies are
feliably predicted by Eq. (3.22). They were then followed to higher
fields by using first linear and then quadratic extrapolation. When
appreciable deviation from linearity had been observed, attempts were
made to fit values of the parameters a and b to the field-vs.-
frequency data by using the computer routine 'Hyperfine 4" (ZUR 64).
The values of a and b. thus obtained were then fed into computer
routine '"Hyperfine 2" (SHU 66) to predict the proper transition fre-
quencies for higher fields.

In the case of Dy165 the shifts from the a=b=0 lines for the three
highest F levels occurs at moderately low fields and it was only
necessary to go up to fields of 220 gauss to obfain a to better than
one percent. As a rule of thumb one can use Eq. (6.1) to predict the

accuracy of a if there is no correlation between a and b

2
1 deviation from a=b=0 line
- z (6.1)
Accuracy of a ~ accuracy of resonance
each resonance
at each field

2. Results
Ten resonances were used to give reasonably good values of a and
b . As seen from Table VI-I, four o, and four B, and two y transitions

in fields ranging from 30 to 220 gauss constitute the data. All transitions
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Table IV-1. Dysprosium-165 Resonances

H(G) vexp(MHz) Residual Transition Deviation from -
: _ _ *
' a=b=0 line (MHz)

30.00(5) 73.00(16)  -0.21 o +0.46(16)
30.00(5) 76.60(16)  -0.18 B +0.16(16)
150.00(5)  122.80(16)  -0.02 « '41{96(16)' 
50.00(5)  128.54(16) 0.16 B - +1,12(16)
50.00(5)  136.80(16) .  0.19 oy +0.90(16)
100.00(5)  249.60(24)  -0.19 a / +7.80(24)
100.00(5)  258.90(20)  -0.24 B +4.10(20)
100.00(5)  274.90(20)  -0.16 ¥ | +3.10(20)
zzd§00(5) 571.76(20) 0.03 a . +39.80(20)
220.00(5)  586.20(50) 0.25 B +25.64(50)

aGWHéj “Aa b (MHz) Ab _ gJ xz'

+89.83 - 0.65 -¥1520 28 -1.24166 5.4

Residual =V

exp vtheq
Transition o F = 23/2 my = -5/2 > -9/2
- BF =21/2 my = -3/2 < -7/2
vy F= 19/2‘ mg = -1/2 <> -5/2

* ’ . .
Frequencies are twice the actual applied frequency since J being

integral leads to a twp quantum transition.
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are AF = 0, and an o transition is one involving qux’ a f transition
te

(F

max—l) and a y transition (FmaX-Z) as shown in Fig. VI-2.

As can be seen from Fig. VI-3 there is no question as to the assign-
ment of levels and since b/a = -16.9 is very far ffom‘a level ordering
crossing as shown in Fig. VI-4 there is no possibility of a direct transi-
tion being misinterpreted as a AF = 0 transition. The closest zero-field
level order crossings occur at b/a = -37.3 and b/a = +29.5 (BAK 60).

It should be notéd that the frequencies and deviations listed in
Table VI-1 are double those used experimentally since one is dealing
with double quantum transitions.

The final results are
a = %89.8(7) MHz I1=17/2
b = #1520(30) MHz
b/a = -16.9
., 161
Penselin's values for Dy are (PEN 64)

-115.8 (10) I=5/2

a =
b = +1102(15)
Wy = -0.46(19)
Q = 2.02(40)
Using the Fermi-Segré relations [Egs. (3.9) and (3.14)] with Dy161
one obtains for Dy165 ' |
| uy (uncorr) = #0.50(4) m
Q(uncorr) = +2,8(3) barns



-38-

2 2 — b3
P >
Dy ™5 at 1006
20 —
Fe ¥
- =23
15 F'?
Fst
< 381
o
= 10—
e “hed . B azbz0
sl x oy 19 £
"l’i =3 F=%
e S o
TOSHIFT vP  3.90 Ma,, SHIFT up 2.0f MANg. SHIFT UP [.5§ MHx,
__J___g i | | ] i 1 1 i D 1 1 1
121 ’ 124 125 126 127 128 129 130 - 7 136 137 138

FREQUENCY in MHz.

XBL £711-1931

65

Fig. VI-3. ¢, B and y transitions for Dyl at 100 gauss.



- 50 -40 " -30 ~20 -{0

° by

XEL 6711-1932

Fig. VI-L. Zero field level ordering for Dyl65.



-40-

Using Eqs. (3.7) and (3.8) for u; and Egs. (3.12) and (3.13) for Q

and Bleaney's value for Lo (BLE 64) which is ds - 8.7 a.u. one

3
o 165 r r°
obtains for Dy
uI(uncorr) = -0.50(4) nm
Q(uncorr) = 2.8(3) barns

where the sign of Q has been chosen positive since most isotopes in
this region (150<A<190) have positive quadrupole moments, thus fixing
the sign of'uI. No diamagnetic or Sternheimer corrections have been

applied.

3. Interpretation
i Dy165 has 66 protons and 99 neutrons in its nucleus. It is thus
far removed from closed shells (50, 82, 126) which places it in a
strongly deformed region. The collective model of Nilsson (NIL 55)
applieé in this region. The ground state of Dy165 is characterized by
thebasymtotic Nilsson orbital of 7/2 + [633] (MOT 59) for the 99T | N
neutfon. Fig. IV-2 "is apparently in error in predicting the [521-1/2]
level to be'below the [633-7/2] level; In every casé where clear cut
vexperimental evidence is available, the latter level is found to lie
somewhat below the former." (Direct quote from (MOT 59)).
From Eqs. (4.2) and (4.3) and Q = 2.8 barns oﬁe obtains § = 0.24.
A systematic study of Cbiao (CHI 61) of the magnetic properties of deformed
nuclei indicates that in the region of A = 165, the deformation § 1s a -
slowly varying parameter and is approximately equal to 0.26. Using § =

0.26 one gets Q = 3.2 barns, about 14 % above the value calculated from

the measured interaction constant b .
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From Eq. (4.1) with 8r =‘Z/A, gé(n) = -3.826 and gz(n) =.0 for

6 = 0.3 one obtains u_,;. = -0.80 which is 60% above the value obtained
fron a . A value of g, less than the free value'would bring Healc into
better agreement. For gé(n) = -2.9 one gets Meale = -0.50 which is the

measured value. By interpolating the ap Q's to § = 0.26 and using
. R

_ _ 7 . .
' gb(n) =:2.4, 8r = 7% = 0f20 as recommended by Chiao, one obtains Heale =

-0.51 compared with Hoeas = -0.50.

The agreement between the calculated values of u (using a quenched
gé) and Q and the values deduced from a and b is very good, consid-
ering the uncertainties in the atomic calculations. The results again
confirm the applicability of the Nilsson individual-nucleon, strong- |

deformation approach in this region of the periodic table.
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B. Spin of Erbium-163
" 1. Introduction
5163

Er

Ho163

has a half-life of 75 minutes, decaying by 8" emission to
(haif4life > 103 years), then by electroh capture to stable Dy163.

163

Er was made by bombarding stable Hol-65 (100% abundant) on the 88-inch

Cyclotron at Berkeley with 37 Mev protons for about two hours at a
current of 30 pamps or greater prbducing the reaction Ho (p,3n) Er163.
As is evident from Fig. VI-7 only Er163 was produced in detectable
amounts. The decay curVé is a straight line for 6 hours (w 4.5‘half-lifes).
The cyclotron target as shown in Fig. VI-8 consists of four disks,
0.230" in diameter and 0.050" thick, and a 5 mil cover foil of aluminum.
The disks were placed in a Ta or W oven and oven liner and heated by
electron bombardment until a satisfactory beam was obtained. About
100 watts of heating was'necessary. The beam lasted about four houfs.
Sometimes the sample ﬁelted-and evaporated out of the oven, other times
the sample looked as if nothing had happened to it. Anywhere from 1/2
to 2 hours was occupied trying to get a satisfactory beam. The erbium
didn't.necessarily come out as single atoms at first. Heating the sample
to a higher temperature initially and then lowering the temperature
seemed to help in getting an atomic beam. One could not start takihg
data until one obtained a previously seen resonance. A temperature
giving a direct beam in excess of a hundred counts per minute was a

169

satisfactory temperature to work at. Er was used to determine gy to

high accuracy, gy = -1.163815) (DOY 63).

2. Spin Search

Erbium has a 3H6 ground state arising from 4f12652 configuration.

r163

E has 68 protons and 95 neutrons for a total of 163 nucleons which
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Fig. VI-8. Cyclotron target and Ho disks.
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gives rise to a half integral spin. Spins from I = 1/2 to T = 11/2 were
tried using Eq. (3.22) at four and six gauss as shown in Figs. VI-9 and
VI-10. The spin was found to be I = 5/2. From Fig. VI-10, the six
gauss spin search, it is obvious that something unusual is happening
since the F = 17/2 and F = 15/2 points have decreased by more than 50%
~from those of Fig. VI-9 taken as four gauss. This can be explained'by
looking at Fig. VI-II where the resonances at six gauss are shown.

The resonances have appreciable shift at as low a field as six gauss.
At 12 gauss, Fig. VI-12, one can see only one resonance. Another point
to be noted is the decrease in amplitude in going from six gauss (76%)
to 12 gauss (44%).

With a spin of 5/2 there are 78 Zeeman sublevels in the beam, giving
rise to six Zeeman flop-in resonances as shown in Fig. VI-13. Five of
the six transitions yielded large resonances at 10 gauss (>25%) while
the sixth (F = 7/2) was much smaller.

3. Interpretation

Since Er163 is far removed from a closed shell, it is in a strongly

deformed region. The collective model of Nilsson applies in this region.

163

The ground state of Er is characterized by the asymtotic Nilsson

orbital of 5/2-[523] (MOT 59) for the 95th neutron. The measured spin
I = 5/2, agrees with that predicted by the Nilsson model, Fig. IV-2.

4. Higher Field Results

The three highestlf states were traced out at higher fields. At

- 20 gauss, the F = 17/2 énd F = 15/2 transitions have separated into two
' distinct resonances as ghown in Fig. VI-14, but there was a problem in
assigning F values to ;ﬁe resonances. Whichever one the F = 17/2

resonance is, it was shjfted up from the é=b=0'1ine and the F = 15/2
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Fig. VI-13. Hyperfine struéture diagram
(partial schematic) for Er163,
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resonance was shifted down as can be seen from Fig. VI-14. With this
in mind "Hyperfine 2" was run for a values from 100 to 400 and b
values from +9000 to -10,000 for both F = 17/2 and F = 15/2. The

F = 13/2 fesonance was not shifted at 20 gauss. The results of the

computer run are shown: in Figs.‘VI-ls and VI-16 where deviations from

" the a=bé0vlines are plotted at 20 gausé for F = 17/2 and F = 15/2. The .

only region of the plots where one gets the proper deviations is near
the b/4 = -20.0 line. AS c¢an be seen from Fig. VI-17 the F = 17/2
and F = 15/2 lines'crpss at b/a = -20.0 at zero field (BAK 60).

Figure VI-18 is a plot of the deviations with magnetic field from

the a=b=0 line for F = 15/2 for a from 100 to 400 and b/a from -10 to

-19.5. The deviations all tend away from the a=b=0 line and there is no

tendency for the lines to cross the a=b=0 line other than at zero field.
Figure VI-19 is a plot of the a¥b=0 lines for F = 17/2 and F = 15/2
with the experimental data superimposed. There are two possible ways
to connect 'up the experimental points. The dotted line for F = 15/2
tends toward the a=b=0 line at higher fields. This can't be correct
siﬁce all F = 15/2 curves as shown in Fig. VI-18 tend away from the

=b=0 line. Therefore the solid lines in Fig. VI-19 are the correct
ones. This is born out by higher field}data. The F = 17/2 line crosses
the a=b=0 line for F = 15/2 at about 50 gauss.

~ Seven resonancés were used to obtain values of a and b . As

shown in Table VI-2, three a, two B and two Y tfansitions in fields
ranging from 20 to‘130 gauss constitute éhe data. The intensity of the

resonances decreased as one went to higher. fields. At 130 gauss the

F = 17/2 resonance as shown in Fig. VI-20 is 6.4% and the F = 15/2 resonance

1
i

%
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-60-

Table VI-2. Erbium-163 Resonances

H(G) vexpGMHz)* Residual  Transition ,Deyiation from*
a=b=0 line (MHz)
20.00(5) 49.00(30) -0.07 o +3.00(30)
20.00(5) 47.40(30) 0.00 B -1.80(30)
20.00 (5) '54.80(40) 0.00 VR ©0.00(40)
50.00 (5) 124.80(40) 0.25 o +9.80(40)
50.00(5) 137.20(40) 0.20 oy ~ 0.00(40)
130.00(5) 328.20(20) -0.02 o +29..20(20)
130.00(5) 305.20(30) 0.04 B -17.20(30)
a (MHz) Aa b (MHz) Ab g v
+314.0 12.5 $6220 252 -1.16381 0.6
Residual = Vexp vtﬁeo
Transition o F = 17/2 omp = -3/2 < -7/2
B F =15/2 mg = -1/2 <> -5/2
YyF=13/2  my = +1/2 > -3/2

* . )
Frequencies are twice the actual applied frequency since J being

integral leads to a two quantum transition.
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is only 1.7%. Both resonances.have a pronounced dip in the middle.
The dip could be due to r.f. overdriving. The deérease in amplitude
with increase in frequency is most likely due to the shift in frequencies
for the individual single quantum fransitions that make up the double
quantum transition.

Since b/a = -19.80 is very close to a level ordering crossing there
could be a possibility of a direct transition being misinterpreted as

a AF = 0 transition. The normal direct transition AF = 1, Am. = +1

F
(m transition) which is theoretically refocusable is labeled I in
Fig. VI-21. 'II and IIT are o transitions that are not theoretically
refocusable but if the oven hole is off Center and the beam goes by the
edge of the hairpin in the "C" region there is a pqssibility of their
being refocused. 'Hyperfine 2' was used to compute these three transi-
tions for a  from 100 to 400 and b/a near -20. The three transitions
plottedbin Fig. VI:21 are for a = 314 and b = -6220 since all the
direct transitions from .a = 100 to 400 for various b/a's are similar.
As can be seen from the figure there is no possibility of the direct
transitions being misinterpreted as a AF - 0 transition.

For a = 314 and B = -6220 at 250 gauss one gets from 'Hyperfine 2"
a deviation of -0.7 MHz for F = 13/2, -0.2 MHz for F = 11/2, -1.0 Mz
for F = 9/2 so there was no point in obtaining resonances for these F
values unless one used a mﬁch higher magnetic field. For F = 17/2 and
F = 15/2 the iﬁtensity was low at 130 gauss so a possible way to get
more accurate values for a and b would be to use two distinct.
frequencies for the double quantum transitions.» The deviations for

F = 17/2 and F = 15/2 at 130 gauss should have been enough to determine

a to better than 1% had a and b not been correlated. If Eq. (6.2)

')
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t

is true, then a and b are correlated for that value of magnetic
field.

o § = gg/gﬁ ~ -g- where F = transition frequency ‘(6.2)

For a = 314 and b = -6220; dF/3a = -0.374, 3F/3b = -0.0181 for F = 17/2
at 125 guass Which gives § = 20.6 = 19.8; for F = 15/2 at 125 gauss one
gets_§ = 19.5. 1If one goes up to:a high enough magnetié field the
correlation would become negligible. For F = 17/2 at 400 guass § = 24.4,
The results are |

I=25/2

a = *314(13) MHz

b = #6220(252) MHz

b/a = -19.80(20)

165

Ali's values for Er are (ALI 64)

a = +195(6) I1=5/2
b = ¥3502(115)
U = +.652(29)

Qunéorr = +2,22(6)
Using the Fermi-Segré relations [Egs. (3.9) and (3.14)] with Er165
one obtains for Er163 .
uI(uncorr) = +1.1(1) nm
Q(uncorr) = +319(5) barns

where the sign of Q has been chosen positive since most isotopes in this
region (150<A<190) have positive quadrupole moments, thus fixing the sign

of Mp- No diamagnetic or Sternheimer corréctions have been applied.

-
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From Eqs. (4.2) and (4.3) and Q = 3.9 barns one obtains § = 0.37.
According to the Niisson model one should get.a deformation of about
§ =0.26 so the measured value is much too high for the theory. Nilsson
feels that a deformation of § = 0.37 can't be correct (NIL 67)'but the
data‘gives this value. If one used § =-0.30 (the largést value for § in
Nilsson's tables) one gets QCalC = 3.0, about 23% below the value
calculated from the measured interaction constant b .

From Eq. (4.1) with g = Z/A, gb(n) = -3.826 énd g = 0, for § = 0.3

one obtains Veale = +1,2 which is 9% above the value obtained from a .

The deformation & = 0.37 is much too large to agree with the Nilsson
model so something is in error, either the model or the data. I personally

feel that in this case the model is in error and needs correction.
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