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ABSTRACT

The atomic beam megnetic resonance method has been used to in-
vestigate the hyperfine-structure separations of radioactive isotopes
K’J'B, Ygo, La.l’uo, and Lulw. Excepting K’Q, which was produced by the

reaction l\l’o(cnz,]g)ldl‘t 3 with the Crocker 60-Inch eyclotron at Berkeley,

all isotopes were reactor-produced by (n,7) remetions.
Potassiun-h3 ves investigated in the °5, /o electronie ground

vsta.te with thé following results:
| I = 3/2, Av = 192.64(5) Me/see,
l“x' vas obtained with the 8id of the Fermi-Segrd formile from the

zero-field hyperfing-structure separatiom, Av; and the known constants

of K39 or KM‘.

The remaining isotopes vere investigated in both the D, /o ead
the 2D5 /2 electronic states. These measurements yielded the £ollow=
ing spins and hyperfine-struchre m'izei'aatim eonstants s

2 e
D3 /2 eleotronic state | | .
r° il

s~

lugl = 0.163(2) s

ez
a = «169.7H9(7) Me/sec
b = -21,602(27) Mg/sec

| aD,j /2 electronic state
C raen
a = -85,258(6) Mc/sec
b = »29,T16(38) Me/sec

Ie=T7/
g = 194.84(2) Me/sec
b = 1466.71(12) Me/sec

w7

|

I=T7/2
a = W4T7.17(1) Me/sec
b = 1805.93(1k) Me/sec

iv
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The spin I = 3 was measured in both electronic states for Lalho.
'TheA uncorrected nuclear magnetic moment of Y90 calculated from -
the hypezjfine structure by use of the magnetiec nament and interaction
y
constants of '189 wasg :

= -1.623(8) mm.
The sign of the mament was determined from the gx-dependent AF = ]
transitions for which the magnetic field dependence of the frequency
was zero at high fields. The uncorrected nuclesy electric quadrupole
noement of Y90 eaicul,ai;ed fram the interaction constants for both
electronic states was | |
Q = =0.155(3) varns. |
The uncorrected melesr magnetic moment of 177 caleutated
from the hyperfine structure vith the ald of the megnetic mement and
interaction constants of Iu '° was ‘
| My ® +2.0(2) nm,
The sign of the moment vas determined by the method previcusly indie
o"ated, Uncertainty in this measurement will be cm_sid.er;biy reduced
vhen improved values of fhe megnetic moment of mlﬁ become availeble.
~ The wncorrected muclear electrie quadrupole moment of w77 caleulated
from the interactiom constants for both electronic states was
Q = +5.0(6) barns.
Because of the large quadrupole moment in m177.1 the zero~field
level ordering was inverted, in order of decreasing energys | v

2

D state: F =5, 2, 4 and 3

3/2
ans /o Btate: F =6 5, 1, b 2, end 3



Resonance detection was accomplished by collecting radio-
active atoms on sulfur-coated surfaces, which were subsequently

counted in continuous-flov methane beta counters.
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I. Imtroduction

Yttrium ore, discovered in 1794 et Ytterby, Sweden, was not obtained
in pure form until 1843 vhen C. G. Mosander showed that yttria could be
resolved into the three oxides yttria, erbia, end terbia. The free ele-
ment was finally obtained by W¥hler by reduction of the chloride with
potassium, |

Yotriun £s & common ingredient of the minerals gadolinites Scenotmep
and euxenite. In the preliminary separation process, yttrium is the prin~
cipal metal of the "yttrium group,” which also includes the rare earths
lutetium; ytterbium; thulium, ex:biwn, and holmium. Probebly because of
its remarkably similar chemical @roperties and low ebundance, the rare
earth lutetium was not discovered until 1906 by G. Urbain, who nemed it

after Iutecia, the Romsn neme for the city of Paris. It wes also indepen-

dently discovered at sbout the same time by Auer von Welsbach, who named

the element casléio:pium. Although this term. versisted in most of the German
lﬁ.temtﬁre during the first half of the twentieth century, lutetium is now
the commonly accepted name.

Lanthanum was discovered in 1839 by C. G. Mosander, who named the
element efter the Greek word "lanthenein” meening "to be hidden or con-
cealed.” Lanthanum is a member of the "cerium group” of rare earths;
whose principal ores are cerite and monawite. The most abundant element

in this group is cerium; others, in addition to lanthanum, sre praseo-

 Gymium, neodymium, promethiwm, end semarium.

Because of their similar chemical properties, high-purity production

of these metals has not be possible until recent years. A universal



method for product;lozx at prea?nt is by calcium reduction of the enhydrous
fluoridés. The metal is prepared by mixing the fluoride with a 10 to 15%
excess of calciuni metal powder in a tentalum c¢rucible, The temperature
1s ralsed above the melting point of all constituents i an inert stmos-
phere. After the reduction reaction, the CaFa\\ slag is mechanically re-
moved and amall calciun impurities are diminished by vacuum remelting.
Various refinements to this general process have been made for each indie
vidual element. i'he 63'_1311'13.1 literature .v'sh'oﬁl.d be consulted for exact
details. These eienients’ are now commercially available with a 99.9%
purity deeignation. I |
' Discovery of ‘the 'm&ioactim isotopes Ygo,g Lalhc, and IAJ}W occurreq
om_q shorter period of time than for their stable preaece‘ssom. Ma'rsii
and Sugden (MAR 35) in 1935 reported discovery of a 1.9(2)-day activity
from the neutron bombardment of stable lanthenum which they ascribed to
Lalm. They also reported a 4.0( 1)eh6ur activity from neutron bombardment
of stable lutetium, Bince only the most sbundant stable isotope of lute-
tium was known at the time, the activity was escribed to ., 1 1936,
Hevesy and Levi (HEV 36) cbserved a 4-hr and also & 6- to 7-d activity,
both of which could be atdrituted to a neutron boumbardment of steble Lute-
tdum. ‘They econcluded thet e second steble isotope in small sbundance but
ﬁith a large cross section must be present. This isotope is ndw known &as

176

2,60%-ebundant In~ ', which has & thermal neutron sbsorption cross section

of sbout 3800 barns. The 6- to T-d activity wos corrvectly identified as
ml'” and the behr activity 1is now known to be 'Inrfém.

In the same paper, Hevesy and Levi also reported production of a



T0~hr sctivity from & neutron bowbardment of stable ybttriume. The new
isotope B~ decayed into 7270, Their identification of the activity as
¥ has been verified by & number of investigutors (STR 53).

With the advent of severasl competing muclear structure theories, the
importence of the muclear properties of these lsotopes has increased. A
eritical test of eny nuclear model is its ebility to predict the nuclear
sngular momentumn, mgnetic dipole moment, and electfic quadrupole moment
of eny isotope. In order to test nuclear sbtructure theory, therefore,
experimental measuvements of these properbties must be available.

An interesting way to study nuclear structure is to study the nuclear
spin and moment properties of a given element &s neutrons are added or
subtracted from the neutron configuration of the stable isotope. Since
these pmperties heve Dbeen or are being messured for stable isotopes of
yttrium, lanthenum, and lutetium by other leboratories, 1t was desirable
to attempt measurements of a similar kind on the radicactive isotopes.

Specisl significance was attached to Ygo, since the quadrupole moment
of this isotope would be the first yttrium quadrupole moment to be memsured
(1 = 1/2 for Yeg). The very large expected quadrupole moment for m177
made thie isotox;a especially interaesting.

One of the better methods for measuring ruclear spins end moments of
radioactive 1sotopes 15 to study the hyperfine-structure interaction by
the atomic beam mognetic resonance method. BSince imotope production is a
Principal problem, and since a successful atomic beam experiment can be
performed with és few &g 1010 atoms, its great advantage is immediately

B8een.



II. THEORY

As The Hyperfine-Structure Interaction

The method of atomic beams for the study of nuclear préperties is
extremely useful because of the simplicity of the Hamiltonlan that repre-
eents the interaction of the nucleus with the orbitsl electrons. Because
of relatively large distances between atoms in the beam; each atom ié
essentially isolated from all the others and the 1nteratomic interaction
is negligible. | |

In treating the noncentral interaction between electrons end nuclesar
particles or the hyperfine inter;ction, it is convenient to expand nuciear
and orbital electronic potentialé in terms of their multipole moments. |
Then; in terms of these multipole moments of order 2%; the following theo-
ret;cal»restrictiona have been shown to exist:

(a) From parity considerations, if all ruclear electrical effects
arise from electrical charges, and if the nncléar ﬁamiltouian is unaltered
by an inversion of the coordinates, then no even (£ even) nuclear magnetic
multipole moment or odd (£ odd) nuclear electrical multipole moment can
exist. |

(v) In an atom with a nuclear spin T and a total electronic angular
momentum 3; it 4s ilmposeible to oheserve a muclear multipole moment gfeamer
then 27, where 4 = 21 or 27, vhichever is smaller. |

1. Magnetic Interaction Between the Atomic Mucleus and Its Orbital

Electrons
From the above considerations, the smallest magnetic moment one could

expzet to observe would be the magnetic dipole woment. The term in the



Hamiltonian representing this interaction iz
Wy = "“I 3 A - (11-1)
where "‘I is the nuclear magnetic moment and ﬁ’ is the magnetie field at

the nucleua ariging from the rest of the aton h&ving angular momentum

. The magnetic moment can be taken as pmpartional to its spin angular

‘momentum g and m-itten asg

-3 3 . o _ .
iy = /DT e gl 5 (11-2)
vhere &y is the nuclear g factor and o is the absolute velue of the Bohr
magneboh. Thus,
_ . _Mn w-wgige‘f . f{, o | (11-3)
ﬁ’J cen be taken as proportionel to J for matrix e:_ieménta diagonel in T,
80 that the above equation becomes
H) = nel » T, - S ¢ ¢ 1)

with

“&IMOHJ. ﬁ -J’

- 81"059 R (11-5)

he =

vhere & 418 the megnetic dipole interaction constant. _
The matrix element of T o J can be obtained in the following way.,
Let the angular momentum which is the vector sum of T ana T bve FaTP+7

with quentum mumber F. Then,
FPe(@+N=-P+F+27.7

or

?‘ ?“%(ﬁ‘g “_12 "‘-32)0



- In the linit of small gquantum numbers, |
TF= %[F(F +1) - I+ 1) « T+ 1)15 c/2. (11-6)

Thus, the interaction energy WD(F) for the state specified by the quantum

nunber F becomes; in the F,m representation,
W(F) = (F,mIMD!I«',m) = haC/2. (11-7)

in order to calculate gI'from the interactlion constent e, one must
obtain an estimate of ﬁ;, the effective magnetic fleld at the nucleus due
to the rest of the atom, This calculation has been made by a number of
authors, and the results are sumﬁarized by Kopfermann (KOP 58).

(a) For an & electront ; A \

2 2
, ' g. g4t 22 do
& (in Me/seq) = - -g—MQ . E;) F(3,2)(1 - 8)(1 - ¢), (1I-8)
0 20

vhere = the electronic g factor for the element,

€y
8, = the first Bohr radius,

% = the atomic number of the atom,

Z

o = the effective atomic charge as seen by the electron vwhen

outside all electron shells,
ny = n ~ ¢ 1s the effective principal quantum number of the
electron,

(1 - %% ) is the so-called Fermi-Segrd factor and can be obtained

from spectroécopic data. Fr(J,Z) is a relativistic correction
factor (~ 1) given by Casimer (CAS 36) and tebulated as & func-

tion of J and Z by KOpfermanh (KOP 58, p. 445); (1 - 8) is the

™

»



Breit-Rosenthal correction which arises because the nucleus is
not & point charge as was assumed in the derivation of the basic
. expression for e (ROS 32, CRA 49, ION 60). The factor (1 - &)
is the Bohr-Weisskopf correction, neceéeary because nuclear
magnetism is not concentrated in a point dipole‘ but is distri- |
‘buted throughout the nuclear volume (BOH 50; end BOH 51) . |
(b) For p;d electrons: '

e (2" )F (J:Z WL « 8)(2 -~ €)s - {11-9)
mﬂ TP T

a (1a Mc/sec). =

The factor (r"3) cen best be evalusted from the fine-structure
splitting & (cm"l) . between the (L + 1/2) and (L - .1/2) elece

tronic states,

hed
(+73) - . oy ’ (11-10)
2uy(L + 1/2)2, 8 (1,2,)

vhers ‘Zi.. is the effective atomic charge as ‘seen by the electron
when inside the atomic core, and H r(L’Z’i) is another relativise
tic correction factor (cas 36; xop 58,‘ Pe BUG). Thus,

800 L« 1) %wﬂg

(1 - 8)(2 - e)s (II-98)
1oﬁzi (L + 1/2)3(g + 1) u(1,2,) ) )

a (in M3/sec) =

A more accurste method for obtaining gy from a exists, however, if
accurate measurements of 8r and & for another isctope of the same ele-

ment ere svellsble. Since the factors involving the electronic cocrdinatés



are the san=, we have the relationship

R
——= (13-11)
8, &

2 "I,

if we peglect the Breit-Rosenthal and Bohr-Welsskopf corrections. Experi-
nental deviation from this theoretical relation results in the hfis anomaly.
Of the two corrections for this anomaly, the Bohr-Weisskopf correction is
the more important and is apprecieble only for 2£~pole mognetic interac-
tions with an electron in a state J = 4/2. TFor verious orders the effect
varies as 1/(4 + 1). 6ince the accuracy of moasurement for_Kh3 was not
sufficient to determine an enomaly, and since the other measurements were
made in electronic states corresponding to J = 3/2 and J = 5/2, the hfs
snomaly is not en important factor in enalysis of the experimental data.

2. Electrostatic Interaction Between the Atomic Nucleus snd Its Orbital

Electrons

Since the smallest electric moment (€ = 1) thet could give rise to
hyperfine structure should theorctically be-~and has indeed experimentally
been found to0 bee~zZero, we shall consider now the nuclear electric quadrue
Pole interactit;n (£ = 2). Furthermore, we shall limit discussion to only
the unmle moment;, since higher-ordered electric moments have been too
small to be observed and ers not necessar& to explain the experimental
raésults in this dissertation.

Ramsey (RAM 53), for example, hes shown that the gquadrupole interac-

tion energy can be represented by



Hthb

3(T - H2+3 @ D-ur+naar1 g
[ , ] » (11-12)
: ax(ax - 1)J(2F ~ 1) ‘ e
vhere Mb = 6% 0, Q 15 & scalar quantity vith the dimcnsion of square

centim&ters which is eonventionally called the nuclear quadmpole monent

‘and is defiued by

1 | | |
Q a; fpn(rn)mf_ (32,2 - rf)d'vn'y - (11-33)

where the subscript indicates that the Mtegml is carried out for the
nuclear state vhosé magnetic que.ntum nurbar my is I, Iikewise, ay is
defined by the mtegml

1 @) (3 cos?0 - 1 ( 1&)‘
4y 2 fp Tolm e % ’ (II-1
. J 3 mJ J re?’ ,

where the subscript indicates thet the integral is carried out for the
electronic state whose mognetic quantum mumber oy ia J. Here 6 iz the
angle betveen ¥, end the z axis relative to which this state has my = Jo
In the quantum-mechenical trestment, the integral is the aversge of

(3 c05°9 - 1) /r3 over the appropriate eigenf‘d.nction for m, = J, or

3 c0s%9 = 1 3 coaae -1

mJ,J'

msd > . (11-15)
/ nged

Jad

- If the eigenfunctioh of en electron can be approximsted by a product of

a radiel and an aengular part, then

3cose-1
> < > . (3 030 = 1), (11-16)
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Since we alreedy have en expression for v(r'?’), we need consider only

(3 cosee « 1)+ Kopfermann (KOP 58) shows that

. 27 - 1 -
(2 cos®e - Vg == —— (11-17)
27 + 2
_for J = L £ 1/2, Thus,
5 |
e“q (27 - 1) — v , .
b & e (+ )R (1,3,2,), , (11-18)
h (27 +2) -
or with the help of Eq, (II.10), | - o
eZRes(2d ~ 1) R (1,3,2,)

(11-19)

b (in Mefsec) =
106}10221(21. +1)(23+2) H r(L,zi’)

Rr(L,J ’Zi) is enother relativistic correction factor (= 1) given by
Casimer (CAS 36; KOP 53, p. 448), and the other symbols have been pre-
viously defined.

In By, (I7-19), %, is not generally well known. Therefore, a nore
accurate method for evaluating Q from the interaction constants is to
make use of the relation

eyt FAnz) UL b

e 5

; ’ (11~20)
e ar(r..,a",zi) J(2J7 - 1) a

which was obtained from Eqs. (I1-9) end {I1-18). Volume corrections have
been omitted from this formula sgince they are negligible in 2P3 /2 states,

2D states.

and even more so in
The T » J factor in Eq. (II-12) can be evaluated in the F,m repre-

sentation with the aid of Eq. (II-6). This operation ylelds the



quadrupole interaction energy for the state specified by the quantun

nuniber O .
wQ(F)' - (F,m!l}inF?m)

Folec+ 1) -1(z+ VAT + 1)

A (11~21)
2x(21 ~ 1)3(a7 - 1) |

3+ Interaction With an BExternal mag‘netic Field

Each hfs level is split into (2F + 1) levels when an external mag-
netie field ¥ is applied. The eddftional term in the Hamiltonisn repre-
senting the intersction between the atom end the externsl. magnetic ficld
ia ‘ N ) . .

3, = -;:;’J g T . T, - - (1r-22)

where E’J = ';g J;xaﬁ’ and, I:?I 2 quQ'f gre the electronic and nuclear magnetic
moments, respectively. The two simplest cases are the weakefield end
strong-field ldmits. | | |

The weak~field or Zeeman effect is characterized by en external
field eplitting thab 1s small compared with the nstural zero-field hfs
splitting. The moments of the electrom end nucleus are maguetically
coupled to each other stmngly‘to form a resulbant megnetic moment WF w
gz‘#of’e Congequently '1?, according 40 larmor's theorem, precesses around
the divection of the external £ield ¥ Tand T in turn precess together‘
vith a mch greater frequency ebout the dlrectlon of ¥ (Frig. la),
| The definition of gp can be obtained from the vector model:

— - - ’ : :
MF = ”’J' + ii«I F (II‘23)
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(a) (b)

MU-13365

Fig. 1. Precession of_f, .—T: and f in (a) a weak magnetic
field and (b) a strong magnetic field.

«
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ng,OT? = g J“Oy + gI“O?‘,‘ - : (11~24)
Thu53
8 7 . -E-?"‘ g ? ° ?
gy = il — ) (11-25)
which, because of the _relationé
chrga- .07 7,
and ‘ _
PP+ P a7 F (11-26)
is for large quantum mmberé eqﬁal!t to o )
=g +g e (112
L o2 L -
For small quantum nurbers,
CHF+ L) + T+ 1) - (I +1)
= g i N
27 % 2F(F + 1) |
P(r+ 1)+ I(X+1) « J{r+1) |
+ g e . (11-28)
eF(F + 1) |

Bince gy = 1/2000-¢ 5 the last term in the equation above is usually
neglected 4in most caloulations. '
At low fields the good quantum numbers are F and m, vhere m is the

mognetic quantum nurbers Caleculation of the interaction energy of en

Jatom in the presence of ‘an externsl magnetic fleld for the state spsel-

fied by guantum mumbers F and m can be approsched in the general case by
uge of perturbation theory. At low fields; the principal part of the



2

Hamiltonian is 310 = H‘D + 3le. Tha perturbing portion is MM' In an F,n
representotion; therefore, one can vrite the energy up to third order as
W(F,m) = WO(F) + wl(F,m) + we(F,m) + w3(1«',m), (11-29)

where the superseripts refer to the order of the perturbation and (CON
57)

wo(F) = (F,mIMOIF,m) s (11-30)

WV(F,m) = (rymfi I7,m), (11-31)

(F,mliF + 1y m)2 . (F,mmmll"‘ - 1,111)2

Wir - w0F+1 v - vOF - 1)

V2(Fm) = , (12-32)

and

(_F:m‘aMlF + lsm)Q[(F + l,m'ﬂM.F + 1l;m) - (F)N'MM|F93)]
woE) - wor + 1%

W3(F,m) =

, (i',mliF - 1,m21(F - Laf|F - 2m) - (mallrm)] .
(F) - wO(r - 1)1° |

(11-33)
The additionel matrix elemsnts required in the ebove formlae are given,

for example, by Ramsey (RAM 56). They are:

P(r+1) +33+1) - 1(1+1) :
(F,m]JZfF‘,m) = - - m, (xx-3%)
oF(F + 1)

((FH1-T+5) (P1+T-3) (Trgeer) (1+0-F) [ (741) 2 - 021} Y2

(F,mlleF‘*-l,m) = ’

u(mlj‘?(ml) (2r4+3) (11-35)

(Fomlg, IF41,m) = (Feyml3, |Fym), (11-36)

(Fsmla,IF'ymt) = -(FymlT, |Fmt), (11-37)



1O

K

WO(F), which is degenerate in m, gives the zero-fleld hfs splittings.
‘In the case of normal level ordering and positive magnetic moﬁze}xt s the
highest P level corresponds t0 the highest energy. Hm'rever_, depending
on the sign and the magnitude of the ratio of the interaction constents,
¢ = bfa, the level ordering can be in elmost any orders Baker (BAK 60)
has used the IBM €53 to obtain eolubions of Bq. (IT-30) for 1€ I 8
and 1 § J 5 8 over all possible ¥ levels in half-integral steps in I and
e I:evel intem@afbic‘m‘ points are célcuiatéa-ekxd the resulte are gmph:_teauy |
preseated over & convenient mnga of g» Fié;w&:s 2, 3, 4, and 5 preé’ent
the results for the four cases of ‘int\éi'@st. o _ |
If the aemﬁel& ‘hzf‘s 'sepss.mﬁim pre mssumad o be Imrg*e, then the
frequency separation v, of the various m levels for a,' given F is obtained
’Vl(l"‘:_m) - Wl (¥,m-1) ~GpitoH
o oo e - g,
h h

(11-38)

[}

R /

Thus, if J and gy Bre Intwm for e given isotope; the transition freduency
g proportional o & mnmm function of the nuclear epine

w?(}?;m),, W3(F,m)_,' and the higher-ordered terms are useful for
estimating the %m%field hfs separvations Lrom the higherwrdemd shifts
11 the measured AF = O transltion Irequencies. é{’_o second oxder in H, th'é'
shift is . : - [

. ~ £.(Lydegy)  £,(10,8.) : N
¥ - vmw[ 1 J”*" 2_ g]ﬂzp (11-39)
Avl“""lp? AVF,‘F*J.
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ZERO-FIELD N
LEVEL SEQUENCE 7 -
J=3/2,1=2 6 -

F=1/2

MU=21930

Fig. 2. Zero-field level sequence for J = 3/2, 1= 2.
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LEVEL SEQUENCE
J=5/2 ) I=2

Wl
F=9/2

Fsa1/2

MU-2193;
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ZERO-FIELD 16
LEVEL SEQUENCE 14—
J=3/2, 1=7/2 12—
W iol-
8  —
6 —
F=5
4 —
F=4
2|
I T I ol T T
o) 4 6 8 1012 14 16 I8 20 22 24
F=3
F=2

MU=-21932

Fig. 4. Zero-field level sequence for J = 3/2, 1="7/2.
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2ERO-FIELD 16
LEVEL SEQUENCE 14
J=5/2,1=1/2

MU-21933

1=1/2.

Fig. 5. 7ero-field level sequence for J = 5/2,



where fl(InggJ) ond fg(I,J,gJ) con be identified with the off-disgonal
metrix elements in Bqe (II-32)s The Av's in twrn can be used with Tge
(11-30) to obtein estimates of the hyperfine-structure interaction con-
stents. In principle, this procedure can be exbended td higher—-orciered.
terms, - Hm;re\ker, the calcﬁlations become very long and tedious, end con-
sequently, a computer routine (to be descri'be_&) has been devised to solve
the hyperfine Hamiltonlen numerically. |

In the limlt of a very strong magnétic .f‘ie:{.a corresponding to the
Paschen-Back effect, ;‘l} and II} are decoupled, and T and F each separately
precess sbout ¥ (Fiz. 1b»). For this cese » F and m are no longer good
quantum numbers; the good quantum murmbers are my and m;;,. of I end J, rege
pectively. Singe the emcssemai Pield intorsctions sre diagonal; and the
averages of the cosine couplings ere the firste-order perturbations,; we

can write the total energy of eny level approximotely es
0
W(ml,my) = Y (mI,mJ) + wl(mI,mJ)
e (mI,meM‘mI,mJ) + (mI’meD + EQ'mI,mJ)n (11-%0)

Herep, the principal part of the Hemiltonian is HM end the perturbing

portion is MD + 31Qa To first order, then,-

Wlopmyg) = -Bpaggl = Emggl + hangi;

2 1[3m,2
|l - X1 1l - 9 e 0] (1z-41)

4i(21 - 1)J(2y - 1)

From knowledge of the term ehergies in the veak- and strong-field

limits; one can qualitatively represent the energy levels as a function



of the magnetic field on a "Brelt-Rubi disgram.” Tronsition from a weak
to a strong field for any Zeeman level talkes pia/ce in such a vay that its
magnetic quantum nusber m is preserveds This fact and the "no m crose
rule," which states that levels of the same m cennot crossy; ensble one to
qualitatively raprescut the energy levels in the intermediste field region.

4, Solution of the Secular Equetion

For intermediste fields; the approximations used previously are no
longer valid, and the secular equation of the matrix corresponding to the
Hamiltonisn

H= MD + NQ + MM (11-42)

miet he solved. In the ge‘zmml cacey, this caloulation is tedious and
therefore the problem hes been programmzd for both the IBM 653 and the
154 70k |

The original msthod of solution and the originsl computer programs
vere constrdated by Professor We A, Nierenberg :?o,i‘ use on the IBM 653,
The method of solution as well es other debtalls of the routines is out-
lined in the program guides and :Ln Marino's Ph.D. thesis (MAR 59). |

Enlers (EHL 60) has made several modificotions to these programs,
the essential feature of which consists of chonging the input and output
from a d:l.ménamnlesa to & dimensional form, |

The most recent modification to the programs above has been theilr
adaptation for use on the IBM TO4 by Donald He Zurlinden (ZUR 60). This
program, Hyperfine III, uses the same procedures as the previous progrems
to £it observational data to é set of four paramsters a; by &1¢ and. By

Any conbination (15 are possible) of these parameters can be allowed to
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vary or can be held coastant at the discretion of the user.
A brief outline of this program contalining all the essential fewtures
of the provious pmgxwm follows. | .
. The Hamiltonlan Por the hyperfine inmteraction in the presence of a

magnetle £ield is written

§e§f 3"_%[ 3T NP+ Z (T T - AT+ T+ :'u]

21{21 - 1)J{27 - 1)

. gJ‘u()HJ.‘z - quO_HIz

" (11-43)
h h ‘

It 18 assumsd that electronic states are not mived by the interaction.
A discussion of corrections that must be applied to the interaction con-
stents to account for this effect 1 glven in Sec. IT.5.

Equation (II-42) is vewritten

§= e « T+ [ AR 'f)? +"2i (T - :’)),“ K(z + 1)3(JF + 1) ]
’ | 2x(21 - 1)a(a7 - 1)

(-8, + B8 In BT, @ lF, .
+ ) L 0} Z - I“O = ¢ (II-M)
h h

Since ‘Eﬁz’ = 1/2000 ngl, the term -g fiF, /b, vhere F, = I, + J,, 18
temporarily neglected.
In an F,m representation; we can show ﬁhe only nonvenishing matrix

elements of the Hamiltonian by

&, = (Fym|F '_:ﬂFém)i

s
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3T D24 (T D -z + 1a(a + 1)

éI(Z,’I - 1)J{23 ~ 1)

Fym > s (I1-45)

b, = (F,m‘
P .

e, = (F,mlleFgm),

0, = (FngJZ‘Fi'lgm)e - (wl,mla*zlp,m)z.

These matrix elements can be cvalumted with the eid of Egs. (II-7) »
(11-21), (1I-34), and (11-35).

There 1s one submatrix for each value of m. These submatrices are
erranged along the dingonal of the totel metrix. From Egs. (11-4%) end
{11-45), each dimgonal element of & given m submebrix cen be written

e
| = + ;- 1146
Ap a o, bbp-chp,_ (11-46)
vhers
* ("g + g /)ﬂ '
SN W o {11-47)
h
| The elements one off the diagonsl are
5 , .
@ ) H '11-48
E, i a3 (11-48)

A, end E, correspond to the smsllest F value and A and E, correspond to
the largest F value for a given m sﬁ‘bmatrix.

ﬁ1e term values for & given subuatrix H‘a are obtained by aolving'
the determinent

D, = |Hn - 1x}. (11-49)

If D 1s expanded by the method of cofactors, the recursion relation that

arises for DIJ PP P-nis
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D= (A (11-50)

- X)D
b P )

p-1 " Bpa1lpn’
The de"termiﬁental equation can be constructed from this relationship if
one chooses Do = ) and D-l = 0, This eqﬁatiOn is solved by Newton's

method for improving .an epproximate root of a polynomial vftmctio_n. e

X is a trial root of Dn, then e better spproximation is

X' = X ~ BX, a (11-51)
them
D .
BY & e o (11-52)
' 3D n/ax '

The derivative can be constructed in e wsnner similar to the construction

of Dn from the recursion relation

oD oD JD
—L = (A -x).;._E:;J.:..E 22 . p . (11-53)
3% 2 3% Pl o p-l

The procedure used in golving fér the term velues at & given magnetle
field H is the following, First, D, is solved at zero field, vhere all
off-diagonal terms are zero and the roots are easily obtained end identiw~
fled. H is then incremented by 8 small amount £H, and D, is solved aguin
t0 the desired d{egree of sccuracy by using the previous root s the trial
root and iterating with Rewbon's method & sufficient number of times. A
new root at H = M + A 4s obtained by using the root at H = OH as the
trinl root. The procedure is repceated until the final velue of H e
attained.

To determine the best £it for the paramsters, we muast f£ind the
mintmm of a function H(a,b,gJ,gI) » vhich is commonly called the Chiw

square. Here N(a,b,gJ,gI) ie defined by



e
H

- maim:f_“oi'I 1.1
- - X7+ X oy (II-E‘,}.;)
n 1 2

(m
1 1
Iq(aib)gJSgI) = Z [f obs *
i .

vhere fiobs is the frequency of a transition defined by the gquoatun nume

bers Fli,mlie-—» ;gﬂei,mz‘i obgerved ot nsgnetic £igld Hi. The veighting

factor for the ith set of observed values, mi_, is determined by the

equation
» ' 0f iy (-g. + g i -1
&n[wﬁ_)2+{( )( J'I-°>aﬁ}j , (11-55)
N AN n o .

whére
of _ axl ) axe |
or¥ am* om®

Also st obs end OH- are the uncerteinties in the messured frequency and

magnmetic £ield; re.s'peatively.

The procedure chosen for minimizing N is a quadratic method for
minimizing & function of n varisbles described by Nieremberg (NIE 57).
A set of linear equations is set up in terms of the variablea. This

system of linear equations resulting from Eq. (II-5L4) is the following:

3%y 3%y 3%y 3%y an
da + &b + B, + w——— Ot @ -
'é‘;}_s dadb BaBgJ_- J Baagx I 3"’
3%y 3y 3%y 3%y N
Ba + = Bb + By, + S Y
3edb 32 g, ° g, 1 !
32y 3%y 3% 3%y 31\‘;
Bo, + — Db + ¥ 5&'1 Z ——

2
aaagJ éngJ agJ «."agJ gI BQ‘J



n
On

3%y 3%y 3%y ¥y - dn
Sa + ob +

By * —~——5 OB, = —— o (11-56)
aaBgI Bbagl , BnggI J BgIa 1 ng

Usually, initlal values of the constoats 8y and 8y are obtained from
the kmown constents of another isotope (ugually stable) of the same ele~
ment. The atomic g factor, of course, is the same fof the two isotopzs,
end g, 1s calculated with the Fermi-Segrd formila. Initial velues of &
end b are generally determined froxn an analyais of high-field AP =0
transitions with second- and higher-ordered pertufbation theory (Sec.
II.A.3).

The partial derivatives are treated as constants and are evaluated
for initial values of a, b, 8y end 8 This system of equations is solved
for Sa, &b, GgJ, SgI. The new improved values of the parameters are deter-

mined by

a' = a - da,

o
i

b'&bp

gJ - agJﬁ

"®
.C-c-
n

31-' = gI - 531' (II"S?)

By iterations of the sbove procedure, N may be minimized to within the
desired accuracy.
Errors in the parameters are determined with the aid of Eqs. (II-56)

evaluated with the parsmeters which minimized.N, as follows:

/
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3%n/de? q1/2
Do = [minor of e ’
A |
3%y/ob2 q1/2
&b = [minor of 5.
A N
- Pnfag? 11/
»AgJ = { minor of- ] »
= fa)
- BQN/agIQ 1/2
4g; = | minor of — » ] s (11-58)
L A ‘ T
where A is the determinant of the system of eguations.
The true energies for each level are given by
R ot
= - —— )
l 1 h
m,g it
*
X"y =%, - i . (11-59)
. h '

The residual for each observation is calculated from the equation

% 1

i

'sznf

0bs

5, Effects of Configuration Mixing -

1, (“‘1 - m)epol )

, 1
X" Xy (11-60)

h

Mixing of configurstions is caused'by the electrostatic interactions

between electrons. The Hamiltonian for the

ing megnetic interactions, cen be written

electrons in an atom; neglect~
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. . '1%2 Ze 1 e
:H::Z —— . — )+ 3 — - (1I-61)
- T ey 173 "1y
vhere ridvrepresents the distance between two electyons and Z is the

atomle number. Matrix elements of this Hemiltonien vanish if the statos
arising from.the two configurations difier in either multiplicity, total
orbital anpular momentuﬁn 1L, total amguhr nomentum J, or parity.

Schwartz (SCH 55) has congidered the effect of configuration inter-
action on the hfs interaction constants for eleétronie configurations of
the type 32&3 (or sefﬂ“l;j). The case in which one of the s electrons ic
raiced to a higher s state, s8', is considered.

The wave function in 1S coupling is then written

v) = ay(s%(s=0)%L,) + @ (ss'(8=1)°L)) + o (s6'(s=0)"L),  (II-62)

2

with normalization o 2 + a22 = 1, vhere § 1s the resultant spin

0o T
anguler momentum of the two s electrons which then couples to the Spih
of the 4 electron to give the doublet. We make the approximstion cz12 <<
i. Koster (KOS 52) has evalueted these normalization comstants for
gallium, using numerical wave functions, and has found c¢12 = 0,001,

The theoretical formula for the fine-structure splitting & is not
affected by this type of configuration interaction, since 8 electrons:
do not contribute to the fine-structure separations. Also, the ocfupole
and quadrupole matrix elements ars essentially the same (to order a12)
as those one would get from considering only the velence 4 electron.

The dipole matrix elemente, however, can be quite large, and comsequently

the nuclear moment, calculated from the meagured interaction constant a



[Bq. {IX-92)], can be greatly in error. Schwartz outlines & method by
which the interaction constent & can be corrected when measured in
Yoth the J = L + 1/2 and J = L - 1/2 electronic states.

From Schwartz, the interaction constant is

Mo (a2 1)
=T y J”T s ’ : 1I-6
* 17 [(27 - 2)1(aT + 2)”1/2 (: e { ) ( 3)

where M, is the muclear magnetic moment in appropriate units end the
double~barred matrix element is the reduced ﬁatrix_elemenﬁ of the elec~
tronic dipole Operétor. We write the total electronic dipole operator;
Te(l), as the sum of an operator m{ﬁl) scting on the valence 4 electrons
and another, Ts(l), acting on the s electrons. The general reduced

matrix element becomes

(11-64)

Gz, Dy = g™ + 2 Oy = @l By + a8,

38 L (J"Tg(l>“J')o' Aﬁﬁ' is o pum Of mabrix elements between

various terms of Eq. (II-60), all of the form

where

Byge ~ (eh3tallr, Dlsrd,3t,50)
= W(A33a 1) (27 + 1)%(23’ + l)%(-l) s
x (s34l (Dlse3,3). (11-65)

The W 1s & known function called the Racsh coefficient (RAH 42). Thus,
without actually calculating AbJ,,'ve hava separated out its dependence
“on J and J',

Now, we can write
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a=ey+d - (11-66)
whére
n (20)1 .
= = ‘ e (gl (1) J)» (11-67)
"o 17 {(27 < 1)1(2F + 2)1]1/2_ (ot = '
M (201 _ -
5 = e : (JUTB(l) oy, (11-68)

17 [(23 - )1(2s + 21172

The theoretical relations between a. and & in the J = L + 1/2 (primed) and

0
Ja=l = 1/2 (double-primed) electronie ststes is now obtained: .

a03 [‘(J - 1)(a7 - 1) ]-;%(Jll' ,ﬁmllJ)
8y" L+ (3-1lmp H-2) ’

3 =[(J_1)(2J-1) ]‘%AJJ

8" - (J + 1)(2g + 1)

° . (II"69)

&\J"ng“'l

From Schwartz, we obtain the relstlon

TSN - 1)(2 11
(gllzy i o [ (5 - 1)(ar + 1) -]2 r (1270}
(J-»l”']:,t( )"J-l) Lo(a+)(ar -1 e
vhere
ol (2 ~
F ¢ - : :
0= | —1| ~1, | - (11em)
Frl c‘ :

Here F  is relativistic correction factor (cAs 36) and C 1s & normaliza-
tion constant which gives the density at the'nucleus of the wave function
of the outer valence electron. For the two different electronic states

of the doublet, one has
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cﬂ
— “l. (11-72)
C

A more accurate approximation of the ratilo, howcver, is given by Cusimer

(cas 36, p. 55),

¢ |2 3087
— ] = 14— (11-73)
ct 21(L + 1)un#

vhere n% ig the effective quantum nunber. This expression is falrly valid
for the lighter nuclel (Z < 50), but should be used with caution for heavier

nuelei, From Eg. »(vII-65) s we have

A (3 +1)(27 + 1) 73
251,51 (3 - 1)(27 - 1)
Thus,
B 1J-1
g S F)
43
8, g g+ 1
5' = -5", ) (11-75)

With the aid of Egs. (II-66) and (II-75); the measured values of s
for both elec'bfonic stotes can be used 4o obtain the corrected interaction
constante 8g° Thége are the values which mst be used in Eqs. (11-9a),
(11-11), and (II~20) to obtain the proper nuclesr moments.

B¢ Nucleaxr Structure

1. Independent-Particle Model

Various systematlc trends in experimental measurcments of nuclear

spins and moments led to a number of interesting conclusions in npuelear
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theory.

One of the first trends to be noticed was that isotopes with odd A
have half-integral spins, while isotopes with even_A have integral spins.
Also, isotopes with even 2 and even A (even-even muclei) have zero spin
in the.nuclear ground state, Since the orbital angular momentum-of the
nucleons can glve risé onlj to integral values; it was concluded that the
intrinsic spin of the proton or neutron wes I = 1/2. This value has been
verified by direcet experimental measurecment.

Magnetic moments of the proton in hydrogen and the free neutron have

been measured and found to be

Mp = 2,793 nm,

i, = =1.913 nm. (1I-76)
From nailve arguments, one would expsct “p = 1 and ey = 0. The anomzlous
values appear 40 be associated with w-mesonic fields surrounding the indi-
vidual nucleons,
Another interesting systematic trend was domonstrated by Schmidt
(éCH 37) who observed thet one could, to a fair degree of approximation,

fepresent the magnetic moments of the odd=-A nuclel by the following equa-

tions:
0dd graton:
Mg =3 =2+ for § =4 + &
1 1
g =3+ (2-u,), forg=_4-% (L1-77)
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0dd neutron:

Bo= gy for § =4 + §;

FS T - ;,ln’ ' fOr ,j = ’fl - "é‘o . (11-78)
g+l ‘
In this model, the engular momentum I of the mucleus is due to the total

angular momentum j of the last odd nucleon, where § consists of an orbitsl

anguler momentum 4 coupled with the intriusic spin of the nucleon. If

Ho

given by Bqe (II-76); the "Schmidt 1imits" on the magoetic moments for

and p_ in Eqs. (1I~77) and (II-78) arc assigned the anomslous values

odd-A nuclei are obtained.

If the Dirac velues p, = 1 and p = O are used in Egs. (11-77) end

jo
(11-78); then the "Dirac limits" for the muclear megnetic moments are
obtained. | Esperimentally; 4t hes been found that in almost eﬁzry case
the observed magnetic moments for odd-A nuclel fall between these two
limits. Thus, by knowing the nuclear spin and magnetic moment, one can
escertain the parity of the nuclear ground state.

_ The bexis‘cence of the "magle numbers" 2, 8, 20, 28, 50, 82, 126, end
184, essociated with nuclei having particularly stable nucleon configura=
tions, prompted the postulstion of nuclear shell theory. This theory
essentially assumes a suitable combinaﬁion of a box-type pateﬁt‘ial for
heavy nuclei and a parabolic potential for light nuclei. The theory
introduced the magie numbers 2, 8, 20, k0, 70, and 112, Since the num-
bers 40, 70, and 112 have no experimental basis, and _since the numbera

28, 50; 82, 120, end 184 are missing, Maria Goepert-Mayer end, indepen-
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dently, Haxel, Jensen, and Suess (MAY 55) proposed to describe the occur~
rence of the missing stoble nucleon nusiberg by a strong spineorbit coup-
ling of individunl nucleons which increases with inereasing 4. The
resulting energy-level diagram, which satisfactorily accounted for all
magle mumbers, is chowa 1n Fig. G» |

The theory with this modification has had spectacular success in
prédiction of muclear spins of 0dd-A mlc_:leio All levels are to be filled
with ag 'm-.any particles as sllowed by the Paull exclusion prineciple. The
predicted nuclear spin, theny is the total angular momentum of the last
0d4d neutron or plroton.. |

For odc‘l-'-bdd nuclei, the independent-particle shell model does not
predict the spins with as mich precision, ¥ordheim (NOR 51) haes formm-
lated empirical rules for coupling the jp of the odd proton to the ,jn of
the odd newtron. In detail, they are:

(¥1) If both proton and neutron sre in levels in which 3p = JLPi: 1/2
and dn = 'fl«n:‘l: 1/2, then the angular momente J » end Jn tend to add, although
not necessarily to the highesﬁ possible va.luev I= ,jp + Jn'
| (12) 1If the 0dd nucleous are in levels in vhich Jp = «&p t 1/2 and

‘jn = ’Ln F 1/2, then the tofal emgulér momentun of the ground state_,is the
- smallect possible, or I = lan - JPI‘

Brennan end Berastein (BRS 60) have reeently proposed revisions to
Nordheim's rules, which essentlelly leave the sbtrong rule, N2, unaffected
but strengthen the weak ruley Nl. For configurations in which both the
odd protons end odd neutyons are parbicles (or holes) in their respective

unfilled subshells; the revised coupling rules are:
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Fig. 6. Schematic diagram of nuclear level systems with
spin-orbit coupling,



(Bp1) I = IJP * Jnl, for § = &P £ 1/ ond 3 = £ 12,
(BE2) I = IJP - Jnl, for § = %P‘ t 1/2 and 3, = &n T 1/2.

For the speclal case J or J equal to 1/2, the exbiguity in BBL ie
removed and. the spin I = Jp + ..'rn ':i.s. predicted. For configurations in

which thci'é. is a cogbinotlion of mi'ticlefs and holes; the prediction is
much l{&és certain, although thére is a tendency for the resﬁltzmt &spin

to bev given by
(BB3) I = Ip ¥ J, - L.

Here, a digtinction is made between'the single~particle total angular
momentun, Jp (or Jn), and the obgerved total angular momcntum of sdjocent
odd-A nuclei, J‘p (or J’n), to include cases of high seniority in which
dg # 3, or 3 £3).

The magnetic moments predicted by the independent-particle model
for odd-A nuclei are given by Eqs. (II-77) end (II-78), in which uy, and
H, 8re the enomalous proton end neutron maguetic moments.

In the case of odd-odd nuclel, fair egreenent between experiment and
theory is attained if 3J coupling 1s used to combine the magnet effects

of the proton and neutron. The resulting expression for p ia

3,08, + 1) - 303, + 1)

T
M "3 (gp +tg) (sp -g) [ D) .] »  (11-79)

where gp end &, are the g foctors of the odd protom and meutron, respoc-
tively, given by Egs. (II-77)and (II-78).

For e single nucleon in a given subshell, the independent-particle

~



model ylelds the followlug expressions for the muclear e¢lectric quadru-

pole moments (BLI 57):

(2) = 1)
Q, = = (r"y, for an odd-proten mucleus, (11-80)
J 2(5 + 1)
% ‘
R e (3, for an odd-neutron nucleus, (11-81)
(h-n2 4 ‘

vhere ] i3 the totsl enguler momentun of the single particle. The (r2)
is the average value ofvre'for'the nucleon orbit and is usually replaced
by 3R02/5, where Ry iz the nuclear radius. |

For more thin one mucleon in a given subshell, the gquadrupole

monents are given by

25 + 1 - 2\ ‘
» (}» Odd))

= Q.

Q.o = O (\even), (11-82)
where M is the occupation number of the subshell, Since Qj iz negative,

Qp 15 megative for X < (23 + 1)/2 and positive for N > (23 + 1)/2.

For an odd-odd nucleus, the independent-psrticle model gives the

expression
21 + 1 2j -2 + 3)1 1/2 o3 =T
( N {23, - 2)il2g) + 3)1 /@w( I )(”)(qn D
Q] = : S J? Jp :Jn2 _ QJ ’
23,1 (21 ~ 2)1{21 + 3N : - P
- = (11-83)
vhere @, 18 the quadrupole moment of & proton in the state jp and

3
P
W(JPIJPI;JnE) iz a Raceh coefficient.
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2. Collective Modal

In the :egion of closed shells, the equilibrium shepe of the nucleus
is approximately spherical and the independent~-purticle model cen be
expected to glve a good deécription. However, in reglons far removed
from closed-shell configurations, the meny "loose" nucleons encble the
nucleus to assunme an energetically more favorzble noncpherical shaps.
Deviations of this kind can give rise to quadrupole moments 10 to 20 times
the values predicted by the independent-particle rzicdel.

Various models he.vé been proposed to account for these effects.
Reinvater (RAI 51) has proposed a semiempirical static model which makes
fairly eccurate predictions for the gquadrupole moments 1f the nuclear
deformations are emall, However, for large deformations of the nucleus,
the dynamlic collective model of Bohr, Mottelson, and Nilsson has had more
success. A brlef description of this model,es well as references to the
original literature ,1s given by Kopfermonn (KOP 58). More recently, the
model has been applied to the odd-A nuclel in the interesting regions A =~
25, 150 < A < 190, and A > 222 by Mottelson and Nilsson (10T 59).

An interesting feasture of this model has been the reduction of the
degeneracy of each of the levels in the shell model brought about by the
introduction of & miclear deformation paraneter 5. Each j .level is split
into % (23 + 1) componahts, cheracterized by the components f of J, in the
direction of the q:cis of symuetry of the deformed nucleus. Each Q state
is doubly degenerate, since states with +Q end -Q havé the same energy.
The energy-level diagrams, plotted as a function of 8, are the so-called

"Nilsson diagrams.”
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The spin of an odd-A nucleus is determined by £illing levels for a
given value of 5 with nucleons in mich the same manner as for the shell

model. The nuclear spin is then the value of § charscterizing the energy

level of the last odd nucleon.
For odd-odd nuclei, Gallagher and Mos akowskdi (GAL 58) have proposed
rules very similar to those of Nordheim for coupling the np of the odd

proton to the Qn of the odd neutron. The rules are

\ = § = -;J:. [ -:-l'-°
(omL) I—Qp*n, for O A :tgandnn. A 3
(cm2) Ium fﬂi, forn = A taandn 12.

Here Ap and An are asympuotic guentum nurmbers characterizing the orbital
engular momente of the last odd proton end neutron, respectively,
In the collective model; the magnetic moment in the limit of strong

coupling of the nueleon to the surface is given by the expression

I

B, = (gnn + gR) 5 ' - (11-83)

I+1

vhere & is the g factor of the loose nucleons having e component of
angular momentum @ in the direction of the deformed nuclear core, and
& is the g factor for the anguler momentum carried by the surface. For

& uniformly charged nucleus, 83 may be estimated from the expression

&g ™ 2/ Ae {11-84)

If J is still a good quantum number for odd-A nuclei, then & may
be replaced by the Schmidt value for the last odd particle (gJ)o For

the nucleer ground state, then, Eq. (II-83) becomes



ho

I

m, = (3,1 + ap)

’ I=3>32 (11-85)
I+1 , :

The principal difference between this ecxpression and the Schmidt formla
is a shift of the uppsr Schdt line downward in the case of an uwnpalred
proton, aﬁd a shift of the lower Schmidt line umrafd in the case of en
unpaired neutron, _ | | A

For odd-odd nmuclet, Gall@her and Mﬁazlcovski (AL 58) give the

expresaion
&2 = [:t(Ap + 5.6 EP) ¥3.87%]1, _ (11-85)

vhere Ep and 2n are the asymptotic quantum nunbers for the int.rinaic spin
of the proton and neutron deduced from the Nilsson diagrams. The signs
of the two terﬁss in the e::pre;sion are determined from the signs of szp and
@, appearing in the coupling 'r.ule, 1.e., 1 the sign of 8, (Qr o) is
positive, the uppar sign is used; i: the eign of ap (or nn) is negative,
the lower eign is used. The signs of Zp and Zn ere plus or mims depend-
ing on whether the particle intrinsic spins are parallel (+) or anti-
parallel (=) to their respective orbital engular momenta. Equation
(11-86) used in conjunction with Eqs. (II-83) end (II-84) ylelds theo-
retical magnetlc moments Tor odd-odd micled uéei‘ul for comparison with
the moments predicted by the independent-particle modél.

The intrinsic nuclear electric qﬁadrupole moments are related to the

deformation parameter by the expressilon

2 1
Q. = = 5% (1+-§

% Bk e ), - (11-87)

(S
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where Z is the nuclear charge nurber and R, 1s the mean charge radius of

0
the nucleus, In the dynanmic wodel, the quadrupole moment is composed of

the loose nucleon moment @ 4 end the core moment § ,

Q=0q *a. ' (11-88)

For large deformation, Q

J

measured Q’I involves the component of Qo in the direction of the nuclear

can be neglected comparsd with Qc. Since the

spin axis about which the symuetry axis perforns a precession, we have

the relation

3102 - 1(1 + 1) «
(11-89)

Q = q
e " "0 (14 a)(er +3)

vhere § is the component of the engular momentum in the direction of the
spin axis. ¥For the ground state of the mucleus; I = Q and-
I 21-1

% I+120+3 o - | {r-50)
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III. EXPERIMENT

A. PExperimental Apparatus .

1. Atomic Beam Machine

The atomic beam machine used in these experiments was .built by
previoﬁs expérimentema Detalls of design end construction are described
in Sunderlend's thesis (8 56), and conaequéntly is not. cohsidered here,

'i‘he bagic theory of opération is shdwp pictoriélly in Fig. T Atom
1 lea?és oﬁm. 0 and enteré the deflécting mognet A, vwhich has a fileld »
gradient (B)  in the direction shown;'s The a{.om, heving en appreciable
effeetiye magnetic moment, 1s deflected through the collimating slit at
the end of the A magnet. Since, in this case, no trensition is induced -
in the uniforn field (Hc) end the gradient in magnet B is in the same
direction as in magnet A; Atom 1 1s deflected onto the pole faces of
magnet B.-_. If, however, a tremsition is induced in the uniform ¢ £ield
which changes the sign of the effective magnetic momsnt, Atom 2 is
deflected in the opposite direction and refocused st D. The refocusing
condition for this machine is that atoms must undergo transitions in the
C field corresponding to the change m, = % -]é‘- I ?% in the high fieide of
the A end B magnets. The stop wire S prevents undeflected atoms in the
highevelocity tail of the modified Maxwellian distribution from reaching
the detector.

Figure 8a~b shows the actual atonmic beam machine used in the experi-~
- ments. Beveral external modifications are shown which resulted mainly

from the work on these isotopes, end in particular on Lalho.
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jectory in an atomic-beam magnetic-resonance
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Fig. 8. (a) Oven end of atomic beam machine.
(b) Detector end of atomic beam machine.
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Y
‘The high-energy ¥ vays glven off by ’L&lm created a serlous health

hazard when work on this isotope was initiated, The y-ray activities of
the ovens were sometimss as high as 70 r/hr at a distance of b inchea.
Af'ter the oven had been placed in the machine, ﬁhe ymray activity in
some of the opergting areas around the machine was a3 high as 2.5 'r/hr,
80 the experiwenter usuall& received his maximim allowebhle inonthly
dosage of radlatiozm in one or two claysa

As & resultp a&ditional ghiclding as shown in Fig. 8¢ was edded.
The leed walls, conslsgting of lead 'bricks, are 3 in. thick and cen
"eacily" be removed in certein strateglc locetions if required. Im
addition to the side ‘s‘hielding shown in the figure, shielding has also
been placed on top of the machine in order to reduce the ao-nw/hr 7
ectivity in the research room shove. chalk morks on the shielding (in
units of mr/hr) in Fig. 8c indicate the effectiveness of this mp&ifica.m

tlon with a typical oven load of-mlm

in the machine., Access to the
oven loader is afforded by the four steel-clad lead dooxs.

Another modification was necessary because the helf lives of these
isotopes are somewhat longer then the imotopes involved in previous |
research., large qtmtities of activity eccunmlated on the oven loader
and tended to flake off onto the £loor when the loader was removed from -
the machine. The lucite box shown in Fig. 84 hes virtually eliminated
this problem. Not shown in the figure are the pump and filters vhich
maintain a negative pressure in the box.

During the experimentel Investigation, thermal expansion and con-

‘traction opened a lesk in e weld in the cold trap on one of the main
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diffusion pumps. After repalr, it was impossible to observe a resonance.
It was found that mechanicel vibration had moved the halrpin into a very
inhomogencous region of the magnetic field during the course of the re-
pair. In order to eliminate future difficulty, facilities to control
positively the position of the hairpin in the C £leld from outside the
machine were added. In this modif’ication, rf power vas fed to the hair-
pin through a rigid ﬁfméséwalled coaxial line which extends from the heir-
pin through a Wilson Vacuu;n scal in the énd plate at the detector end of
the machine. Tha haii'pin ves adjusted by verying the position of the end
of the coaxial line, _f‘or 8 given setting of the A,, Bs .e.nd ¢ fields, the
position of the hairpin viag adsustea to obtein minimm line width. As
might be expected, the best everage position was in the center of the €
field. However; 30% reductions in line widths were realized under certain
conditions by small veriations from this central position.
2. Qvems

Beams of alkali atoms were produced by using resistance-heated iron
ovens. The K3 oven, shovn in Fig., 9, had the dimensions 3/% x 7/8 x 3/
ine, ﬁi‘bh a lfaninwd:gmm chambar. '\ch_r'tantalum-»wire heating elements on
ench side of the chamber, and one in front, raised the oven to the tem
perature reqguired for beam production, (Good pover stability made this
oven very desirable vhere temperature limitations permitted.

Because of the high temperatures required by the other lsotopes under
investigation, tantalum ovens of tha type shown _:Ln Pig. 10 vere generally
used, The sharp-edged tantalum crucible was used to prevent the molten

metal from creeping out through the slits. S1it widths ranged from 3 to
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Fig. 10. OElectzl'oré bombardment Ta oven used for production
of Y? , La % , and Lul?? atomic beams.
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5 mils; 4 mils was the value most used. Thils type of oven produced
very satisfactory stomic beuams of '190 and I.;ul77,. ,

Lal,m vas quite emother case, however. Without the tantelum crucible,
results were completely obliterated by_ the very high background and er-
ratic changes in beam iutensity. The taﬁtalum crucible alleviated this
siltustion to some extent, and all the successful results were obtained
" with this type of oven.

Attempts vere made to :i.mprove the stebility and lower the machine
background caused by the lanthanum beam. Carbon and tungsten ovens were
tried. In both cuases the lanthenum metal apparently diffused into or
reacted with the oven walls at high teuwperatures. Both ovens lost their
mechanical properties end crumbled into smsll pleces end dust shortly
after their removal from the machinel | |

In another attempt a cersmic crucible was used in a tantalum oven.,
Again virtually all the materlial remained in the oven--apparently reacting
with the ceramic crucible. In another case the use of & ThO, barrier
arcund the tantalum crucible in & tantalum oven proved no more suscessfal
than the tantalum crucible alone. Further attempts to improve the beem
stabllity and lower the background of I.‘anJm were interrupted in order to
continue work on the other isotopes. However, these two problems mnét be
solved before productive research on the hyperfine structure can be accome
plished.

3. Radiofrequency Bquipment

Frequencies in the 1-t0-2500-Mc/sec region of the frequency spectrum

were used in this research. Power requirements were of the order of 1 watt.



The signal generzbors usced are listed below:

Sign=l Generchor Fregueney Range

Tektronix Constant-Amplitude
Signal Generator, Type 190 0.35 to 50 Me/sec
H«wle‘bt»-?aélmrd VHP Signal 7
“Generator, Model 608C i 10 to 480 Me/sec
Alrborne Imstruments Pover

Oscillator, Type 124¢C 200 to 2500 Me/mec

Additional power for frequencies less than 200 Mc/sec was Obtained from
‘two "Instruments for Industry" Wide Band Amplifiers, Models 500 and 510.
" Prequency-measuring equipment consisted of a Hewlett-?é.ckard Elac~
tronic Counter, Model 524B, with Model 525A and 525B plug~in units. For
fregquencies higher than 220 Mc/ geay the rf‘ éignal wvas beat with a suit-
eble harmonic from & Hewlett-Packard Transfer Oscillator, Model 54OA.
The fundemental of the transfer oscillatoi was then messured with the
electronic counter. The 100<kc/sec internal-reference frequency in the
electronic counter was calibrated weekly with e National Compeny Atomi-
chron. Uncertainty in the counter crystal of this secondary stendard
was less then 1 part o 106 o The radiofrequency was monitored continu-
ously, snd all measuremsnts were made £0 the nearest ké/ﬁec. |
Bignal-gen/em’cor pover output over a normai frequency sweep in the
region less than 200 Mc/pec was essentially constant. The Airborne
Instruments Power Oscillator, however, was quite pover-semsitive. Con~

seqﬁently, the rf power was continuously monitored with e Hewlett-Packard
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Microwvave Powver Métér, Model 430CR with which the rf power over a given
frequency .sweep was held constant. DMuch of the radiofrequéncy equipment
is showvn in Fig. 1l.

A sketch of the rf hairpin is shown in Fig. 12. This hairpin worked
very well for pi transitions but tended to give double-peaked resonances
for sipgma transitlons. The stom, in passing through the heilrpin, cees
two rf components parallel to the C field and 180 deg out of phase with
each other. The @heoretieal transition probability becomss zero at the
resonant frequency (RAM 565 ps« 132), thus giving rise to the double-
peaked resonances. This natrpin characteristic has certein advanteges,
but is somewhat undesirable for radioactivé detection, since greater
resonance shape definition is reguired. | | |

4. Beam-Detection Equipment

All atomic beams of the stable alkalies weré detected by means of a
surface lonization detector. The alkall stoms or molecules in the team
were ionized upon incidence upon & hot rhenium filament in the ratio
usually taken as |

n"'/mo = expl-e(I- (p))k‘f‘]; | | (111-1)

where I is the ionization potential of the incident atom and ¢ is the
work function of the rhenium filament. If @ exceeds I by 0.5 volt, then
all the atoms emerge from the filament as ions. The ions are accelerated
to the collector surrounding the filement by 1.5 volts do. The resulting
" current wes meesured with a Cary Vibrating Reed Electrometer. Currents

as small as 10’13 aup could be measured without difficulty. Normal



~53 =

ZN-2365

Fig. 11. View of radiofrequency equipment.
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Sketch of radiofrequency hairpin.
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Fig.
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A1l radivsctive beahs vere detected by collecting the atoms in the
bewn on sulfur-costed surfaces or buttons for a short intervel of time
(vsuslly 5 to 10 min)e. Siance all the isotopes being discustied decay by
pepartlcle emission, the wcltivity on each bubtion was detected by placing
the cample in a continuous-£low 6 counter. |

A cross section of a counting tube is shdvrh in Pig. 13 Methane
gas vas allowed to flow slowly into the tube at the top of the chamber
and out of the tube arcund the bLutton at the bottom of the chamber, | Siigh’c '
pogitive pressure tended to flush out air which entered whenever the but-a'
tons were changed. The tubes were opersted near the center of the Geiger
voltage plstesu (about 3200 volts). = Thusy small variations in the high-
voltage pover supply did not change the counting efficlency,

The voltage pulse from the counting tube wes amplified in a preamp-
lifier before being couuted in the scaling section of a recording pulse-
height enalyzer (shown in Fig. 14). A considersble smount of work was
spent In reducing the background counting rate. The main source of diffi-
culty was leakage current across the high~voltage capacitor thet coupled
the signal to the first stage of preemplification. When this dAifficulty
was solved, counting backgrounds were reduced to 2 or 3 counte/min,

Instability in counting efficlency is a major problem ‘with this type
of p counter. Thi_.s shorbcoming appears to Be due to the fact that the
counting tube 1s an open sysﬁem. The gmall ammmt of aii“ introduced into
the tube when the button is inserted tends to raise the initial counting

rate., This problem can he diminiahed to some extent by allov:tixg the tube
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Fig. 14. Scalers, high voltage supply, and shielded counting
tubes used for detection of B-particle activity.



to fiush out efter the sample hes been inserted. In addition, the high
electric ficléd inside the tube tends to accelerate lint aund dust to the
1-mil high-volboge filament. A bYarely vislble piece of lint on the fila-
ment can reduce counting efficiency by as much as 75%. Conseguently,
great care wes exercised to insure that the buttons were dust-free before
they were inserted into the counting chanber,

In spite of these difficulties, the increased efficiency (up to 10
timee) over the more stable x-ray crystal counters justified use of the
B counters for these experiments. .

5S¢ Pneummtic ‘J.‘ubs;

Since the counting rates for resoxiance buttons are generally less
then 100 counts/min end since the y-ray fieiélu eround the atomic bean
machine are sometimes guite high, the counting of all resonance samples
was done in a room four stories removed fron the mechine, As a result,
sample transportation, especially when short helf lives were inwfolved,
becawe a important problem. |

The solution was to install an inespensive pneumatic tube system.
Approximately 450 £% of thinewalled war-surplus aluminum tubing (1/16 in.
thick, 1.d. 1-1/8 in.) was laid between the two research rooms, on the
outside of the building. The tubing, in 12-ft lengths, was jolued t;)-
gether by b-in. lengths of high-pressure rubbe.r tubing rigid enough to
keep the sections propzrly aligned. F'igure 15 shows. the tublng extending
along the roof of IeContz Hall.

A diegrem of the control system is showm in Fig., 16. Four conductors

vere required between the two reccarch rooms. BSalient features of
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Fig. 15, View of aluminum tubing in pneumatic tube system
connecting the two research rooms.
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operation are as follows: (a) Button is placed in carrier shown in Fig..
17 end inserted in tube; (b) staxt switch is closed, thus opening solenoid
alr valve; (e¢) carrier oziens microswitch on pneumatic tube upon arrival in
counting room, thus closing solenoid alr valve and actusting euwdio and
visual signals; am’i(d) "received" switch is closed, thus turning off

alarms and indicsting mception of carriei to sender..

B, Isotope Production end Identification

With thébexceptioﬁ of K3 (deecribed in App. A),.all the radicactive
isctopes for which eﬁccessf‘ul results were obtained in this research were
pile~-produced from the steble metal by (n,y) reactions. Table I gives |
typical bombardwent informntion. Bombardment conditions for YQO and Lalho
provided enough activity to permit successful experimenting for periods
of two to three half lives. In the case of Lulw, ﬁhe useful experimenta-

" tion perlod was three to four half lives for each bombardment.

Table I

Typical bombardmsat conditions., The duration of bombardment ie TB; ’l‘l /2

is the half 1life of each radioactive isotope.

Isotope  Abun~ »
{steble) dance o Flux T Reaction T
o B 1/2
(%) (varns) (n/cn“-sec)

¥ 100 1.3 2.9 % 108 60-220 hr  ¥P(n,7)¥°  6.2(3) m®
1 90,011 8.9 2x10™ 6onr  1a™%n,r)1a™*C o.22(2)n P
w7 260 3800 .8-9x 108 12wk i,y T 6.75(5) a°

#{vor 55) P(kr 58) ®(BET 58)
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Fig. 17. Collector button and carrier used to transport
button through pneumatic tube.,
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During the onely part of the reseerch; &ll irrediatlons were done

alt the ILdvermore Pool-fyps Reactor, where the weximm available flux w-as
approxinately 2 X 103 n/cmg»ﬂec. Later bonbardments were done in the
General Electric Pest Reactor at the Vallecitos Atomie Isboratory, vhere
a somevhet higher flux (~ 9 X 1013 »n/cma-'-sec) wag used.

‘ Each sample consisted of apﬁmxiinately 200 mg of the stable metal
conta:ined in an evacuated quartz capsmle (6}mn 084 X 1:25 in. long).
The quartz capsule in turn wes enclosed in a special 99.999% pure aluminum
capsule (1/2~in. 0.d. X 2 in. long) for additional safety b(aee Fig. 18),
The purity of the metals irradiated varied from 986 for lenthanum to
'99,%% .for yttrivm and lu’ceﬁium.ﬁ The sample was transported from the
reactor to the laboratory by the Health Chemistry Group from the Lawrence
| ‘Radiation mmm:é:-y.

The decay schomes for YQO, Laluo

» and LulTT,» along with references
to the original 1itemtufe, are giyen in Btrominger, Hollander, and
Seaborg's Table of Isotopes (S‘I‘R-S&)_; (For recent work on the decay
scheme of Ku39 sce the results of BenczewKoliér, Schwarzschﬂd, and W
(BEN 59).) These decay schemes along with the half lives were used to
verify the identity of each of the radicactive samples. Figures 19 and

20 are decay curves for YQO and, Lulw regonance buttons.

C. Bxperimental Procedure

Details of the KI@ experiment are contained in App. A. Since the

techniques involved with the other isotopes are identicel,; the following

ko

discusslon applies with equal validity to YQO, Ia™ 7, and Iaul'no
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Fig. 18. Metallic sample being prepared for neutron
irradiation.
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After irradiation, the radioactive sample was introduced into the
"eave" shown in Fig. 21. When the eluminum capsule had been disassenmbled
by means of a special wrench, the quartz capsule was removed. One end
of the capsule was then broken off in a special jig and the fadioactive
contents were removed. Approximately 50 mg of the sample and a small
amount of RbCl or CsCl, later used for alignment purposes, were then
transported into an cfen gimilar to the one shown in Fig. 10. A1l
operationé were done with specielly constructed manipulators operated
from outside the cave. Observations were made through a 4-in.~thick
leaded-glasa window. The y~ray field ocutside the cave was negligible

for Y90 and Lu177. For Lalh

O fields of about 1 r/nr were observed.
However,‘the complete oven-loading operation cpuld usually be accomplished
with a maximuﬁ exposure 1o the experimenter of about 40 mr of radiation.
The oven was introduced into the vacuum of the atomic beam machine
by means of an oven-loader assembly containing an electron-boubarduent-
type heater., The loader assembly permitted introduction and removal of
tbe’oven without disturbance of the vacuum in the machine. The oven power
was ralsed to a point sufficient to produce a bean qf alkall molecules,
This beam was used to align the oven, since deflection of molecules in
the beam was negligible even though the A and B &eflecting magnets ﬁa&
been turned on several hours previcusly for stebilization purposes.
After alignment, the temparature wes raised enough to "blast out” the
remaining alkeli molecules, but was still far below the melting point of
the isotope of interest. The temperature was then raised furthgr wuntil

e beam of the radioactive isotope of adequate intensity wes obteined.
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Fig., 21. Lead '""cave' used for handling highly radioactive
materials.



69

The strongth of the magnuctic C field was measured by observation of

. 8 -
the Fym = 3,-2 <= 3,~3 transltion in Fb ), and the Fyu = 2,-1 ¢« 2,-2

= U7
©

transition in D The beam of stable rubléium was produced fron &
calivration oven located on a speclal loader assexbly irmediztely behind
" the radiosctive oven. By removing the rvdloactive oven gbout l/ 2 in.
from the centerline, the rubidium beam was allowed to pass down the
machine. 'I'he C field vas usually set to the decired value about an hour
before the experiment for stabillzation purposes., Calibration measurew
uente vere made immedistely before and immediastely after emch radioactive
resonence. Usually, the drift in the megnetic field over the period re-
quired for oblaining one resonance was less thun the uncertalnty in the
measurensyt,

Noxrmally, encugh buttons vere exposed on a resonance to define ite
shepe quite well. This procedure generally required 5 to 10 buttons,
depending on the structure in the resonavice. Kach resonance button wes
normalized for fluctuations in beam intensity‘ by dividing its counting
rate (less counter background) by the average halfebeam counting rate.
Half-beam buttons were l-min exposures taoken before and after exposure
of each resonance button, with the stop wire removed and no applied

radiofrequencys Since the throwout, defined by

n/t, for half-beam exposure

Throwout = 1 - 2

n/t, for full-beem cxposure

wes normally 605 to 70%, half-beam counting rates were high enough so
that thelr statistical fluctuations were not important over 10~ to 15-

min counting periods.
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The first task after production of a satisfactory beam of each new
isotope was to measure the nuclear spin. The initial measurement was
accomplished by observing &F = O transitions at low magnetic fields.

The predicted frequen‘cy, of these transitions is given by Eq. (II-38):

F(F+1)+J(J+1)~I(I+1)uou |
: . {111-2)

Yo ”_ugJ oF(F + 1) " n
The J and 85 for each isotopg were known from atomic bea.ni and optical
spectroacopymasﬁrement‘s on the stable iaobopes made by previous inves~
tigators. The magnetic field H was set at & value that separated the
frequencies predicted for each velue of I by at least one line width.
Buttons were then exposed at the frequencies predicted by Eg. (I1II-2) for
different theoreticslly possible vazlues of I.

After determination of the nuclear spia; the next step was to Obuerve
the OF = 0 transltions at higher msgnetic fields. %The predicted frequency

of these transitions to second order in H 1s given by

v v, + [ f{n 1) + f{They) ] 12 (111-3)
My Sl | |

tl(I,J,sJ,) and t‘a(I,J,gJ.) were obtained with the assistance of séco'x@-
order perturbation theory [Eq. (II-32)]. When the shift (v - v ) beceme
api)feciable, preliminary velues of the hyperfine-structure sepafations |
betveen the.lev:els F, F-1, F-2 were calculated. ‘These values » and Eq.
(11-30), enabled one to obtain preliminary values for the interaction
constante & and b. . These starting values vere then used in Routine

Hyperfine III (Sec. II.A.4) to obtein the best £it for the experimental



gt

data.

Observation of the AF = O trensitions was continued to higher mage
- netlce fields until the uncertainty in the predicted frequency for the
AF = 1 trunsitions became less than 5 Mc/sec. Since thepe transitions
provide the most accurate measuremente of the zero-field his s'eparations s
the research was continued in this direction., Initially, the search was
done at low mognetic fields. After observation cf several of these tran-
sitions, uncertainties in the interaétion constants became small. -énough
to predict high-ficld AF = 1 transitions to within several hundred ke/sec.
It was observed that the field dependence Jv/OH of several of these
>transitiona became zero for particular values of H. Since inhomogeneity
in the magnetic field was the principsl reason for linme broudening with
this machine, the ,8;1;/31! = 0 pbints were used t0 obtain the best values
for & end be | | |

From Eq. (II-59) we see that the frequencj of each transition

involves the term

gt

)
This temm is zero for ¢ transitions, and ccnséquen’cly these transitlons
are much less gI-—d.ependent then 7 transitions.  If the muclear magnetic
moment is appreciable ; then one would expect the 7 tranaiﬁioﬁ frequency,
baséd on interaction constents consistent with o transitions, to be
measurebly different for p_lus ahd. minus magnetic moments at high megnetic
fields. This technique was used to determine the sign of the nuclear

90 177

moments of Y7 and I1u7''.
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IV. RESULTS

A. Results for Ku3

Details of the results obtained for K"’3 (PET 58; PET 59a) are con-

teined in App. A. The measured values are
I=3/2
Ay = 192.64(5) Mc/sec.

The Fermi-Segrd formula was used in conjunction with the known constents

1

of 37 or Kh’ to obtain the nuclear msgnetic moment

lu | = 0.163(2) nm.

B, Resgults for Y9O

Yttrium-90 has a hdssa electronic ground-state configuraﬂon. The

2D5 /2 states are the two lowest electronic states arising from
this configuration. Since the 21)5 /2 etate 1s only 530.36 vcm"l higher

2
D3 /2 and

than the 21)3

populated at the oven temperatures used.

/2 state (MEG 29), one would expect both states to be equally

The 85 factors for both these electronic states have been measured
by Penselin (PEN 59). The values used in all calculations concerning

this element are:
g(*0;,) = -0.719927(12),

3J(2D5/a) = =1.20028(19).
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After the initial spin search in both electronic states, which
coxifimed the expected velue I = 2 (FET 59b), low-frequency AF = 0
resonances were attempted. Figures 22 end 23 are examples of the OF =
0 transitions observed in the 2D5 /2 state, The transition Fym =
5/2,1/2 e 5/2,~1/2 showm in Fig. 24 wes also observed near the end of
the research on this isotope. Flgures 25 and 26 are examples of &F = O
transitions observed in the 21)3 /2 state; |

The established value of the nuclear spin vas expected for several
theoretical reasons. From nuclear shell atmc-hum ; the 39th protcm |
gshould be in the P /2 levels The gg /2 level is £illed at 50, and the
next level, filled by neutrons; is the d5 /2 level. Since one nucleon is
in & level with lotrinsic epin and orbitel angular momentum parallel, and
the other is in a level with intrinsic spin and orbitel éngular momentum
antipamll.el, the total spiﬁ of the nuclear gmﬁn& state, according to
rule N2 or rule BBZ from Sec. I1.B.l, should be the difference between
the individual angular momenta, or I =2, Also, since the agymptotic
quantum numbers given by Gal]aghﬁr and Mo:azkowaki {cAL 58) are Q = 1/f2
(pamllel_spin) and 9 = 5/2 (antiparauel spin), rule GM2 of the collece
tive model predicts I = 2. In eddition, since v g” decays to the OF
ground, state of Zr9c’, and since the unigue spectrum ahapé corresponds to
Al = 2 with chenge of pax‘iﬁy, ong would expect the ground state Lo be
2 minus. | ‘

Obsexvation of w =0 resonances in the 5’"1)5 /e stote at high magnetio
£1i1ds reduced uncerteinties in the intersction constente to puch an

extont that a search for the observebls 4F = 11 transitions beosme
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RUN 2954

v90 641,205,
Vee=7.928 \ (1958 (9/2, 5/2%9/2, 3/2)
H~ 8.5 gauss

y units)

@
I

-J
|

o
!

3
I

208 KC/SEC

N (]
l |

]

NORMALIZED CQENTNG RATE (arbitrar
I

7.8 8.0 82
MC/SEC

MU-19007

Fig. 22. Resonance corresponding to the transition 90
an@ﬁ,sﬁ«»9ﬂ,3ﬁinmeJ%RSmmorY.
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RUN 2995
90 g4 1y 2
v3Q 64 h,2D;

(772, 3/2e7/2, 1/2)
Vo 216,813 MC/SEC 17.2.35 MC/SEC

(

3 §§ H~17.0 gauss

528 KC/SEC

NORMALIZED COUNTING RATE(arbitrary units)
N -
!

I7.0 7.5
MC/SEC

MU-19009

Fig. 23. Resonance corresponding to tzhe transition 90
F,m=7/2, 3/2«=17/2, 1/2 in th_g_Ds/Z state of Y’ .
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{0} on
RUN 5391 ‘
ol 9.450 Yso‘ 64 h, 205/2
(5/2,1/24%5/2,-1/2)
gl H= 8.5 gauss

400 KC/SEC

" NORMALIZED COUNTING RATE (arbitrary units)
)
i

4)—-
34—
2 -
| —

I I N T (O Y T O N N S

9.0 95 100

MC/SEC
MU -=-22029

Fig. 24. Resonance corresponding to the transition

F,m=5/2, 1/2 «»5/2, -1/2 in the D5/2 state of Y7,
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") RUN 2952

= 90 2

= Y¥¥,64h, D3 /2

> (772, 5/27/2, 3/2)
H~ 8.6 gauss

N
r

Yeo=4116 MC/SEC 4131 MC/SEC

o
[

o
I

o
I

216 KC/SEC

N
I

|

NORMALIZED CO.UQTING RATE arbitrar
I

40 42 | 44
MC/SEC

MU-19008

Fig. 25. Resonance corresponding to_léhe‘ transition 90
F,m=7/2, 5/2 <> 1/2, 3/2 in the 133/2 state of Y’".
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A|O——
,‘é RUN 454
. 90 2
§ (572, 3/24%»5/2, 1/2)
’.é' sl H=100.0 gauss
(=)
!
< -
(0l _
48.400
o
=
S s
3 ;
41
. I MC/SEC
QO
L
N 3
-
=
@ 2
@]
2
|_.
| N N N U O (O S O I S I T I
470 480 49,0 50.0
MC/SEC
MU=22030

Fig. 26. Resonance corresponding to the transition
F,m=5/2, 3/2+>5/2, 1/2 in the D, /, state of 90,
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i’earsihie. vThe ratio b/a agcertalned e normal level ordering (Fig. 3),
50 that there wes no awbiguity concerning " observable transitions. These
trensitions were inltlally observed at low megnetic fields. With the
improved values for the interactlon constants, tfansition freguencies
v(H) vere éalculated vith Routine JO-9. Table II shows where these

OF = %1 trensitions are least field-dependent. Since the line width is
narrowest.at these poin't"s, future work was concentrated in this area.
Figures 27 through 33 are examples of the transitions obgerved at their

field-dependent miﬁimm

Table IT

The most field-inde.pandent positions of the observeble &F = il trangitions
in the 21)5 /2 electronic state of 1'9 The caloulations were performed for
8 = «85.258 Mc/sec, and b = «29.716 Mc/sec.

- Transition ' (EBv/éI{) H 'e;(gI +) v(gI -)
(Fl’ml e—-»szmQ) ' (Mc/sec»gauss) (zruss) (Mc:/sec) {Mc/gauss)
7/2,3/2 «=9/2,3/2 0.016 51 5 405,718 405,718
_; - | | 293,451 293,451
5/2,1/2 « 1/2,1/2 0 63. 2} { 2689, 572} { 289,572 }
3/2,-3/2 s 5/2,-1/2 0 ' 32.5 171,408 1714368
3/2,-3/2 «=5/2,-3/2 0 13.6 194,660 19% .660
3/2,-1/2 = 5/2;~1/2 0 48.8 176 485 176 485
3/2,-3/2 e 5/2,-5/2 0.576 0 198,287 198.287

3/2,-1/2 e 5/2,-3/2 0,13k 29.9 211,731 211,768
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NORMALIZED COUNTING RATE (arbitrary units)

RUN 5352

90 2

(772, 3/24%9/2, 3/2)
H=51.4 gauss

AN I N I SO T N N N O I

Fig. 27.

4056  405.7 4058 405.9

MC/SEC

MU=-21917

Resonance corresponding to the transition
F,m=7/2, 3/2 «=9/2, 3/2 in the Ds/z state of Y

90



-81-

of-
RUN 536l

o 20, 64 h, %,
(572, /2@ 72, I/2)
H= 8.6 gauss

®
I

ﬂ

»

(&)

H

W

N

NORMALIZED COUNTING RATE (arbitrary units)

I Y S (Y S N N N N
2933 293.4 293.5 293.6

MC/SEC

MU-21918

Fig. 28. Resonance corresponding to Ehe transition 90
F,m=5/2, 1/2 <= 17/2, 1/2in the D5/2 state of Y’ ".
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10
RUN 5341
90 2

.*g; (372,-3/24%5/2,-1/2)
=8 |- H=32.5 gauss
o
=
57 171.350 MC/SEC
L
2
b
O
Z 5+
!._
=
) 4
8 45 KC/SEC
Q
ul 3
~N
=3
s 2
('l
o
Z

N T I T O Y
171.30 171.35 171.40 171.45
MC/SEC

MU=-21922

Fig. 29. Resonance corresponding to the transition
F,m=3/2, -3/2«=5/2, -1/2in the ; /, state of Y70,
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o
|

RUN 5002

90 2
Y7¥, 64 h, “Dg,,
(3/2;-3/24%5/2,-3/2)
H=13.5 gauss

0
|

(e
|

ﬂ
|

()
!

H
]

&
T

o
|

NORMALIZED COUNTING RATE (arbitrary units)
(6]
1

MU -22028

Fig. 30. Resonance corresponding to the transition
F, m=3/2, -3/2«—>5/2, -3/2 in the /2 state of Ygoa



NORMALIZED COUNTING RATE (arbitrary units)

Fig. 31.

F, m=3/2, -1/2+=5/2, -1/2 in the
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RUN 5342

90 2
Yv¥, 64 h, 05/2
(372 ~1/2¢>5/2 -1/2)
H=48.8 gauss

176.3

176.5 176.6

MC/SEC

I76.4

MU-21921

Resonance corresponding to the transition

5/2 state of Y90.
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— 9—
L RUN 394|
5 " 90 2
S (3/2 7 3/2465/21-5/2)
5 -
5 Um _— H=4.9 gauss
L [
- ,
< 61
o
S s|-
=
5
e} 41— 560 KC/SEC. _
O
QO 3+
wJ
u :
< 2|
-
(0e
O =
pd
I I R A N
201.0 2015 2020
MC/SEC
~ MU-=21919

Fig. 32. Resonance corresponding to th% transition 90
F, m=3/2, -3/2< 5/2, -5/2 in the D, /, state of YO,
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RUN 4452

v90, 64 h, 2055
(3/2,~ 1 /2 +%5/2,~3/2)
H= 29.8 gauss

211,860

330 KC/SEC

NORMALIZED 'COUNTING RATE(arbitrary units)
H
|

A T N N S N N T O
2115 212.0 212.5

MC/SEC

MU-21920

Fig, 33. Resonance corresponding to.the transition F,
m-a/z, -1/2 «<==5/2, -3/2 in the “D state of
v 5/2
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' Since the shom secs two i g fields‘parqllel to the magnetlic field H
and 180 deg oub of phase in the halrpin used, the tra&sition probability
goes through zero at:the "peak" for o transitions (Sec. ITT.A.3). T?e
resulting doublé;peaked struéture was observed for all Uctransitions
carefully done at thelr field-dependent . ' mintima. Whén (Bv/BH) is nbt
very close t0 zero, however, the fileld inhomogeneities "wash out" the
structure and the resultant shape is similar to a ﬁ'tranéition, but some-
vhat broadened and flattene&Q The position of the pesk snd other charac-
teristics of the line were checked with ng for the transition Fym = 2,w1
e Ly=le

During the investigation in the QDB/2 state, a resonance et sbout
410 Me/sec was identified ms the transition Fom = 7/2,3/2 — 9/2,3/2.
Because the dats f£it was poor, however, this vas suspecte& to be a reso-
nance in the 2D

3

/2 state. A short frequency search soon revealed all
eight observable transitions in the

2p

3/2 stete as well as the F;m =

7/2,3/2 = 9/2,3/2 trensition in the 2

5 /2 state in this frequency region.
This information, end the known intevection constents of ¥ (FRI 59),
permitted observation of all observable transitions within a short time,
Again, Routine J0-9 wae used to obtein trensition frequencies as a func-
tion of the magnetic £icld for all observeble AP = 1 transitions.. éahle
ITI shows where these transitions are least fieldméependent. Regonances
corresponding to these transitions, observed in most cases at the field-
dependent minima, are shown in Fig, 34 through Ml.

The f£inal results, in which Routine Hyperfine III hes been used to

vary the parameters a, b, end 8y to fit all obperved resonances; are shown
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NORMALIZED COUNTING RATE (arbitrary units)

[ 1 1 1 [ 1

RUN 5322

90 2

Y¥Y, 64 h, 03/2
(572, 3/24%»7/2, 3/2)

H= 263.2 gauss

I T N I N S

589.9

MC/SEC

Fig. 34. Resonance corres

m=5/2, 3/2 < 7/2, 3/2 in the

590.0 590.1

MU-21923

ondmg Eo the transition

2 state of Y9

?
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RUN 5331

90 2
Y¥¥, 64 h, D3/
(372,-1/72+5/2, 1/2)
H=127.0 gauss

379,725

45 KC/SEC

NORMALIZED COUNT|NG RATE (arbitrary units)

I T N (N T S N S S O |
379.65 379.70 EC 37975 37980

MU-21924

- Fig. 35. Resonance corresponding tp the transition 9]8,'
' m=3/2, -1/2<>5/2, 1/2 in the D3/2'state of Y7©.
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RUN 5332

5L v99, 64 n, 205,
pd (372, 1/24»5/2, 1/2)
[ =
s H=191.8 gauss
oy
2
S g
s
-
<
x
O 3|
= 3
—
pd
2
o
o

21
o
2 }
N
-
<
=
x |-
o
=

N A U Y O S I A T A
363.0 363.1 363.2 363.3
MC/SEC
MU-21925
Fig. 36. Resonance corresponding tozthe transition

m=3/2, +1/2<«>5/2, +1/2 in the D3/2 state of

90,
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NORMALIZED COUNTING RATE (arbitrary units)

N

RUN 53llI
90 2
(3/2,1/2495/2 -1/2)

424.780

H=114,2 gauss

25 KC/SEC

[

424.70

Fig. 37.

424.75 424.80

MC/SEC

MU-21926

Resonance corresponding tg the transition Fd
m=3/2, 1/2 <> 5/2, -1/2 in the "D, /, state of Y9



-92.
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_ RUN 5321
— 90 2
S (3/2,~3/24»5/21/2)
58 - H=19.9 gauss
E
5,
E 409,588
<{
o 6
S
E o
=
-
34
35 KC/SEC

QO
ul 3
N 2
=
s 21"
xx
O
Z |- ~

| N A (O O T N N I O O

409,55 409,60 409.65
MC/SEC

MU=21927

Fig. 38. Resonance corresponding to the transition Fé
m=3/2, -3/2 «>5/2, -1/2 in the 2D3/2 state of Y0
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RUN 483

90 2
Y7V, 64 h, D3/2
(372,-1/24»5/2,~1/2)
- H=25.1 gauss

© o
|

©
|

ﬂ
|
L O—1
—0—
o0

NORMALIZED COUNTING RATE (arbitrary units)

T

6_.

5 } }
4

3

2

412.0 412.5 413.0
MC/SEC

MU-=-22027

Fig. 39. Resonance corresponding to, the transition 91?0,
m=3/2, -1/2«>5/2, -1/2 in the D3/2 state of Y’".
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10
RUN 452
90 2
ol Y7, 64-h, “D3,o
H=5.3 gauss
8l (3/2,-3/24%5/2,- 3/2)
(372, 1 /24»5/2-1/2)
7
6 |—

(3/72,-1/249%5/2-3/2)

NORMALIZED COUNTING RATE (arbitrary units)

4
3
2
No r.f.—Q
|_
RN BN N B N A R B B
212.0 213.0 214.0
MC/SEC
MU-21929

Fig. 40. Resonance corresponding to the unresolved tran-
sitions F, m=3/2, -3/2«<*>5/2,-3/2 and E, m=3/2,
1/2«<=5/2, -1/2, in the 2p > state of Ygd. The tran-
sition F, m=3/2, -1/2 «» 5742 _3/2 in the same elec-
tronic state is just separated from the doublet.
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10
@ RUN 5343
‘c 90 2
> (3/2,-3/24+5/2,-5/2)
g 8 H=8.9 gauss
L
s
w -|-
= 7
T

6 417,375
()
=
= 5+
=
>
O
O 41
Q
W sl 500 KC/SEC
S )
|
< ol
=
S
Z | [}

I I [N N O I I Y (N O I
416.5 417.0 4175 418.0

MC/SEC

MU=-21928

Fig. 41. Resonance corresponding t% the transition F,
m=3/2, -3/2«>5/2, -5/2 in the D, /, state of Y9



in Tebles IV and V. Both positive and negative starting values for 81
vere uged. It should be noted that gy comverges t0 the same negative value
for both cases in each electronic state,

The value of &1 caleulsted in this manuer provides an independent
check on the value calculsted with the aid of the Fermi-Segr® formula and
the interaction constents of 89. Uncertainty in the 2D3/2 measurenent
was very large, since the field-independent w transitions occur et approxi-
mately 30 gauss. The 2D3/2 state gives.greater gecuracy; sincelthese

transitions occur In the region of 120 gauss.



Table TIT

The most fielduixlcisfzpenclent positions of the observable AF = %1 transitions
o _ :
in the “D, ,, electronic state of Ygo.' The calculations were performed for

3/2

a = -169.749 Mc/sec and b = ~21.602 Me/sec.

~ Trensgition (dov/om) " ' v(gi +) vigy -)

(Fi’ml. > Fppm,) (Me/sec-gauss)  (gauss) (Me/sec) (Me/sec)
5/2,3/2 s 1/2,3/2 0 26343 589,909 589,909
3/2,-1/2 ¢ 5/2,1/2 0 127.1 . 379.885 379.728
3/2,3/2 e« 5/2,1/2 0 1947 363244 3634144
Vonife rsfaife o {5} {=p) {am
3/2,+3/2 e 5/2,-1/2 0 19.9 409.618 509,593
3/2,-1/2 e 5[2,-1/2 0,064 27.0 412,879 412,879
3/2,-3/2 «5/2,-3/2 0.288 0 410,871 410,871
3/2,-1/2 s 5/2,-3]2 0,426 5745 432,389 432,443
3/24=3/2 s 5/2,-5/2 0,703 ) 410,871 410.871




Teble IV,

'Sunm.-lyot‘.’f?'o

data for ‘thea

D /2 electronic state.

3

Comparing isotope
!2,39’ 2”3/2" I=1/2
gJ = ‘0’79927
gy = -1.49037 x 107
8 = =57.217 m/sec

4

Calibreting isotope

RS, 251/2, I=5/2
gy = =2.00238

gy = 2.93704 x 10°
Av = 3035.735 Me/sec

k

Iteration a . Ba b ob 8y X 101‘ BgI X 21.0111 Xz
- 0. {(Mc/sec) (Mefsee) (Mefsec) {ic/sec)

1 -169.749  0.000  -21.599 0,000 k.2 0.000  375.9
2 -169.749  0.003 -21.602 0.013 -4.89 0.35 9.4
3 -169.749  0.003 -21.602 0.013 -4.89 0.35 Gk
1 -169.7H9  0.000  -21.599 0.000  -b.k2 0.0C0 10.3
2 -169.749  0.003 -21.602 10.013 -89 0.35 9.4
3 -169.749 -~ 0.003 = -21.602

C.013 k.89 © 0435 9.4

86



Calib- .
rating v, Evc H oH v bv Residusl Weight
Rmn  isotope {Mc/sec) (Mc/sec) {gauss) {gmuss) F, ™ F, m, (1e/see) {(Me/sec) (Me/sec)  Factor

2952  RBSS 4.03% 0.040  8.585 0.08% /2 5/2 /2 3/2 .13l 0.030  -0.013 387.4
2953  RBS5 7.905 0.0k  16.718 0,08k /2 5/2 7/2 3/2 8.101  0.045  -0.0L% 270.2

4531  Re85 50.72F 0.085 100.406 0.156 T7/2 5/2 T/2 32 51.480  0.150  <0.078 = 33.6
5532  RBSS  179.192 0.150 300.127  0.199 7/2 5/2 7/2 3/2 175.600 0.200  -0.178 15.8
45kl RBS5 50.520 ©0.130 100.032 0.238 5/2 3/2 s5f2 1if2  48.h090  0.300  -0.108 9.3
1581  RBSS 2.1% 0.080 L4581 0.085 5/2 3f2 T/2 3/2 612.580 0.100  -0.103 99.3

5322 - EKBSS  152.225 0.060 263.189 0.085 S5/2 3/2 7/2 3/2 589.90  0.0k0  0.031 625.0
4792 RB85  152.239 ©0.090 263.209 0.127 5/2 3/2 7/2 3/2 580.900 0.040  -0.009 625.0
k512 EBSS 2.642 0.040  5.636 0.085 3/2 -1/2 5f2 1f2 40B.920 0.150  -0.112 42.9
1504 RB8S  h.765 0.040 10,129 0.08h 3/2 -1/2 5/2 1f2 ho7.h00  0.150  -0,123 42,9
5331 EB85.:  65.581 O.0l5 127.04% 0.079 3/2 -1/2 5f2 1ife 379.725  0.015 0.005 Lhhh k
491 RBSS5 65.680 0.050 127.218 0,088 3/2 -1/2 s5/2 1f2  379.720  0.0LO 0.000 625.0

4961  ®BGS 12,062 0.085  25.339 0.093 3/2 ifz s/f2 ;/2 407.375  ©.175  -0.100 32.k
5332 ReS5  10h.h43  0.140 191.807 0.222 3f2 1f2 s5/2 1ife2 363.140  0.00  -0.00% 625.0
4831  RES5 11.923 0.080  25.053 0.124k  3/2 -1f2 5/2 -1f2 L12.750  0.100  -0.00% 994

k521 RBSS 2.485 0.070 5.302  0.1%9 3/2 1if2 s5/2 -1f2 M2.420  0.200 0.087 23.8
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Calih-

rating v, | By, ) SH v Sv Residual Weight
Rum  Isotope {Mc/sec) (¥Mc/sec) (gouss) (gauss) F om F, m (ve/sec) (Mefsec) (ic/seec)  Factor
5311 ®BB5  58.357 0.085 11h.232 0.136 3/2 1f2 5/2-1f2 k24780  0.010  0.002  10000.0
4501 ERBSS 2.189 0.0 4673 0.085 3/2 -3/2 5/2-1/2 1410.260 0.200 ~0.082 25.0
21 %5 2.330  0.100 4.973 0.213.. 3/2 -3/2 s5f2 ~1f2 410.150 0.200  -0,163 2h.7
4511 RB8  2.659 0.000  5.672 0.085 3/2 -3/2 5/2 ~1/2 110.200 0.200  -0.048 25.0
4503  RBB5 4770 0.0k0 10,139 0.08s 3/2-3/2 5/2-1/2 L09.700 0.200  -0.202 £5.0
5321  ERESS 9.423 0,035 19.880 ©0.073 3/2 -3/2 52 -1f2 409.588  0.010  ~-0.00% 9999.9
1821  RBBS  11.860 0.0h0 24,923 0.082 3/2 -3/2 5/2 -1/2 L09.670  ©0.050  -0.003 398.5
4522  RBSS 2.485 0.070 5.302 0.149 3/2 -1/2 5/2 -3/2 1413.700 0,100 0.156 65.1
5343  RBBS L350 0.040  8.852 0.08% 3/2-3/2 5/2-5/2 7.375  0.175  0.183 29.1

00T



Table V

Summery of YOO data for the 295 Jp electronic state.
Comparing isotope Calibrating isotopes
- gy = -1.20028 o . gy = ~2.00238 X gy = ~2.00238 \
- -1.459037 x 10 . g = 2.93704% x 10~ gy = 995359 x 107
a = -28.749 Me/sec Oy = 3035.735 Mefsec  Av = 6834.685 efsec
Tterstion & - v &b & x 10" bg; X 0t K8
. Koe (me/sec) (Mefsee) (Mofsec) {Mefsec)
1 -85.255 0.000 -29.738 0.000 h.k2 0.00 36.5
2 "85 3258 00003 .290716 O-Glg “8 070 2 088 11%.0
3 -85.258 0.003 -29.736 0.019 -8.75 2.88 14.0
1 7 -85.255 0.000 -29.738‘ 0.000 - 0.00 15.1
2 "85 0258 Q&w3» -29s716 00019 "8075 . 2a 88 1}4 . O

3 -85.258  0.003 -29.716 0,019  <8.75 2.88 14,0

TOT



Calib-
rating Vo oy, B BH : v v Residusl Weight

Run  isotope (Mc/éeé) (¥c/sec) (gauss) (gauss) F, m F, m (Mc/sec) (Mc/sec)  (Mc/sec)  Factor

2954  RB8S 3.990 0.030 8.ko2  0.063 9/2 s5/2 9f2 3/2 7.958  0.030  -0.035 221.7
2955  ERBS5 8.078 0.030 17.079 .0.063 9/2 s5/2 9/2 3/2 16.190 0.045  -0.013  176.9

2991  RB& 20.023 0.030  41.53% 0.060 9/2 S5/2 9/2 3/2  ko.280 0.105  -0.022 68.0
2996  RB8S 34.889 0.030 70.721 ©0.058 9/2 Sf2 9/2 3/2 70.485  0.190  -0.041 25.1
3291  RBS5 64.916 0.030 125.876 0.053 9/2 5/2 9f2 3/2 132.150  0.300 -0.258 10.7
3391 RBST  133.524F 0.050 180.438 0.06% 9/2 s5/2 9/2 3/2 199.600 0.750  -0.631 1.8
-2994%  RBSS 3.946 0.030 8.399 0.063 7/2 3/2 T1/2 1/2 8.33%  0.085  -0.053 88.3
2995  EBSS 8.059 0.030 17.039 0.063 7/2 3/2 7/2 1/2 17.235 0.075 . 0.011 101.9
3191  EBSS 12,000 0.030 25.211 ©0.062 7/2 3/2 7/2 1if2 25.880  0.200 0.088 22.6
3192  RB8S 16.795 0.030 35.006 0.061 7/2 3/2 7/2 1f2  36.500  0.200 0.133 22.5
3193  RB85 24,398 0.030 50.262 0.059 7/2 3/2 7/2 1/2 53.550  0.200 0.011 22.k
3194  RBSs 34.568 0.030 70.10% 0.058 7/2 3/2 7/2 if2  Tr.600  0.300  0.213 10.5
3401  RBOT 68.313 0.0k0 94.816 0.054 /2 3/2 7/2 1f2 109.800 0.300  -0.066 10.5
3421 REBST  113.131 0.0k0 154143 0.052 /2 3/2 7/2 1f2 199.650  0.500  -0.345 3.9
. 5391 R85 L.002 0.035 8.518 0.07% 5/2 1if2 5/2 -1/2 9.450  0.150 0.023 3kh.2

4991  RBS5 12.089 0.030 25.395 0.062 T/2 3/2 9/2 3/2 Los5.120 0.080 --0.013 156.1
5352  RB8S 24,993 0.030  51.b40 0.059 7/2 3/2 9/2 3/2 405.725  0.025 0.007 1597.7
5351  RBSS 25.297 0.310 52.0k2- 0.612 7/2 3/2 9/2 3/2 L405.7T25 0.025 -0.002 = 1386.6

20T



Calib-

0.015

rating Ve By, H 5H v oy Residual Veight
Run isotope (Mc/sec) {Mc/sec) (geuss) {gmuss) F, m F, m, (Me/sec) (Mefsec) (Me/cec) Factor
5361  EB85 4.020 0.0k0 8.556 0.085 s5/2 1if2 7/2 1/2 293.435 0.035 -0.015 £15.3
5001 R85 4.026 0.035 8.568 - 0.07% 5f2 1f2 /2 1f2 293.425  0.075  -0.026 177.8
Lgg2  EBSS 12.1% 0.080  25.512 0.165 5/2 ‘1f2 7/2 1/2 292.600  0.150  -0.052 4.0
3931 RB8S 1.721  0.030 3.677 0.06% 3/2 -3/2 s5/2 -5/2 200.750  0.150 0.227 41,k
3751  ERB85 - 1.729 0.0W0 3.69% 0.085 3/2 -3f/2 s5/2 -5/2 200.525  0.100  -0.008 T7.2
3941  RBS5 2.278 0.030 L.862 0.064 3/2 -3/2 5[2 -5/2 201.5k5  0.200 0.252 23.9
43111 R88S 2.845  0.050 6.067 0.106 3/2 -3f2 5/2 -5/2 202.100 0.300 0.CCO 10.5
%101  Rs8s 1.672  0.050 3.572 0.106 3/2 -1/2 s5f2 -3/2 201.550  0.200 0.127 21.0
k112 EB8S 2.845 0.050 6.057 0.106 3/2 -1f2 5/2 -3/2° 203.650  0.300 0.282 10.4
k452  RBSS 15,250 0.050 29.831 ©G.102 3/2 -1/2 5/2 -3/2 211.860 0.075 0.08 - 172.0
5002  RBSS 6.382 0.040  13.530 0.08% 3/2 -3/2 s5/2 -3/2 194.656  0.07T0  -0.010 20h4.1
3942 RBS5 2.279 0.030 186k 0.08% 3/2 -1f2 s5/2 -1f2 196.856  0.200  -0.354 24.8
51 RBS5  23.633 0.080  MB.THS  0.079 3/2 -1/2 5/2 -1/2 175.450  0.050  -0.035 500.0
53h2 RBES 23.676 0.050  148.830 0.099 3/2 -1f2 5f2 -1f2 176.180 0.040  -0.006 625.0
hikl R8BS 9.59h  0.030 20.027 0.052 3/2 -3/2 5/2 -1/2 175.375 = 0.200 -C.00L 24,0
5341  RBS5 15.572 0.030 32,530 0.051 3/2 -3/2 s5/2 -1/2 171.350  0.015 0.00L bl L
4%2  RB8S 15.57% ©0.03¢  32.53% ©0.061 3/2 -3/2 s5/2 -1/2 171.350  0.025 0.001 1600.0
L:h3  RBSS 15.699 ©0.050 32.788° 0.102 3/2 -3/2 5/2 ~1/2  171.350 0.000  44ik.0

cot
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The suzll velue of the X2 reflects the conservetive errors placed on
the experimentel rosonsmcee freguencies. Since computer uncertainty in each
parameter is the stundard devietion of that parameter, there should be a
95% probability (Por e normal distribution) tﬁat the true value lies within
two standsrd deviations of the measured value. With this uncertelnty, the
nmeasured values of the interaction constants and gy were:

21)3- /2 stote: a = 7169.7&9(7) Me/see,
b = ~21.602(27) Me/sec,

gy = ~%9(7) % 107

21)5 /o state: @ = -85.258(6) He/sec,
b = -29.716(38) Me/sec,

gI = "9(6) A 10“1&0

From these values for a and b, the zevo-field hyperfine-structure

sepa.ratiohs weres |
| 2 ‘ | .
D, /2 state: Avl/2_3 /2 ” 235.722(26) Mc/_seq,

Y3 1.5 /2 = 410.872(24),

895 o]z = 613:022(34);
2D5/2'state: Av1/2_3/2 = 114,515(19) Me/sec,

vy /2-5 o= 198.288(24),

Vs g o = 293:202(22),

DVa 2.9 /2' = 403.718(37)
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Figures 42 and 43 show the energy level diagrams for both electronic states
in the region O to 1000 gauss.

From BEgs. (II-9) and (I1I-18), one would expect the ratio of the a's
in the doublet (prim&cl quantities im‘ply Ds /2, double-primed quantities
imply D3 /2) %0 be '

| &' 3
R
and the rﬁtia of the b's to be

b W0 FR

TR
From the intersction constants and muclear megnetic moment for 289; the
value 2, = 25.5 wes determined with the aid of Eq. .’(‘I:'[—Qa)a With this
value for 21, ‘the relativ:tatic comcts.cm Factors (KOP 58, PP, h!&5«-!m8) were:

B! e 1.0059, R = 1.01115,
" = 1-0137, Rﬂ &= 1003725'0

Thus; the ratics becone

at
el Owh2531
Bn

and
bt
‘;; = 1&3928& _

From the experimentsl measurements,

at _
- = 05023,
a" _

v
it 1037560
-bﬁ
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Fig. 42.2 Energy level diagram of the hyperfine structure in
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; 9
the D3/2 electronic state of Y7V,
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Fig. 43.‘2 Energy level diagram of the hyperfine structure in
the D5/2 electronic state of Y70,
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The large deviation, especially in the ratio of the a's, suggests a con-
figuration mixing effect of the type discussed in Sece II,A.5. The elec-
tronic configuration that méets the requirements for an effect of this
type 18 the LaSsHs configuretion.

From the measured a values for both *electi'onig states we cé,lculate
the corrections that must be made: With the same notation as in Sece IZ.A.5; -

we have the relations

a“ = ao" & 6"’

F." c" 2
6 =~ | e |,
] ct

Ve may estimate IC"/C“’lg from BEq. (II-73), Toking n* = 1.4k, ve obtain

2
= loOlh'OQ

cll

ot

Thus, 6 = 1.0219 and
8y’ = ~T5.347 Mofsec,
ao" L "179.660 Me/_seco

The interaction constants of Y89 are (FRI 59):
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a' = -28.7%9(30) Me/zec, , s
and
2 '570217(15) m,seco
'i‘he corrected values are

* = »25,401 Me/sec,

8o
and
8y" = -60.565 Me/sec.
Since: g 89)uncorr = «0,273650(8) (BRU 54), we cen now use the Fermi-

Segrd relation to calculste the nuclear g;* factor for Ygo. " For both

electronic states, the value is

0,uncorr sfly
sI HEOROT - 0.812(1).

The uncorrected nuclear magnetic moment, therefore, is
90,uncory * ,
(Y ) = g M = «1.623(8) nm.

The 0:5% uncertainty haa*been:,assignedv tosthe 'cal‘culated nuclgar ma@netic

- moment because of mssumptions involved in the Fermi-Segrd relation.
Fricke, Kopfermann, end Penselin (FRI 59) have calculated effective

nuclear charge nunbers for ytirium based on their hyperfine-structure

results for Y89’ Thelr results are:

2. : ' .
D3/2 state! Zi w 7 = 125,

2D5/2 states. 'zi = 2 = 6.k, L
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Here the configuration mixing effect is reflected in the two different
values for zi. If we use these values and the uncorrected a's fgr Y90 to
calculate the magnetic moment from Eq. (1I-9a), the result for both elec-

tronic states is

“I = "10621 Niie

This result agrees very well with the previous one.
The uncorrected nuclear electric quadrupole moment can best be obtained

from Eq. (II~20)0 For the EDS/E 3ta‘te‘;

2

a( Ds/a) = =0,155) barns,

and for the 2])3 /2 state,
2 N ,
(2] D3/2) = ~0,1549 bams.
We shall take
QU)o ~0.155(3) barns

as the best uncorrected value of the nuclear electrie quadrupole moment
‘:l’or Y90‘ A 2% uncertainty has been assigned to the nuclear gquadrupole
moment because of the uncerteinty in 81 and because the ratio of the b's
for the two electronic states differs from the theoretical ratio by 1s2he

Since nuclear deformation is not large in the case of Y9O’ the experie
" mental nuclear moment results are comparable with the single-particle shell
model. Since the odd proton in a Py /2 level couples with the odd neutron
in a ds/a level to give I = 2, we obtain from Eq, (II-77),(1I-78), and
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(11-79)
gp = *09528,

g, = ~0.765,
NB = -1.609‘111!1.

The diamsgnetic correction factor k = (L = 6)™% = 1.00359 (KOP 58, p.k50);

| thus, '
up(PO S < (YRR = -1.629(8) rme

The exparimental end theoretical values for Ky 8re seen to be in remarkable

agreemenﬁ (approx. 1%). Since the odd proton is in & /2 level, the

single~particle shell model would predict § = O for the quadrupole moment

of Y20 [Bqs (11-83)]s Therefore, the spin and magnetic moment are pre-

dicted very well by this model, whereas the guadrupole moments are not in
very good agreement. | __ |

| From Egs. {(I1-83), (IIf&h) s end (II-86), the collective model predicts

uQ .'3 ”0030 nne

The collective model predicts the épin correctly but gives a much
poorer prediction for the megnetic moment than the independent-particle
model. |

From nuclear spin and magnetic moment consjderations, one can finally
say that the independent-particle shell nwdél is al‘batter representation
than the collective model for Yg 0.'
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Ce Results for Lalb'O

Lanthanum-1%0 has o 56.652 electronic ground-state configuration, giving

rise to the 2

D3 /2 and 2I)5 /e electronic states. Since the 2D5 /2 state is
only 1053.20 cm'l higher then the 21)'3 /2 ground state (MEC 32), one would
expect approximotely 603 of the gtoms 0 be in the 2 3 /2 state.and' 0% to
be in the a s /2 state at the temperatures requii'ed to produee a ‘bga.m.

The gy factors required for Eq. (11I-2) were obtained from the atomic

beam work by Yu Ting (TIN 57) on stable 1_&139. His vesults are

g5(®n; ) = -0.7988(5),

8?05 /,) = ~1.201(2),

The difficulties discussed in Sec. III.A.2 in producing a satisfactory
atomlce beem precluded making exteneive? meesurements on the hyperfine struce
ture of this isotope. However, observation of the AF a. 0 transitions core
responding to the F = I + J levels at low magnetic flelds established the
nuclear spin. Figures 44 and 45 shov the results of spin searches, which
indicated the spin to be I = 3. Observation of resonences in both e'lec-
tronic states, one of which is shown in Fig. 46, established this result
(eET 60D). - |

Eeta- and ganmae-ray spectroscopic evidence previously indlcated the

probable groﬁnd state of Lalho

to be 4 minus. However, recent work (LAN
60) has eliminated this possibility. It shows the shaps of the f-ray
spectrunm of the highest-energy tré.nsition to be consistent with a transi-
tion from 3« to 2+, in sgreement with the value determined by means of

atomic beans,
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Fig. 46. Resonance corresponding to,the transition F
m=9 /2, -5/2<=9/2, -7/2 in the D, /, state of Lal40,
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D. Results for Lut!!

As with lanthanunm, luteﬁiuui has a 56552 electroni¢ ground-state con-

%p

3
the 295 /2 State s only 1993.9 em™Y higher (MEG 30) then the 293/2 ground

figuration giving rise to the /2 and 2D5 /2 electronic states. Since
etate, one would expect epproximately 75% of the atoms to be in the lower
stote and 25%.t0 be in the upper state at the .oven te@emtures used.

The initial g, factors required for Eq. (I11-2) were assumed to be |
the IS coupling velues. These valuss fitted the first experimental data
t0 within about 1%. later, Ritter of the National Research Cou:nlqil, o
- Ottawn, Canads, kindly pmvidéd unpublished experimental information on
‘stable 1u11? which permitted calculation of more accuiate values with
Routine Hyperfine III (RIT 60). The values ﬁxsed for final mlysis of the

data are:

2 A
85("D5 p) = =1.20035(20).

Although the irradiated samplé was 99.9% pure lutetium metal, very
“high beams et low temperatures with no throwout were initielly observed.
This phenomenon proved to be a temporary effect, and probsbly was caused
by m013 or Im.F3 molecules. After about half an hour of running, an
atomic beam with 60 t0 T0H throwout was observed.

The initial spin search in both electronic states confirmed the
expected spin I = 7/2. Figures 4T through 51 are examples of resonances

2

. corresponding to the AF = 0 transitions in the 21)5 /2 and D3 /2 states,

which verified this result {PET 60a),
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Fig. 47. Resonance corresppnding to the _trar;f_}gion F,

m=6, -3 <> 6, -4 in tl:1e \DS/Z state of Lu
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D3/2 state of Lu



122

The 2D5 /2 electronic state was investigated first. In accordance with
the usual procedure, AF = 0 transitions were carried to higher mognetic
fields in order to reduce the uncertainty in the zero;fiéld hfs ae;oarations.-
Af“ter appreciable quadratic shiﬂ:a had been abserved, preliminary e and b
values were calculated. ‘I'hese valnes vers then used ag starting velues In
Routine Hyperfine III, and all future fits of e:@erimenta.l data were mada
with the computer pmgm. Since the ratio b/a was found 10 be 12.3, the
level orde_ring in thié electronic state has been inverted to F = 6, 5 l,
L, 2, and 3 (see Fig. 5)e

In order to increese the accuracy of the interaction constants, an
attempt was next made to observe the AF = %1 transitions at low magnetic
fields. These observations reduced the uncertainties in é and b to a few
hundred kc/sec. With these values, Routine J0-9 vas used to predict tran-
sition frequencies as a function of the megnetic field. Tsble VI shows
where these trenpitions are least fiéld-dependent. Since the resonance
line width 1s narrowest at these points, future work was concentrated in
this area, Figures 52 through 56 sre examples of resonances o’bsewed,
where possible, at their least £ield-dependent points. Again, double« |
peaked o tre.nsitions of the type discussed 1n Sec. IVWB were observed.

With the aid of Ritter's bfs interaction constents for m]'?s (RIT
60, unpublished data), the 2])5 /o interaction constants were used to eaﬁ-
mate the interaction constants in the 21)3 / electronic state. These values
predicted the ratio b/a to be 7.5, which resulted in the level ordering

.I" 5, 2, L, and 3 (see Fig. 4). The accuracy of the estimate made possiblé

& direct search for the AF = il transitions, Examples of resonances
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Fig. 52. Resonance corres%onding to the transition F,
m=6, -3 <=5, -3 in the D5/2 state of Lu177.
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Fig. 53. Resonance corre5p£nding to the tranfition F,
m=5, -2 <=4, -2 in the Dy s, state of Lu ",
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Fig. 54. Resonance correspfnding to the tranf.}t,ion F,
m=5, -2« 4, -1 in the D5/2 state of Lu
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Fig. 55. Resonance corrEsponding to the t]l'e,x}sition F,
m=4, 2+ 3, 3 in the D5/2 state of Lu .
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NORMALIZED COUNTING RATE (arbitrary units)

Fig. 56.

RUN 423|
. LU|77, 6.8 d, 205/2
(1,| «»2,2)
H=37.6 gauss
172.880
100 KC/SEC
N S T N N N N S I O O
172.8 1729 173.0 173.1 .
MC/SEC
MU=-21916

Resonance.correiponding to the traln?s’ition F,

m=1, 1«2, 2 in the D5/2 state of Lu
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corresponding to these transitions are shown in Figs. 57 through 61.

The only transition for vhich Ov/oH is O in this electronic state
for magnstic flelds less than 1000 gauss is shown in Fig. 61 (Ov/oH = 0
at aiaprox. 62 gauss). The field-independent edvantage of thig transition
wes pgrtially lost because of interference with the transition Fom =
h,3 «> 3,3, Good resolution; however, was finally obtained at about
60 gauss. | o | | | ' | _ |

The final results; in which all experimental data have been fitted:
by Routine Hyperfine III, are shown in Tebles VII and VIII. Both positive -
4 apd negetive starting values for gy vere used. It ghpuldibe noted that
gy converges to the same poaitivevvalue for both cases in each electronic
state. | v

The value of 8y calculated in this manuexr provides an independent
check on the velues calculsted fram Eq. (11-9a) and the a's for both
electronic states. Uncertainty in the 2D3/2 measurement is very large
because the observed f£leld-indspendent 7 trensition oceurs at only 60
gaIss . ‘Qhe Foli = 5542 ¢ b,=) Pleld-independent transition in the 2D§/é
state oecurring at 227 geuss providéd the beat directly meesured valué

of 8y
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Fig. 57. Resonance corres%onding to the transition F,
m=5, -3« 4, -3 in the D3/2 state of Lul??,
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Fig. 58. Resonance corres%onding to the trarisf'.;ion F,
m=5, -3 <= 4, -2 in the D:,’/2 state of Lu .
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Fig. 59. Resonance correfpondmg to the trmltlon F,
7 m=4, 3<=3, 3 in the _D3/2 state of Lu
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Fig. 60. Resonance corrgsponding to the tll‘?:}sition F,
m=4, 4« 3, 3 in the D3/2 state of Lu .
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Fig, 61. Resonance correiponding to the trTnsition F,
m=2, 2+=3, 3in the “D, /, state of Lu ,
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Table VI

The most field-independsnt positions of the observeble AF = *1 transitions
in the 2D5 /2 electronic state of Lu177. The calculations were performed
for a = 147,167 and b = 1805.928, ' ‘

Transition (ov/om) nin H vig; +) vig; -)
(F1,m1 e F pm,) | (Mc/sec-gauss) (gouss) (_Mc/sec) (Me/sec)
635=3 ¢ 5,3 0 805 .2 1230.572  1230.572
552 ¢ 4,2 0 243.9 358.595 358.595
552 e Uy=d 0 226.5 410,476 410.279
b, 26=3, 3 0.0k2 0 175.885 175.885
by % 3, 3 1.13h 0 175 .885 175.885
by 343, 3 0.588 0 175.885 175.885

1, 1 er2, 2 0 - 37.2 172,868 172.835




Table VII

Summary of mlw data Por the 2D3 o electronic state.

Conparing isctope

17 2 o fo
Y, by fo? I= ;[2
gJ = "0"?9933- i
gz = 3'91 A l{}

Calibrating isctopes

2 - 2, -
Rb85, Sy /o7 I=5/2 Fb87, 83./2? I =3/2
gy = =2.00236 y gy = -2.00238

I

8p = 2.9370k x 107 gy = 9.95359 x 1077

a = 19%4.3317 Mc/sec &v = 3035.735 Me/sec by = 6834.685 Me/fsec
Tteration -3 da. v .- Bb g X 1024' gy X 102” x@
To. {Me/see) {Mefsee) (Mc/sec) {Mcfsec)
1 194840 0.000 1k66.725 © 0,000 3.11 0.00 2.93
2 194,842 0.010 166,713 0.058 ka5 2.8 2.5
3 194,842 0.010 1466.713 0.058 4,15 2.86 2.8
3. 192; 582"'0 0;90@ lhéé 0‘725 OHBQG “'3 oll 00 00 6 970
2 19k.842 0.010 1466.713 0.058 4,20 2.88 2.8
1)466.713 60058 hglh‘ 2086 ' 2‘086

3 1g9h.8k2 0,010

GET



Calib-

rating v, oy e H SH. v ov Residual Welght

~ Run  isotope (Me/sec) (Mc/sec) (gauss) (geuss) F, m; F, mn (Mc/sec) (Mefsee) {Mc/sec) Factor
%31  RBSS 3.460 0.080  T.371 0.085 5 -3 5 -k 2.%70  0.050  -0.006 301.5
4651 RB85 28.660 0.070 58,653 0.137 5 -3 5 -4 20,000 0.050  =~0.007 202.8
661  RBES 106.545 0.110 195.126 0.173 5 -3 5 b €9.308  0.075 -0.02% 101.2
1:632 RBS5 3.463 0.040 7377 ©0.085 & 3 k- 2 1.600  0.050 0.005 355.1
4652  RB85 28.652 0.070  58.637 0.137 L 3 L 2 13.400  0.200 0.039 21.2
3351  Re85 50.618 0.030 100.211 0.055 L& Ty 2 TH.600  0.200  ~0.18 20.7
5071  Re85 L.667 0.030 9.922 0.063 5 -3 & -3 2018.i50  0.200 0.02% 2Lh.7
5072 RB85 L.668 0.030 9.924k 0.063 5 -3 4 .2 2015.150 0.120 0.032 63.1
5061 EB85 4,488 0.030 9.956 ©0.063 5§ -3 4 <2 2016.050 0.150  -0.043 41.8
5281  RESS 28.340 0.035  58.027 ©0.088 & 3 37 3  ho7.125  0.350  ~0.090 7.9
Y741 RB8Y 20.23% 0.100 28.666 0.140 4 y o3 3 387.200  0.300 0.227 0.2
5042 RBE5 28.364 0.030 58.0T4 0.059 L ¥ 3 3 k16.200 0.300 0.00k 10.7
k7h2 R8BS 1.503  0.040 2.999 0.085 2 2 3 3 459,000  0.750  -0.8C0 1.8
5041 RES5 28.364 0.030 58.074 ©0.059 2 . 2 3 3 11,030  0.120  ~0.029 . 7.7
5021 RB35 29.356  0.040 60.013 0.078 2 2. 3 3 310.550 = 0.080 -0.027 152.2
5272 Rs05 29.371 0.030 60.042 0.058 2 2 3 3 k10.566 0.080 -0.006 154.0
5111  RBSS 30.863 0.030 62.986 0.058 2 2 3 3 410.510 0.100 0.0l 99.6
5101 RE35 30.931 0.030 63.079  0.058 2 2 3 3 410.525 0.100 0.018 S2.5

ot



Table VIII

Summary of ml‘?? data for the 2])5 /2 electronie state,

Comparing isotope Calibreting isotopes
2 85 2 2
m175, D5 £ I=17/2 R, 281/2, I=5/2 ma&?, Syfp I = 3/2
g8y = =1.20035 gy = -2.00238 g; = -2.00238
-4 : =it -4
gr = 3.1x 10 g = 2.9370% x 10 gy = 9.95359 x 10
a = 146.779 Me/sec Av = 3035.735 Mefsee &y = 683L.685 Mefsec
. : L 4 2
Iteration a be b &b 8; X 10 SgI X 10 X
No. (¥e/sec) (Me/sec) {(Me/sec) (¥e/sec)
1 147,166 0.0C0 1805.909 0.000 3.11 0.00 25.1
2 187.167 0.005 1805.928 0.072 3.01 0.51 25.0
3 147,167 0.005 1805.928 0.C72 3.01 0.51 25.0
1 147.166 0.000 1805.909 0.000 -3.11  0.00 942.0
2 1h7,166 0,005 1805.911 0.072 3.19 0.52 25.1
3 1W7.167 0.005 1805.928 0.072 3.11 0.51 25.0
L 0.005 1805.928 0.072 3.01 0.51 25.0

157.167

LET



Calib-

reting v, v, :4 B8H v &v Residusl Weight
Run  isotope (Mc/sec) {Mc/sec) {gauss) (ganzss) F, m; F, m {(Me/sec) (Mcfsec) (Mc/sec)  Factor
3221 RBSS 11.506 ©0.025 24193 0.052 6 -3 6 -k 17.150  C.075 0.079 143.5
3223 RB85 22.070 0.025 45.633 0050 6 -3 6 -k 32,445 0.050 " 0.C09 263.2
3262 R85 50,625 0.030 100.22% ©.055 6 <3 6 -k 72.560  0.200  -0.008 24.0
3271 R8T  173.599 ©.070 230.907 0.087 6 -3 6 -k 17480  0.250  -0.248 14.8
3222  RB85  11.520 ©.085 2k.222 0.052 5 -2 5 -3 16.250  0.075 0.1456 145.4
3224 RBSS 22.082 0.020 45656 0.080 5 -2 5 -3 31.L00  0.100 0.219 92.3
3341  RESY7 ok.650 ©.070 129.981 ¢C.092 5 -2 5 -3 §9.250  0.300  -0.283 10.3
3351 RBST 129.137 ©0.030 174.817 0.038 5 -2 5 =3 14h.750 0.300 -0.013 10.9
3352 RB87  156.861 0.030 210.017 0.008 5 -2 5 <3 187.500 0.600 -0.276 2.8
k051  KES5 2.327 ©.040  L.966 ©.085 & 2 & 1 2.700  ©0.100  0.129 85.4
351 R85 5.045 0.030 10,719 C.063 & 2 k. 1 5.230 0.100 0.128 oh,.3
30911 RB85 - T7.077 0.030 1h.987 ©0.063 & 2 & 1 6.650  0.100  0.058 9%.4
4021  RBSS 7.111 0.040 15.058 0.08% & 2 &4 1 6.690  0.075 0.086 159.2
022 R8BS 7.588 0.040  16.056 0.08% & 2k 1 7.000 - 0.075 0.099 161.0
031  R885 8,718 0.00 18,413 0.083 b 2 i 1 7.630  0.100 0.085 95.6
5081  RBSS 2.282 0.0  L4.871 0.08 6 -3 5 -3 1810.730  0.150  -0.183 b4.0
5241  EBB5  138.837 0.070 24k.001 0,102 5 -2 4 -2 358.610  0.050 0,01k 400.0
5131 Re85  138.869 2ub.048. 0.102 5 -2 4 -2 358.600 0.050  0.00k  k00.0

0,070

QT



Celidb-

v

" Residual

rating & Sv, H 5H v dy Weight
Run isotope {Mc/sec) (Me/sec) (gmuss) {gauss) F, m F, m, (Me/sec) (Mc/see) (Mc/sec) Factor
5271  EBS5  138.877 0.070 244.059 ©0.102 5 -2 4 -2  358.600 0,050  0.00k 400.0
5141 EB85  138.92F 0.090 244,328 0,131 5 -2 4 -2  358.610 0.040  0.014 624.9
5112 RB85 = 139.052 ©0.310 24k.31L 051 5 -2 4 -2 358.625 0.075  0.028 1774
k241  RBSS 1.654 0.030  3.53% 0.064 5 -2 L <1 T97.150 0.400  -0.289 6.1
4372 RBB5  127.008 0.050 226,540 0075 5 -2 4 -1 510473 0.010  -0.001  9999.7
5231  RB85  127.02% 0.060 226,564 0.090 5 -2 4 -1 B10.475  0.015 ©  0.001  Mhbh.k
k371 RB85  127.496 0.180 227.270 0.269 5 -2 & -1 Llo.W80  0.010 = ©0.001  B8uk.2
4061  EBS5 1.502 0.030  3.502 0.06% 4 4 3 3 180.050 0.300  0.171 10.4
5082  RBSS 2.274 0.040  L.85% 0.08 4 2 3 3 176.950 0.100  0.085 91.k
4221 EBGS 16.420 0.050 34%.255 0.102 1 1 2 2  173.100  0.150  -0.219 ha,7
5213  RB85  17.763 0.030 36.918 0061 1 1 2 2 '172.875 0.050  0.005  399.6
5212 R85  17.873 0.050 37.200 0,101 1 1 2 2 172.800 0.00  0.023 625.0
5201  RB8S 17.911  0.060  37.277 0.121 1 1 2 2 172.975 0.100 0.108 100.0
5211  RB85  18.045 0.030 37.548 0.061 1 1 2 2 172.950 0.090  0.088 123.k%
k231  RBB5  18.053 0.040 37.56% ©0.081 1 1 2 2  172.8%0 ° 0.025  0.007  1579.9

6£T



As with Ygo, the sr2ll value of the X2 reflects the conservative
errors pleced on the experimental resonance frequencies. Since the cou-
puter uncertainty in each paranxéter iz the standard deviation of that
parameter, there should be a 95% provability (for é' normal distribution)
that the true value lies within two standard deviations of the measured
value, With this uncertainty, then, the mﬁasﬁred velues of the interace

tion constants and g; are:

2})3/2 state: & = 194%.84(2) Mc/zec,

b o= 11‘66071(12) MC/Beé,

gy = 46) x 107

2D5 /2 state; a = 147.17(1) Mq/sec,
b = 1805.93(1k4) Me/sec,
g = 3(1) x 10.1*"
From these values for a- and b, the zero-field hyperfine-structure
ae;;:arations are;

2D3 /2 state: A"s.g = 1919.04(2%) Mc/sec,

Aveﬂh = 103.82(18) P

4

o), o 360.31(9} ;

2])5 /2 state: Av6__-5 1811.76(10) Me/sec,

4

Aw5~1 615.60(18)

Avl-h = 1824.7}4-( 15) >
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C1ha

by, = 36.91(11),

Av.2_3 = 138,98(6)._

Flgures 62 and 63 shcm the eriergy'-level diagréms for both electronic states
in the vregion 0 to 1000 gauss. |

The ratios O0f the experimental interaction constants are

a'  INT.16T
5 e 33 067353
a 1914%»82*3
and
bt 1805.928 ]
e T2 = 1023130
" 14664713
Theoretically, one would expsct

| .a.a° 3P
—— e = 0,4153,
aoﬂ 7 Fit i .

B 0R |

o m == = 12907
b” 7 Rﬂ ‘ ]

| vhere we have taken the effecﬁive nuclear charge as zi = 51.0 (MUR 55).
The very large -devi&tién in th@,j ratio of‘_the. a's again suggests o configura-
tionﬂmixinég effect of the type air'eady discusced, The electronic configure~.
tion thet meets the requiremehfs for en effect of‘.this kind 45 the 585sTe '
configuration. , | | ‘
As with "Ygo, the relations that permit a caleulation of the extent

of this effect are
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Fig. 62, %nergy level diagram of the lpepZerfine structure
in the D3/2 electronic state of Lu .
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Fig. -63. Epergy level diagram of the hﬁ_}erﬁne structure
in the D5/2 electronic state of Lu . :



1l

a.' 3
Ly = —
% 70
S' = -_5";

aﬂ. = aol N 8'?

" " 1]
a =@, +8§

c" 2

v

c k]

aﬁim

F'

For lack of belter information, we shall essume ‘C"/c'l2 = 1 [(Bq.(11-72)].

Thus; 6 = 1.0320 and

8’0' = 100,354 Mc/sec,

a.o“ = 241,655 Mefeec.
Prom Ritter's unxmblished results for Lums, we have (RIT 60)

2 194.3317(4) Me/see,

1511.4012(30) Me/sec);

i

t
D3/2 gtate: =8

b

b

2 -
D5 /2 state: a

]

146.7790(10) Me/sec,
b

L

1850,647(10) Me/oec.

As with 1@.1177, the corrected nuclear magnetle dipole intermection
constents becoms _ .
ao' « 100.091 Me/sec,
and

8y = 2!41 020 Mc/sec.

From Ritter's date (BIE 58) and g (m75) = 2, o(a) nm ve obtain, with
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the 81d of the Fermi Segrd formula,

_ | | "
From Eqe (II-92) we obtain, with Murakawa's velue for the effective
nuelear chérge, '

.gI(InJ'W) = 3.1(3) x 107,

Both these values agree within the uncertainty with the velue directly
measured in the 21)5 /2 electronic state,

g1 TT) = 3(2) x 207",

We shall take
N "
g; = 3.2(3) x 10

as the best value for the nuclear g factor of Iax.lw.f_ In units of muclear

magnetons, this quantity corresponds to

177,uncorr _
w1 ) g = 2:0(2) nue

' Bince.'the principal uncertainty in the previous caleulations could be
greatly reduced if a wore accurate value for the magnetic moment of m175
were known, a direct measurement of this ¢uantity seems highly desirable.
The uncorrected mucleay electric quadrupole moment can be obtained
from Bq. (II-20). For the 2D3 /2 electronic state, |
a(®p;/,) = 5.1(5) bama.

For the 21)5 /e electronic state,

Q(2D5/2) = ‘*99(5) barns. .



146

These vaelues are the same as those which one obtains by using Eqe (1I-19)
and Murakawa's value for Zy The discrepancy between the results .for the
two electronic states reflects that the experimental ratio of the b's is
not equal .td theomticél ratio; Representing this discrepanéy in the
uncerba;inﬁy, we take the best value of the uncorrected nuclear electric

quadrupole moment to ba
Q( ml?'r)uncorr 5.0(6) barns.

The simple single-particle shell model does not predict the spin of
Iulw in a straightforvard manher‘. Consequently, we attemjpt t0 compare the
experimental results with the collective model,

Mottelson end Filsson (MOT 59) have calculated the equilibrium shape
defdmat’ion paramater & to be 0.26 for 117, From the "Nilsson diagrem"
(MOT 59, p.21), the Tlst proton should be in & level corresponding to I =
7/2 with even parity, in agreement with experiment. The observed B decay
is also in agreement with this sesignment. |

If we agsume that j is & good quantum nuxber in the limit of strong

coupling of the ‘nuclaan t0 the core, then Bge. (I1-85) predicts

uc = 1&6 NiMe

This value should be compared to the corrected experimental nuclear mag-
netic moment for Lu’!l. From Kopfermann (KOP 58, p.450), the diamagnetic

correction, K, is 1.00827 and

“I(m177)corr — (ml'(?)uncorr 2.,0(2) nm.



The rather large discrepancy is of the same order of magnitude and in the
same direction as the discrepancy in the case of 1? (MOT 59, pe 80).

The theoretical intrinsic quadrupole moment can be caleulated from
Bg. (11-87) a.n& the estimated.value for 5. Assuming Ry = (1.2 % 10'13) X
Al/ 3 » We have -

.Qotheor = 7-6 barns,

147

In the limit of strong coupling of the nucleon to the core, the measured |

quadrupole moment is related to the intrinsic quadrupole moment by

thheor - I 21 - 1 Qctheor - _j_'_k Qotheargy
I+120+3 30

Thus, thheor = 3.5 barns. Because of the large uncertainties, the dif-
ference hetween theoretical and uncorrected experimentel values should

probahiy nbf. be considered serious.,
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Nuclear Spin, Hyperfine-Structure Separation, and Magnetic Moment
of 22-Hour Potassium-43*
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With the atomic-beam magnetic-resonance method, the nuclear spin and hyperfine-structure separation
have been measured for 22-hour K%. The results are I=%, Ar(2S})=192.64+0.05 Mc/sec. The nuclear
magnetic moment calculated from these measurements is x| =0.16320.002 nuclear magneton.

L INTRODUCTION

HE atomic-beam flop-in technique has been used
to measure the nuclear spin and hyperfine-
structure separation of 22-hr potassium-43 in the 25;
electronic state.! Since the apparatus and procedure
employed in making measurements of these quantities
with radionuclides has been described in detail else-
where,? only a brief summary of the method is included
here. The convenient 22-hr half-life of K* and its 8~
decay made beams of this isotope suitable for radio-
active detection with high efficiency. The experimental
results extend the evidence for a general trend in the
magnetic moments of the odd-mass-number isotopes
of potassium.

II. THEORY OF THE EXPERIMENT

A free atom of potassium in the 25} electronic ground
state may be represented in an external magnetic field
H by the Hamiltonian,

hAy

=—pogsJ: H—#ogzl-H+I+%

where uo is the absolute value of the Bohr magneton,
I and J are the nuclear and electronic angular momenta
in units of %, gr is the nuclear g factor [ur/(uol)], gs is
the electronic g factor [us/(ueJ)]), and Av is the
zero-field hyperfine-structure separation between the
F=1I4% and F=I—1% levels, in cycles per second. The
energy levels of this Hamiltonian are given by the
Breit-Rabi formula,?

(F.ms) . hAv -
w Mp)= ———————
F. 2(2[ 1) Sriodmp

hAy 4mx §
i——(l+———+x2) , (2
2 2I+1
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where

(—gs+ )”
x= — —,
$Ter hAv

The positive sign is taken with the F=1+4} levels and
the negative sign with the F=I—} levels. The qualita-
tive variation of the hyperfine energy levels for the case
of J=4%, I=4% and a positive nuclear moment is shown
in Fig. 1.

In principle, the deflecting fields (4 and B) of the
flop-in apparatus focus on the detector only those atoms
which change the signs of their effective magnetic
moments while the atoms traverse the region between
the 4 and B magnets. At high 4 and B fields (£30.5
for the case in Fig. 1), the refocusing condition is
satisfied for the transitions, Am = 1. As shown in the
figure, nine allowed (Amz=z1,0) transitions are

‘readily observable,

To second order in H, the transition labeled 7 has a
frequency dependence of

_(—gs=2g) polH 21(—814‘31)’ wo H?
Tt kI R4y

In the “linear” Zeeman region, where the magnetic field

+n )

2 Jure,1e32 m, 35

|
U 2 3

Fi16. 1. The Breit-Rabi diagram for potassium-43 with an
assumed positive nuclear magnetic moment.
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is low, the first term of this expression is dominant and
the higher-order terms may be neglected. Similarly,
since g; is about 1/2000 of gy, its effect in the equation
is small. Therefore, the transition frequency is de-
pendent essentially upon H, I, and the known constants
271, mo, and k. Observation of this transition at given
low fields and frequencies thus establishes the nuclear
spin .

Initial estimates of the hyperfine-structure separation
Av result when transition 7 is followed to higher fields
where the second and higher order terms in Eq. (3)
contribute. For this transition, the hyperfine-structure
separation may be calculated exactly from the equation

H -
Au=(u+gm )( gmoH_V)/
h h

goreld 21 grueH
G ) @
@I+Dh 2A+1 I

where v is the resonant frequency of transition ¢ and
other symbols have been defined previously. In this
equation, gr is an unknown but may be estimated with
the aid of the Fermi-Segré formula,?

2I+1
() )
a1l

Av j 43

g

A

where the primed and unprimed quantities refer to two
isotopes of the same element. Equations (4) and (5)
may be solved simultaneously for Av and g; by assuming
first a positive and then a negative sign for g;. Although
the Fermi-Segré formula involves certain simplifying
assumptions, moments calculated from it are normally
in error by less than 19.

As seen in Fig. 1, eight of the observable transition
frequencies approach Av as the external field approaches
zero. The field dependence of these transitions may be
computed from the Breit-Rabi equation. With the
apparatus used in this work, the transitions 4 and ¢, as
well as e and f, form unresolved doublets. The transition
d exhibits only small-field dependence at low fields.
The resulting resonance is narrow and therefore provides
the best measurements of the zero-field hyperfine-
structure separation.

III. ISOTOPE PRODUCTION AND IDENTIFICATION

K% was produced on the Berkeley 60-inch Crocker
cyclotron by the reaction A%*(a,p)K*. The natural
argon gas at 2 atmos absolute pressure was contained
in a water-cooled aluminum cylinder of cross section
13 X5 inches and of length 19 inches. One end of this
container was provided with a “window assembly” to
admit the bombarding particles. After a bombardment,
potassium atoms were recovered from the walls of the
target container by solution in distilled water containing

4E. Fermi and E. Segre, Z. Physik 82, 729 (1933).

MAGNETIC MOMENT OF 22-HR K4

about 30 mg of potassium chloride carrier. Three
washings, each approximately 200 ml in volume, were
adequate to remove the major portion of the activity.
Then the solution was reduced in volume, pipetted into
the atomic-beam oven, and evaporated to dryness. An
excess -of finely divided calcium metal was added to
cause reduction of the potassium ions when the oven

" was later heated in the atomtic-beam apparatus.

Since K (12.5-hr) is also produced by the reaction
A®(a,pn)K* during a bombardment, this isotope forms
an unwanted background in these experiments. For
bombardments with 40-Mev alpha particles, continuous-
flow proportional counters showed the initial activity
of K* to be 60 times that of K%, As a result, an experi-
ment was conducted to determine roughly the relative
yield of K# to K* as a function of the beam energy. At
about 20 Mev, the activity ratio K#/K* was reduced
to 4. Subsequently, the preferential decay of K* further
decreased this ratio before use of the sample. At 20 Mev,
100 to 140 microampere-hours of bombardment pro-
duced adequate K* activity for 15 hours of running
time, with resonance signals of 3 to 30 counts per
minute (10-minute collecting time) above a 2-count/min
counter background.

Samples of the transmitted potassium beam were
collected on sulfur surfaces and counted in continuous-
flow proportional counters. Because the samples were
inserted directly into the sensitive volume of the
counters, radiation into 2 steradians of solid angle was
counted. Each resonance exposure was decayed for 3 or
4 days to verify the presence of 22-hour K*. The half-
life and identity of this isotope have been well estab-
lished by previous investigators.>—7

_IV. EXPERIMENTAL PROCEDURE

For the work on K%, the resistance-heated oven was
inserted into the atomic-beam apparatus by means of
an oven-loader assembly. This assembly, containing
electrical, thermocouple, and water-cooling connections,
could be introduced into the apparatus without disturb-
ing the high vacuum within.

The easily detected potassium carrier, which was
added during the chemistry, facilitated initial align-
ment of the oven. Also, observation of the low-field
flop-in resonance (F,mr=2, —1<> 2, —2) of stable
potassium before and after each radioactive exposure
served to calibrate the transition magnetic field (C field)
and to indicate the beam intensity for normalization.

Radiofrequencies for the AF=0 transitions were
generated by a Tektronix Type 190 oscillator. For the
AF=1 transitions, a Hewlett-Packard Model 608 A
oscillator and two Instruments For Industries wide-
band amplifiers were used. All frequencies were moni-
tored with a Hewlett-Packard Model 524B frequency
counter, whose 100-kc/sec internal-reference frequency

5 Qverstreet, Jacobson, and Stout, Phys. Rev. 75, 231 (1949).

¢ G. Anderson, Phil. Mag. 45, 621 (1954).
7T. Lindqvist and A. C. G. Mitchell, Phys. Rev. 95, 444 (1954).
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TasBLE I. Values of A» predicted from low-frequency resonances.

Hfs separation (for either
positive or negative

K» K& magnetic moment)
(Mc/sec) {Mc/sec) (Mc/sec)
10.894:0.05 12.1540.50 17741
15.36-+0.05 17.70+£0.75 184433
24.30+0.05 29.90+0.50 1869
39.25+0.30 52.6040.50 18846

was compared weekly with an Atomichron.

V. RESULTS

From Eq. (3), the spins and frequencies of two
detectable low-frequency resonances at a given field
are related approximately by

(21 2+1)
V= vy,
2Ih+1

where the subscripts 1 and 2 may refer to radioactive
K* and stable K%, respectively. When a search was
made at frequencies corresponding to spins of £, 2, §,
and %, the buttons corresponding to =2 and I=$ gave
definite indications of resonances. Subsequent decay of
the activity collected on the =2 button confirmed its
identity as K%, which has a known spin of two.?
Similarly, the decay of the =% sample showed an en-
richment of K*# over the normal composition of the
beam. Because these resonances were quite broad, a
portion of the tail of the spin-2 resonance contributed to
the I=1% signal. However, decay analysis distinguished
the contribution of each isotope to the resonance.

On a subsequent run, four resonances of K* were re-
solved at progressively higher values of the C field.
These confirmed the spin (/=3) and roughly deter-
mined the hyperfine-structure separation, Av, of K%.
A summary of these results appears in Table I. The
relatively large uncertainties in the frequencies of these

T T T T T T
B Run 1821 7]
k43221

21000} w264 Messee (o o
2 800f
" . |
5 .
« Fie. 2. A bell-

600 - shaped curve fitted
2 to a field-independ-
E ent resonance by a
8 150 Ke e least-squares  pro-

300} - cedure.
[=]
w
u L i
|
F 200 } h
Q
=z —

0! 1 - 1 | ] 1
1925 6 7 8 9 1930

Mc /sec

8 E. H. Bellamy and K. F. Smith, Phil. Mag. 44, 33 (1953).
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resonances resulted from broad-resonance lines. It
should be noted that the usual consistency argument?
for determining the sign of the moment cannot be used
for K# in this experiment. Owing to a small magnetic
moment, the hyperfine-structure separations calculated
for a positive magnetic moment and for a negative
magnetic moment, respectively, lie well within the
errors of the measurements. As a result, the data pre-
sented here cannot determine the sign of the moment.

After the wide line width was reduced by changing
the radio-frequency hairpin and by repositioning it in
the C field, a search for the direct transitions (AF==1)
was begun. Table IT summarizes the results. The field-
independent line (F, mr=2, 0> 1, O, transition ¢ in
Fig. 1) was observed seven times in fields from ~2.3
to ~8 gauss. Proper dependence of this line upon the
magnetic field established its identity. The two un-
resolved doublet frequencies which occur above and
below that of the field-independent line were also
measured.

For each resonance, all data were corrected for
counter background, for fluctuations in beam intensity,

-

19301~ Fic. 3. A plot of

the calculated hyper-
k-1 fine-structuresepara-
tions obtained from -
AF =41 resonances.
The heavy line indi-

cates the weighted
--------------- average of all obser-
$ vations, while the
dashed lines indicate
the quoted uncer-
tainty in the final
value.

o
T

Av (Mc/sed)

‘,
T
|
[t
H
k —.:—
o+
A

192,54

RESONANCES IN ARBITRARY ORDER

and for radioactive decay. Each resonance-peak button
was also decayed to establish the enrichment of K*%.
Next, a bell-shaped curve was fitted to the data of each
resonance by a least-squares procedure. An example
of a fitted curve of one of the field-independent reso-
nances is shown in Fig. 2. From the curve-fitting pro-
cedure, the peak frequency, the width at half-maximum,
and the uncertainty in peak frequency due to the un-
certainties of input points were obtained. The un-
certainty of the peak frequency was taken as a
combination of one-eight of the full width at half-
maximum and of the uncertainty of the peak due to the
statistical uncertainty of input data points. The
uncertainty in the calibration frequency was estimated
from consideration of the reproducibility of the calibra-
tion resonance.

The final value of Av is taken as the weighted average
of all hyperfine-structure separation measurements
listed in Table II. The measurements are plotted in
Fig. 3, which also shows the weighted average and

9 J. R. Zacharias, Phys. Rev. 61, 270 (1942).



-153-

137

MAGNETIC MOMENT OF 22-HR K«

TasLe II. Results of AF =1 transitions. Av* and Av~ are hyperfine-structure separations predicted by the
Breit-Rabi equation by assuming a positive and a negative magnetic moment, respectively.

vanl rres Av* and Ay
F.mp e F'mps (Mc/sec) {Mc/sec) (Mc/sec)
2,010 5.845+:0.020 193.995+-0.049 192.681+0.050
2,0~1,0 4.650+-0.020 193.5154+0.038 192.670-+:0.038
2,0-1,0 4.2900.020 193.3350.036 192.613+0.037
2,01,0 3.515+0.020 193.120+0.059 192.630+0.060
2,0~1,0 2.550+0.020 192.8974-0.018 192.636+0.018
2,001,0 2.040+0.020 192.78740.020 192.618+0.021
2,010 1.595+£0.020 192.7644+0.020 192.661+0.020
Unresolved[2: 01, =1
2.580+0.020 190.407 +0.068 192.709+0.070
doublet 1, _ 4.1 0
’ *
2,01,1 :
Unresolved |~ ’
doublet {2 o1 0} 2.575-£0.020 195.364+0.057 192.600-+0.062

Weighted average with estimated uncertainty 192.644-0.05.

stated uncertainty by the full and dashed lines, re-
spectively. The best value of Ay, with estimated un-
certainty, is therefore :

Av=192.64=+0.05 Mc/sec.

In conjunction with the known constants of K¥ or
K4, the Fermi-Sergé formula was used to obtain the
absolute value of the nuclear magnetic dipole moment
of K*® to within about 19}. The result is

Ju| =0.163+£0.002 nuclear magneton.

Some of the ground-state properties of three odd
isotopes of potassium are now known (K¥®, K%, and

K%). The nuclear spins of all are I=% which, on the

basis of the simple shell model, arises from one missing
proton in the dj shell. The nuclear magnetic moments of
this series show a monotonic decrease, with values of
~+0.391 nm for K*, 40.215 nm for K*, and +0.163 nm
for K%, Although the resolution in this experiment was
insufficient to establish the sign of K%, it should be
noted that the positive-sign choice would muke the
measurement lie within the lower Schmidt limit of
+0.124 nm.
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APPENDIX B

Tundamental and Atomic Constants

These fundamentsl constants (COH 57) have been used in the
calculations in the text and are collected here for reference:
' | aé = 5.20172(2) % 1072 cm,
¢ = 2.997930(3) x 10 en/sce,
¢ = 4.80286(9) x 10720 emm,
h = 6.62507(23) % 1027 ergsec,
M/m = 1836.12(2), |
By = 0.,92731(2) % 1020 erg/geuss
Atenic constatns thet have been useful Lor magnetic f_ield
measurements, moment caleulations, and other purposed are listed
below. The velues of all maments ave unsorrected for dielsetric and
Sternheimer effects.

o
I = 3/2, (MIL 34; MIL 35)
Av = 461.719690(30) Mc/see  (BLO 60)
= 0.390873(13) mm, (zrU 54)
gy = -2,00228(2); | (rAM 56)
ﬁ:}:
I = 3/2, - (MAW 36)
Av = 254,013870(35) Me/sec, (BLO 60)
by = 0,21453(3) wm, (=RU 54)

gy = «2,00228(2); (RAM 56)
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I=5/2, " (xOP 33a3 KOP 33b)
v = 3035.735(2) Me/sec; (zED 52)

by = 1.34619(3) mm, | © (¥AS 51)

81 = «2.00238(4 ); (ram 56)

I=3/2 - (KOP 33a; XOP 33b)
Ly = 6834.685(2) Mc/sec, (DAL 53)

by = 2.74240(5) m, (x4 51)

gy = ~2+00238(k); - (raw 56)

I =1/2 - (crA 49; XUH 50)

(0, ) = ~57.217(15 i soe, (FRT 59)
a(2D5 R -28.T49(30)Me /e, "
By = ~0.136825(k) nm, (BrU 5k)
85(%Dyjp) = -0-T9027(11),  (eEN 59)
8,00, 1p) = -L.20028Q0);

I=1/2 | (A 34)
a(2D3 72) = 141.1959(26 e /see (TIN 57)
b(ana/ej - M.781(11‘+)M¢/see, "
2(®0y/p) = 0.15(M4) hofoee,
a.(2D5 /o) = 182.1706(6) Mofsca, "
b(2D5 /2} = 5&.2173(11&) Me/sec, "
o(®p; 1p) = -0.6(1.0) ko/ace, "
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My = 2,7614(2) nm, | (SHE 51)
Q = 0.230(10) barns, (1IN 57)
gJ(2D3/2) = ~0-7988(5 )} "
8505 1p) = -L.201(2); "
I=17/2 (scH 35)

a(2D3 /2) = 194.3317(4) tie/sce,  (RIT 60)
13(2133 /p) = 1511b012(30e/sce; "

2 o
a(gDS /o) = W6.7790(20) Me/scc,
b( D, /2) = 1860.647(10) Me/sec, "

by = 2.0(2) mm, (sTE 57; STE 58)
Q = 546(5) barns, " "
g;(°pyp) = -0.T9911(10), (RIr 60)

sJ(ans p) = +1.20035(20). Com
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BAK 60

BED 52
BEN 59

BET 58

BLI 57

BLO 60
BOH 50
BOX 51
BRE 60
BRU 5k

0AS 36

com 57

CON 57
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