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ABSTRACT

The atomic-beam magnetic-resonance (ABMR) technique has'been;used'

- to measure the nuclear spin, I, and the 3P1 hyperfine structure (hfsj

: constants;'a and b, for 37-hr 69Ge, thevSP2 hfs constant a for _
11-day 71Ge and the nuclear spin and hfs constant.a for 75Ge.in,the -
3

P1 and P2 electronlc states. . The nuclear moments were inferwed by
the use of the Fermi-Segré formula from the corresponding hfs inter-
action constants.

The results are:

o . , Moments 2
Isotope  Spin hfs constants ~ (uncorr.) X
Pce 12572 a(’P)) = £23.39(5) Miz up = #0.733(7) mm 7.97
b(’P)) = ¥8.28(8) Mz Qq = 0.043(8) barns
71 . 3. o - |
Ge  I=1/2  a(’P,) = +360.54(6) Miz 0.56
. - (prev. ' ' :
' meas.) _
. e 1172 2l = -81.05(8) MIz g = +0.509(5) mm 228
' 3

a("P,) = +335.94(9) Mz - 0.55
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The figures in parentheses represent the error in the last figure.

For the hfs constants this is two standard deviations. A 1% uncer- -

“tainty is given for the magnetic moment to include a possible hfs

anomaly. The 20% error for Q results from the theoretical'problem of

extracting Q from b.

g

ARelativistic effects account for aboﬁt 25% of the a values while
the rémainder is attributed to effects of cohfiguration interaction.
The nuclear spins are predicted correctly by the shell model, while
the quasi-particle nucleér theory of Migdal is found to predict the

nuclear moments more accurately than the shell model.
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I. INTRODUCTION -
This research is part of a continuing program by the Atomic Beam
Group of the Lawrence Radiation Laboratory to measure nuclear spins

and electromagnetic moments of radioactive atoms.

Measurements of the hfs interaction constants of germanium iso-

. topes are of interest because of the light they shed on the electronic

structure of the germanium atom. This is especially so in the 3P1
electronic state whére the magnetic dipole interaction constant must
vanish except for contributions due to relativistic effects and
configuration‘interaction.

In thé first paft of this thesis, relevant atomic and nuclear
theories are discussed. A description of the apparatus and experi-‘
mental techniques associated with the ABMR method is given. Our
r;sults are then listed and the observed values are compared with thoée
predictedbtneoretically. Most of these résults have been pnblished in

abstract form.!
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IT. THEORY

A. Atomic Theory

The non-relativistic Hamiltonian for a free atom with a nuclear

charge Ze can be written as?

2 2 2
e Eg"‘_lvi ] %% ’ 123%3_ FLEEILS e
where'ri is the distance of the ith electron from the nucleus and
ri5 the distance between the ith and jth electron.

The first term in the Hamiltonian is the sum of the kinetic ener-
gies in the field of the nucleus. The second term is the repulsive
Coulomb potential energy between pairs of electrons. The third.tenn:
represents the interaction of the electrbn's spin with the magnetic
- field produced by its orbital motion in the Coulomb field of the
nucleus. The last term is the hfs interaction energy. The last temm

is much smaller than the_othefs'and will receive a separate treatment
iﬁ the next section. Hére we shall mainly concern oﬁrselves with the
first three ferms. |

Since an exact solution of this Hamiltonian is at.present not
possible, we use the perturbation épproach. The Central Field Approx-
imation is a convenient starting point for oﬁtaining the energy levels.
In this approximation, each electron moves independently in the field

of the nucleus and interacts with a central field expressed by the

spherically symmetric potential U(r). The Schrodinger Equation is then

} 2
Weghee = |1 i

i

2
h =
Vit Ui e = Begler - 2

E

e

-8
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The difference in the. Hamlltonlans represented by Eq (1) and (2)

is then treated as perturbation potentlal V where

i i<j "ij-

L 2 2 -
V=X, Y—'—-U() +z—_+25(r)35-s )

The eigenstates of'Kéf are products of single electron wave-functions.

wa = II d)i(ri) ’ ch = z El | : (4)
where
2
- GR VHUm)| b; = Eyey (5)

A further separation of variables is possible by introdueing polar = -

(a)—rRQ(r)Y(em ®

where (gi) represents a set of quantum numbers (nzmg) which specify the

state of motion of the single eleetron in the Central Field.

We can then take the spin of the electron into consideration by

1nc1ud1ng in each ¢; a factor o or B, corresponding to m, =+ 1/2 or

m -1/2.

S L
‘Then » :
| 8(0s) = TR (X)YE (8,6) (% M
it ng m, >FICR
where a; represents the quantum nurmbers (n,l,mg,ms); also
Veg = Toloy) e
The product wave function satisfying the Pauli Exclusion,Principle is

given by the Slater determinant:
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d1(a))  oylaq) oo dy(ay)
q} = L

© N
/AT |

bilog) byl -e dy(oy)

The energy eigenvalues correspond to the energy of a particular .elec-

tronic configuration which is described in terms of the quantum numbers

K K Ky

(n2) L ye) Fees () ]
where Kl represents the numbef of times (nlzl) occurs. .
The effects of the perturbation potential V on the above enefgy. _ |
levels will now be discussed. Recallvthat_ | V

i=1 i<j Tij

Z -2 2 : o

ve L) o 1 Taehd,
The first term is purely radial and merely contributes eqﬁél energy
shifts'to ali the'levels belonging to a given configuration. The last
two terms are different for different states of the same'coﬁfiguration;
Wé~may therefore treat:-as our new perturbation V'

V-] e eapts . (0
i Ty o3 it '

Two distinct cases obtain for the perturbation V' dependihg on the
relative strengths of the electrostatic repulsion term and the spin-
" orbit term. First, if (ez/rij) >> [Ei(ri)fi'gi],.one can use the LS

coupling scheme. If we define T = zgi and § = ZSi, then T and § com-
i i

a2 4 . o
- mute with Zg}—f, and L and S are good quantum numbers. They are used : v
to specify the energy levels produced by the 2%—— term. These levels
ij

1

are labelled 25*1p, ‘They are (ZS+i)(2L+1)4fbld degenerate. The spin- f
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orbit term does not commuté with éither LorsS but»does coﬁmdte with
J=17+3. Hence it splits each term into multiplets labelléd ZsflLJ.
Each multiplet is 2J+1 degenerate.

On the other hand, if (ez/ri? << [Ei(ri)fi'gi], then one has to
employ thé j-j coupling scheme. For each electron, Ii and gi are
~coupled to angular momentum }i = Ii + gi; and the resultant total angu-
lar momentum is J = Eji. J is a good quantum number. By aiguments
parallel to those above, one arrives aé a set of 2J+1 degenerate
1evels;_. | 7

_Tﬁis_perturbation approach is illustrated diagrammatically in

Fig. 1. |

B. Hyperfine Structure

1. Zero Field

The Hémiltonian, Réf, treéted in the last seétion; yields energy
levels which are (2J+1)-fold degeneréte. This degeneracy can be
removed not only by an external field but also by the non-spherically-
symmetric interacfion of the electrons with the nucleus.®

The kinds of interaction are limited by périty considerations. In
'general, nuclei may have only odd magnetic moments and even electric
moments .

Schwartz* has'shoﬁn that hfs Hamiltonian can.be written in tensor
form: bl | |

[e2]

ths ) ;2

(D), G
1=1Tel . Tﬁl)

Using group=theoretical arguments, it can be shown that the largest

multipole interaction is of order 21, where £ = min (2J,21). By far the



30,000cm™"

. ? ’J
//—r‘——' 1,J, F
000cm™ |
5cm*'
XBL674-2780

Pig. 1. The Russell Saunders coupling scheme, showing the usual

quantum nunbers and typical energy separations.

lcm-! ~% 30,000 MHz. -
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-largest contributions come from the nuclear magnetic moment and the
electric quadrupole moment interactions.

‘The 3G £ is then?®

- N ' e (r)e (r.) - ' P
e =-2H>.-ﬁ—e2j‘[ AL 4 ndr‘d‘r-ZeI ar_ -2
S j=1 1! tir |3 -3 | en T ©Te
€ n ‘e n e

¥, 1s the energy of interaction between the magnetic field H, of each’
electron and the nuclear moment u. JCE is the electrostatic interaction
between the charged nucleus and eléctrons.

~ The magnetic field H,, of an orbital electron,® is

_, > > 2 > > >
e(Vini) Hry ‘ Sri(u ri)

1 r3 , r5
-3 G I
= 28 ‘l‘ 1 + 11 1 ) , (12) ‘
=3 5 _.
o T _
where
285 = 1
: Hence ‘ _ﬁio_T ‘
. 5, = 28 By g; g—g—r (13)
i v
and : T, .
T S R U S
Ny= Ay syt (syeTy)

We can put.f\l*i in a »t'ensorial form® ,
N =1, - anl/? @@,1
_ i i i
and then write '

X =a, ] [—Ei'.' (10)%/2 (36(2)%(1)].'{ (14)
i o ! ‘



Y

with P
a, = 28 By gy (r ‘) =28 By(r ) . (14a)

In the absence of an external field, I and J are strongly coupled

to form stateS-df total angular momentum F=1T+3: In this state the

characteristic quantum numbers are ]IJFM ).

We then calculate the matrlx elements ofJC in the IIJFM ) scheme.

They can be written as

(oLJFMJX o' IIRM) = (-1 )J‘“I“F az{‘% 1 11:}<II|1(1)||I>x<oullzN’ lady. - (15)

By writing out the 6-j symbol, Eq. (15) reduces to
a X (aJlfs, [la’3)

Dy = ‘
| m' 2 o) (20+1)1Y?
- % ak - (16)
where ' N '
3 o K = F(F+1) - J(J+1) - I(I+1) a7n
and ' , <ou|l>:ﬁ Hoz'J) ' | ,
: : ' - a=ay 1/2 . (18)
[J (J+1) (23+1)] ‘

a is known as the magnetic hfs constant and can be experimentally

determlned _
Equation (18) can be further simplified for the Hund's Rule

ground state of an (Q)N configuration. This is the state with max-

imm L and S consistent with the Exclusion Principle’ — & ZS+1LJ._

In this case

, ;V'I.jjécétj;fﬁz)ijf B
- g 3 = : 17

n”(2L-1) (22-1) (22+3)

_ %_[J(J+1) - L(L+1) - S(S+1)][J(J+1) + L(L+1) - S(S+1)]

a=a
R

J(J'+ } '-(19) |

From Eq. (16) we see thatlgn can also be written in a}handier fashion:

) [J(I+1) + S(S+1) - L(L+1)]
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Kmv=a_f-j . (20)

A similar explicit expression is now sought for the matrix elements

.of}CE:

5 Pe(re) op (1) o Pe
e s b S RN
n e n

}CE=.

e
E % ] can be expanded in spherical harmonicé:
" - X |
1 _—y_n @l |
FaT iEr Gl @
e n e _ :

Since }CE ‘must be invariant under iinver.s.ion of ‘c_oordina‘.ces, parity
considerations rule' out fhe k-odd_ferms. The'k=0 term is the Coulomb
term which cancels the secénd tern. The k=2 term is the electric
'quadrupole in_te_raction.‘ Higher terms make contributions which are much

~ smaller than the present limit of observation and will therefore be

| neglected.
Then | I
. T . . o
3 = esznfT-epCre)pcrn) 2EDED) aa . @
e .

Following Casimir® and Wybourne® we write out the matrix elements of

_in the IJFM,) scheme:
g p

~ (ocIJH/IFIJCEIa'vIJFMF)= -_(—1)J+I+F ez{‘% ‘% I%}(ou]“rés 6£Z)I|G’J) ><(I||rr2l EI(IZ)“I);

(23)
The quadrupole moment is defined as -
- 1] -
Q= (II|x C* 1D o . (24)

U
TN
t
—
el o)
= -
A
~
o
h‘N
O
~
[3S)
~—
=
—
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On evaluating the 3-j symbol, we obtain

] 1/2 ‘
it P

(I+1) 2I+1) (21I+3)
Thus Eq. (23) becomes )
(el SK(K+D) - I(I+1)J(J+1) |
=b.X (25)
| B R e X
where _
b, = ezQ(r‘s)

4J(23-1 ).,
Xy = mm%rm‘)mrzﬂw'éé Moy

The gradient of the electric field enters into the expression
(on|§£2) |a'J) of the Xj term.

The electric quadrupole hfs interaction constant b is usually

defined as - ey
‘ b = b X; (26)
Finally, in ‘the absence of external fields, the matrix elements for

:ech £s may. be written

(aIJRML 3¢, fS D

s, ), + (s>
& %K(Kﬂ) - I(I+1)J(J+1)

) (¢ S AN (CASE

(27)

We note that both a and b Contain_ an(r's) term. This means we Cannot '
extract nuclear momenfs from experimentally measured quantities a and b
without knowing the 'eléctronic wave functions. HoWever; if the nuclear
parameters for one isotope are independenfly determined, the Fermi-
Segre formula derived from Eq. (14a)
, o | _
(2_] - F‘_J a+hy (28)
&1 &1 | |
_ 1 2
may be used to compare the isotopes,® where g is the nuclear g-factor

and 1A% is the hfs anomaly for the two isotopes. The anomaly is

v



B
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usually less than 1% or negligible for non-s eleetrons. (r-S) may also

. be extracted from the spin orbit interaction constant £:

(r3 = 73— : S gzg)

The value of (r ) obtalned by the latter method usually differs from

that calculated from hfs constant a.

2. Addition-of an External Field :

The hfs 1nteract10n 1evels are (2F+1)-fold degenerate The

‘ addltlon of an external field removes this degeneracy.

The Hamlltonlan in the external magnetic field, HO’ is

=Yg - gpu T - &% A E)

At low flelds I and J are strongly coupled toF =1+ j ‘The. matrlx

elements are evaluated in the | ITFM) representatlon

(LIRM[3C | TJR) = <|3<hfsvl> - g MA, (31)

~ where <|M£fsl>‘is given by Eq. (27), and

_ F(F+1)+J(J+1) I(I+1) F(F+1)+I(I+1)—J(J+i)
8 = gJ 7E(F+1) * gy — ZF(FFD)

(32)
At high fields, where I and J are completely decoupled, the lIMIJMJMF>
representation is used to calculate matrix elements. F is no longer a

good quantum numbef, but MF remains a good one. in both representations.

At intermediate values of the field_Ho, the matrix elements are no
longer diagonal in either representation. ' It is necessary to compute
the matrix elements of X' in either scheme and diagonalize the resulting

matrix.

A special case arises when either I or J = 1/2. Then the diagon-
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F
the matrix breaks up into a series of 2x2 blocks along the diagonal,

alization can be solved in a closed form. Since X' is diagonal in M.,

each corresponding to a value of MF =M +M;, In the IIJPMF) repre-

sentation it has the form (when I = 1/2)

1 '
F = J+5 _ 11
7 F—J--Z
| u HM | o
Fesg | d gy Cagdvep o gy e - M2

uH, (g5-g1) : , u M
J-%. vo 0 +{ 1 [(J+%92_ é 1/2 - SI)- T%J§¥§.[ngCJ+1)-gI]

The quadratic equation which results can be solved to yield the

i
]

Breit-Rabi formula'® for the energy W,

4MFx

: ' , 1/2
- hAv : - . havig 21%/4
We = - 2v1y - BMHME * _2—-—[1 A x] (33)
- where ' v a ' -
Av = a(J,+ 1/2)
gy g M,

X:
‘ hAv -

W+ and W_ i‘espectiveiy refef to states with F = J+1/2 and F = J-1/2.
The electric-quadrupole term identically vanishes since I < 1.3

~ Since two of the 'isotbpes‘tmder' consideration (7'1Ge'and-75Ge)'haVe
each a spin of I = 1/2, Eq.A (33) will completely describe their hf’s.._

For the general case, when I,J > 1/2, one has to resort to numeri-

cal methods and .the computer for a solution of the eigenvalue 'equation.i’

3.

Relativistic Corrections to hfs

It is always necessary to know the radial part of the hfs constants .

a, and b 2 in order to deduce the values of nuclear moments from them.
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'Relat1v1st1c mod1f1cat10ns of these radial parts can be con51derab1e
Many authors®?1213 have considered this problem exten51ve1y
Expressions have been derived for relativistic corrections to hfs
constants. Here we shall sketch a method for obtaining the Casimir
corrections to hfs constants.
The relativistic treatment of ﬁfs starts with the considératidn 6f

a single electron in a central field. ' The electron wave function obeys

~ the Dirac Equation:

[Be(cB + k) + Bamc®- el =B0 . (30
The four component wave function Y is fbrmed from anti- symmetrlc

products of 51ng1e partlcle functlons of the form®

o : -_ R _ |72jm r | s
- wJ (raey¢). = Unzjm = o . if(r) o (35)
where | | S U4gm T
: ' : vl _ 4O
szm = §<7z3m|1/2|o:m Do Yo o
Y, is @ spherical harmonic, ¢° is the spin function with S, =

and (%&jm[l/kakc) is theClebsch-Gordan coefficient. g(r)'and.f(r) are
radial wavefunctions, and'in the non—reiafivistic case g(r) is finite
while £(r) + 0. |
~ The central problem is the evaluation of the radial integrals asso-
ciated with the magnetic dipole and electric quadrupole interactions.
The solution of Dirac's Equation for smail f (this is where
relat1v1st1c effects are pronounced) is first con51dered

We put x; = rf(r) and ¥, = rg(r) (36)
1 2 :



Then :

ﬁ.+ﬁ=—&

dr T T X2

Cdy kx
2 2 Za, | o

e G ) S

where
k=2+1 for J=2+1/2

- for J=28-1/2
Equation (37) is solved in terms of Bessel's functions to give
X1 < CO’-Zsz (X)

Xp = 3050 () - 20003, 01 (38)
where ' ' o '
| (8201)1/2 and o = (K- 2%2)1/2

X
The normalization constant C has been evaluated in terms of the fine
structure separation £ of the states J = & + 1/2 and J =2 - 1/2.

Denoting these states respectivély by single and double prime,

c? = & . (39)
4Z(p'- o"-'1) - .

Following Casimir, we define

» 1 NI} ‘ o
H(2,Z;) = 28 (2 )gpz p"-1) | (40)
' ’ _ 0"z
Fr(J’z)': 2J(J+1%(2J+1)
. (4p7-1)
' 2 :
R.(5,2) = (o+1) (2een)3KCD 07 (42)
- p(p™-1) (4p"-1) - |
For the magnetic dipole integral® he obtained
P -ZaCZZZFr(J,Z) |
[ 17X xpdr = 4 (43)
0 -

a(20+1) [£(22+1)+1]

3 . 3

(41) =
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The + sign in the denominator stands for J = £ + 1/2. For the
electric-quadrupole, the integral is.

- 32 '12u2CZZZRr(J,Z)
ém_r (x1'+ xz)dr = '

. CTY
a“[0(2+1) (20+1)] ;

The relativistic expression for hfs constant a becomes

3ne §%§E%%'Fr(J’Z) o | -9

o 85 T %x1/2
where E ‘ 3
2ng = 28 Byl )

and

‘(r-s) = — & S  (46)
| B (20+1)Z;H (2,2))

Thédelectric—quadrupole hfs-constaht_is-given by
. 2.2J+1, -3 o | \
by = fQFHrIRE,D . @)
' The numerical values of the-felativistic correction factors Fr(J,Z),

R.(J,Z), and H (2,Z;) are tabulated by Kopferménn.iz.-’

4, Effects of Configuration Interaction

USually configurations that’differ.by the excitatidn.of a single
electron produce interactions that significantly affect the hfs con-
- stants. This is so because the hfs interaction 6perators are essen-
tiélly all one-electron-opefators. These effééts are more pronounced
in the quadrupole constant than in the corresponding hfs magnetic-
dipole constant. | -

Severalvauthofs have attempted to deriﬁe expressions fbr‘the
effect, butnone can claim aﬁy exactness close to what the‘present
exﬁerimentai observations demand.

Rajnak and Wybourne,!* using second-order perturbation_theory,
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_ have derived expressions for the corrections due to the effect of

closed-shell excitations on the hfs métrix elements:
(nzNaSLJlschfslnzNoc's'L'J'>

Their calculations indicate that the quadrupole matrix element 1s _

multiplied by a factor 1- Yq where

_ 200 P y¢n e |3 ney
T it ney

x & (2,172,2'9) - Z(-l)k{ﬁ' e i}x x(k,22",28")  (48)
where : |
x(,ab,cd) = (@E®) EIE® o) R (b, ca)
~and R (ab cd) is a Slater integral.

What is important here is to note ‘that the e1ectr1c quadrupole
constant b is merely mu1t1p11ed by a scaling factor. The quadrupole
mgmént is‘increased or decréased accbrdingvto whether Yq < 1 or Yq > 1.

Aléo; for two states of the same configuration:v ‘

bi(L-v) Q b
5251 5 % b
The corrections are similar to the ones calculated by Sternheimer.'®

Fbr the magnetic dipole Ease,_the.hfs constant is bettér_written
'aS»(see Eq;»(lQ)): _ o .
=3‘2,(L+S) | . B (49)
where L = 2-g represents the_interacﬁions of'tﬁé‘eiectron orbital
'motion with the nuclear magnetic moment, énd S represenfs therinterac-
v tions of the electron spin moments with the nuclear magnetic moment.

Cénfiguration mixing introduces scaling'féctors (1'th and (I-Ym,) to
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- . both L and S.
Equation (19) is then replaced by

a = aylll-y) + SAy, )] . (s0)

Both Yin and Yy are given in Ref, 14, TFor two states of the same

- configuration:

a L) * S A-v) -
az Lz(l'Ym) + Sz(l'Ym!T .
L, + S
4 1 1.

L+s, -

Hence configurations effects are not just a scaling factor for the
total hfs constant a. To calculate completely the values of Yo and
Yt s the a values for at least three states. of 'the same configuration
must be known. |

Andther way of looking at the problem is to assoc‘iate a magnetic
field ﬁcp at the nucleus with the effect of the electron..excited from .
fhe core, thereby polarizing the core,!®

This field has the vector properties of the spin

> ' -
H =c5 . . 52
ep | v v (52)
The interaction of this field with the nuclear moment gives
, N _ :
= . = '
W.Cp Uy ﬁcp c'1.3 o | _ (53)

13- EDAH
“In the 3P states ‘GGé ground state), (S) = (L). Hence

- _j-§ %J(J+1j |

W

- c"TJ | - (54) |
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The contribution, therefore, from this effect to the hfs interaction
energy, 1s a constant added to a, the hfs constant; because in this

special case ( P states), C" is independent of J.

a. Sandars' Method. Véry recently Sandars and Beck13 have developed a 4
theory that enables one to do hfs relativistic calculations for many- |
électron atoms. This is achieved by developing some effective operators

that reproduce the relativistic effects. The matrix elements of these

operators between LS wavefunctions yield the correct relativistic

expressions. These effective operators are of the form

: = &) k) | ' '
e osr, = T Test. L (542)
where ' _
k k )k (kk)k
W _ g pEsKIR Gk
Tegt, = Ekp v . (54b)
s L i
(kskg)k | » .
p are coefficients involving radial integrals of the Casimir
, o _ (k kk :
type. They are listed in the Appendices. U . are tensors of rank

k in spin space, k in orbital space, and k in comblned spin- orbltal

space. They have the property that |

1, 1 -
v.(7£HU Kk Iz =1 . (54c)
For the magnetic dipole case, ks is restricted to 0, or 1. Hence T(1)

_ eff,
contains three terms: UCOl)l, U(lz)l, and U0 sangars and Beck!'?
have shown that these are respectively proportional to'i, (33(2))(1)’

and 5. The hfs Hamiltonian is then written as

= I3, -3y 1/2 »2%(2) (1), -3 .. > -3
Wogs ese, = Dl T - a2 @B DSy s Uy o)
. . (544)
The (r-3> expressions are relativistic integrals, listed in the '

Appendices.
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The above expression is essentially the same as the non-relativis-
tic one given by Eq. (14), except for the presence of the last term.

In the non-relativistic case (r'3)10 =0,

b. J-Mixing Corrections to hfs. It is known that 3G . mixes electronicv.
states of different J. For theé general matrix element (IJTﬂth |1J3'F), N
the dipole moment operator mixes states with AJ = - 0, 1, whereas the
" quadrupole moment operator mixes states differing by AJ = 0,+1,+2,
Woodgate has con51dered second- order corrections GEhf to the
hfs energy, where v |
§'(IJFIJ%fSI 1L F g o | LJF)

SBpgy = (540)
J J’ .

and - Ej - Ej, equals the energy separation of the F-level in states J

and J'. For corrections to a, he obtained

o SAL(0)
- 8a(d) = (54£)
3
where | _
sy = (1o {383 Ja® (n)||1><J||x(” @I , (s4)
and | o
1 1 ZI+2J+3 1111111
D D 3 = s IURLY
« 1D @yl |2 5 <Jm( J @l @)l
L EJ_— J!
ere '
" M 1 N H_J

™m =L ana T(l) @ = - 3

.C. Nuclear Structure

There is a wealth of data about the ground and low eXC1ted states’

of nuclei. In partlcular, ABMR methods ‘have been used to measure
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spins I and electromagnetic moments (uI, QI’ etc.) with considerable
precision.‘

" From the body of data it is foﬁnd, for example, that nuclear
ground state spins satisfy the following empirical rules:

(a) All nuclei with Z even and (A-Z) even ha?e zero spin.

(b) Nuclei with A odd have ha}f-integral spins.

" (c) Nuclei with Z odd and (A-Z) odd have integral spins.

(d) Nuclei that contain the so-called magic number of

protons (and/dr neutrons) appear very stable. These
magic numbers are 2, 8, 20, 28, 50, 82, and 126.

Various nuclear models have been constructed to explaih the above
observations and to calculate some other felated nuclear properties.
Two of the most successful are the shell!” and collective!® models.

The shell model has been successful in expiaining a great deal of the
empirical data and it seems particularly apﬁlicable to the germanium
nuclei. We therefore concentrated primarily on those aspects of the
shell model releﬁant to the §Ubject of nuciear spins and'mbments.

In this model, nucleons are assumed to move independently of one
another in some spherically symmétric potential well. This pbtential
is intermediate in shape between a harmonic oscillator potential and a
rectangular well. The transition from the former to the latter proceeds |
as A increases. In addition, there is élso a strong negative spin-orbit
interactibn of the form [-f(r)g-f] where o and T are the Pauli spin and
orbital angular momentum operators, respectively, for a single nucleon.

The states are labelled by a set of quantum numbers, |n&jm), where

'n = total quantum numbers, £ = orbital quantum mmber, the total angu-
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lar quantum number is j = 2+1/2, and m takes the values +j, j-1, e°,
0, e+, -j. | |

In a given nucleﬁs these ]ﬁljnb levels are filled up by neutrons
and protons'accofding to the Pauli Exclusion Principle. Tﬁe energy
levels resulting from such a model are shown in Fig. 2. With suitable
adjustmént of theléhape of the well énd sfrength of the spin-orbit
- interaction, this model accounts for all the magic numbers at closed
shells of 2, 8, 20, 28, 50, 82, and 126 nucleons._ Nuclei which contain
: these nunbers of neutrons or pfotons*are Unusuaiiylétable;

The nucledns couple'their angular momentum by j-j coupling to a
‘resultant angular momentﬁm‘or'spin I.- Closed_shellé of nucléons have,
. thefefore, zero spin. It is furthér assumed that an even number of
netrons érvprotonS’in a'giVeﬁ level couple to zero spiﬁ, while an odd
number couple to the spin of that level.

| Therefore, éccording to this scheme,
(a) All eyeh—even nuclei have.zero spin.
(b) Nuclei with odd numbers of protons and even numbers of
‘neutrons have the spin of the last odd proton, or Vice
versa. | o
waevér, for odd-odd nuclei, the spins cannot be predictéd by the
abofe scheme, as the separaté angular momenta of the odd neutron and
odd proton can be coupléd to form several diffeient resultant spins.
Nordheim!?® has formuiatedvempirical rules for coupling j_ of the

%
last proton to the j  of the last neutron:
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Is ¥% %
Protons Neutrons
\ o : MU-21466 (a)

Fig. 2. Shell model single particle energy levels (spln -orbit and
Coulomb energy texms included).
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(a) Ifj 2pil/2 and j_ =8 +1/2, then I > ij-jnl

P
®) If 3,

. : R 55
2p¢1/2 and j = & ¥1/2, then I - IJp—Jnl (053
Brennan and Bernstein2® have more recently modified the Nordheim rules
fQ accbunt for many more of the observed spins of odd-odd nuclei.

‘For configurations in which the odd protons and odd neutrons are:

both particles or holes:

(a) T= |35l if j
(®) 1= |5 iyl if ]

% +1/2 and j 2 +1/2 '
P P /2 an Jn n /2 (56)

£,41/2 and j; = £, ¥1/2

P
If jp or j, = 1/2, then I = ljp-jn[. For configurations that are
- mixtures of particles and holes: . ' '

I-= ij * i

-1 .
We next examine the values of the electromagnetic moments of odd A
nuclei as predicted by the shell model. It consists in evaluating the

following quantities:

Qp = (ImQIm) ;
" where ' | o (57)
' A A
> _ _eh kg e 5 (K
. .
- '(k) 3+2 22
0= 1e® - 8 |
This gives :
S N
Mg = <uz)m=I f EEEIESE—'<32 fiT * g §-T)m; (58)

I
where we have used the well-known”reiation

(A =m’_f-ﬂﬁ A
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for the expectation value of the z-component of a vector operator A
where I is the total angular momentum operator. . Equation (58) can be

written in the following form:

. UI .
Y 2,2 o2y L 2,022
U = orrreDR (8 (T74L7-87) + g (I48%-L7)) o

-% [ga78s) + (gg-gg) 2(2;%%+i)3/4] (59)

gII

where 1 = 2+1/2, and g, and gg are the orbital and spin g;factors for:
the odd nucleon, taking the values

1 for protons

8¢ T _
=0 for neutrons
‘g = 5.587 for protons

. -3.826 for neutrons

| g is the nuclear g-factor.

Equation (59) may be written in the following form:

odd particle I = ¢ # %— S I=2 -‘%
P | I 11
proton n= (I+2'+7gs)uN w= [I+T¢T{2" 78) iy
_1 o _ I 1
neutron Ho= 5y , u‘- " T 2EMW - (60)

where uy is the nuclear magneton. These are known as thelSchmidt
moments.?' The fact that most observed moments differ from the Schmidt
values has been explained in a-nuﬁbetvof ways. One approach is to use
quenched g-factors rather than free-nucleon g-factors. The 1attervare _
-considered ﬁo be modifiedlin the nucleus by the presence 6f‘meson¥
ekchange currents., It is éustomary to modify g to make Eq. (59) fit

observed moments. Similarly, the electric-quadrupole moment is given

22

by
Q=Q; = - (%i;%9<r2) for odd proton
] J*
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=: . R Z

I (a-n?

Q for odd neutron. - (61)

By (rz) is meant the average of r2 for the nucleon orbit, and this is

_ usﬁally replaced by %—Rg where Ro = nuclear radius. For odd-odd nuclei

Ref. 22 gives the magnetic moment if j-j coupling is used:
) 3 Gt - 3 G-
W= gleyre) + (2,8, PP 2(I+1)n L . (62)

We also note that recent quasi-particle theories?? have been used

to calculate nuclear moments which agree more with observed values than

the Schmidt values do.

L
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III. ATOMIC-BEAM MAGNETIC-RESONANCE METHOD

A. General Description of Apparatus

Figure -3 is a schematic diagram of a ,typical.' atomic-beam ''flop-in'"
machine. It coﬁsists of an oven O (serving as source of atoms), three
bmagnetic field regions, and a détector. The magnets labelled byf- the
letters A and B are ‘inhomogeneous magnets, whose field gradients are
oriented as shown in the figure. These fields are strong elnough‘to
decouple the electronic and nucleér angular momenta. The magnet |
labelled C produces a hombgeneous' field. A radiofrequency hziirpin,
situated in this region, causes trallsitions' between magnetic sub- ,
“1evels of the atom. | |

An atom with a non¥z:ero electronic magnetic momént,‘ which effuses

out of oven O, is deflected while passing through the A-magnet region.

In the C-magnet region, it may or may not undergo a resonant transition.

Should it undefgd one, the sign of its m; changes. The B rﬁagnet is
designed ‘i'n a Way" that such an atom will éxperience‘zi deflection in
this region to ‘counteract that produced by the ‘A“magnet.' Thus the
atoinAwilll be deflectéd onto the detector D. These ti‘ajectories can
‘be explained as follows: |

An atom with electronic magnet moment g M oj and: h'uclear magﬁetic

moment g, u T in an external inagnetic field H_ ‘has energy -
I "o™ ~ 0 _
| L :
Wmag - 'gJ“oj i, - quo-f ﬁo

Usually the magnetic field is large enough to make the high field

scheme discussed in Section II valid and hence the energy is
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- MU-13185

- Fig. 3. Schematic of flop-in atomic beam machine. O, oven; S, stop
- wire; A,B, inhomogeneous magnets; C, homogeneous magnet; D, de- -
tector; 1, path of non-resonant atoms; 2, path of resonant atoms.
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If ﬁo is non-uniform, the atom experiences a force proportional

to the gradient of the field and to the effective magnetic moment:

- _ vl = oW = >
F= VW‘ vﬁﬁgwo‘ueff.VHo
oH
(g5 ugny + g1 vmy) 57
v m - .
. e 1
Since - 81/83% % 3500 o
>
- 3H -
? gJ H Mo 7

It is clear that the deflection depends on the value of m;.
Also, in order that the atom be refocused by. the B-magnet when the
sign of the field gradie'nts in both A and B region is the same,

7 . "k

it is necessary that

My (Amag) = -my (B,o)

‘mag

Two casee'occur_ in which atoms may still 'str'i‘k._ev the detector
- without eridergoing a transition in the C_—magnet ??e‘"‘gion: - (a) atoms with
my = 0, which experience little or no de;:r%l"ection' and hence reach the
detector regardless of whether or not a transmtfon takes place 1n
the C region, and (b) very fast atoms for which the force. acts only a
short time. Both types would contrlbute a 1arge background Hence an
obstacle S is placed in the B-magnet reglon to block these atoms while
allowing atoms following a flop—in path to reach the detector.

The types of transitions that can be. induced by the weak radio-
frequency field ﬁrf in the C-magnet region are limited by both m.ac_hine

~ selection rules and magnetic dipole selection rules.



-29-

In the low-field region, F and mg are good quantum numbers.

Hence, permissible transitions are

AMF=

Am.=.

F

0 AF

1 AF

In the high—field region, I and J are decoupled and the selection

rules are

Am.J =

Amy

*+]

0

In addition to these, there is always the machine selection rule

which requires that for an atom to be refocused,

my (A) = - my (B)’

The detectors in the atomic-beam machine are of two kinds. One

is a hot tungsten wire located at the center of fhevflop-in path.

Refocused atoms impinge on it and are ionized. The ion current is

collected and measured by an electrometer. This works for easily-

ionized atoms like the alkali atoms, which in our machine are used

to calibrate the magnetic field.

The other is the radioactive detector, which consists of two -

- sulfur-coated brass buttons. One is placed on the machine axis to

collect the beam of flopped4in atoms; the other collects the flopped-

out beam. Both are exposed simultaneously for five minutes with a

given ﬁrf in the_C-fiéld region. The buttons are'then sent to the

counting room three floors up and about 500 feet away from the
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experimental room. The resbnancé éignal ié taken as the ratio of the
center activity to the side acti?ity. |

Our experiments were peffonned on the Berkeley atomic-beam
machine II. A complete’description of the apparatus, save for‘ohe
or two modificétions and repairs, has been given by Dabbousi.?"

Thelmodifications are: |

(a) The oven loader: a'new oven loader was designed. Its.
generai shape and dimensions were thé same as the old ones. The
cooiing system was considerably-modified, which completely eliminated.
fhe péfrenial problem of water leakage. This was achieved by conﬁecting
" the éxternal flange directly through th¢ water cboling pipés tovthe
copper head holding the oven. The design also facilitates leak
detection. Figure 4 isa pictureof thé new design. |

(b) The C-magnet:_'this has also been considerabl& redesigned
by Dr. Schmeiling. The C-field rangé has now been exfended fromvé
previous upper limit of about 400 gauss to the new 1imit‘of 2000 gauss.
- The design is such that the magnet field has a linear relation with
the mégnet currént and does not saturaﬁe, as the old magnet did.

Figure 5 shows the new C-magnet design.
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XBB 699-6129

View 1. Oven loader with a tantalum oven in place.

XBB 699-6130

Oven loader showing the new design of the water cooling system.

View 2.

Fig. 4. The new oven loader.
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Schematic sketch of the new C-magnet design.
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Iv. EXPERIMENT

A. Ge Isotopes
The electronic ground state configuration of the germanium atom

is 452 4p2. In order of_increasing excitation energy, the states

~arising from this configuration?® are 3P0_(the electronic ground

5, and 180. At the temperature of the atomic

beam (v1400°C) the Boltzmann factors of the 3P1 and 3P2 states aré
large enough to make transitions betweenvhyperfine levels in these
States’observable”(Tablé I). |

| Both states have an.integral electronic angular momentﬁm J.

This means there will be 'an-m.J = 0 state present. The machine selection

rule requires that'mJ(AJ = -mJ(B); ‘This will require an atom to go

from the state mJ(A) = 1 to state mJ(B) = il in'order>to follow the

flOp-in path. Two quanta are needed to achieve this. The frequency
put in is half‘thét required for transition from state A to state B.‘
With sufficient rf powér'Z.quanta may bévabsorbed to cause'tranSition
from'A«to.B:with an intermediate virtual'level; this is the double-
quantum fransition. It is always encountered in atomic-beam experi-
ments using atoms with integral J values. The fw0bfrequency method
is even siﬁpler,‘and.will_be discussed later in'Sectidn IV.B.4.

75

‘B. °Ge

‘1. Production and Detection _

The radioactive 75Ge isotope has a half-life of 82 minutes. It

'is easily produced in a nuclear reactor by the reaction

74Ge (n, v) 75Ge

4Ge.
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Table I. . Ge 5é$n5ﬁ$@@rties, -

Energy (a1

Boltzmann Factor
e-E/kt

of
am

o oe

S

0.00
557.10
1409.90
7125.26

16367.14

1.00

51

32,6 -1.50111(7)

16.3 - -1.49458(9)

0.1

0.0
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~ The cross-section for this reaction is about 0.3 barns. About
100 mg of a natural Ge, previously melted into spheres, was encapsulated
- in quartz and irradiated in the Berkeley TRIGA MARK III reactor,
13

which hasva flux of 10 neutrons/cmz/sec.' A bombardment of 3 hours

produced enough activity, usually about 0.1 curie, to last through
!three'haif-lives of running time._ Wevalso‘found that over 95% of

75,

the activity produced'belonged to 'Ge. The remaining 5% belonged

o 77 7'1Ge. Furthermore, no chemistry was necessary, as Ge

Ge and
-_metal was used. As only about 30 minutes elapéed from the time the
Sample'waavtaken out of the reactor until it‘was loaded into the oven
and transferred into the machine, it decayed less than one half-life
 between the end of the bombardment and the atart of the experiment.

2. Beam Formation

Our ovens are made of tantalum 11ned.w1th a carbon crucible and
11d to avoid any reactlon between the germanlum and tantalum Flgure 6‘
is an 111ustrat10n of the oven and its component parts.

Electron bombardment power, typ1ca11y around 150 to 200 watts
heated the oven to operating temperatures of between 1300° and 1500°.

3 3

Atvthese temperatures enough atoms are excited to both “P. and “P

1 2
states to make atomic-beam research posSiBie. At the start of
each run, nonnalization (side button) signals of about 1500 counts/min.,
were produced,_with corresponding resonance signals of from 50 to -
300 counts/minute. |

"SGe, itsz-ray"emission during decay was utilized.

'To detect
Thin- w1ndow Gelger counters counted the. emltted B-rays. Eadh counter

1s surrounded by a guard counter to reduce the background from



Tantalum cap : N _ i

Graphite disc @ '
Graphite crucible v
with -6 mil slit | '

Tantalum
oven body

XBL 699 4915

Fig. 6. Exploded view of carbon-lined tantalum oven used to produce
- beams of germanium atoms.
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extraneous radiation; typiéal backgréund co'unts. ranée from 4 to 8 -
counts/minute. For better statistics, the spin or central Butfons
were cycled through three or four such cou'n.ters for 5 minutes each,
~ while the normalization button was .coimted in one counter. Figure 7
shows the setup of a B-counter.

3. Spin Measurement

756 by Qbéerving

We 'ac:hieved the ini.tival spin méasurem_ént for
- AF = 0 transitions at very low fields.v The frequency of such
transitions is given by o b' |
' . Uy | -
'vo=gFE— H0 . PR = (63)
| In our case, as’.Ge has integral J ' ?alues, we had tb in&uce a
doﬁble-qﬁantum transition, explained at the beginning of . this
sectibn. The maghe“cic_field‘Ho. was set at a Value that separated
the frecﬁiencies ‘predictéd_fof each value of I by at leést one line-
width. = Buttons were then exﬁo'sed at the frequenCieS predi‘ctéd by
Eq. (63). | " |
- Figure 8 s:hows>- the results of sﬁch a search at approximately
1 G. Large signals were 'obtaineci for I = 1/2 for the J = 1 state.
Further, to establish the spin, a sweep was taken and vresonances
were obtaihed at the pfedicfe& vélues for Spi_n I-= 1/2 in the 3P1
':;md'sP2 sta-tés. ‘ | ‘ o v
We fﬁrther-'decayed the T = 1/2 signal for about 30 hrs. and
‘a half-lifé of 82 minutes was obtained. ThlS confirmed that the
spin I= 1/2 belonged to 75.Ge as opposed to the other radio'—isortopes

of Ge. Figure 9 shows the decay curve.
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Fig. 7. Schematic of the beta-counter system. 1, radioactive button;
2, B-counter; 3, guard counter; 4, high-voltage divider and de-
coupler; 5, B-signal amplifier; 6, amplified B-signal (2 usec wide);
7, guard signal amplifier; 8, amplified guard signal (30 usec wide);
9, single-channel analyzer; 10, high-voltage supply; 11, lead pig;
12, brass drawer to hold button; 13, scaler. ’
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Fig. 9. Decay of activity on I=1/2 button from
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4. Hyperfine Structure Measurement

75

A schematic diagram of the hfs diagram for "“Ge is shown in

Figure 10. All the -transitions observed are labelled, i.e.,
o (AF =0, tmp = 2), 8 (AF = 1, Am; = 1), and v,§ (AF = 0, Ay =
The general procedure as with other atomic-beam experiments,

1.

'lS to follow one of the resonances up to hlgher fields starting from
the low-field Zeeman region. In.the case of 75Ge, the a-transition
used in measuring the spin I was predictabiy followedvUp in magnetic
' fieid to about 20 gauss. This was a dotble-quantum transition. It
owas observable as long as two single-componeht transitions (y, §)
differed by.less_than a few line-widths. At about 20 gauss the
sighal—to—background ratios had dropped considerably. In fact it
was poorer than 0.5, whereas it was as high as 3 at 1 gauss

Usually an increase in magnetlc field 1ntroduces a small de-
viation from the linearity expressed by Eq. (63). This temm, in
general, is'quédratic,'and.is due to thevincipient decoupling'of I
and J by the external field. To second order in the field, the
shifted frequencyvis then given by

‘ ZJ__vo2

AVEL RV
(o] A\)

where vé is the linear Zeeman frequeney.* The shift (2J voz)/Av
gives é rough estiméte ofFAv._ This shift was increased by increasing
the field»until Av was determined to a reasonable accuracy. At this
poiht all.the informationvobtainea»from this transition still gave

a large uncertainty in a.
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At 20 gauss, the uncertaihty in Av was still larger than 3 MHz.
- Another technique was tried. Instead of the single frequency for the
'double-quantum transition, two single frequenciés were simultaneously
fed in to match the frequencies predic£ed for the single-quantum
transitions vy and 8. A good description of this technique has Been
given by Prior.2® | |
Consider the three-level system shown iﬁ Fig. 11. Transition
A+C,represents the dquble-quantum'transition, while Transitions |
~ A>B and B-C are the two single-quantﬁm'transitions Y and,d; ‘The
implementation of the two-frequency fechniqUe requireSvtwo-rf gener-
ators,.ampiifiers,-freqﬁency counters,_and a device for mixing the
two frequencies béfore transmission to the hairpins;
| One generator.was_set td match the predicted frequency for
one of the transitions, say y(A>B), and the other was vafied until a
signal corresponding té the §(B+C) transition was observed. Next?
the latter frequency was fixed at the observed § resonanée_point and
the freqﬁency for the vy transition was varied until a resonance was
again obsefved. A further third sweep could be taken by keeping the
Y. frequency fixed agaiﬁ and rechecking the § resonance frequency. -
This proceS§ continued until the peak resonance frequencies becaﬁe'
virtually constant. | |
Figure 12 illustrates the typical_rf circuit for this technique.
Figufe 13 shows a resonance sWeep for a double-quantum transitioﬁ
at about 12 gauss, while Fig. 14 shows the two single-quantum reso-

nances observed by the twojfrequency technique.
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XBLE74 — 2757

Fig. 11. Three-level system. v, frequency for § (A+B) transition;
v,, frequency for y (B>C) transition. '
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Fig. 13. G double-quantum transition at A12.8 gauss. The levels
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- Fig. 14. Two single-fred_uency resonances at ~12.8 gauss. The levels
-connected in § are (F=1.5, M=0.5) and (F=1.5, M=-0.5); those in

y are (F=1.5, M=-0.5) and F=1.5, M=-1.5).
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This latter technique was used to follow the Gland,y transitions
up to about 70 gauss, at which field the uncertainty'in'the hfs a
- was small enough. to make it possible to look for the direct AF =1

transition (B-transition). Since for the J = 1 state
Av = a(J + 1/2) .= 3/2a ,

a direct transition at very low fields accurately determines the

75Ge was obtained

hfs constant. Indeed, the best resonance signal for
fof the AF = 1 transition at 1 gauss., TheAsignal—to-background ratio
- was about 6.

Figures 155 and 15b show the transition. The size of the signal
" encouraged us.further to pursue this B-transition to very high fields.

on 73Ge, the relative

From the work of Goodman and Childs'®
sign of hfs constant a and fhe nuclear magnetic dipole moment My
was known. To establish the absolute signs, we chose to follow the -
6-transition to very high fields (V150 gauss). At this field the
difference in frequency for u < 0 and u > 0 was at least half a
iine—width, We did cbserve resonances at 100 G and‘130 G fo establish
a positive sign for Mg and, hence, a negative sign for hfs constant a.
Figure 16 is the AF = 1 resonance at 100 G. The arrows indicate the
predicted pointslfor W <0andu>0. From Fig. 16, pp is shdwn
to héve a poéiti&e sign; | |

a. HyperfinegStructureﬂfor the'spg“Sfate. At this point, one

could predict with high accuracy the hfs constant a(3Pé) by comparing

75Ge to 7:”Ge and using the Fermi-Segré relation. From Table I, we

see that the percentage of the beam in the 3P1 state is about twice

that in the_SP2 state. Also, there are 6vhyper£ine levels in the 3Pl i
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Fig. 15a. AF=1 transition in °Ge(’P)) at 1 gauss.
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‘Fig. 16. AF=1 transition in '°Ge(’P;) at 100 gauss. Testing sign of uy.
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state compafed to 10 for the 3P2 state. Both facts led us to expect
a much poorer signal for the 3P2 direct transitioﬁ than for the 3P1
direct transition. In fact, it took several funs Before Qe'toﬁld'_
obtain a good signal. This was after the activify of 75Ge wés
.Increased beyond tﬁe level sufficient for good signals in the sPl
state. |

| Direct transitions were obtained at 1 to 5 gaﬁss; Figure 17"
shoWs one at 5 géuss.

This tfansition_is.labelled B in the schematic Breit-Rabi
diagram in Fig. 18. |
5. Results . ' _

For the 3P1 state, a tbtal'of 23 resonances:(AF = (0 and 1),
listed in Table II, were observed. A least squai'es.fit11 (by the
computer roﬁtine HYPERFINE) of the caléulated frequencies'to_the
observed fesonances yielded the results 1is£ed ih Table III.
Table IV 1isfs the results for the 3P2 state for which é.totai of
S(AF = 0 and *1) were cbsérved.. | |

The nurbers in parentheses indicate the erTor in the least

significant figure and represents two standard deviations for a.

This gives a confidence level of ‘dbové 90%. The magnetic moment was

calculated using the Fermi-Segré relation by comparing ?SGevto_

736e isotope

"36e .

The nuclear moments2?® and hfs constants of the stable
have been measured'® previously. The listed values are shown in
Table V.

75

The error in My for ‘°Ge is taken to be 1% to allow for a

possible hfs anbmaly. The difference in XZ between the fits for
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Fig. 17. AF=1 transition in 75Ge(3P2) at ~5 gauss.
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Magnetic field——

XBL 6994903

.Eig. 18. Schematic Breit-Rabi diagram for 75Ge_ and 71Ge in ﬂ1e 3P2 state.
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Results for 75

Ge in the 3P1 state.

- a
(MHz)

UI_
(om) X

-81.05(8)
+81.05(8)

+0.509(5) 2.28
20.509(5) - 3.30
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Table V. hfs constants and
nuclear moments of 73Ge.

b

3, ‘. | p,
a = +15.5480(18) - -64.4270(7)
= -54.566(9)  +111.825(13)

up ("%Ge) = -0.8788
Qp = -0.285(1 0.15)

_‘(Refs.‘&6 & 28)
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up < 0 and'uI >0 is'suffisiently pronounced-fo justify assigning a
positive sign for uIQ
- On the basis of the known s_i_gnsvfor_ﬁI and a for 73Ge, therefore,

we assigh a negative sign for a(SPl) and a positive sign for a(SPZ).
:This latter assignment is in agreement with the nonrelativistic
;LS coupling model, which'predicts.a positive sign for a(SPZ). What

is ﬁore interesting is that the simplest LS model predicts a(SPI) = 0,
_which.is not in agreement with.our experimentally measured value.

a. Origin of a(sPQ;_ 'Equatioh (19) gives.a.as ..

o - 2 ;
R ~ 2(2L-n%) FL(L+1)
= 2-g + _ — ¥ J(J+1) +
: a“'[ & _nZ(ZL-l)(zz+3)(zz-1)"'7J(3+15-[ (1)
S(5+1) - LAD)] - 3[J(J+1) - L(1+1) —8(2331{37{31) + L) - S(S:Fl)}] .
23

For thes4pv P1 state where

J=S=L=1and

g = Lande g-factor =;1.5,
aszo

 In Section II.B}3;4 two sources for this non-zero value.of'a(SPl)
" were discussed. They are relativistic and configuration interaction
effects.

The first efféct can be estimated numerically from Eq. (45)V
using the listed values of Fr(J, Z) in Kopfermann. This gives the.
rélativistic correction a’ as |

al = 21.6 MHz
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Detailed calculation is shown in the Appendices. The more accurate

method of Sandars gives al = -23.87 MHz. The measured value a is

a = -81.05 MHz
The difference between f.he measured value and the relativistic
contribution must be assumed to be due to configuration interaction
deneted by _aC : o | |
a®=a - a¥ = ¥#81.05 + 23.87 = -57.18 Miz
- From Eq. (54a) similar contribution must be made to é(st).

So without configuration interaction

a(’Py) = aCP)acured - &

335.945 - (-57.18) MHz

393.12 MHz,
2% with this value of a yields
1 = -3

<—13> av. _.6'49 ?0

This is to be compared with the value 5.7 Va;s which is derived from

Calculation

the atomic structure27 g = 904 cm 1. It is interesting to nete that
- if we neglect the effect of conflguratlon interaction, <—3> derlved
from a(SPZ) is 5.5 a, 3. This must be taken as fortmtous.

We take @ o= 6.749 a(')s as the correct value for the 4p electrons .
in Ge. | - | |

b. Shell Model Comparison with Bxperiment for 1, uT‘. The

measured spin I = 1/2 for 7SGe is in complete agreement with the

shell model predlctlons It 3551gns the conf1gurat10n (1g9 /2)4(2p1 /2)
with J = 1/2 = 1 for 43 neutrons.
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The Schmidt value for the magnetic dipole moment for the odd

neutron is

M1 (uncorr) +0.637 nm .  o
The measured value is ”

+0.509(5) mm

uI'.(-uncorr)
The' sign is predicted correctly and the magnitude is predicted to an
accuracy of ébout 25%. This is not bad, considering the fact that the
Schmidt Valﬁes merely set limifs to the vélues of the magnetic dipole
momeﬁt. |

c. 7

lee (3p.)

A short experiment was performed to measure the hfs constant for
the J = 2 state of 71Ge. _ The main reason for undertaking this experi- |

ment was that we had trouble obs'erving‘ the J = 'Z,AF = 1 transition in

75Ge.‘ We thought that either our results for a(75Ge; 3Pl) were wrong,

73 754,

or there was an hfs anomaly between '“Ge and "“Ge. If an anomaly did

indeed exist, it would be much smaller for ge and "Ge because they -

both had spins of T = 1/2.

Previously, Goodman and Childs2’ had observed the 3

71

P, AF =1

1

transitibn very accurately in ‘“Ge. In addition, they predicted -

a(,SPz) = 35715 MHz based on their observations for AF = 0 trans‘itidns~.'

~ We decided to meaSur_e this more accurately by observing the AF = 1,

J=2 transition. We found that, within our accuracy, the Fermi-Segré

71 d 73

formula held for ‘“Ge an Ge, so there was no detectable hfs anomaly.

71

Other results obtained by Goodman and Childs on Ge were

I=1/2, a(’P)) = -87.05 Mz
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71Ge has a half-life of 11 days. The isotope was produced by neutron

irradiation of the 20% abundant stable 70Ge isotope in the General
Electric Test Reactor at Vallecitos. The.neutron flui here was about
1014 neutrons/cmzsec. Because of its hélf-life, 71Ge'is especially
suitablebfor atomic beam work; it is possible to run for 1 to 3 weeks
with a single bombardment. Several melted spheres of natural germa-
nium were encapsulated in quartz. The first sample was irradiated for
less than one week, and for this‘we only obtained a nonmalization'count’

of about 400 counts/min;, which was much lower than the bare minimm of

500 counts/min. required to see a good signal-to-background ratio. Sub-

sequent bombardments were irradiated for 3 weeks, and excellent activity

was then obtained.

1. Beam Formation

The procedure for bean formation was the.same as for °Ge. About

3 days were allowed to pass so that the shorter-livéd isotopes, 75Ge and
77Ge, could decay aWéy Again, tantalum ovens‘lined with carbon éruci-
bles were used. For an electron bombardment power of about 160 watts, a
normalization count of over 1500 count/mln was - achleved A.satlsfactory

signal- to—background ratio of 3 was typical. 1

Ge was detected by its
- electron-capture x—rays' Thin (2 to 3 mm) crystélslmounted on photomﬁl-
t1p11ers (RCA 6655A) were used to detect the subsequent galllum X-Tays.
The signals from the photomultlpllers were fed to single-channel pulse-

height analyzers set for the low-energy x-rays.

2. Results and Discussion

We started by verifying-SOme of the results in Ref. 27. We

observed the AF = 1 transition for the J = 1 state. The freQuency
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for this tranSitiOn was found to be in complete agreement with the
predicted frequency based on the data in Ref. 27.
71

The Fermi-Ségré relation was used to compére Ge with

75Ge to obtain the value:of a(st).__With thiS‘infofmation, frequencies
for the AF = 1 transition at various magnetic fields were plotted.

AF = 1 transitions at 1, 2, 4, 5, and 8 gauss were observed. Figure 19
shows the resonance sweep at 1'gau§s.

" The déta were analyzed in two ways. First our own AF = 1
observatlons ‘were separately Fitted w1th the computer routine HYPERFINE.'
Secondly, our data were comblned with the data of Goodman and Childs
for the AF = 0 transition and another fit was made. These data are ‘
listed in Table VI. | |

Both fits give the result
o . :

aC’P, ; "1ge) = +360.536(60) Mz

2

p. %ce p)

1. Pfoduction
69 '

Ge has a half-life of abdut_38 hours. It was first identified

in 1955 by Butement?° through the cyclotron reaction 70Ge-(p,Zn) 69

69
(15 minute)
cannot be produced by a reactor.

Ge. It is the only isotope studied in this paper.that

' 69Ge can be produced by different

cyclotron reactions:.

(@ .66th @ njﬂ69Ge -
) %%a (a,n)%°
© e (p,2n)%%s — 5%

(15 min.)
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Table VI A. Results for 71Ge in the 3P2 State
- Using our AF = 1 ¥ransitions Alone’

a ' uI -
2
(MHz) - (uncorr.) X
-360.54(6) C-0.546(5) 0.47
+360.54(6) +0.546(5) 0.47

e e s e i e e
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‘Table VI B. ‘Results for '~Ge in the P, State
using the combined data of our AF = 1 tPansitions
and AF = 0 transitions frem Geogman -and Childs.

a ‘ Uy
(MHz) ~ (uncorr.)
_+360.5v4(6) C 40.546(5) |
-360.54(6) - -0.546(5)

0.56
0.63

From Refs, 27 and 16:

a = +357(5) MHz.
-uI(uncorr,) = +0.546.
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Methods (a) and (b) were firetvconsidered. 4HoWever, to obtain Ge
‘metal by both of these methods requires an extensive and complicated

chemical separation and reduction of about four hours duration.

69

Since "“Ge emits strong y-radiations in its decay, one should have

as little exposure as possible to the radiations. For these reasons,
we decided to try the third method; Chemical‘eeparation of 69Ge
from the other radioactive As isotopes by this reaction can be avoided
by taking advantage of the difference in the vapor pressures of
Ge and As. The method of achieving this will be discussed fully
in the next section. The drawbacks.of this method will also be .
discussed. | , | X

Ingots ofbnatural germanium metal were sliced into discs about
.078 in. thick. This thickness degraded the bombarding proton energy
of 37 MeV to about 20 MeV, covering most of the energy range for the
70Ge (p,Zn)69As reaction. "The cross-section for this reaction was not
known. We f1rst ‘tried .090 in. discs, but these were not satlsfactory

because the sample 1nvar1ab1y became hot burnt; and ox1dlzed Hence,

| we settled on the above size, although 90 mils would have completely
covered the energy range. Secondly, we also wanted to maximize the
spec1f1c activity of 6gGe(69A5) as compared with other numerous
- As isotopes 51mu1taneously produced

Both the Berkeley 88" cyclotron and the 76" cyclotron at Davis
were used. At the 88" Cyclotron, current of up to 27 A was used,
while at Davis the average cyclotron current wee about 15 pA. In
both cases, a total charge of about 300 pA-hr was fonnd necessary

to obtain a reasonable amount of activity.
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l
1
|
i
2. Beam Formation
l

On delivery from the cyclotron targets Were usually allowed
to sit for at least 2 hours. 'Ihlspermltted the parent 1sotope, 69As',
to decay through about eight half-lives. Some of the sitting- t_ime

was used in bbreaking and pulverizing the germanium piece in the lead-

| shielded cave. - The powder was then loaded into four or five outgassed
“ovens. The ovens were of the same desv‘ign as the ones used for the

. other Ge isotopes.

- Once loaded into the atomic-beam machlne the heatlng was done

in steps The purpose of the procedure was to drive away the arsenlc

1sotopes Arsenlc has a vapor pressure of 1 mm at about 700° C whereas

it takes 1500°C for germanlum to reach 1 mm vapor pressure

. The oven power was progresswely 1ncreased from 50 watts to that
requlred for normal Ge runs — usually about 150 watts It took about
30 minutes to achieve thlS The drawback to this method was probably
that much of the arsenic merely settled on the cooler part of the oven-
1oader. Once the oven became hotter, the arsenic reevap‘orated thereby
actlng as a broad source. In this way, it contributed heav11y to the
background W1th pure germanium isotopes, a normalized background for
no rf of .05 was achieved for an oven chamber pressure of about -

69

2 x 107° torr. For %%e runs, the normalized background ratio. sometimes:

‘rose to about .2. On a few occasions when we ran three or four times

without cleaning the oven chamber, it usually became almost impoésible
to see a signal. Perhaps, if one had to do it over again, a chemical
separation should be strongly recommended In the 1ong‘ run, it might

have saved a lot of tlme
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This problem was compounded on those several occasioné when the

targets were burnt. Initially, the germaﬂium discs were too thick.
They heated quickly on the front surface and the cooling at thé back
surface was not fast enough’to conduct away the generated heat. These
targets were burnt. For the first two Davis targets, there were alsp
leakages in the cooling sYstem, which also produced burnt targets.
At the 88" cyclotron, high'funning currents and total power concen-
trated in a small spot on the target were probably responsible for
the burning of the sample.

The above reasons may justify the pooref signal-to-background

75 71

- ratios of 69Ge when compared to the ones for '“Ge and '“Ge.

69
were employed for its detection. The setup has alréady been
sketched in Fig. 7. On days when we obtained good, unburnt targets,
normalization counts of 1000 counts/min. were easily observed for

oven power of about 150 watts. Just as for the previous isotopes,

the minimum normalization count seemed to be about 500 cpm in order to

observe a decent signal.

3. Spin Measurement

Precisely the method described for measuring the spin of 75Ge

was followed. The result of the spin search at 1 gauss is shown in
Fig. 20. Although the error bar on'each.point was large and the

background, as explained earlier, was high, the I = 5/2 signals were

significantly above the background, as indicated by the points I = 5/2,.

J=1and I=5/2,J =2, At this field, the I = 3/2, J = 1 state

had the same prgﬁicted frequency as the I = 5/2, J = 2 state. Hence, to

-

Ge decays by emitting positrons. Therefore,'Geigerasécounters. ,
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determine the spin without ambiguity, it was necessary to go to a

higher field where there was enough separation between these two cases.

AF = 0 resonance sweeps were then made at 3 gauss for both J = 1 and

J = 2 state. The result, as shown in Fig. 21, unequivocably cbnfirmed

69Ge.

the assignment of spin I = 5/2 to
Two further steps were takén to confirm the spin assignment. -
First, a decay analysis was made. The 38-hr half-life obtained

69

identified the isotope as ~“Ge. This is illustrated in Fig. 22. -

Secondly, the y-ray spectrum shown in ‘Fig. 23 was taken with a

Ge (Li) detector. The 69

Ge peaks can easily*be'iﬂentified and were
found to be in agreement with the spectrum in Ref. 31. In Fig. 23
~ peaks also are visible wﬁiCh definitely belong to some arsenic
isotopes; | |

4. Hyperfine Structure Measurement

The steps taken in Section IV. B.4. for 75Ge were carried out for
69Ge. -The AF = 0 double quantum transition labelled o in fhe

‘hfs diagram, Fig. 24, was followed up to 25 G. A computer fit of all

the observations for this transition at various C—fields,yielded a
value of a with an uncertainty of about 0.7 MHz. A trial search

for one AF = 1 transition at 25 G was decided upon. The expected

transition probability had its highest values at this field. Figure 25

is the result of the search fof the upper AF = 1 transition, labelled
B in the hfs diagram.
The (F = 7/2 +— F = 5/2) transition interval observed in Fig. 25

“has- the a and b dependence given by

My Ry ) R 0D =3By L

i
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The observation of hvl mérely'fixed the'leffhand side bf the above
equation; hence, it yielded only’oné equation for a and b. The
determination of the second hyperfine-interval would éhnilarly yield
another equation in a and b givén by | |
hv, =B  (3/2) - B (5/2) =3a->b . (66)

Therefore, the next step was to measure the second hyperfine intérval.
The (F.=.3/2 < F = S/Z)vtfansitidnTviolates the machine selection
rule and therefore could not be obéerved'directly; But even after
the observation of the AF = 1 transition;>the uncertaintiesvin a and
b were still too large to make a search for é two—freqﬁEncy

AF.= 1 + AF = 1 transition feasible. In 6rder to lower these uncer-
taihties, we returned to fhe AF =l0 transition. This:time, the two-
fréquency technique was employed. The transitions involved were |
§ and v, i;é.,'(7/2, 3/2) < (772, 5/2) and (7/2, 5/2) <~ (7/2, 7/2j.
One of the transitions, (7/2, 3/2) < (7/2, 5/2), depends upon the
interval (P:= 5/2_++ F = 3/2). It therefore would'yield more infor-
matioh about the second interval,hvz. 3The'uncertainty in'thevY-
‘transitions was much.smaller than the G-transition,‘so the fbnmer
was kept constant and the latter was varied wntil a resonance was
obtained. This was.carried out at 69 gauss. The new observation
aloﬁg with the earlief’éneévnarrowed the uncértaipty in hvz tb about
0.5 MHz,

It was thenaméésured by the twb-freqﬁency_technique. The

resonahces were bbServed by-making dne rf'field comnect the levels

(F=7/2F= 5/2) while the other connected the (F = 5/2.++ F = 3/2)
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levels. The transitions so selected are labelled ¢ and ¢ in Fig;-24;
Figure 26 shows the fesonances obtained at 10 gauss. Figure 27 is the

=1 (F=7/2 <> F = 5/2) transition at 4 gauss, its field-
independent point. |

With the two hfs 1ntervals measured, a and b were unlquely

determined in magnltude. A 1east-squares fit (by the computer routlne
HYPERFINE) of frequencies to the 27 observed resonances varylng

a and b yielded the results given in Tables VII and VIII along w1th
the x of the fits. |

5. Results and Interpretations

69Ge with 73Ge. The

The Fermi—Segrévrelation was used to cempare
results for 69Ge are 1isfed in Table VIII.

The numbers in parentheses indicate the'error in the 1eaet'
significant figure, and in the case_of aandb fepresent two standardkw _
deviations. ForruI, the error of 1% allows for a possible hfs anomaly:
while the efrdrlof 20% for QI(uncorrj.is not a measUrevof the precision -
of the experimental deterndnation,'but results from the theoretical
problem of extracting Q from b. This point nill be discussed in fulletv
~ detail in the next section. We have made no diamagnetic-correction for _:

up(uncorr) nor the Sternheimer shielding correction for Q.

The difference in XZ for the * fits is not pronounced enough

U SO

to choose one' But from our work, a p051t1ve sign was measured for. _ !
uI( Ge) while a negative sign? 27 ywas measured for uI( Ge). In both

cases, uI(uncorr)'and a have opposite signs. So we expect‘n1(69Ge)'

and a(3P1, 69Ge) to have opposite signs. QI and b are known to have.
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o2f

“Normalized signal
o |
=2
|

720 725 730
| - Frequency (MHz) |

 XBL 699 4914

Fig. 27. %

Ge AF=1 tranéitioﬁ ét its field-ir_ide’pendent point 4.3 G,




-83-

/L UL TS T/s u z/s UL TS UL A

Z/s-7/s  T/s- /< :3 /s /L T/s  T/S e

Z2/S UL /L /L 9 /s /L T/L T/L o

Z 4 I i Z Z 1 T,

n d W 1 W “a N 4 - sodf uoTa TSI,
L 3 (00T)00T" 6L (LS)s0s ¥ (02)20S°T SDect 0811
8. g (005)0SS°ZL (LS)Sszv'v (02)0Ss°1 S)eet 8LTT
8$ g (001)009°ZL (LS)8YZ v (0z)8sy°1 et gsL1T
SLZ- g (00T)0OV" 68 (s8)zz0° Sz (0s)st18°8 $D gPLIT
T A (00T)00Z" 02 (95)566° 7 (02)£08°8 ,mummw VLTI
§z- u (001)009°68 (£5)961° 01 (02)LLS°€ S)cet SLIT
8T 3 (00T)009°06 (15) 281701 (81)955°¢ S)eet UTT
v u (001) 008" 68 (1L)961° 0T - (S2)LLS’S mUMMH ZLTT
1- 3 (00T)00L° 06 (TL)961°0T (S2)LLS°S Scet ZLTT
68 A (00T) 00168 (SS)¥sZ° 69 (02)LL9° vz et - 80TT
ZA % g (00T) 005" 68 (95)zL8°¥2 (02)09.°8 SDCet £oTT
$1Z A (00£)00S°0Z (58).80°S2 (0£)958°8 et VLSTT
L6Z- 9 (002)00Z° ¥z (58)180°S? (0)9¢8°8 - SDeet LSTT
61 - © (00T) 009" ¥¥ (95)810°S2 (02)z18°8 et OSTT
SZ- L (001) 00262 (£5)9z71°8T - (02)s28°9 et VESTIT
0Z- © (00T)00S°S2 (LS)SPT ST (02)61S"°S mUMMH_ ¢SIT
- 0 (ooT)O00V*22 (58)6S9° T (og)6¥T°S St VIT
Z1- 0 (00T)008°ST (£5)0.6°0T (02)6v8°¢ - SDES SHIT
- 0 (00T) 001" 2T (LS)1€L°8 (02)¥90°¢ _mUMMM VZHIT
06- © (001)00Z°ZT (£5)678°8 (02)960°¢ SDeet 11
YA 0 (001).009°6 (LS)8Y0°L (02)oLv°2 s) AgIvTT
72- o (00T)00Z°9 (£S)08L" ¥ (02)S.9°T spzel VIPTT
87 o (00T)00S"6 CLS)TTO L (02)8SY "2 speEl THIT.
69- o  (002)008°0T (LS)S76° L (02)6LL°2 st VOVTT
06- o  (002)008"L (S8)S¥6°S (05)$80°7 spetl 0PI
6s- ©  (00T)008"S (15)€50°¢ (02)690°T mummm SETT
9Z- 0 (00T)00Z°1 (Z¥)voo°t (02)69v° Reg 9211

_ (zHN) ZHN) _
(ziD)  Pd4L  Aouenbaig (ssneo) >UMQSGWHm adojosT S*ON Uy

STENPTISaY g PIoTd uoTleIqITE) UoTIRIqITR)

"T=r°2/s =19

69

UT SOUBUOSST POAISSq) 'IIA 9TqRL



-84-

Table VIII. Results for 02Ge in the 3P1 State,

a b uI(uncorr)r QI(uncorr)
0z () (om) (amns) ¥
-23.39(3) | +8.28(8) +0.733(7) +0.043(8) 7.97 -

+23.39(3)  -8.28(8) . -0.733(7) -0.043(8) . 8.14
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... - fnp 13
positive signs for

Ge from Ref. 27, and since b/a is negatiVe
69 69 |

for “Ge, b(SPl, Ge) will therefore have a positive sign, the

same as does QI.W

75Ge

a. Origins of a(3P1l, Because the electronic effects in

and 69

Ge are sﬁnilar,'We can only offer similar explanations for the
non-zero value of a. These are rélativistic and configuration
- interaction effects.
We will use Eq. (45) and Eq. (54) to éalculate the relativistic
effect. The result is | '
a™l = _6.88
The difference between the observed a = -23.39 MHz and a1 wil1 be
assuned to be due'to coﬁfigﬁfation intgraction: |

: rel
a® =3 - a

-16.51 MHz

Configuration interaction, therefore, will be assumed to contribute

about 73% of the hfs constant a(SPl) for 69Ge. This is the same

fraction it contributes to a(SPl) for the other isotopes 75

7

Ge and

1Ge, and follows directly . from the method of computing a.

~b._The Nuclear Quadrupcle Moment. If we employ the Fermi-Segrd

relation to compare 69Ge with 73Ge, fhe.result for QI(69Ge) is
Qq(uncorr) = +0.043(8) barn

A relativistic calculation using Eq. (47) and the correctibn-factpr ‘

listed at the back of Ref. 12 gives

Q(uncorr) = 0.042(8) barn
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Thus, relativistic effects contribute only about 2%. The effects -

of configuration interaction have not been considered in the above
calculations. This is probably very important but is very difficult
to evaluate reliably. We need to know the a values of more than one

state before we can calculate the type of configuration corrections

given by Eq. (50). Also not considered are the Sternheimer shielding -

corrections. The angular part of this alone for 4p2 electrons was
calculated to be about 45 On these accounts, we have assigned
‘an error of about 20% for our lack of knowledge of the proper theo=

retical treatment of the experimental data.

c. ’Comparison of Measured Value of-I,”u} with Shell Model. The
69

measured spin I = 5/2 for the ground state of 37-hr "“Ge is in

agreement with the shell model assignment of the 1f5/2 sub-shell to

the 37th odd neutron.?®} ‘In addition, a spin of 5/2 has alSo»been

69 69

Ge based on.the B-decay of the ground state of ~~Ge

to the ground state of 69gy, 32 67

predicted for
Zn with 37 neutrons was predicted
to have the same neufron configuration. It, too, has a ‘measured spin
of 5/2. | |
The Schmidt,valoe for the magnetic moment of a 1f5/2 odd heotron
is +1.36 nm. The value calculated by Migdal,??® using the quasi- _\

67

particle method, is 0.90 for “'Zn for thié configuration. It is in

better agreement‘with the observed Value_of +0.733(7) for 6_9Ge.
A positive sign is thus predieted for Ups and ‘the sign of a should
be negative. Our results were not sufficiehtly precise to verify

_this.
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The quadrupole moment pfedicted by the single particle shell
model is +0.0005 barns. Migdal's calculation yields the corrected
value Q;(®°Ge) = +0.11. The observed uncorrected value is 0.043(8).

In Ref. 32; on the basis of the (lfs/zj'5 configuration assignment to
the ground state of 69Ge, a very small and positive quadrupole moment
was predicted. Migdal, too, predicts a positive value. On this basis,

73Ge, a pos-

we expect a poéitive value for Q and, by comparison with
itive_valuebfor 5(391) also. |

While the shell model explains the nuclear spin assignments of
the Ge isotopes, it needs drastic modification to ekplain the measured
elecfromagnétiC'moments. In thisvéase, the quasi-particle theory of

- Migdal seems to be in better agreemént with experimental values of

. the Ge nuclear moments than the shell model.
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APPENDICES -

"~ A. Relativistic Correction Factors

The PXs¥9)X of Bq. (54b) for k = 1-are given by

| . | |
PO - T(;%'IT Ty D E, - 220D F_ - 2 E, ]

p(12)1 _ 2”o(z+1). ' ,7‘Sn(zz+'3)""('22-1)

T D REH DV 3D 2D X

[-42(2+1) (20+1) F, + 42(z+1)(@g+’3)' F - (2043) (22-1) F, ]

| 4y - _ N
0n1 L(&+1 :
p(O0DL _ T+ 3y [0 E,, * 200 F__+ E, ]
Where the F's are given by

| _ 2 (7 (po’ + O0p'yp-2
Fyr T .(K+'Kv+2TJO Q' + @"r 2 ar

The + or -'signs are writteh'for j and j' according to whether they
are & £ 1/2; K= -(j + 1/2)vfor j=24+ 1/2 and K = j + 1/2 for
j=2-1/2.
| P and Q are_thejrelativistic radial waﬁe functions o and a,
are the fine-structure constant and Bohr radius.

The F's may be determined by_using (r_s) from Eq. (29) multiplied

by appropriate correctionvfactors obtained from tables at the back

of Kopfermann's Nuclear Moments, Ref. 12.'_Ihe various (f'3>_of

Eq.-(54d) are given by

(r'd = —L (20041 B, + 20(*1) F + F. ]
T 7’m (22+1)2 [22( | ++ | - - +-



- -90-

(r'%,, = —b o [-aL(#1) (28-1) F,, + 4L(2+1) (2043) F__
P12 T S0 [ !

- (22+3)(20-1) F, ]

. (r-3>1o _ %_ &&&i}lz_[(g+1) F** -LF - F, ]

(22+1)
Integral Factor (Kopfermann)
F _FI J
F,, | -F'
F,_ : -G,

B, ‘Relativistic Contribution to a(3P1) in "2Ge -

The relativisfic contribution a’ was calculated by using
the effective operator H £ eff of Eq; (54d) and the formulas
in Appendix A. a’ is given by

r_.r .Y T
& =38y *a5 %A

T
12

that due to the $ temm in Eq. (54d).

where agl is the contribution due to the term in £ and a,, that due to

the (3 E(Z))l(l) term and a{O

In this calcixlation, we use (r—s) determined by Goodman and

Childs (Ref. 16) for '*Ge with Z_.. = 32-4 = 28.
-F_rom Ref. 1z | o
| F__ =1.0818
F,_ = 1.0185
F,, = 1.0166

The matrix elements of the individual operators are
23 23 '
w® “py|15%; Ip® P = V377

@? |10 5@ D 1p? %)y - a7z
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i

KSR ATDATRE B

;<rf3)01 =.1.04#8’
(r7, = 1.1128
<rf3>10 = -0.0199
(r™ = 6.7 (Ref. 16)

' The results are

aX. = + 287.60 MHz

a1 =
ar, = -306.02 Miz
12 .
.r_- :
‘ayg = -5.47 MHz
d¥ = 2387 Mz
For 69Ge; ar(69Ge) _ r(75Ge) y

11 )
g (ﬁE) 7S.Ge
0.733 0.5
*23.87 ‘3?1;‘) (ITTRBJ

-6.88 Miz

C. Calibration Constants Used in.the.Analysis,of the Measurements

UQ/h: *%;399613*MHZ/G'

1836.1

o

-2.002332 .

1.34817 nm
-4

=
=
"

0Q
o
|

= 2.93700 x 10
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3035.7324 Mz

-2.002542

+2.5641 nm

3.98994 x 10~

9192.6318 MHz

4
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