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176m, DrBO Br30m

HYFERPINE STRUCTURES AIID NUCLEAR MOIENTS OF Lu s AND I152

Matthew B. Vhite
(Thenis)

Lavwrencs Radiaticna Leboratory
University of California
Berkeloy, California

ABSTRACT
The method of Atomic-beam Radiofrequency Spoctroscopy has been
used to determine some nuclear and atomle properties of Lul76m, Brbo,
Q =
Bruom, and 11)2. Hyperfine structure measurements were made to determine
the magnetic ddpole interaction constants, a, and the clectric guadrupole

intersction constants, b, of all these isotopes. Also the nuclear spin,

I, and the electronlc gJ factor were nmeasured for Lul76m. The following
results were obtained
for Lul76m
2 « o . 2 - ~ .
D3/2 Atomlie State: D5/2 Atomdlc State:
I =1 I =1
e = 97.195 + .008 mc/sec a = 77.6 + 4.8 me/sec
b = ~635.19 + .0L mc/sec b = ~782.3 + 9.6 me/sec
g;= - T9931 + .00005 gy= -1.2001 + 0006
for Brgo

*

I=1

lal = 323.9 + .4 mc/sec

bl = 227.62 + .10 me/sec

b/a < 0

for Br8om

oo

I=5

a = 166.05 + .02 mc/sec

b = -874.9 + .2 me/sec
for I132

*
I =14

ial = 567.6 + 2.6 me/sec
bt = 128.2 + 20.6 me/sec
b/a > 0

¥ The spins of the halogen isotopes were not determined during the experl-

ments reported here but are included for completeness.
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From the above hyperfine interaction censtunts the following
values of the nuclear magnetlc dipole moments, Hys and electric quzd-
rupole moments, Q, were calculated. Both corrected (for diamagnetic
shielding) and uncorrected valuss of uy are gilven but, because of the
large uncertainties sassoclated with core polarization correction

factors, only wcorrected values of Q are presented.
s Y P

Tor Lul76n1 For Br8(_)_
uI(uncorr.) = 0.3160 + 0014 n.m. |pI(uncorr.)| = 0.4905 + .0006 n.m,
p.I(corr.) = 0.3186 + .00l4 n.m. |uI(corr.)| = 0.5138 + ,0006 n.m.
Q = 2.40 + .05 bvarns : |Q| = 0.182 + . ,008 bvarns
Q/up >0

_ For I?j 2 ' For Br80m

luI(uncorr‘H = 3.06 + .02 n.m. uI(uncorr.) = 1.257% + .0006 n.m.

Iu}.(corr.) | = 3.08 + .02 n.m p.I(corr.) = 1.3170 + ,0006 n.m.

|@ | = 0.075 + .015 barns Q = 0.70 + .03 barns

Q/up <0
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INTRODUCTION

The experiments reported in this paper were undertaken as part
of a general program, belng carried on at the Lawrence Radiation Labora-
tory, to measure the atomic and nuclear properties of as many rare-earth
and halogen isotopes as is possible using the atomic-beam magnetic
resonance method.,

The rare-earth region of the Periodic Table is especially
interesting both with repard to electronic and nuclear structure. The
electronic structure of the elements in this region is characterized by
£411ing of the 4f electron shell and configurations of the types 6s8°5a he®
B (wvith n = 1 - 14) are expected to occur. For many rare-
earth elements, little or no work has been done, by methods other than
atomic~beam spectroscopy, to determine the exact nature of these configurae
tions. Measurements of electronic &y factors and hyperfine structure
separations by this method, however, have yielded much valuable information.
Furthermore the J values agsociated with low lying atomic energy levels
can also often be determined using this method and sometimes even the
relative populations of these levels can be inferred. Thus detailed
information concerning fine structure ordering and spacing has been
obtained in some cases.

The nuclear structures of the rare-earths are of particular
interest because of the large électric quadrupole moments exhibited by
some of these nmuclides. These large moments indicate that collective
aspects of the nuclear system are important and hence nuclear moment and
spin data obtained for elements in this region constitute a good test
for the Collective Model of the nucleus. In particular 1ts’ability to
prediqt the spin end nuclear moments of Lul76m is & very stringent test
since this nuclide 4s a metastable isomeric state of a highly deformed
odd~-odd nucleus. o

The halogen isotopes, on the other hand, have very simple
electronic structures (single hole outside closed shells) and thus their
electronic properties should be accurately describable by existing
stomlc theory. The degree to which thils is true acts as a test of the
theory and so measurements of these properties lead to a better general
understanding of atomic systems.

From the standpoint of nuclear physics the halogen isotopes lile
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in en atomic mass reglon wvhere collective aspects of the nucleer system
would not be expected to dominate. Hence the Shell Model of the hucleud

would seem applicable. 'Nuclear data for Br80 and Br80m are particularly

well suited for & test of this model's ability to account for the
existence of nuclear isomerism in odd~odd nucleil as well as for the
parities of such nuclei. Furthermore there is some evidence of collective
nuclear effects in the Br isotopes so that interesting questions regarding
the relative applicability of the two above mentioned nuclear models can
be answered by studying these data.

‘ This paper concerns itself primarily with the nuclear aspects
of atomic-beam measurements. That is, the main experimental objective 1s
considered to be'the obtaining of nuclear spin and moment values with
sufficient accuracy to allow the predictions of existing huclear models
to be tested. 'The atomlc daﬁa necessary for carrying out the experiments
reported are known quite accurately snd no attempt was made (except
incidentally in the case of Lu) to 1m§rOVe these data.

The paper is divided into two mmin parts. The first part is
mde up of Sectioﬁ‘I - IIT and concerns the theory necessary for carrying
out the experiments &nd analyzing the results. Section I presents a
systematic (though necessarily 5r1ef) development of those aspects of
the theory of hyperfine structure that are needed. Section II is concerned
with the general theorstical basis of the atomic-beam method, while Section
III contains & description of the nuclear models mentioned above and
equations, based on these models, are given for the calculation of
nuclear moments. ‘

The second main part of the paper, which comprises Sections IV
VII, concerns the actual experimental measurements. Section IV discusses
the atomic-beam apparatus used, while Sections V, VI, and VII discuss, in
more or less detail, the experimental techniques and results for the

Lu;76m, Br80,80m’ and 1132 experiments, respectively. Each of these

latter Bectlions also include discussions of the methods used to calculste .
the nuclear moments from the hyperfine structure data as well as an

analysis of the results on the basis of nuclear models. Y
Notation:

In the writing of a paper whicn encompasses an appreciable
renge of subject matter, one 1s usually faced with the problem of

adopting s clear, consistent notatlon. In the cases of atomic and



nuclear physics, however, much of the notatlon has become quite well
gtandardized so that little confusion should result as long as this
standard notation 1s adhered to. Therefore, in what follows, definitions
of quantitles occurring in various equations have been made, in text,
only when 1t was felt that the notation used to specify them is not
sufficiently standard to make thelr definitlons obvious. Thedvalues

of all physical constants used below were taken from Reference 60 and the

notatlon used there has, for the most part, been adopted for use in

this paper.
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I. THEORY OF HYPERFILiE STRUCTURE
‘A. A Resume of the Theory of Atomic Spectra

The theory of atomic spectra, as it is usually developed, starts
'by hypothesizing that the following Hamiltonian is approximately valid

for an atom in field free space

7{ Z 5’2 Z82 e -3 e
= I LE 2 + trg) °5J‘*w
i,gl[gm T T Tiy a) Xe 7B Taes ()

%

vhere the summation extends over all electrons in the atom. Since the
Schrodinger®s Equation resulting from this Hamiltonisn is in general
inseparable and too complicated to be solved directly, the normelly adopted

procedure is to write Eq. (1) as a part, | o» Which leads to a Schrodinger's

Equation that can be solved directly plus s series of terms which cen be
treated as perturbations. The effects of these perturbations are then
considered in order of decreasing importance by first order perturbation
theory. Therefore we have

Ho= Hot My + Heg * Hygg

vhere oo
L P
7“(0 = [5%1—_ + U(ri)]
2 2
Hy = L z e . Zes
K 1 (1 rij Yy U(ri) (2)

s

Heg™ i‘ G gy sy

Here U(ri) is a spherically symmetric approximation to the actual potential
produced at the position of the ith electron by the nucleus and the other
Z~1 electrons. |
Once a value of U(ri) has been decided upon the Schrodinger's
Equation }{o ¥ =E ¥ can be solved by separation of variables and
solutions obtained in the form of products of individual electron wave

functions. These highly degenerate product wave functions, after antisymmete

rization to assure conformance with the Puuli Principle, serve as a zero
order approximation for appllication of the perturhbation theory.
The “configurstion" of sn atomic electron system is specified

¥
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by glving the principle quantum nurber, n, and orbital angular momentum
quantum numbei§ R , of all electrons in the system. The ground state
(Lowest lying) configuration is determined by filling, in order of
increasing energy, all available single electron energy levels in a

manner consistent with the Paull Principle. When the perturbation terms

of Eq. (2) are considered, the usual procedure is to assume that the -
actually occurring ground state atomic wave function can be expressed as
a linear combination of product wave functions arising from the ground
‘state configuration only. In some cases, due to the perturbation term

7{t’ this procedure is not justified and product wave functions arising
from higher configurations must be included. (This appears to be true,

for example, in the case of Lu). In this case "configuration interaction"
18 seld to be present and must be accounted for by the theory.

| Inclusion of the first (and usually most important) perturbation,

7{t’ in the Homiltonian leads to the so-called "terms" of optical spectros-
copy. Since the operastor corresponding to the square of the total electronic
orbital angular momentum AQ % ; 2 and the correspond;ng operator
involving the electronic spin angular mementum S [iél ~§ij 2 cormute

with H = 7{0 + 7(t, this Hamiltonlan has no matrix elements between
different eilgenfunctions of these operators. Therefore the angular momentum .

g.n.'s L and S can be used to sgpecify the different energy eigenvalues of
this Hamiltonian and in general a different energy is associated with
each value of L and S. Thls leads to a reduction in the degeneracy of
the electron wave function corresponding to a given configuration and a
(2L + 1)(25 + 1) fold degenerate energy "term" appears for each Gistinct
value of L and S.

Adding now the 7{f perturbation, we find that althougl: this
operator commutes with the total electronic angular momentum'operator
_’2 (L + _3 1t does not commute with either L il or § ge separately, 50
that strictly speaking elgenvalues of these operators can no longer be
used to specify the elgenfunctions of A . However for most atoms
H >$>7{f so that L and S can be retained as "good q.n.'s" and the
effect of }(f. treated by first order perturtation theory. In this
approximation each (2L + 1)(2S + 1) fold degenerate term 1is split into
2L + 1 or 28 + 1 (whichever is smaller) separate '"fine structure levels.
These ievels, which are 2J + 1 fold degenerate, are characterized by
different values of J and furthermore by distinct values of L and S if
the inequality given above 1s well satisfled. [’pure L-S coupling_] o

1
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If this is not the case, J is still a good g.n. but L and S are not,
since the effect of 7(f mist be treated by hi sher ordhr perturbation
theory which leads to wave functions that are mixtarea of different ﬁ
and § g ° eigenfunctions. We are then sald to have a departure from LS
~coupling and if this situation is carried to the eytlcmo [ 7{f > H ]
we are sald to be dealing with J-J coupling. For all ‘of the" clemnnts o
consldered in this paper there seems to be little or no departure from
puré L~S coupling.
Finally we need to introduce the 7{hfs perturbation. Thls term

arises Trom the megnetic and non-coulomb electrostatic interactions between
the nucleus and the atomic system. It has the effect of splitting each
27 + 1 fold degenerate Tine structure level into either 27 + 1 or 21 + 1
(vhichever is emaller) "hyperfine structure" levels. Here I 15 the spin
(sngular momentum in units of Y) of the nucleus. These levels are
characterized by the g.n. F of the total angular'momentum operator
¥ 2. (f’+ 332 and are 2F + 1 fold degenerate. If-?{hfc <<‘7{f5, as is
ugually the case, first order pertuﬁbation theory can‘;e used to determine
the degree of splitting and I and J as well as F can be considered as
good q.n.'s. If this is not the case second or higher order perturbatilon
theory musf»be regorted to and in general J'can no longer be consldered as
a good g.n. TFor all the elements considered in this paper the hyperfine
level sepafation/fine gtructure separétion <«< 1, which is equivalent to
the above condition, so that J (as well as L and 8) can always be con-
sldered as a good q.n. A dlagram is given in Fig. 1 which illustrates
the various energy splittings discussed above.

‘ Since atomic-beam radlo frequency spectroscopy concerns
transitions among h.f.s. levd.s,‘}ihfﬁ is the perturbation term of

(2) with which we will be most concerned in this paper. Therefore
further discussion will be limited, almost exclusively, to it.

B. Atomlc Hyperfine Structure in Fleld TFree Space
In order to determine the explicit form Ofv%{hfs we must con-
sider classically the general electrostatic (magnetic) interaction between

an electronic charge (current) distribution characterized by the charge

density Py (current density j )} and a nuclear charge (curront) distribution
characterized by the charge density Py (current density J ). In treating

these intersctions we will assume that the nuclear and eloctronic charge
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-——(2S+IM2L+1)-fold degenerate

Energy

i/,/————«—(2J+U-ﬂﬂd degenerate

= «-(2F+l1)- fold
(~ degenerate
N SR

MU -21487

Flg. 1. Disgram illustrating degeneracies in atomlc

energy levelg.
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(current) distributions do not overlap and that consequently the magnitude

of the fegtor ?;, which denotes the position of some point within the

nuclear volume (with respect to the center of the nuclcus), is elways less
than the magnitude of the vector ?;, vhich designates the position of some
point within the electronic charge distribution (see Fig. 2). Ignoring
possible overlap is equivalent in the flnal snalysis, to negiecting
consideration of the hyperfine anomaly. This is Jjustified, to a gzood

degrée of approximation, for atoms without unpaired s electrons and so

would not be expected to matter, to the reported degrees of accuracy, for

the measurements considered in this paper. Under this assumption the general

electrostatic interaction can be writtenl

. r\
H etect = \/L/ PePy 4 Te Ty (3)

T T r
e n

-
where r = \r, = ;;l is the distance between a volume element dTn within
the nucleus and a volume element dre within the electron charge distribution
(see Fig. 2). Tor the general magnetic  interaction we have
-5 -3
H o1 / Gyt A, At (1)
mga - ¢ i
dr
n

-
where Ae is the vector potential produced at the nucleus by the electron
current distribution. However, if we restrict ourselves to a nonrelativistic
treatment and note that we are dealing with stationary nuclear and electronic

current distributions, Eq. (4) can be vritten®

-G mT, - )
= " Vn n/\"Ve " e
N mog. [/ . ar, ar, (5)
Te Tn
~ vhere by definition s o
'jn = Cvn * mﬂ (/)
D
wed
3, =P x i,

Eq. (5) is identical to Eq. (3) if the following substitutions are made

(7)

It should be noted in passing that on and Py BT scaler function of thelr



ald -

———

Nucleus
MU~-24754

Fig. 2.
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reapective co-ordinates; that 1s p(-r) = +p(r) On the other hand, (-¢* m)

- 18 a pseudoscaler since -[“ g (-r) ‘m (-r}] = + §7(r) . m(r) (8ee Eq. (6).)

The similarity of Eqs. (5) and (3) enable us to apply expressions, derived
for the case of electrostatic interactions, directly to the case of magnetic
interactions by making the substitutions indicated in Eq. (7).

Returning then to Eq. (3) we expand this expression in terms of
spherical Iegendre polynomials in the usual way to obtain

k
e
Herect = ] / > ( ) P (co8 Ogp) amy ar

where een is the angle between r, and r, as indicated in Fig. 2. Expanding
Pk(cosneen) using the Spherical Harmonic Addition Theorem; this equation

can be expressed 1n the following form

X
~ . ()
N er 5 (~02EF® _p F oog L H( 8
elect ¢ ge-k @ a Ty ok TR (8)
where ( K ) u_..._- i K
Qq = 2kﬁl\/ Py Tn Iﬁ (cos © 0’ ¢ )dm
(9)
(k) by [ -(k+1) k
S J[ (cos 8,5 ¢ ) dr .
Te

" Hence we now have the general electrostatic interaction energy expressed
as the sum of scaler products of the two (2k + 1 component) tensors ?& :
and'ﬁk, one of which involves the nuclear coordinates only while the
other involves the electronic coordinates. Equation (8) is said to
constitute a "multipole expansion” of the interaction energy and7{(k)
i3 called the electrostatic k-pole interaction energy. By meking the substi-
tutions of Eq. (7) & similer multipole expansion of the magnetic interaction
energy is obtained and?fm:g i3 called the magnetic k-pole interaction
energy.

Although the sum over k in Eq. (8) for the classical case,
extends to infinity it will be shown below that only the first few terms
need be considered in the quantum mechanical case. Furthermore the magni-
tude of the terms in Eq. (8) decrease rapidly as k increases so that
unless extremely accurate results are required, all terms higher then
k = 2 can be dropped (for examplel 7{é2;/ 7{;;; = 10’5). Therefore,

~
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due to the limlted accuracy of the experiments reported in this papcr,
only multipole interactlon terms up to k = 2 will be considered here.
Furthermore 1f it 1s assumed that the charge and current densitice of
the nucleus are symmetric with respect to reflection through the origin
(this is equivalent quantum mechanically to assuming that the nuclear
ground state wave function possesses a definite parity) then, since Py
is a scaler and Y1 has the parity of k, for the electric case all

(k) for k odd will venish. On the other hand, since - V . m is a
psgudo scaler, for the magnetic case all Q(k) with k even will vanish.
Hence it will only be necessary to conuider the k = 1 (dipole) mancetic
interaction energy and the k = 2 (quadrupole) clectrostatic interaction
energy.

Before proceeding to the quantum mechanical treatment 1t is
instructive, at this point, to investigate the physical meanings of some
tensor components that will be used later. Looking up the explicit forms
of the spherical harmonics® we get, using Eq.(9)

/.-‘ N
Q(O) - 0_d1 (O) / PedTe electric case
0 . n'n "
T T ' -re
n e
(l) - .-') " - -9 -
Qg = - | x, cos 0, (% mn)dTn” -1/2c ) (r, x jn)drn c—['u1_7?
T T Z :
n n

magnetlic case

/ (Vc me)cos % e 1o Mjex(_jre) dre] - 1i(0)]
\S j Z

Z

e
magnetic case
(2) o2 2 2 A 2
QO = 1/2 J P n¥ n(2 cos”8 ~sin en)dfnzl/gk/ P (§Z n)drnz Qn/ﬂ
T - T
¢ electric case
[o]
2 rPe 0”
Fé ) = 1/2 / 5 (5 cos~0 -l)d =1/2 i;zgzl electric case
N c oz 2
- e
e

Hence, classically, for the electric cases above

I

ng) = total charge on the nucleus Ze

coulomb potential at the nucleus due to the electrons

i

{0)

o)
Q(“) = 1/2 times the classically cefined electric quadrupole

l

noment of the nucleus.
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Fég) = ~1/2 times thc Z component of the aradient of the Z component
of the electric field produced at the nucleus by the clection
'charge distribution,
and for the magnetic case .
le? = minus the Z component of tie classlcally ¢efined nuclear
magnetic noment. v «
Fgl) = Z componznt of the magnetic field produced at the nucleus by
the electron current distribution. ‘
Sigce the electric monopole interaction energy corresponds, eccording to
the atove, to the usual ceatral coulomb interaction of Lg, (1) 1t is

not conzidered-as part of ?{hfsa

Derivation of the Hyperfine Structure Hamdltonian

Accdrding to the discussion at the beginning of this scction, the
hyperfine structure energy splitting can be obtained, to first. order, by
taking the diagonal matrix elemcnts of?—(h fs = Helee * ng in a
representation specified by the q.m.'s L,S5,J,I, end F. These matrix
elements consist of sums of mafrix elements each of which corresponds

t0 a particular k-pole electric or mngnetic interaction. That is

g
F

- W
k| YAIIF >,

< WF|Hyp V IF > = £ <LFiF, * Q| IJF gt Z < 1JF |

k k lec

| _ (10}
The most simple and straightforward weay to evaluate these matrix elements
of tensor scaler products is by introcducing the idea of an 1rreducible
spherical tensor operator.
An irreducible tensor opera,tor3 of rank k is defined as an opera-
tor with 2k + 1 components, Tﬁk) , vhich transform among themselves, upon
rotation of the coordinate syster, in the same way as the 2k + 1 degenerate

eigenfunction of &a angular momentum operator characterized by the eigenvalue

k(k+l)0 From this definition the following important theorem can be proved5
for the matrix element of Tﬂk) )
k) Jk (x) | ¢
<1\I?"'9T( iNJm> = < N3 HT N3> 11
3'm N S im mms U i Ny (11)

v
I Jk ‘
wnere aj”mu is a Wigner vector coupling coefficient3 relating eigenfunctions
of the form | Jmku> to elgenfunctions of the form {jkj'm' >. This coefficient

vanishes unless j,k and j' satisfy the "triangular condition," that is



~18~

unless a closed triangle can be formed with sides proporticnal to Jj, k and
j'. The above exprescsion is kinown as the Wigner-Dckhart Theorew and is
uscful in explicitly exhibilting the spatial (m and m') dependence of the
patrix elements of tensor operators. The double barred or "reduced" matrix
elem=nt on the right is independent of p, mt and m'. All the dependence on
these g.n.'s i'*k ontained in the Wigner coefflcient.

If'ﬁ§1§

is a tensor operator which involves the coordl i?es of
some system no. 1 with characteristic angular momentun Jl’ and'§?2

is a
tensor operator which involves the coordinates of another independent
system no. 2 with characteristic angular momentum Jj,, then Eq. (11) and

the above definitilon of Tﬁk) can be used to derive the following expression
for the matrix elements of the scalar product of these tensors in = repre-

sentation characterized by angular momentum j = jl + 32, (See Ref..3.)

~§k‘) -(k) . le+32"j
<3'm'dy N VL) T TR 1 3 m 3> =8y 60y (F1) W(3,3,3,"3," JK)
(x)
x [ (23 )21, ) T3 inn) v g
B
<S'HTR) N 3, > (12)

Here W is a Racah Coefficilent related to the coupling of three angular
nomentum vectors (see Ref. 3). From its definition the above Racsh Co-
efficient vanishes unless the following angular momentum triads satisfy
the "triangular condition;" (3,3,3),(J 35" 3;"),(550,'%), end (§;kd,").
Finally, agaln using the definition of T (ﬁ) and Eq. (11), the
following equation for the matrix elements of Tﬁkal) in the 13,3, o>

representation can be derived,

Jk S .

k
¥ t ]
T A A o 33 >

(13)

<I'm' iy, | T(ﬁ)(l) 3 m 88> =

where
g -3

3
<rara ™y s a0 =8y,15, (D) ¢ [ (23 41)(e3e1) 7 M2

(3,33 3% o)) < v @i > ()

Using Eqs. (11) end (12) we are now ready to evaluate the matrlx

(k)

clements indicated in Eq. (10). First it is not=d that since the Qu and
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F( k) tensor components of Egq. (9) are proportional to the spherical harmonics -
Which themselves can serve as angular momentum eigenfunctions, the Q(k) nd
ﬁ(k) tensors certainly qualify as irreducible tensor operstors. Furthermore
'a(k) involves on1y4coordinates of the nuclear system which has a characteristic
angular momentum I while ?; involves only coordinates of the electronic system
which has a characteristic angular momentum J. Hence the conditions for
aepplication of Eq. (i2) are satisfied, If we identify the electronic system
with system no. 1 and the nuclear system with system no. 2, the diagonal
matrix elements of the magnetic dipole and electric guadrupole interaction

energles are given by Eq. (12) to be

J ¢ 1

<IJF5'H(1) P (23)1(21)8 < Ty Flg;; N> <y Qia;“ o>

e [ (23-1)¢ (e3+2)! (21-1)! (21+2)! ] 1/2

(15}

<IFI N2 Lo f ] TIT > 6/ K(k+1)-U/3 T(1+1)J(J+1) 7 (273)i(21)! < Ji} F&th"”

= 21(e1-1)23(20-1) [ (21-2)!(20+3)! (2I-2)!

anef®) yr>
(21 + 3)t ] I/2

vhere

K=FF+1) ~I{T+1) -J(J +1) .

To obtain explicit expressions for the reduced matrix elements of Eq. {15)
ve use BEq. (11). Taking the simplest case of ' = jJ=m=m' eand p = O
Eq. (11) gives

(x) Jk

. : (k) -(.V._;
SUITT T 33> =8y, <IIT 3> (16)

where the Wigner Coefficient is now given by
GJK (23)!

330 T [(25K): (2gemen): 7272 (17)

substituting tiese expressions into Eq. (15), first letting 3 =J, T = F
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1 -
T . i =k
and then J = I, T7 =@ we get

< IJ»!){(]) | L0F > = === < II| Qél)( IT> <JJ | Fél)!JJ >

2) 6/ K(x+1)-L/31(1+1)3(3+1) 7/

H 2 =
SLIFI A o og IIF 2 21(2I-1) 27(27-1)

—
n

s

<IIU(') t I >

O

< 37 |F£2) (3T > (18)

A gereral stotcment can be made about the series of Eg. (10) by
examination of Eq. (12). 1Identifying J with jl, jl' and I with 32,32', the
triangular conditions given above for W shows that the only non~vanishing
terms of Eq. (10) are those for which 2T £ k and 2J £ k. Hence, as implied
above, the series terminates at k = 2I or 2J (whichever is smaller).

Finally, noting the (classical) physical interpretations given
above for the tcnsor components which appear in Eq. (18), we have for the

energy of the hyperfine level specified by F
WO(IJF)z - OIJ < IT ’(“1) {II > <JJIH (0)(JJ3

6[‘K(K+1) 4/31(I+1)3(J+1) 7
81(21-1) 23(2J-1)

e

<InQ |1 II>< JJI

V G)
where (“I)z’ HZ(O); o end ;"" "~ are now considered as quantum mechanical

operators. This expression can ﬁe rewritten in the more usual form
SRR ) =LI(T+1 )T (J+1)

o aK
WH(IIP) = = + b/k
(ze) 2 / 21(21-1) J(23-1) (19)
where
-3 )
_ =< IIl(uI)ZIII> <JJIHZ(O)tJJ> g <JJ]HZ(O)|JJ > (20)

7 1J

. " p 2
& P 2 < ~
b=eID|y (525 - ry7) 11 > <37 | §~Y1%l] JJ > = eQ< JJ,?—YKEQ-! JJ >
i g7~ o Z

- 2 :
(21)
To obtain thils expression for b the formula for & 2) bP” been
) —
tolen over to the guoantum mechanical case by substituting o, = 5 e 6 (r- r])

i=1
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where "1' is the position vector of the 1th proton in the nucleus and the
sum runsover all protons. Egs. (20) can be considered as defining equations
for the magnetic dipole interaction constant "a" and the nuclear magnetic
dipole moment "QI"; SimilarlylEqs. (21) serve to define the electric
quadrupole interaction constant "b" as well as the nuclear electric quad-
rupole moment "Q"? apap 2

Since T * 3 =F_-I-J this operator is diagonal in the
,BIJFmF > representation with gigenvalues-given'by K/Qc Furthermore; accord-
ing to BEgs. (12) and (8) and the discussion following Eq. (8), Hpgs hBS
no non«zerc off-diagonal matrix elements in this representation. Hence as
long as matrix elements are taken in the |IJFmF > representation and I and
J are considered to be good g.n.'s; ?{hfs (including only up to quadrupole
interactions) can be written in the following form

' A N e I
" s I ° I)+ 3/21 ¢ F ~T(I+1)7(I+1)
=al-J+b
hfs 21(21-1) J(2J-1)

(22)

This Hamiltonian is usually‘expreséeﬁ in units of mc/sec for
- atomic~beam work. , _

’ Since, ueing the atomic-beém method, the "a" and "b" interaction
constants defined by Eqs. (20) and {21) are usually what is measured, it
ils necessary, in order to extract the desired nuclear moment values, to
evaluate the electronic matrix elements appearing in these equations.
Although guite difficult to do in general, this has been done by several
authorsu for the special case where; a) There is a single, non-s, valance
eleétron {hole) outside of closed sthericaelly symmetric electron shells,
b) The radial part of the electron wave function is separable from the
angular part. c) The atom exbibits purz L-S coupling.

If all three of these conditions are satisfied the following
expressions are obtained for "&'" and "b"
2

Ho up om 2L(I41) . .z
= - —namsn Ciw - />
nx10° T W J(3+) P(9,2y) <x (23)
egQ 2J-1 ; -3
b e o 6 R(L,J,2,) < r’ > (2k)
hox 107 2042

The F(J,Zi) and R(L,J,Zi) which appear in these equations are
relativistic correction factors which have been worked out by Casimer .
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They are %othbnéar wiity and arise because of our restriction to a non-
relativistle treatment.

Solving the ratio of Egs. (23) and (24) for Q we get
by Mo
I e2

F/R %g,&;ﬂ) b/a . (25)

Q=-k
Although, 1f Hy is known, Q can be cbtained directly in terms of measured
quantities from this equation, y; cannot be obtained directly fram Eq. (23)
because of the < r-5 > term. There are, however, two ways in which the
value of Wy can be obtained from the measured value of "a"., The first,
and most accurate, way (since it does not depend on any specialized
assumptions regarding electronic structure) 1s to use known nuclear data
for another isotope of the element in question. If an expression like Eq.
(20) is written for two isotopes of the same element x and y, the electronic
matrix element of Eq. {20) cancels from the ratio of these expressions and
we are left with

%.?x) _ ur(x) I(y)
a‘YT ;;zy; IZXS

: hence

. a{x) I(x)
npx) = urly) a(:) Gy (26)

So if the "a" and uI' of one isotope are known the 1 of the other can
be determined from its "a" value. Egq. (26) is only valid under the
assumption that the hyperfine anomaly between isotopes x and y can be
ignored. |

The other way of using Eq. (23) to determine Hy is to use an
exprgssion for the fine structure separstion, § , which also depends on
<r?> to eliminate this term from Ey. (23). This expression for § ,
which is derived under egsentially the same assumptions a8 given above for

the derivation of Egs. (23) and (2k), 13”

2
n
$ = E%—» z, (2L + 1) H(L,2,) < r™ > (in units of cm"lz° )
27

Here F{(L Z ) is another relativistic correction factor given by Casimer.
Solving this Equation for < r =S and substituting into Eq. (23) leads to

the followlng result for Hy
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=
i

M a
I m

f.
0~ 7 J(F+1)(21+1)

H—l' . : »
7 (in units of p_)-
1 on(141) /F o n

(28)

]

The accuracy attainable using this equation.is usually limited by
the wicertainty in the value of Ziu This parameter,'which corresponds to
the charge seen by the valance electron when it is inside thé electron core,
can be estimated from optical spectroscopy data but 1is usually knowm to
only about 4 or 5% accuracy. o

In addition to the relativistic correction factors already _
mentioned, the value of w; obtained from Eq. (28) must be further corrected
for "dlamagnetlic shielding" and the value of Q from Eg. (25) corrected for
"core polarization" effects. The Diamagnetlc Shielding Effect occurs
because, upon appliéation of‘an external magnetic field H, the circulating
electrons of an atom classically change their orbital frequencies in such a
way as to oppose (by Lenz® law) the applied field. Hence & field H(0)= - ¢ H
is superimposed, at the position of the nucleus, on the applied field and
therefore makes (through 1its interaction with the total field) eppear
smaller than it actually is. The Core Polarizetion or Sternheimer Effcct,
on the other hand, arises because of the distortion of the, assumed
spherically symﬁetric, closed electron sheils by the nuclear quadrupole
noment. In some cases this makes § appear smalleyr than it really 1s
(shielding) while in other cases the reverse is true (enti-shielding).

» The factor, K,'by which the My of Eq. (28) must be multiplied
to account for dlamagnetic shielding has been tabulated, for various atoms,
by Kopfermanh.5 This correction amounts to from .003% forvthe lightesat
elements to about 1% for the heaviest and is known to about 5%. The
Sternheimer Correction Factor, C, usually ranges in value from about 1% to
20% for atoms and is only very inaccurately known6, K and C, along with
the necessary Relativistic Correctlon Factors, are given in Appendix B
for all atoms considered in this paper. In presenting the final calculated
Hy and Q values, both corrected and uncorrected My values are glven but,

due to the large uncertalnties 1n €, only uncorrected Q's are given.
"Configuration Interaction:
If an atom exhibits "configuration interaction," that is, if the

actual ground state wave function 1s not derived from a single electron

configuration, then Egs. (23) end (24) are invelidated becsuse in general
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conditions a) and b) essumed in thelr derivation are violated. Therefore
Fqs. (25) and (28) cannot be used to calculate Q and Wy respectively.
5chwartz7, however, hag shown how the effect of configuration interaction
can be taken into account for the special case where a confilguration of
the type ¢ &'f 1is mixed with the 52‘2 ground state configuration of a single
velance electron.
If we asswse LS coupling, the wave function for either the
J* = £+ 1/2 or J" = A -1/2 component of the fine structure doublet can
Pe written for atoms having the above type of configuration mixing es

e 2 ' 2 | s- 2
V=0, | 8°(5=0) Ly >+ 0Qis s (s=1) Ly >+ o )88 (5=0) Ly > .
(29}

This follows because H o> which 1s responsible for configuration inter-
actions of thils type, can only mlx wave funciions having the same S, L, and
J. InEq. (29), | 5°(s = 0)°L; > signifies the ususl “L; wave function 1f no
mixing of the ss'f configuration were present, |ss' (8 = 1)2LJ > is the
wave functlon resulting when the spins of the 5 and s' electrons combine
to give 8 = 1 which then combines with thelelectron spin to give S = 1/2,
while las' (S = O)2LJ > 1s the wave function for the case where the s
and s8' electron spins filrst combine to give 8 = 0.

Now the magnetlc field operator HZ(O) can be written

H,(0) = Hi(O) + Hz(o)

vhere HZ(O) operates on the coordinates of the { electron only and H:(O)
operates on the coordinates of the s and s' electrons only., Making this

substitution and using V¥, from Eq. (29), Bq. (20) gives

=

a(d) = ~ =% <JITIH(0) 13T >

i
TJ - = A . . (30)

I
IJ Jdd
The first term on the right is Just a _(J), the contribution to a(J) from

the { electronsonly, while AjJ is & sum of matrix elements involving

various terms of Eq. (24). All these matrix elements are of the form

A =SS 1/2, 1/2 ¢, ITNE, (o)|:s'l/2, 1/2 8, 37 >

so the wave fuﬁctions involved only_differ in the way in which the spins .
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of the 5, s', and £ elecirons couple to giv? S = 1/2. Putting j' = § = n'
. . B \ . I § ¢ s 4. .

==, §g= 3 = 1/2, Jp = 35" =L, and T )(1) = I (0) in Egs. (13)

and (14) then gives

o (27): . I+l/2-3
Drr o= ['(2J~l)1(2J+2)!_7l/2 w(i/2 J1/23; ri)(23+1)(-1)

(31)

x sun of terms not dnvolving J or L.

Writing Bq. (30) for both the J' and J" Ffine structure states we get

a(J') = ao(J') +5 (3")

(32)
&(J") = ao(Ju) + SI(JH)
where from Eq. (31)
8(1') I Apygs | |
= A
@Y T 1. o (33)

gy <
Furthermore, since ao(J) is due to the R electron Shly, Egs. (23)
and (28) are applicable if gO(J) is used instead of the total measured a(J).
Hence Eq. (23) gives , N

aO(J') E:_ J"SJ“'+1> . ‘(3&)
aé(J”5 =t 393 +1) |

If the magnetic dipole interaction constants a(J') and a(J")
are measured for both fine structure states of an atom exhibiting configuration
mixing of the type considered, Eqgs. (32), (33) and (34) afford a method of
determining a  and hence u, using Eq. (28). This follows since these four
independent equations can be solved for the four unknown ao(J'), ao(Jﬁ),
5(J'), and 8(J"). For example, if ao(J')/ao(J") Z s and a(d")/a(d") = »
then solving these equations for &(J') yields

o 1 - Y-S " -
o) = 52 a(r) (35)
which in conjunction with Eq. (32) gives a?(J‘).

Wo analysls, similar to the above, has been carried out to correct
the "b" value of Eq. (24) for configuration mixing. However since (accord-
ing to Eq. (21)) b depends on the gradient of the electric field at the

nucleus, ralsing one g electron to a higher s state would not be expected

©
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to influence this interaction constant nearly as much as "a". This is
because the charge distribution of an s electron is apherically symmetric
and co does not influence dEz directly. On the other hand the unpaire-

ing of s electron spins can oz have a very large effect on the value of

non
8 e

C. Hyperfine Structure with an Applied Magnetic Field

Postponing the consideration of hyperfine structure temporarily
we conslder first the effect that introducing a magnetic field has on
the fine structure levels., Since each electron in a given atom has a
magnetic dipole nmmmnt associated with both 1tn orbital motion and spin
(of magnitudes -, Q and -2 Mo s respectivcly ) upon application of a
mognetic field H in the 2z direction ve must add to the Hamlltonlan of
Eq. (1) & term

fs w H )
O -
= . [ ﬂz(i) + 2 sz(i) ;7 (expressed in mc/sec) ,

Or, in terms of the total T and T operators
s

u H ,
7im z,_;‘—[in'gSz] . (36)

2

s 2
Now although Lz and S commute with S “anda T these operators
- z
do not commute with J . Therefore, strictly speaking, J is no longer a
good q.n. after IEq. (36) is sdded to the Hamiltonian. However, if we

restrict ourselves to magnetic filelds of sufficiently small magnitude that

Ts
?{m << 7{f5, J can be retained as a good g.n. and first order perturbation

theory used. Assuming vure L-8 coupling, so that L and S as well as J can

be used to designate eigenstates of the total Hamiltonlan, the matrix

3 i £5 8
elements diagonal in L, S, and J of?in are
u_Hm I(IHL)+L(L+1) -8(S+1) , J(T+1)+S(S+1)- L(L+1)]
£
<SLJm, | 7{msl SLmy > = "o J $ Bally 1 [ aJ(J+1) 2J(J+1)

It is customary to write this expression as

g -
<sthad R 1 sty >=w1§8 (my) = -g; == m = -Eelec‘;‘. ' (1)

oy
oy

vhere

* Actuslly the "g factor" assoclated with electron spin is not exactly

equal to 2 but equals 1nstead;
g, = 2(1.001146 + 0.000012)
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I )n(Ta)-8(5rL) J(T+1)+8(53+1)~L{L+1) »
€y T T -2 (38)
2J(J+1) 2J(J+1)

A &5 is called the electronic Lande g factor. According to Eq.

(37), upon application of a weak magnetlc fleld each degenerate fine

structure level is split into 2J + 1 equally spaced levels, the spacing

being proporticnal to gj'and the’ﬁppiied field (ILinear Zeeman Effect for

fine structure levels). It is obvious from its derivation that Eq. (38) holds
only for the épecial case of L-S5 coupling. In fact the degree to which this
»équation is valid is usually taken as a measure of the purity of L-S coupling
in any given case. Furthermore Egs. (37) and (38) hold only for "weak"

fields, that is for fields such that

p H -
25 *%“_ <<'HfS . (39)

For the worse case considered in this paper, this leads to the "weak" field

eriterion that H << 107 gauss. '
If Bq. (39) is satisfied (as 1s certainly the case for the fields

of H < 1000 gauss used during the course of the experimeénts reported in
this paper) Eq. (37) shows that for matrix elements diagonal in L, S, and
J, ?{f; can be written as -

7{fsv uoH
n = ugJ -—ﬁ'— JZ . (ho)

Considering now the nucleus to be part of the total quantum

mechanical system, we must include a term in the Hemiltonian

hf p.I H gI' 23 I H g'I 4+ H

3 i . " Ty T . ‘ g .

7‘( v B e ee—— ; ok B e e - I (in wnits of mC/BeC)' .
P 7 .

m b = h
o (1)

to account for the interaction of the nuclear magnetic dipole moment with
the applied magnetic field. gI' is called the nuclear g factor, the prime
denotes that it is defined with respect to Mo instead of 1n the usuel way,
withvrespect to e gI' is related to the usual 81 by the expresgsion

=

jo¥

81 =
I
“O

= I
gI = :M gI .

&1 T gives the nuclear hqagneticdipole moment operator in units of By
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and gI I is equal to the By derined by Eq. (20). Since by T while
electronic magnetic moments are = p (see Bqg. (37)), I/bJ M /u = 1/18%6.

If we restrict ourselves, as is usual in atomic-beam magnetic

regsonance experiments, to magnetic fields such that

u I y
o e
b1 =~ *M e

then Eq. (39) 1is well satisfied and bothH ™~ gnd){hfsare of the same order
as {(or less than) 7{hfs of Eq. (22). Henc®, fncluding these interaction ener-

gles as part of the hyperfine structure Hamiltonian we have finally

”--)——) 2 e ) .

1.3+ 3/2 1-3 - T{1+1) J(J+1)
o1{21-1) J(25-1)

- -
iH nes = al J+ b

H (k2)
gy Yo g g Ko
h 2 1 T{

It should be noted that this Hamlltonian holds only for matrix
elements taken in the L*IJFmF > representation as mentioned above, in

connection with Eq. {22). Lo
Now the last two terms of Eq. {42) do not commute with the F

operator so that they will not be dlagonal in the !IJFmF > representation

and F will no longer be a good g.n. However if we restrict ourselves to

velues of H such that g 5%5 <<-~ [ TIinear Zeeman region for hfa levels /

we can keep F as a good q.n. and use first order perturbation theory to get

the energy splititing caused by H. Thend

1 — — %_ a H
< IJFmF17{hijIJFmF > = W(IIFm,) = 5=+ Q- mTio 8 e

F(F+1)+ J(7+1)-1(1+1) f r(p+1)+x(x+1)-J(J+1) j
x [ g 2F(T+1) e oF(F+1)

where the definition of Qop is obvious from Eq. (19). This expression is

usually written in the form

I
W(I9Pm) = 55+ e - g Mot : (13)
Fing F = T .
o = F(rel)+ J(J+1)-1(1+1) F(F+l) + I(T+1)-J(J+1)
T 2F(THL) Ty SF(TL) (1)

where
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Hence each degenerate hyperfine structure level 1a‘ap11t into 2F + 1
equally spaced componenta that are separated by .

v (IF) = g, E%S, (in units of mc/sec) . (45)

As the magnetic field is increased the hyperfine structure "weak
field" criterion given sbove becomes less and less well satisfied so that ,
1t i1s necessary to use perturbation theory of higher order than 1lst to
obtain the hyperfine energy splitting. Finally, et some vaiue of field,
the necessary order of perturbation theory becomes so high that the most
pracﬁical wvay to determine the energy levels is to disgonalize the
Hamiltonian of Eq. (L2) direcfly in the iIJFmF > representation (intermediate
field region for hyperfine structure)., If the field is increased even
further a point is reached where the first and second terms of Eq. (42) are
small compared to the third (Paschen-Back reglon for hyperfine structure).
Then I and J are the most lmportant operators in this equation and?Yhfs,
although far frOm disgonal in the lIJFmF > representation, 18 close to
diagonal in the |IIZJJ2> representation. It can be shown9 that in the

H .
linit g --%— >> a mmy the eigenvalues of . are given by

- [ -3(+1)] [ Bx(+1) ] uE | wi
Wil )= empny + p/h JJ‘(QJ-l) I(2I-1) 7 mJ-"g»'.I E
(46)

Equation (46) holds under the assumption that the condition of Eq. (39) is
st11l not violated. ' :
Hence, considering the vhole range of magnetic field, at low
valuea of H the h.f.s. energy levels gpecified by different values of F
are well separated in energy, each one being split up in 2F + 1 closely
‘spaced magnetic sublevels (see Eq. (43)). As the field is increased these .
magnetic sublevels separate further and further until 4t is no longer
possible to assoclate any given one of them with a particular value of F. “«
However, since Fz commites with ell of the operators in Eq. (42), each
magnetic sublevel does preserve 1its m, = mp + m throughout the inter-
medinte field region. TFinally, as the field 4s further increased a
value 18 reached vhere g; it H/h >> a. Then, according to Eq. (LG), the
hyperfine levela corresponding to different values of ny are well separated
in energy,and superimposed on each of these are 21 + 1 closely spaced levels



asscelated with dilfferent values of ml..

A rough iden of the bechaviour of the wagnetic sublevels at inter-
mediate Fields can be obtained by noting that the megnetic q.n. Moy iy
iz conserved throughout and that levels having the same value of mF 5 -
vhich arise initially from zero field levels of different F, can never
cross (mF no~crossing rule). Using these rules and Egs. (%3) and (L6)
each magnetic sublevel can be unamblguously identified at any velue of
field and a schematic diagram {such as is given in Fig. 21) drewn showing
the correspondence betwcen the high field and low field magnetic sublevels.
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II. THE ATOMIC BEAM METHOD

A. Introduction

Atomic~-beam Radiofrequency Spectroscopy, like any other type
of spectroscopy, has three main requlrements. TFirst an appropriate
source of the materlal to be studied must be available. Second s means
must be at hand to induce traneitions between various energy states of
the system under considerationc And third there must be some mechanism
available for determining whether or nct such transitions occur;, under
varying experimental conditions. The dlscussion below concerns itself
with thé way these requirements are met in the particular case of the

atomic~beam method. ‘
B, General Discussion of the Method

Ag 1its name {mplles, the material sfudied by the method under
conslderation must be converted, for investigetion, to & beam of neutrasl,
essentially non-interacting, atoms. This is usually done, in the case
of metals, by heating the material to a high temperature in en appropriste-~
ly designed oven containing s source slit. Atoms effusing from the slit
at thermal velocities are then properly collimated to produce the besmm.
On the other hsund for volitile non-metals, such as the halogens, more
elaborate beam production methods utilizing leaks, sccurate temperature
control messures; and various types of molecular dissociators; often need
be used. In general the techniques used to produce atomicvbeams vary
widely from case to case and even rather widely used methods ususlly must
be specilally adapted for application to each particular case.

In Atomlc-beam Spectroscopy, as it 1s‘applied here, magnetic
dipole transitions are induced between the hyperfine energy levels of
isolated atomic eystems. These systems are studied in the presence of
e uniform magnetic field which can be varied in strength over a wide
range. The transitions are induced by applying an oscillating megnetic
field at R.F. frequencies corresponding to the energy differences between
various eigenstates Of‘}{hfs (see Bq. (42)).

The occurrence of such transitions 1s sensed by noting the
resulting changes in the "effective magnetic moments," Hoppr OF the
atoms. _po is defined,l for an satomic system, as — OW/OH where W
13 the total "spectroscopical' energy of the atom. From the general

-3 -3
equation for the force on a conservative system, F = - & W, it follows
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that the force, in the z direction, exerted on an atom by an inhomogeneous
magnetic field of magnitude H and gradient JH/dz '% is given by

F = Bepp dH/dz. In particular if H is of such a magnitude that the
Paschen-Back region for hyperfine gtructure ls reached then, from Eq.(h6)

F, g5 1, dH/dz me &nd U oo = gy Mo My . (47)
The method used to detect changes in Moy (for a so-called "flop-in"

configuration) is illustrated in Fig. 3, which gives a schematic diagram of
san astomic-beam machine such as the one used during the experiments reported
here. Atoms leaving the source at position 0 first pass between the pole
tips of the A-magnet, where there is mn inhomogeneous magnetic field (HA)
of sufficient strength tc render Eq. (47) applicable and which has a gradient
(aH/az)A in the z direction. A collimator at the end of this magnet eliminates
all atoms except those having initial trajectories similar to the one shown
in the figure. The remaining atoms then pass between the pole tips of the
C-magnet where a homogeneous magnetic field exists. Superimposed on this
field is the weak oscillating field mentioned above and this may or may
not cause atomic transitions leading to a change in the value of Hoppe

After leaving the C field the atoms enter the B field region
where HB is also sufficlently strong to "Paschen-Back" the hyperfine
levels and has a gradient, (dH/dz)B, in the same direction as (dH/dz)Aa
The magnitude of (dH/dz)B is adjusted so that if u_., of Eqs. {(k7) reverses
sign in the C field region a trajectory such as (2) of Fig. 3 is followed
by the atoms and they reach the detector D. On the other hand, 1f such
a reversal of sign does not take place a path such as (1) is followed and
the 2toms are not focussed at D. Hence, by noting the number of atoms
reaching the detector, the occurrence of atomic transitions can be sensed.
It 18 important thaet all changes in magnetic fleld seen by the atoms as
they pass down the apparatus are slow enough that their “effas adiabatically

the same
orientation with respect to the magnetic fleld in all regions,

maintain/
unless en R.F. induced transition takes place. For this reason the A,
B, and C fields are all applied in the same direction and sufficient space
is left between the varlous magnets to allow the fields gradually to
fringe together.

The stop wire, indicated by 8 in the figure, 1is mounted on the

centerline of the apparatus to eliminate high velocity and molecular
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Fig. 3. Schematic diagram illustrating possible etom-besm trajectorics.
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components of the beam. These are not deflected enough, in the absence
of transitions, to miss the detector and therefore, without the stop
wire in position, would add to the "apparatus background." is back-
ground, which is caused by beam atoms which reach the detector without
undergoling transitidns, 1s held to a minimum by accurate allignment of

6

the various slits and stops and by maintaining a low pressure ( = 10  mm)
throughout the whole system to eliminate gas scattering.

Although the flop-in configuracvion, as depicted in Fig. 3, has
the advantage of ylelding a low apparatus background over which even
moderate number of atoms which have undergone transitions can be detected,
it has the disadvantage that only those transitions which lead to a change
of sign of "ﬁ in the high field region can be detected. This restricts
the number of "observable" transitions to only a small percentage of all
possible hyperfine transitions. For a given I and J the transitions in
the low and intermediate fleld regions which lead to a change in sign of
HU in the high fleld reglon can be determined, ms described in Section I.C.,
by drawing an energy level diagram such as Fig. 21. The nature of these
trangitions depend, in general, on the ordering of the zero field hyper-
fine levels, that is on the relative values of the W (I J F) of Eq. (19)
for different values of F. (For example, sece Fig. 21 a and b.)

As implied above the occurrence of transitions, using the flop-
in configuration, 1s indicated by an increase in the relative number of
beam atoms traversing the entire length of the apparatus. Hence the
presence of these atoms at the detector position must be ascertainable
for the atomic-beam method to be usable. This, in fact, constitutes one
of the major problems encountered in beam work and has, in the past,
severly limlted the applicability of the method. The only methods of
detectlion used during the course of the experiments reported here are
"hot wire detection,” which was used for the C field calibration isotope
(K§9), and "radloasctive detection," which was used for all the radio-
sctive specles studied. The former depends on the ability of a hot
metellic wire with a high vork function to capture electrons from free
atoms with low ilonizatlion potentials, thus producing a detectable ion
current. This method has been used succegsfully to detect most of the
alkali metals as well as some of the halogens and is described in detail
in Ref. 1. Radioactive detcction, on the other hand, depends on the collec-
tion of radiosctive beam atoms on some appropriate surface at the detector

position. The collecting surface is removed from the apparatus, after a
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gilven period of exposure to the beam, and the amount of radioactivity
‘deposited on it measured by standard counting techniques. The measured
activity is then proportional to the number of atoms reaching the detector
during the period of exposure.
C. Inducing Transitions

The transition inducing R.F. magnetic field is supplied by
driving alternsting electric current through an appropriately designed
R.F. loop {or "hairpin") which is usually placed in the middle of the
C field and through.which the atomic-beam passes {see Figs. 8 and 9). .
Determining the probabillity of a transition occurring when the frequency
of this field 1s in the neighborhood of the Bohr Frequency, v = fl:fg’ »
ie in general a quite complicated guentum mechanical problem and
depends upon the value of the C field (H); the amplitude, direction; and
spaclal dependence of the R.F. fleld; the number of transitions having

Bohr Frequencies near v; and the veloclty spectrum of the atomic-beam.
- This probability has been worked out by several authors for varlous
special conditions (see Refs. 1, 10, 11, 12, 13) and although the results
differ considerably in details they all indicate that for a single
"Rabbi type" hairpin the transition probability should have & maximim at
{or at least by symmetric about) the Bohr Frequency. This 4s born out in
practice for reasonably designed R.F. loops (see, for example, the
resonance curves -exhibited in. this paper). Furthermore in all cases there
is some optimum R.F. field amplitude where the transition probability has
1ts maximm value at resonance (that is at the Bohr Frequency) while at
the same time the resonance width (that is the width of the tfansition
probability curve as a function of frequency) is reasonably narrow.
This width, although differing from case to case, can never be less than
the "natural width" determined by the Helsenberg Uncertainty Principle
(av > 1/1 where T 1s the time spent by the atoms in the R.F. region).
In actual experiments the optimum R.F. fleld amplitude is
usually determined by trial and error since the detailed information
needed for its calculation is not avallable. PFurthermore, although the
. general line shapes obtained experimentally conform to theoretical
expectations the line wldth, 1n practice, is usually determined by the
uniformity of the C field and is considerably broader than predicted
theoretically.
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Two differcut types of magncetic dipole transitions, uswally
designated by n and ¢ , can be induced depending on whether the R.F.
magnetic field is applied perpendiculér or parallel to the C field (H,
always assumed in the z direction). The "selection rules" governing
these transitions can be determined, for low and high values of H, by
noting that for any reasonable guantum mechanicel treatment the transition
probabllity depends on the matrix element of the perturbation causing
the transition between eigenfunctions characterizing the initisl and
final atates.

A field oscillating at frequency v = o /2x along an arbitrary
x axis (perpendicular to the z axis) can be expressed as

it ~-iwt
H.p (L) = H ¢ (e* "+ e Ve

I

g4
w

while for a field oscillating slong the z axis

S

(eiwt & evi(.l)t) AN X .

K=H

Hrf<nﬁ) = Hrf U3

Hence the corresponding perturbastion Hemiltonisn can be written (see Eg. (42))

M0 B"9'0

Hpl L) =g 5 BJ, -~e'y & B I, (48)
B Yoo

H rf( = -8y _;g Bydg ~ 81 ...,Eu i, 1, . (49)

Now for low H the elgenstates of the Hamiltonian are characterized by
the g.n.'s WF and m,. Taking matrix elements of Egs. (48) and (49) in

this representation we get8
<[JmFl Hrf( 1L )eIJFVnL;,> =0 unless F' = F+lorF' =F
and m% = mg +1
dJani’){rf( ) IF'm), > =0 unless F' =F +lor F' = F
and m% = g .

Similarly, as mentioned above, Tor high H the eigenstates of the Hamiltonian

are specified by IJmI and M. Takling matrix elements-in this representa-~

tion we get
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SO 7e] i g 1 ‘, S am 4 £3¢] t = Al =
< IJthJi }(rf(.L Y i Iomp'mg > = 0 vmless my m + 1 orm =m +1

< IJmImJl)4rf()i )i IJmi m& > =0 unless m! =mi and my = n& .

Therefore we have the following megnetlc dipole transition selection rules

for low fields for high fields
AF = 0, + 1L and dm_, = + 1 AmI =+ 1 or fAm. =+1 for R.F. fileld
- - - Jd -
. +to H
AF' = 0, + 1 and AmF>= 0 AmI = 0 and AmJ =0 for R.F., fiel:
S , Itto H .
| (50)

Since the Hamiltonlan of Eq. (42) is diagonal in neither of the
representations mentioned above for intermediate fields, simple selection
rules like the above cannot be written down for this case.
| By'convention, transitions for which AF =+ 1 are called "direct
transitions.” It can be shown, for atoms with I and J > 1/2 and J half
odd integral; that there are at least two types of AF = O, AmF =+ 1
low fleld transitions which are observable by the atomic~beam flop-in
method. These are feferred to below as & and P transitions and oécur in

the P =1+Jand ¥F =1 +J - 1 hyperfine levels, respectively.

D. Spin Determination

The determination of nuclear spins, by the atomlc-beam method,
is based on Egs. (44) and (45) for the frequencies of AF = 0, Amg= + 1
transitions at low fields. In using Fq. (44) the term involving g{
1s temporarily ignored since gi/gJ ~ 1/18%6. If J and g; are known,
for example from optical spectrpscopy work, then‘gF is a function of
only two unknown guantities, the discrete paremetérs I and F. Assuming
that F = I + J (for o transitions) or F = I + J - 1 (for B transitions)
reduces Bp to a function of I only and leads,\for a given value of H,
to different ¢ and B transition frequencies for each discrete value of
I (vie Eq. (45)). The correct value, for a given nuclear specles, is
obtained by succeséively setting the R.F. fleld at all frequencies
corresponding to reasonable values of I and noting for which particular
velue a resonance is registered at the detector (conducting a "Spin

Search"). The identity of the nuclide for which a resonance is obtained

is then ascertained (for radicactive detection) by noting the decay
rata of the deposit on the collector surface and comparing this to known

radioactive half-life data.
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After & tentative value of I has been obtained by the above
method full resonance curves are traced out (whenever possible) at
several (weak) values of magnetic field for both the a and B transitions
t0 1llininate the possibility of overlap {i.e. different transiticns
giving rise to the same value of v for different I). This process
usually suffices definitely to determine the spin.

If, as in the case for many atoms, J and gy are also unknown,
Eqs. (44) and (45) can be used to determine these quantities (as well as
I) by e slightly more complicated procedure involving a continuous
scanning of R.F. frequencies at a very low value of H. Resonance
frequenciles so determined are analyzed on the basie of all reasocnable
combinations of I, J and 8s and possible values of these parameters
extracted. All sets of such values are then used, in turn, to predict
regonance frequencies at a different field and e discrete search, such
as the one described above, 1s carried out. The particular set of values
which lead to correct predictions of resonance frequencies at a number of
arbitrary msgnetic fields, is then taken as representing the actual values.

E. Hyperfine Structure Determination

To determine the hyperfine structure interaction constants,
that is the values of "a" and "b", for a given (radiocactive) atomic
specles the observable ¢ and B (and perhaps additional) rescnances are
first observed at a sufficlently wesk magnetic field to allow their
frequencies to be predicted accurately by Eq. (45). The field is then
increased {usually doubled) and new resonsnces sought on the basis of
this equation. This process 1s repested until the "weak field"
eriterion used in the derivation of Eq. (43) is violated to the extent
that predictions based on it are no longer valid and the actual reson-
ance frequencles are "shifted” from the inear Zeeman predictions by
amounts necessitating extensive resonance searches, At thls point, in
order to obtain more rellable predictions; it is necessary to utilize
perturbation theory of higher order than the first. Second order per~
turbation theory, however, requires a knowledge of the unperturbed
energy level separation of the system under consideration. In the
present case these are the zero field hyperfine structure levels of
Eq. (19), which depend on the unknown parameters "a" and "b". Therefore
the only way that more accurate predictions can be obtained 1s to make
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guesses for "a" and "b" based on previously collected resonance data and
to use these values either in & higher order perturbation calculation or
for a direct diagonalization of'}éhfs\(see Eq. (k2)).

Two Digital Computer Programs hsve been written to
perform most of the computational work involved in hyperfine structure
determinations by the method here déscribed. The first, to be referred
to hereafter as "Hyperfine," is written for the I,B.M. 704 and 1s des.
eribed 4n detail in Reference 1k. Given a set of experimental resonance
data, this program determines the best values of "a" and "b" (and 1if
desired gi and gJ) consistent with these data. This is done by first
diagonalizing‘?(hfs for appropriate values of H using some "tentative"
velues of "a" and "w", which are supplied as input to the program. In
this way tentative theoretlical transition frequencies are obtained for'
81l yesonance lines represented in th= data set. On the basis of the
resulting residusls (that is the experimentally measured resonance
frequencies minus the corresponding theoretical predictions) corrections
are made to "a" and "b" and the dimgonalization procedure is repeated.
This iterstion process 1s continued until the best least squares fit 1s
obtained. The latter condition is realized when further changes in "a"
and "b" yield only insignificant reductions in the goodness of fit
parameter X 2, In this way the values of "a" and "b" which lead to the
best theoretical fit of the experimental resonance data are obtalned,

The brogrem requires as inputs: 1) various numerical constants
and control words 2) calibration data used in the determination of the
fieldé and, field uncertalnties for each experimental resonance point,

3) I, gi, and "a" for a "comparison isotope" of the same element as
that under consideration, L) I, J, g5, and tentative values of "a"

and "b" for the particular isotope under consideration and finally,

5) resonance frequencles, resonance frequency uncerteinties, associated
low field q.n.'s, and calibration i1sotope frequencies for each resonance
line that it 1s desired to fit. As cutput the program glves:

1) the best values of "e" and "b", 2) the uncertainties in these
values, taken as one standard deviation, 3) the resonance frequencies
and residual calculated on the basis of the best values of "a" and "b",
4) the value of the CKQ goodness of fit parameter, 5) the value of
g; obtained usingEq. (26) 1in conjunction with the comparison isotope
data.
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As indicated above "Hyperfine" also has the options of allowingz
gi and/or e; (as well as "a" and "b") to vary during the Pitting process.
In this case the comparison lsotope data 18 used flrst to calculute a
tentative value of gi and/or the initial input value of &5 is slso con-
sidered as tentative. These parameters are then lmproved by iteration in
exactly the same way as "a" and "b", and are given as output along with
their uncertainties,

The initial, tentative, values of "a" and "b" necessary as
input to "Hyperfine" are determined, prior to the program's first
application to a given case, by noting the shifts from the predictions
of Eq. (45) and performing a 2nd or 3rd order perturbation calculation
based on these., A discussion of the way in which this is done and‘the
" pertinent equations needed are glven in Appendix C. -

' The other neceséary program, which is written for the IBM 653
and is called "JO-9", is also described in detail in Ref. 14. TIts purpose
lis, glven &, b, I, J, gi and g& » to generate a table of resonance
frequencies vs. fleld for arbitrary hyperfine transitions. This is
done by direct diegonization of Eq. (42) in the I J F m, representation.

After initial guesses for "a" and "b" have been made based
on shifts from the frequency predictions of Eq. (45) and using the formulae
of Appendix C, the "Hyperfine" program is used, in conjunction with all
date collected up to that time, to improve these values. Then the "J0-9"
Program is used to predict higher field AF = 0 (d and B) transition
frequencies. Resonance searches, centered at the predicted frequencies,
are then conducted and more resonance data is obtained. Using the last

"Hyperfine" results for "a" and "b" as the new "tentative" values and
adding the new resonance data to that previously obtained, "Hyperfine"
18 again used to improve "a" and "b" still further. This succesesive
improvement process is continued until "a" and "b" are known sufficlently
well to enable & search to be conducted for observable AF = + 1 (direct)
transitions (usually initially at low H). Finally, after all observable
low field x and ¢ direct transitions have been found and "a" and "b"
correspondingly improved; searches for any existing observable "field
independent" direct transitions can be undertsken. The frequencies of
these transitions, which are to first order 1ndependent of H, can be
determined by the use of "J0-9" and occur when the derivative of the
corresponding transition frequency with respect to H vanishes.
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F. 5& Direct Determination

_ Although the value of gi can be determined from the value of
"a" using Eq. (26), it 18 not possible to determine the sign of elther
gquantity by the method described above, without considering the direct
effect of the g; term in Eq. (42). This can be seen by noting that hee
is dlagonal in m, 80 that, ignoring the g]': term; reversing the signs
of "a" and "b" results in a Hamiltonian who's eigenvalues are related to

those of Eq. (42) by
Wyeversed (an) =T W(-mF) )

Since, however, in the method described above we only obgerve the differ~
ences between energy states corresponding to AmF = + 1 the observed R.F.,
gpectrum would be the same for either Hamiltonisn., Therefore only the
relative signs of "a" and "b" can be determined and £!;;ezice the sign of

g} cannot be determined by Eq. (26). Including thefterm in Eq. (42),
however, removes this ambiguity. Although gi is usually mach sralleyr
than g it 18 often possible; with good C field uniférmity and time
gtability, to determine its sign by noting the effect that changing it has
on the fit of the experimental data (that is the effect on X 2 and the
frequency residuals). Furthermore a rough velue of this parameter;
including sign, can often be obtained, using high precision resonance
data, by allowing .gi to vary freely in the "Hyperfine" Program as
described above.
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ITI. NUCLEAR MODELS
A. Introduction

It is not possible, as In the case of the satomic systen treated

in Section I, to write down & Hamiltonian such as Eq. (1) for a complexed
nuclear system because the form of nucleon-nucleon interaction, within a
nucleus, 1s not yet well understood. Furthermore, even if such a Hamiltou-
i1an could be written down we would probably have to deal with a prohibit-
ably difficult mathematical problem because of the many body nature of
the nuclear system. Therefore the best that one can hope to do is to
formulate some "model" of the nucleus which can be dealt with mathemstically
and on the basis of which various nuclear properties can be predicted.
The two such models which have been most successful in thel: respective
spheres of applicability are discussed briefly below.

Discussions of the measured nuclear properties of Lul76m, Brao,
Br80m, and I132
models and thus their applicability further tested. It was with this in
mind that the experimental measurements reported in this paper were under-

are glven, in subsequent Sections, in terms of these

taken.
B. The Shell Model

0dd A Nuclei:

The Nuclear Shell Modells of Mayer, Haxel, Jensen and Suess
was originally formulated in an attempt to account for the occurrence
of the unusually stable "Magic Number" nuclei. It replaces the complex
nuclear potential by the approximation that each nucleon exhibits a
strong negative spin-orbit interaction and moves in a spherically symmetric
effective potential, U(ri), essentially independently of the other nucleons.
This potential varies from a harmonic oscillator type for light nuclei to
a8 square well type for heavy nuclei. Hence a nuclear Hamiltonlan of the

form : A p-e
‘H (Shell Model) = 121 §ﬁ~'+ U(ri) -f(ri) i; . 51 - (51)

is assumed. The exact forms of U(ri) and f(ri) are determined in such a
way as to fit empirical nuclear data, f(ri) being always taken as

positive.
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, The complete solution of the Schrodinger's Equation resulting
from Eq. (51) consists of a product of single nucleon eigenfunctions,
each characterized by the g.n.'s n,{,J and mj where n, the harmonic
oscillator g.n., determines theilr radial dependence. Each single
particle eigenstate is 23 + 1 fold degenerate 1f direct interactions
between nucleons are Iignored. Taking these interactions into account
lifts this degeneracy and cons:quently determines the order of filling
of the states. It is to be noted that this situation is the exact opposite
of that occurring in the atomlic case where the electronic interaction
term 18 greater than the spin orbit coupling. Thus, instead of exhibiting
something approximating L-8 coupling the nuclear system usually exhibits
J=3 coupling. '
The ground state.configuration of a given nucleus, which for

§=3 coupling ie designated by giving the n, £ , and j of all occupied
nuclear levels, is determined by filling these levels in & manner con-
sistant with the Pauli Principle (neutrons end protons being considered
as non-identical particles). With the added assumptions that f(ri)_dea
ereases with increasing n and that the tendency of equivalent nucleons
{i.e. those having the same n, 2 and j) to pair to states characterized
by J(total) = O is enhanced with increasing j, this model not only pre=-
dicts correctly the occurrance of maglc number nuclei at the closing -of
widely spaced nuclear "shells" but is also capable of predicting the
ground state spin and paritiec of most odd A nuclei. This is done by
determining the appropriate Shell Model wave functions using the follow-
ing sngular momentum "coupling rules":

81. The ground states of all nuclei with an even number of protons
and neutrons have zero angular momentum and even parity.

52. In nuclel consisting of an even number of neutrons (protons)
and an odd number of protons (neutrons) the ground-state properties
are determined by the protons (neutrons) alone.

S3. In e nucleus of odd A, the nucleons of the type vwhich 1s present
in odd pumber will usually couple their spins in such a way that-
the total nuclear anguler momentum i1s that of the last partially
£illed orbit, J / normal counling/ .

These rules are supported both by emperical nuclear data and by calcula-
tilons based on reasonable asgumptions concerning nucleon-nucleon inter-
‘actions. The "usually" occurfing_in S3. refers to the fact that for seve
eral odd neutrons or protons in a partially filled subshell (specified by
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J), the nucleon angular momenta sometimes prefer to couple to some value
less than j. This 18 explainable on the basis of finite range nuclear
forces and also on the basis of the Collective Nuclear Model, to be
discussed below. The discussion below will, for the most part, be
restricted to the Extreme Single Particle Shell Model., That is, it
will be assumed (as implied by S3.) that all nucleer properties are
determined by the configuration of the last odd nucleon.

Nuclear Moments:

Once the nuclear wave function has been approximated by the
method described above this can be used, after anti-symmetrization, to
determine the expectation values indicated 4n BEgs. (20) and (21). Using
the expression given in Eq. (21) for the electric quadrupole moment
operator and the expression |

z - N

-3 " — - -
W= E (6gp ®p + 84 p Ipls * = (Bgn By * Bonkn)y  (52)
vhere
gsp = 5'5961 gkp = 1, gsn = "3#8269 8 n ” C

for the magnetic dipole moment operator, we get for the nuclear magnetic

dipole moment

30,40 ¢ 5 (a )= 2 (1, 41) 3 (341 g (2 00)
Hp = Eypdp = Bgy 2(3,+1) " Eer 2(3 1)
-5 (8 _+1)
S (53)

where for odd Z, even W; r = p and n, £, and J designate the configuration
_ for odd N, even Z; r =n of the last odd nucleon.
In deriving Eq. (53) 1t is assumed that the "normal coupling" condition
of 85 holds and that the nuclear system exhibits pure j-j coupling.
Also for the electric quadrupole moment we get

Qp L 24+1- 22 2

- 2(3+1) < r > for N even; Z odd
(54)

Z
Qn ~ n 1)2 Qp for W odd; 2 even
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In these equations, A denotes the occupation numbér of the
unfilled odd nucleon level characterized by j (= I), and < r2> is
usually taken as equal to 3/5 (nuclear radius)z.

Equations (53) constitute analytical expressions for the so-
called "ééhmidt Lines" and reproduce fairly well the algebralc signs }
and general quantitative trends of most Odd A nuclear magnetic moments.
Though most known magnetic moments devliate considerably from the Schmidt
lines (usuelly by ~ 1/2 to 1 nuclear magnetons) for & given type odd
nucleon the values tend to cluster near elther the line corresponding to
=R+ l/2-or the one corresponding to j = £ —1/26 Hence 1f I = J 1s
known Eq. (53) suffices to determine £ and hence the parity of the
nuclear state. Ground state parities, found in this way, agree very
well with determinations by other methods. Furthermore, 1f the simple
angular momentum coupling rule 83 is abandoned and all nucleons oceupy-
ing unfilled j levels allowed to contribute to the magnetic moment end,
in addition, the effects of "mixed configurations"(such as werc discussed
above for the atomic case) are considered, calculations based on the
Shell Model can account for most known oddw-A magnetic moment data.

Equations (54%), for the electric quadrupole moment, give quanti-
tatively accurate results only near closed J shells and, in fact, the
Shell Model is incapable, even with configuration mixing, etec., of explaiﬁ-
ing the large Q values found experimentally for eome nuclei (10-20 times
the Shell Model estimates). However, Egs. (54) do give the signs of most
odd~-A quadrupole moments correctly and, in particular, predict that for a
J level less than half full ( A <:g§%l) Q should be negative while for a
4 level more than half full Q should be positive.
0dd~0dd Nuclei: '

Tor odd-odd nuclei the Shell Model implies that the odd neutrons
and odd protons (that is those outside closed j subshells) act as inde~
pendent, superimposed, systems in determining the nuclear characteristics.
Before attempting to predict these characteristics we must have some
rules for coupling the angular momentum of the proton system, Jp, and
that of the neutron systen, Jn’ to give the total spin I of the nucleus.
Nordheim;6 has proposed two rules governing this coupling process in the
case where the "normal” coupling rules S1-S3 are obeyed separately by

the two systems. They are
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NL. IfJ, = g, * 1/2 and jp = Asap + 1/2, then \jn-th <I Yzt ;,p.
That is jn and JP tend to add, but not necessarily to the highest
possible value, _

N2, If Y = ,Qn_-!;l/2 and § = xp ¥ 1/2, then I = (Jn~3p\ .

Both these rules reflect the tendency of the nucleon spins to
allign themselves parallel (as evidenced by the ground state of the
deuteron) and of the nucleon orbital angular momenta to allign themselves
aentiparellel. In the case of N2 (Nordheim's Strong Rule) both these
conditions can be satisfied simultaneoﬁsly while in the. case of N1
(Nordheim's Weak Rule) there is a competition between the two tendencies.

N2 is well satisfied in general but N1, in additlion to being quite non-
definitive as stated, 1s often vioclated.

Recently Brennan and Bernstein17 have proposed three coupling
rules which are well born out by empirical nuclesr data and which strengthen
the Nordhedm Weak Rule. These rules dlstingulsh between particles and holes
(L.e. particles missing from nearly filled j subshells) and cen be stated
as follows.

If both systems contributing to the angular mouentum are either
particles or holes, then

BBL, I = jp + 3,5 for jp = 2, + 1/2 and 3, = R, +1/2

B2, L= |3 3,1, for j = g +1/2andy = X F1/2

and 1f one of the systems contributing to the angular momentum 41s made
up of particles while the other 1s made up of holes
BB3., I = Jp * 31 (This rule only reflects a tendency and is
violated in some cases).

It is seen that while N2 remains unchanged the sbove replaced
Ni by a much stronger rule plus an additional weak condition. These
rules are supported, theoretically, by calculations made by Schwartzl8
assuming a spin dependent delta function interaction between the odd
neutron and proton.
Nuclear Moments:

Having decided on the angular momentum coupling scheme we
can now present Shell Model expressions for the nuclear moments of odd=-
odd nuclei. 1In the case of the magnetic dipole moment we must take the
expectation value of the z component of Eq. (52) in a nuclear eigenstate
specified by |anp II >. Assuming that the proton and neutron systems are

Independent and both exhibit pure j~j coupling this givesl9
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, I(Tr1)+g (3 41)-3,(3,41) ‘., 1(T#1)+3, (3,+1) -3 (3, +1)
2(1+1) 2(1+1)

e =1 8; = 8y
(55) )

where &ip and gy, &re given by Eq. (53) with the substitution r-»;; and
r - n respectively.

Comparing the results obtained using Eq. (55) with the experi-
mentally measured moments of odd-odd nﬁclei reveals that it predicts these
moments Wl th about the same accuracy as Eq. (53) does the moments of odd-
A nuclei, This 1s to be expected if the assumed independent nature of
the proton and neutron systems has any validity.

SChwartzzo has suggeated that for predicting the magnetic
moments of odd-odd nuclei, "empirical"” nucleon magnetic moments be used,
This means that for a given odd~-odd nucleus, characterized by No and Zo’
instead of using Eqs. (53) to determine the Bin and &4p of Eq. (55), one
uses the measured velue of uI.for an even-odd nucleus having N = No’
2 = Zo + 1 to determine an and My for an odd~even nucleus having
N = N, +1, %= Z° to determine gjp. With this technique much better.
predictions for odd-odd magnetic moments are obtainable.

To get an expression for the electric quadrupole moment of an
odd-0dd nucleus we must evaluate the matrix element of Eq. (21) for an
elgenstate specified by | 4§ J IT) . Noting that the quadrupole moment
operator ig the p = O component of the tensor operator Q( 2) and that
this operator, in the present case, only involves the coordinates of
the independent proton system characterized by anguler momentum J_,
we see that this matrix element can be evaluated weing Eq. (13). Making
the proper identifications in this equation and noting the definition of

ol
the quadrupole moment, defined with respect to the proton system-eéggé

we get
, : 1/2
21+1)¢ | (23 -2)! (23 +3)! | (5.~
Yoat-ota Bt | T (3T 3,1 3,2) (-1) ™ n ™

(s6)

where QP is given by Egs. (54).

g;_ The Collective Model

0dd A Nuclei:
The Bohi-Mottelson Collective Model of the nucleus is essentially
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an extension of the Shell Model, in which not only the motion of nucleous
in unfilled shells 1s considered but also collective motions of the nuclear
core. This core, which in the Shell Model 1s considered only as an inert
source of the effective nuclear potential in which tlke "loose" nucleons
move, is‘consideréd nov as capable of executing surface vibrations and
rotations which can contribute to the total angular momentum and other
properties of the nucleus. Instead of Bq. (51) we now have for the total
nuclear Hemlltonian

H (corlective) = H {core) + H(Shell Model) + M(iutersction) (57)

vhere the first texm involves the collective coordinates of the nuclear
core, the second term is the same as Eq. (51), and the last term is an
interaction Hamiltonian which expresses the coupling between the
collective degrees of freedom and the individusl particle degreea of
freedom. '

Hence for zero coupling the oscillating core and nucleons outside
the core are essentially independent sjstems and in the nuclear ground state
(where the collective motion vanishes) we are back to & conventional
Shell Model description. For weak coupling the two systems are still
slmosgt independent and the effect of surface coupling on the Shell Model
states can be described by usual perturbation methods. Such surface
coupling can, for example, explain many departures from the “"normal"

Shell Model angular momente coupling rules. As the coupling 1s further
increased a very complicated condition is resched (1ntermediate coupling)
vhere the nuclear surface oscillations and the individual particle motion
are so intermixed that they can in no sense be considered independent and
the whole nucleus must be treated as one complex  quantum mechanical
system. Finally, as the coupling is further incieased, a resimplification
of the situation occurs in which the nuclear surface acquires & large
deformation and consequently a certain stabllity in spatial orientation.

Under these conditions the motions of the individual particles
are fast compared to the motion of the nuclear surface as a whole. Hence
one can consider the problem quantum mechanically by a method similar to
that uged for treating dlstomic¢ molecules, that is by assuming that the
"loose" nucleons move in an effective potential produced by a defofmed
core and then treating the slow vibrations and rotations of the core
ceparately. This "strong coupling” situation has been considered in
detail by Nilsson22 and the discussions of experimental results given
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in subsequent sections will be restricted to this aspect of the Collective
Model. rIt i3 tc be noted in passing that the edding of "loose" nucleons
to a closed Shell Model configurstion would be expected, according to
the Collective Modelel, to lead to 1Increasingly stronger surface coupling
and hencé to larger deformations. Therefore the strong coupling situation
is expected to manifest itself far from closed Shell Model configurations,
that 1s exactly at the places whers the Shell Model itself is least
applicable.

By assuming strong coupling the total nuclear wave function can be
written as a prbperly symretrized form of

y= X W gy O (58)

rot

wherefK‘represents the intrinsic motion of the nucleons,(g rib describes
vibrations of the nucleus around its equilibrium shape andéa}ot represents
the collective rotation of the nucleus as a whole. Restricting ourselves
t0 the vibrational ground state, the q.n.'s specifylng the nuclear system

are Q,, the projection of the angular momentum of each nucleon along the

nucle;r symmetry axis (Z2' axis); I, the total nuclear angular moment;

M its projection on & space fixed axls (Z axis); and K its projection on

the Z' axls. It can be shown, by minimizing simultaneously explicit
expressions for the intrinsic particle and rotatlonal energles, that for
the nuclear ground‘stéte the deformed nucleus tends to assume a cylindricale-
ly symmetric shape and that I =K = Q = J, vhere ]} 18 total intrinsiec

particle ingular momentum with respect to the axis fixed in the nucleus

a' a0 =y
n Y (see Ref. 21).

Explicit forms for the intrinsic nucleon wave functions
X aT]/jz 1 have been obtained by Nllsson. He assumes each nuclear
particle to move in a cylindrically symmetric harmonic oscillator
potential of the form |
2 2 12 2 2'2)

_ 2 .
vV = M/2 (w% x“tay " ro,

vhere a%? = w02 (L+2/3 ) = 032 (the primes denote coordinates with

2 _ 2 -
w= = (1-543%)

respect to axes fixed in the nucleus)

Hence 5, the so-celled deformation parameter, is a measure of the departure
of the nuclesr potential (shape) from spherical symmetry. A Hamiltonian
of the form
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‘H (intrinsic) = E& +V+CRy g FORy ‘ (59)

is assumed for the intrinsic motion of each nucleon with respect to the
deformed nucleus, where the 312 term 1s included to depress higher angular
momentum states and has some of the features of an interpolation between
& harmonic oscillator and square well potential. The C and D coefrficlents
are chosen in such & way as to reproduce the usual Shell Model level order-
ing when & = 0. The matrix equation H (intrinsic) }ii =L, %4 1s then
solved for various values of &, using a representation corresponding to
eigehfunctions of & spherical harmonic oscillator. Results are given as
tables of eigenfunctions and eigenvalues plus a “NilssonvDiagram" vhich
gives, graphically, the energles associated with the various single nucleon
eigenfunctions as a function of 8. {See Ref. 22). The eigenfunctions,
thus generated,; are characterized in generel only by 0 " and N(gquala the
total number of oscillator quanta). However, for small deformations, § is
also a good ¢.n. while for very large deformations the states are specified
by the so-called "asymptotic” q.n.'s Nn_ A end ¥ where n, is the number
of ogclllator quanta along the Z' axis while A and % are the projections
on the Z' axis of the orbital and spin angular momentas of the intrinsic
motion. These eigenfunctions are all two fold degenerate becnuse intrinsic
states with equal but opposite 0 1 have the same energy. This follows
directly from the assumed cylindrical symmetry of the nuclear votential.
Using the Nilsson diagram it is an easy matter, for.odd.A-
nuclei, to determine the Nilsson wave function corresponding to the
ground state odd nucleon configuration and conseguently the predicted
value of I = 0. One first locates the ebscissa on the diagram correse
ponding to the appropriate value of 5 . Then, noting the ordering of
the Nilgson levels corresponding vo that value of 5, the available odd-
type nucleons are assigned, two at a time, to each successive ensrgy
state. The elgenstate into which the last odd nucleon falls then
determines €; since all Qi's'associated with lower states have been
paired to zero. Furthermore the total intrinsic wave function X
thus generated, can be used in conjunction with the collective contribu-
tions indicated in Eq. (50), to calculate expectation values of quantum
mechanical operators.
Mottelson and Nilsson23 have deduced, using the sbove method,
the spins and many other nuclear properties of odd A nuclei 1lying in the
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mass ranges A =~ 25, 150 < A < 190, and A > 220. These are the A vslue
ranges where the strong coupling Collective Model 1s most likely to be
spplicable, as evidenced by direct observations of nuclear rotation band
spectra in these regions. Thelr results, for the most part, are in better
agreemént with avallable experimental results than predictions using the
Shell Model, especially in regard to electric quadrupole moments.
Nuclear Moments: '

To obtaln an explicit expression for ‘the maghetic dipole moment
of an odd A nucleus, using the Collective Model, we must take the 7
expectation value indicated in Eq. 20, in a Collective Model ground state
of the type indicated in Eq. (58). To the magnetic dipole moment operator
of Eq. (52) we must now add a term &r E: vhere Eydesignates the angular
momentum of the nuclear surface and &y = z/A for a uniformly charged
nucleug. When this is done the following result is obtained for the

nuclear ground state22

I[ | 1 > > h | '
My = == (g8, )% (a -a y+g I+
I° T [Serart 2 MVgo0-1/2 7 gr9r+l/2 e MR

for I ;é 1/2 (60)

where r = n for odd N nuclei, r = p for odd Z nuclei, and the a's refer

to expansion coefficients for appropriate Nilsson wave functions and

are given in Ref. 22. For I = 1/2 a slightly:more complicated expression,
given in the above mentioned reference, holds. TFor very strong (asympﬁotic)
coupling Eq. (60) reduces to the simpler form

I .
My = 747 [g r bt 8ot 8R] o (61).

vwhere A refers to the asymptotic q.n. of the unpaired odd nucleon and
the upper sign holds 1f 2, = A + 1/2 while the lower sign holds if
Q.= AL ¥ 1/2. - A |

In the case of the electric quadrupole moment we not only have
to deal, as in the 8hell Model case, with a contribution from the intrinsie
motion of the nucleons, but alsc with & (usually much larger) contribution

from the deformed nuclear core. Hence

Q=Q,+Qq . | (62)

vhere Qp is the single particle contribution and Qc is the core contribu-
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tion.. It 1s the presence of Qc’ vhich is due to the combined action of
many nucleons; that enables the Collective Model to explain the large
observed Q's for nuclei with A's in the ranges mentioned above. Using an
elgenfunction of the form given in Eq. (58) and taking the expectation
value of an appropriate collective model quadrupole moment operator, giﬁes

for the nuclear ground state21’25
%= % (63)
vhere
Q =45 8ZR° (L+1 & )(R = nuclear radius) (64)
Q PR ) _é, o
2 - .
e (65)

Q7 () (21e3)

Here Qo is Just the classical expression for the quadrupole moment of
anelli{psoidal nucleus, evaluated with respect to the axis fixed in the
nucleus, PQ is a "projection factor" giving the projection of this
quadrupole moment on the space fixed axes, and is, in general, a function
of the nucleon surface coupling. It varies from 1, for zero coupling, to
the value of Eq. (65) for very strong coupling. Q 18 usually much greater
than Qp for nucleil conveniently describable by the Collective Model sc that
normally the latter is ignored in calculations. If it is assumed that

the strong coupling situation is fully realized and that Qp << Qc 5

Ege. {62)-(65) provide a method of determining & from the messured Q

value.,
04d-0dd Nucled:

To treat odd-odd nuclei using the strong coupling Collective
Model the same initial assumption is made concerning the interaction of
the intrinsic neutron and proton systems as is made in applying the
Shell Model. That is, the neutrons and protons are treated as completely
independent superimposed systems. It 15, however, further assumed that
the collective aspects {i.e. the value of 8) are due to the combined
effects of the neutrons and protons in the nuclear core so to thie
extent the existence of one type of nucleon can influence the intrinsic
motions of the other type. (This is true, in fact, even if one type
occurs in even number.) Under these assumptions, once the value of &
has been decided upon, the neutron and proton configurations can be
determined separately by the method described above for odd A nuclei.
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In tﬁe case of odd~odd nuclei, however, even after these configura-
tions have been determined it is still not possible to predict the total |
ground state nuclear spin, on the basis of the Collective Model only,
because on this Model the two combined nucleon states characterized by
Q= np +.0 and 8 = Qp - 0, eare degenerate, Here 0 is the total (neutron
plus proton) intrinsic angular momentum projection along Z°'. Hence to
determine I = 0 we must decide between the two possibilities above on the
basis of direct nuclear forces. Oallagher and MOSZkOWSki 2k have success-
fully accounted for the spins {and other nuclear properties) of many odd«
odd nuclei (some of which lfe far outside the range of A values for which
the Collective Model would be expected to hold) by using two angulsr momentum
coupling rules involving the asymptotic q.n.'s mentioned above. They are

S GML. I;gv:zpnizn £ 0, = Apii,/a and 0 = A x21/2
G2, I =)0, -8,)1f 0, = A, £ 1/2 and ) = Aﬂfl/a_;_

These rules are obvious extensions of the Nordheim Rules to the case of
collective nuclei and are based on essentially the same thegretical groundéa
Nuclear Moments: | |

- - An expression for the magnetic dipole moment of an odd-odd
nucleus, based on the Collective Model, can be obtained by an obvious
extension of Eq. (64). This expression can be written asvfollows'

I [ 2 2 .
By = (848 gp) V2 & (& -8, )+ 8
I° T+ 2 o0 -l/2 o+ 1/2 o
‘ % %P Ap  Zp %p / Lo'p / Ar'p

- a2 ‘ , 15
* 8gn 1/29i'<aﬂnnﬁ¢1/a %9 nnnﬂ/e.) ¥ gﬂ} (65)

wheres  the upper sign holds if I = a + a,

the lower sign holds if I = 2, =0y

and all terms, with thé exception of g8gs Bre reversed in'éign and the
lower sign used if I = O ~QP° For very strong (asymptotic) coupling
Eq. (65) can be simplified to yleld an expression, enalogous to Eq. (61},
for odd-odd nuclei 24
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T T i
Mp = === 8 A B By R B AT G (67)
I T+l [. 2p Ap gp/k P sn/2 Apy R’

with the same sign conventions as in Eq. (65). The value of Wy obtained
using Eq. (67) agrees with that obtained using Eq. (65) to within about
10% for g ~ 0.3. For smaller values of 5 Eq. (66) should be used.
Calculation of the electric gladrupole moments of odd~cdd
nuclel, using the Collective Model, proceeds in exactly the same mauner
as for the odd A case and an expression like Eq. (62) is obtained. It
1s seen from this equation and equations (63) - (65) that if we ignore
the Qp contribution to the total @, the measured quadrupole mument should
depend primarily on the nuclear deformation, &, and the spin. Furthermore
isotopes of the same element would be exPected to exhibit almost equal
values of Qo since such isotopes have the same Z and usually about the
same &, Therefore the Q/PQ ratios for an isotopic series having A's in
the region where collective effects dominate, should be almost constant
and equal to Qo' Thils dpes, in fact, seem to bf the case for many lsotople
_series exhibiting especially large Q values. /[ See for example the Q
values of Lul76, Lu175 and Lu177 given in Table 5 of Section V.H._7 .
This lends strong support to the Collective Model explanation for the
existence of these large moments. ‘
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Iv. THE ATOMIC EEAM MACHINE AND AUXILIARY EQUIPMENT

A. Introduction

Three, essentially different, atomic-beam machines were used to

perform the experimental measurements considered in thils paper. All of
the work on I132 as well as the early work on Lu;76m and Br was done using
vhat will henceforth be called machine no. 1. This machine 1s of the

inside~out flop~in type and has been described in detail elsewhere.25

The majority of the work on Brgo, BrBOm, and Lul76m
using machine no. 1 after it had been completely redesigned and
correspondingly altered. The resulting apparatus, although retaining

many features of the original machine, differs from the latter in a

was done

number of important ways and, for the sake of’discueaion, will be referred
‘to as machine no. 2. Since this redesigning operatlion was carried out \
during the course of the experimente reported here, a rather detailed
discussion of machine no. 2 will be given below. The discussion will
mostly be restricted to characteristics which were changed by the re-
design. Peatures not‘explicitly mentioned are fdentical to the correspond-
ing features of machine no. 1 and are described in Reference 25.

Some of the later work on Lul76m was performed in collaboration
with Dr. V. W, Cohenand his group at B.N.L. The machine used at Brook-

haven {machine no. 3) is described elsewhere so no further mention will

be made of 1t here.26

B. Machine Geometry : v
‘ The overall geometry of machine no. 2 is very similar to that
of machine no. 1. The main differences are: 1) A four inch buffer

chamber has been added between the oven and detector chamber. 2) The C

magnet has been lengthéned. 3) The various beam defining slits and

stops within the machine have been changed in number and in width to
aécommodate the increased machine length. In Fig. 4 is given a photograph
of machine no. 2 while Fig. 5 and Table 1 give the positions and optimum
widths of the various slits and stops as well as Ilmportant linear at-
mensions along the beam direction. The widths given in the table were
chosen as those which maximize the resonance signal to noise ratlo for a
beam of K atoms'and at the same time lead to a resonance signal height

of easily detectable magnitude (1.5-2% of the full beam).
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ZN-3401

" Fig, 4. Photograph of atomic-beam machine no, 2
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Fig. 5. Schematlc diagram of atomic-beam machine no. 2 showing

important linesr dimensions. (see Table 1)
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Table L. SLLIT AND STOP WIDTHS
Designation Description Width (wils)
A Source Slit 15
B Bean Flag -
C K oven Slit 40 (diem. of hole)
. D Buffer Chamber Slit 60
E R.F. Hairpin 60
F Collimator S1it 27
G Stop Wire 4o 1/2
H Cold Trap Slit 250
I Collector Button 250
J Hot Wire 65
K Detector S1it 50
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C. The Vacuum System

The vacuum system of machine no. 2 is described by the following
table, which gives the types of vacuum pumps used and the purpose that

each of them serves.

Numﬁ%rical
Designation Type of Punp o . . Use .
1 PMC 721 oil diffusion Pumps directly on oven can.
2 PMC 721 oil diffusion Puiips directly on detector can near’
- - detector position.
3 MCF 300 o4l diffusion - Pumps directly on buffer chamber.
L. MCF 300 oil diffusion Pumps directly on C magnet can.
5 VMF 10 oil diffusion - - Backs pumps nos. 2, 3, and 4.
6 VMF 10 oil diffusion . Acts as D.P., stage of button holder
o pumpout .
7 Welsch 5 cfm mechaniéal ~ Backs pump no. 5.
8 Welsch 5 cfm mechanical ~ Backs pump no. 1. :
9 | Welsch §/h cfim mechanical Acts as mechanical pump stage of
- button holder pumpout.
10 Welsch 3/4 cfin mechanical Manifold pump out.

Using this system of pumps operating pressures of about 5 x 10”7mm
are obtainable in the detector and buffer chambers while a pressure of
5 x 10"Tem - 1 x 10™° mm is obtainable in the oven chamber. Normal forevac
pressure is between .5 and 1 micron. The vacuum system is sufficiently
tight, that all chambers ¢f the machine remsin at pressures of_less‘than
.54 for about one hour after all pumps (D.P. and mechanical) have been
turned off. _

Rapid action vacuum values enable the oven D.P. tc be isolated
from the oven chamber as well as from the oven forevac mechsnical pump.
A bypass vacuum line then enables the oven forvac pump to pump directly
on the oven can. This allows the oven can to be "roughed down" to forevac
pressure after introduction of beam materisls. During this operation the
oven chamber is m2lsc isolated from the rest of the high vacuum system by
closing a rapid action valve on the oven end of the buffer chamber.

The buffer chamber, in addition to allowing isolation of the
oven chamber and providing a "buffer zone" between the oven and detector
chambers, is also very convenient because it can be completely isolated
from the rest of the machine. The K calibration oven, since it is containgd
in this chamber, can therefore be removed and its supply of K replenished

without disturbing the rest of the vacuum system.
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D. The Magnet System

Some salient information regarding the A, B, and C maynets of
machine no. 2 is given in the following tsable. i

Approx. Diam. D.C.Re- Approx. Supply
- Gap No. of of coll sistence Induct. Current
Magnet Material Width ILength Turns wire per coil per coil Regulation
(mills) (in.) per coil (mills) (o) (henries)
A . Permendur 100 2 1/2 300 Lo - 3.2 .38 1 part in 10"
B Ariaco W15 21 1/2 3750 Lo 80 3.8 1 part in 6 ﬁ
. 10
¢ Armco pole 500 6 10,500 20 520 ~== 1 part in 10°
pleces with
Hypernom
pole tips

The C magnet of machine no. 2 1s perhaps the greatest single
feature that distinguishes it from machine no. 1. This magnet has pole
pieces made of Avmco and pole tips which are 1/2" hypernom plates
accurately spaced by quartz spacers. The magnet 1s powered by three
colls whose characteristics are gilven above. These colls are connected
in parallel and current is supplied by a transistorized D.C. cwrrent
regulated power supply which provides from zero to 200 ma of current.
With this arrangement C fields ranging from 0-1000 gauss are obtainable.
A curve glving the C field vrs. the current through the windings is given
in Fig. 6. All ekpérimental polnts shown in this figure were taken after
carefully cycling down the C magnet 1in order to eliminate as much of
its residusl magnetism as possible. Water cooling of the C magnet coils,
although provided for in the machine design, does not seem to be
necessary.

Great care was taken to get the hypernom pole tipa of the C
nmagnet accurately parallel and cohsequently 8 very homogeneous C fleld
has resulted. At 500 gauss the field, along the beam direction, varies
by less then .02 gauss per inch (less than .004% per inch.). This
estimate of the inhomogenuity of the C fleld is based on the assumption
that the entire X resonance line width (of mbout 40 KC at 500 mc) is due
to varistions in the C field while actually the "natural line width" is
about 27 KC. Hence this estimate 1s probably qﬁite pessimistlic. The K
line width chenges very little as the C field varies from O to 500 gauss,

which further indicates that most of the line width is due to causes
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other than field inhomogenelty. Fringing of the A and B fields into the
C field region does not seem to have much effect on the line width as
long as care is taken to keep all these magnetic fields in the same
direction. This conjecture is supported by the fact that increasing or
decreasing the strength of A and B fields effects the resonance signal
to noise but not the line width. Figures 24, 36, and 37 show resonance
lines in Lu;76m, BrBOj and Breom traced out both on machines no..l and
no. 2. The drametic improvement in line width due to the new C magnet
is obvious.

The A and B magnet pole pieces for machine no. 2 are the same
 ae those for machine no. 1 but the coils that drive the magnets are
diffevent. TFigure 7 is & disgremmatical cross section of the B magnet
pole tipa. @hgﬁﬁﬁmagnet design is similsy but smaller in scale. For
the B magnet"éhe field gradient to field fétio ( VH)B {which is deter-
?1%§§)byvthe pole tip geometry) is 1.2 en™ ﬁﬁilg H i for the A magnet

A :

*],
mE T

The A and B magnets are powvered by two.coils each and can be
driven either by separate current-regulated power supplies or both in
series by the B magnet power aupplya The later procedure is preferable
for aceurate work due to the grester regulation capacity of the B supply
88 compared to the A supply. At high magnetic fields (H > 200 gauss) the
K resonance line width using separste A and B supplies was found to be
from 2.3 times greater than when only the B supply vas used to drive
both magneféa ‘Thesé po*we:_ésumﬂ.ies,p which have been described elsewhere,
are capable of delivering 0-5 amps through the A and B magnet coils.
Care must be taken, however, not to drive more than 2 amps through the B
magnet coils and 4 amps through the A magnet coils becsuse they become
overheated at higher currenis, Both the mmgnet coils are cooled by
circulating tap water over the surface of the coil forms.

Appropriate A and B magnet currents to use during mschine opera-
tion were determined by maximizing the resonance signal to noise ratio for
K; After much experimentation the optimm valuess

IA(K) = 0,85 amp

27

IB(K) = 0,50 amp

were decided upon, For atoms other than K, the A and B currents were set
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in accordance with the following expressions.
_ g (K)
I,(x) = L,(5) &

€y X
) - &%
€&y
Such e procedure works eatisfactorily for Br, L 76_’“;, and Exr

and seems reasonsble in view of Eq. (47},
E. G Fleld Calibration System

_ The C field was calibrated by observing AF = 09 AmF' =41
resonances in & K39 atomic beam. The @ven, from which the K bea.m emerged,
is located within the buffer chamber in »fr‘ont of the radi@active_ beam
source as indicated in Fig. 5. It was raised out of the way, by means
of & small electric motor; between C fleld calibrations. The X oven was
operated at temperatures ranging from 55°C to 120% dependﬂ.ng on the amount

| of K present in the oven, The heating of the staizﬂ.ew steel gven was

~ accomplished by passing an electric current of from .6 aup {1k voits) to
15 amp (25 volts) through & 3 1/2 in. length of 15 mil dfameter ni-chrome
wire, vhich {s wound on & ceramic form end placed inm ctose proximity to
1t. The K beam was detected using & 65 mil wide 2 mil &hick rhenium
hot wire in conjunction with a Vi‘brating Reed Electrometer Modei %1, The
hot wire was maintained at a dull red hea.t (I = 2.0 8mp, V= -5 volta) dure
ing operation. Before and after each use the hot wire wes “ﬂashed" to
a bright orange temperature (A = 8.0 amp, V = 3.2 volts) t@ clean it off.
The ion eoliector plate was kept at & potential of -22 1/2 volts with
respect to the hot wire. | ‘

Using the sbove arrangement ion currents of (1-5) x 10-2 amps
vere obtsfned for 100-125 hours of continuous operation. Since K
resonance heights were typleally 1.5-2% of the full beam, this provided

- conveniently detectable K resonance signals for calibration purposes.
- Fo. R.F. Loops and Signal Generating Equipment , ,

In the following table & list is given of the R.F:; equipment
used during the course of the experiments reported in this paper. The
frequency ranges over which these instruments were used are also given.

Equipment used at B.N.L.- ’but nct at Berkeley is not included in the
tabley, A description of %hie R.F. equipment is given 4in Reference 26,
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Frequency range

Instrument Me/sec
Oscillators
General Radio 805 0,016 - 50.0
Tektronix 190A 0.35 - 50.0 v
Hevlett-Packard 6084 .- 10.0 - 500.0
General Radio 1208B o 65.0 - 500.0
General Radio 1209B . 250,.0 = 920.0
General Redio 1218A - : 900.0 « 2000.0
Rhode and Schwartz SLRD ‘ 275.0 « 2750.0
Amplifiers. ' | '
IFI 500 wide-band amplifier 0.5 « 240,0
IF1 510 wide-band amplifier 0.5 =« 2L0.0
Frequency measuring instruments
Hewlett-Packard 524B frequency counter 0.0 « 10.0
Hewlett-Packard 524A frequency converter unit 10.0 - 100.0
" Hewlett-Packard 524B frequency converter unit 100.0 « 220.0
Hewlett-Packard 54OA transfer oscillator . 100.0 =« 220.0

Auxilliary Equipment

Weston r.f. milliometer model 425

Weston D.C. microameter model

General Radio 87k Adjustable Line

General Radic 874-LBA slotted line

General Radioc 874-=DS50 50 cm adjustable stub
Federal Cable Co. 50 0 cable

General Radio fittings

The uncertainties in all frequency measurements were less thean
-2 Kc/sec y ¥hich is only a small fraction of & line width for any of the
resonances observed. Hence frequency measurement errors would be expected
to make only a small contribution to the total experimental error
associated with any of the experiments.

Figure 8 18 a schematic diagram of the dual purpose R.F. loop
uged for the initial work done using maschine no, 1. This loop, as
indicated in the diagram, can be used either to excite n or ¢ transitions.
Flgure 9 gives schematic dlagrams of the x and ¢ loops used at B.N.L.
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Fig. 8. Dual purpose R.F. loop.
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The = loop of this disgram was also the type used at Berkeley for the work
done using machine no. 2. The actual x loop extends s distance of 3/L"
along the beam direction and contains & 62 mil x 500 mil canal through
which the beam passes. This 3/4" long R.F. region leads to a matural line
width of about 27 Ke/sec for K, as mentioned above.

The R.F. current to the loop was monitored, at frequencies of
less than 200 mc/secg by 8 Weston R.F. milliameter in conjunction with
& trombone-type line stretcher. The line stretcher was used to produce
@& standing wave current antincde at the position of the ammeter., For
frequencies > 200 mc/sec & General Redio 87L-LBA slotted line and adjusts
able tuning stubs were used in conjunction with & rectifier crystal pilcke
up probe and a Daco.microametero\ Both of these methods furnish only a2
gualitative indication of the R.F. current actuslly getting to the loop.
The method used to determine what current to use for exciting a given
transition 1ﬁ e radicactive nuclide was to: 1) Obtain & resonance in X
at the expected resonance frequency of the radiocactive nuclide, 2) Vary
¢he R.F. power until this K resonance exhibited its maximum height. 3)
Note the R.F. current by one of the ﬁethods described above and use this
same current when searching for the radicasctive nuclide regonance.

This method met with considerable success in the case of Lu176m
tut always led to overpowering when applied to the Br isotopes. A typical
pverpovered Br80m resonance curve is compared with one obtained using the
correct R.F, power in Fig., 10. It is seen that the resonance is dbroadened
and lowered in intensity by application of tco much power. For this
reason a two pass method was used for the Br isotopes. In the flrst pass
the R.F. current indicated by the above method was used until a broad,
weak resonance pattern {such as the overpowered one of Fig. 10) had been
obtained. Then the power was reduced a little at & time and the
resonance pattern retraced until s curve of L0-50 Kc/sec half width was
obtained.

. G. Radioactive Decay Counters

The fwo methane continuous flow proportional B counters used
for these experiments are the same as those described in detail elsewhere
and so will only be mentioned briefly here. Figure 11 shows a photograph
of the counter system {i.e. scalers, amplifiers, and lead shielded
ionization chambers) while Fig. 12 shows a diagrammatical cross sectional
view of one of the counters. One of the counters was used to count full-

25



2 [ | !
i — ‘ ]
Rf current=5uA
10— —
9 |— ——
Rf current=
20uA
8f— . it
: / Y
\
T \\ -]
, ' \‘
<o \ N
£ \
25— VT
c 3
=5
S a}— \\ —
: . \
LN
2 AN
' 1)
- ,
ol | 1 I N

352.20 .22 .24 .26 .28 .30 .32 .34 352.36 v
Yo, {Mc/sec) S
MU.27304

o v w80 |
Fig. 10, 'Br = resonance curves showing the effect of over-povering
B transition (VK » 400,60 mc/sec) .



w70-

beam and direct-beam buttons for the purpose of beam normalizatfon and
had a background of 5~10 counts per minute.* The other one was used to
count comparably lower counting resonance buttons and had typically e
background of 2-4 counts per minute. Both counters were ieft running

on background vhen not in use after it was found that turning them off
for extended periocds of time seemed to lead to higher background counting

rates.

s ‘It 18 cbnvenieht, for the ekperimental discussions of subsequent
gections, to adopt a nomenclature peértaining to beam exposures taken
under various specialized experimental conditions, For the purposes
of this paper the following definitions will suffice.

Full-beam Bxposure: Taken with stop-wire out,deflecting filelds off.

" Direct-beam Expdaureg Teken with stop-wire out, deflecting fields on.

- Resonance Exposure; Taken with stop~wire in, deflecting fields on,

R.F. Tield on.
Bagkground Exposure: Sanme as, Resonance Exposure excepf the R.F, fleld is
turned off. ‘
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ZN-2214

Fig, 11, Photograph of proportional Beta counter system,
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Flg. 12. Diagremmatical cross section of a Beta particle counter.



=73~

v, mm Lot TO™ EXPRRIMENT

A. Introduction

Although pert of the later work on Lul76m

the spin measurement and most of the hyperfine structure measurement (to

was done at B.N.L.

the accuracy reported in this paper) were performed at the L.R.L. Atomic-
beam Laﬁoratory. More accurate measurements of the hyperfine structure
separations are now being carried out at B.N.L. and the results of these
measurements together with a description of the experimental equipment _
and technique used will be published soon. For these reasons the discussion
given below in Section.B and C will be restricted to the L.R.L. operatioh
and in Section D only a brief description will be given of the experimental
procedure used at B.N.L.
| B. Isotope Production
- 'The Lul76m '
by bombarding natural 99.9% pure Lu metal with thermal neutrons. Forty to
fifty mg. pleces of Iu metal were sealed in pyrex capsules which in turn
were sealed in 99.999% pure aluminum capsule holders for additional safety
in handling. These units were then transported to the pile for irradiation.
The bombardments were done in the General Electric Test Reactor at the
Vallecitos Atomic Laboratory in Pleasanton, California. The neutron flux'
was 9 x 1015 neutrons/cm.2 sec. and the sample was left in the pile for
4k hours bvefore being transferred to L.R.L. by car.

Upon srrival at L.R.L. (usually about one hour after removal
from the reactor) the aluminum capsule hoider was opened and the pyrex
,6apsule removed and broken. These operations were done, using manipula=-
tors, in a lead shielded "cave" of the type shown in Fig. 13. Although
the B-y radiation level at a distance of 1 foot from the bare Lu éhurk
was usually around SR./hr., the radiation level at the front of the cave

rarely exceeded 2 MR./hr. After decapsulation the Lu sample was transported,
" 4n a 2 inch thick lesd "pig" to the atomlc-beam machine.
C. Beam Production and Characteristics

Using a "glove box," which is attached to the oven end of the
Aatomic-beam machine, for radiation protection, the Lu sample and a few
Cs Cl crystals were loaded into an oven unit of the type shown

176m

used wes prodﬁced in a Lul?5 (n,y) Lu reaction

schematically in Fig. 14. This unit consists of a tantalum crucible
(3/8" long, 19/6L4" o0.d., 1/32" thick wall) and a tentalum oven (1/2"

long, 11/32" o.d., 1/32" thick wall) onto which 3 mil tantalum sheets
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ZN-2677

Fig. 13, Lead shielded "cave' used for handling
highly radioactive materials,
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have been spot welded to form 15 mil wide slits. The crucible fits

snug into the oven and has & sharp lipped upper edge to prevent "creep".
The oven unit was mounted, as indicated 1in Fig; 15, on a water cooled oven
holder assembly which was then attached to the beam machine in such a way
that the Lu oven was vacuum sealed within the machine's oven chamber.

A useable Iu beam was produced by heating the oven to approxi-
mately 2000°C through electron bombardment. Two 15 mil diameter thoriated
tungsten filsments, in close proximity to the oven (see Fig. 15) were
heated by passing about 7 amps of electric current through each of them.
The needed electron bombardment current of about 90-110 ma. was then
obtained by holding the oven at & 1.0 - 1.2 kv. positive potential with
reapect to the filaments. In this way the 90-110 watts of power necessary
for heating the oven could easily be supplied.

Before attempting to produce a Lu beam, the Cs Cl which had been
put into the oven durlng the loading process was driven off by supplying
about L4 watts of poﬁer‘to the oven. Thus a beam of Cs Cl molecules,
which could be detected upon striking the hot wire, was produced. The
oven holder assembly was then moved vertically and horizontally by means
of exterior positioning screws until the Cs Cl beam reaching the hot
wire registered a maximuim. The Zu oven having thus been lined up, the
power was slowly increased until all the Cs Cl was driven from the oven
and finally until & Lu beam was obtained. This beam was cellected on
fired 2 mil platinum foile which were mounted during exposure to the
beam on brass "buttons" as 1llustrated in Fig. 16. The presence of Iau
wvas detected by counting the decay P particles in the B proportional
counters mentioned in Section IV G. With the above method, Lu full~beam
counting rates of about 2000 counts/minute after one minute exposure of
the foil to the beam were easily attainasble and this "size" beam was
found to be most convenient.

Natural Lu metal is 97.4% Lu175, wh1§h6haﬂ a thermal neutron
T

capture cross section of 18 barns, ahd 2.6% Lu '", which has a corres-
ponding cross section of 3800 barns. Hence one would expect an
appreciable percentage of the full-beam activity to be attributed to
the decay of Lu177 present in the beam. Calculation shows that for a
four~hour irradlation, at the béginning of a run (1 hr. after removal
from the pile) the ratio of Lub! ™ activity to Lu'!! activity in the

beam 1s 7.1 while after 8 hours of running time this ratio is 1.65.
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Therefore, although "beam sizes" of 2000 e¢/m were usually obtainable for
considerably longer periods of time, after about 8 hours of operation
most runs had to be discontinued because of prohibitally poor resonance
slgnal to background ratios.

Using A and B magnet currente in accordance with the discussion
of Section IV D throw-outs (i.e. the ratio of full-beam minus direct-beam
to full-beam counting rates) of .75 - .80 were obtained. During rescnance
searches beam exposures were taken for 5 minutes each. The beam Btrength
was checked from time to time by taking 1 minute direct-beam exposures.
Experience showed that the beam was never sufficieatly unstable to warrent
teking & normeliization exposure after every resonance exposure. The
signal t¢ background ratio, that is the ratio of the highest counting
rate obtained during a resonance search to the counting rate fof a machine~
background exposure, ranged from 2.5/1 for A F = + 1 transitions in the
2D, 7, atomic state and A F = O transitions in the 21)5 /o etomic atate to
5/1 for low field A F = O transitions in the Dx /o state. The C field was
checked after each resonance exposure to assure that no drift had taken
place during the course of the exposure. Such drifts, though rare, were
usually connected with the Bevatron's magnetic field, which fringed into
the atomic-beam laboratory. This fringing wae sufficiently strong to
throw the C field completely off of & K resonsnce if the Bevatron was
turned off or on during exposure of a foil.

D. Operating Procedure at B.N.L.
experiment st B.N.L. was patiterned after the one at

L.R.L. and hence has many similar characteristics. For example, the

oven units and oven holder mssembly used at B.N.L. were exactly the .eame
as those depicted in Figs. 14 and 15. Since the Brookhaven High Neutron
Flux Research Reactor is located at B.N.L., the Lu samples, which were
bombarded in this plle for L-hour periods, could be transferred to the
atomic-beam machine very rapidly and the Lu was usually inside the
machine and the oven ready to be lined up within 30 minutes of removal

of the sample from the pile. The lining up procedurs wag the same as
that outlined above. Under operating conditions the Lu beam throw-out
was aboct the same as at L.R.L. (.75 - .80) and usesble Lu beams {direct
beams of about 200 c¢/m for a 1 minute exposure) were obtained with around
160 watts of electron bombardment power. The Lu beam was collected on
soot covered copper plates and resonance exposures were for about

200 sec at the beginning of a gilven run. The exposure time was augmented

during the course of the run to compensate for the radioactive decay of
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Lul76m until about a 350 sec. exposure time was reached, At this point
the beam was "raised'" by applying more electron bombardment power and
the exposure time augmentation process repeated. All exposed plates were
counted for 10 minutes or longer in low background proportional Geiger
Counters, The signal to background ratio at B.N. L. was typically between
2/1 and‘ and 2,5/1, Because o the great stability of the C magnet current
supply (and the absence of a Bevatron) the C field did not require constant
monitoring as at L., R. L. and was only checked after a Lu resonance line had
been traced out,

E. Spin Determination: Data and Results

Using what was referred to in Section [V A as machine no, 1, a spin
search such as is described in Section Il D was carried out for Lu176m, by
looking for low field a and B observable transitions in the ZDS/2 atomic state.
Since this state lies only 1993.9 cm”l above the 2D3/2 ground statezg, about
25% of the Lu’ 0™
state at any time. The results of the initial spin search are given in Table 2.

atoms in the beam would be expected to be in the ‘ZDS/Z

It is seen from this table that frequencies which correspond to I = 1 resonances
always lead to counting rates equal to at least double the background counting

rate, and that this is not the case for the neighboring integral spin values.
These data strongly indicate a spin of 1 for Lu176m. Figures 17 and 18 show

decay curves for a full -beam exposure and an I = 1 resonance exposure, These
curves show first that most of the activity in the beam was caused by Lul76m

and second that the appai‘ent I = 1l resonance isa Lu176m resonance, Subse-

quently a and 8 resonances in the 2D3/Z ground state of Lul76m were also

observed and again indicated I = 1, Figures 19 and 20 show a and  resonance

. " .
curves for Lu176m in both the ZDS/Z and 2D3/2 states, These were obtained

at a C field corresponding to w = 6.0 mc/sec.
The above mentioned data together with the fact that this spin value is

consistant with all the hyperfine structure data discussed in the next section,

seems conclusively to indicate a spin of I = ] for Lu176m.

F. Hyperfine Structure Determination; Data and Results

As with the spin detérm'ination, ‘the initial work on the hyperfine structure

of Lul 76m

was performed by observing transitions in the ZDS/Z atomic state.
Using the method described in Section Il E, a and p resonances were traced

out at progressively higher magnetic fields

&
In Figure 20 and in all other re sonance curves ‘exhibited in this paper,
points with horizontal lines drawn through them correspond to machine

background exposure,
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Table 2 . Lul70m, J = 5/2 Spin Search Data

VK 5 F Counting Rate For Machine
me/sec gauss state I =.0 I=1 I =2 background
1 1.418 7/2  19.8+ 2.1 83.6 + k.38 20.6+ 1.8 15.9 + 1.8
1 1.418 5/2 W9 + 3.3 . 15.9 + 1.8
5 L.201 7/2 55433 14.5 + 1.8
3 b0l | s5/2 2.5 + 2.4 14,5 + 1.8
6 8.248 7/2 65.3 + 3.3 1k.5 + 1.8
6 8.248 5/2 25.2 + 2.2 9.2 + 1.5
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until shifts from the lincar Zecman predictions of 3.5 me/sec and 1.5 me/

sec were observed in the o and £ resonances respectively. On the basils

of these shifts initial guesses were made Tor "a" and "b" using the

mathod outlined in Appendix €. These values, the necessary known compari-

son isotope and calibration isotope data (sce Appendix A), and all Lulrbm
esounance data which had been collected up to that time were supplied as

input to the 'Hype rflne program and improved values of "a'" and "b"

sought. The program did not converge, indicating that something was

wrong with the input data.

At this point it was decided to look for resonances in the D 5/2
ground state of Lu 176m in order to obtain an improved resonance signal
to /baCkGIO%&Sand congseguently more reliable data. Again o and B
resonance lines were traced out at higher and higher magnetic fields
until appreciable shifts from the linear Zeeman predictions were observed
in both the @ and the B transitions. Guesses were then made For "a" and
"b" and a "Hyperfine" run made based on the Dw/g resonance data. Again
the program could not converge to "a" and "b" values consistent with the
experimental data.

In searching for the reason for this failure it was noticed that
& plot of A f/H vre. H, where Af is the resonance shift from the lincar
Zeeman prediction, is (for moderate values of H) parabolic in shape for
Zhe @ resonances and linenr for the B resonances 1n both the D3/2 and

5/2 states. From Eqs.(7A) 1t 1s obvious that a parsbolic shape is
likely to vresult owly if the magnetlc quastum numbers involved in the o
transition change sign but not magnitude; that is 1T mﬁ(initiag = ‘mT(final).
Therefore, in view of the low field selection rule AmF = + 1 for single
quantum transitions, the ¢ transltion for the 2 3/0 ['QD 5 state would
be expected to take place between the two states (5/2, 1/2)e(5/2, -1/2)

[(1/2, 1/2)«(1/2, -1/2)]

In Pig. 21b 1s given a schematlic energy level diagram which
indicates the correspondence between the low field (Zeeman) magnetic
quantum levels (shown on the left side of the diagram) and the high fleld
quantum levels (shown on the right side of the diagram) Tor the cese I = 1,

= 3/2. The guantum nimbers corresponding to the initial and final
states assocliated with the observable o and P transitions are also shown
on this dlagram. It 1s scen that the ¢ transition quantum nubers ares

not those expected on the bacis of the above analysls. Figure 2la is the
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Fig. 21. Schematic energy level disgrems for J = 3/2, I = 1
(a) Inverted ordering (b) Normal ordering.
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same as 2Lb except that instead of assuming normal zero field hyperfine
level ordering {i.e. F = 5/2, 3/2, 1/2 in order of decreasing energy)as
was done in Fig. 21b the inverted level ordering F = 3/2, 5/2, 1/2 is assured.
¥t is seen that in this case the expected & transition quantum numbers are
obtained and that furthermore the Af/H vrs. H curve for the B transitions
i8 predicted tc be linear. Assuming,therefore, the ordering of Fig. 21w,
starting values of "a" and "b" were calculated and these values, when used
in conjunction with the quantum numbers:

(@  (5/2, 1/2) = (5/2, -1/2)

(8} (3/2, -1/2) = (3/2, -3/2)

led to & good fit, by "Hyperfine," of all 2D3/é resonance data which had
been gathered up to theat time. Simllar results were obtained for the
2D5/2 dats when & F = 5/2, 7/2, 3/2 inverted ordering wes sssumed.
Once an initial it had been obtained the procedure described in

Section II E was followed and the "J0O-9" Program used in conjunction with
"Hyperfine" to enable searches for higher field AF = O transitions to be
conducted. In this way a total of 13, AF = O resonance lines in both the
2D3/2'and 2D5/2 atomic states were traced out at field ranging from O

to 50k.3 gauss. Then a B magnet coil of machine no. 1 shorted out and
the redesigning procedure that led to machine no. 2 was undertaken. Two
exampleé of intermediate field 2D5/2 lines traced out on machine no. 1
are showm in Fig. 23. Figure 24 shows an intermediate field 2D3/2 line
a8 1t appeared when traced out on machine no. 1 and alsoc es it appeared
when traced out on machire no. 2. |

During the rebuilding of the machine at L.R.L. the work on Iu

et B.N.L. was undertaken., First three 21)3 /o internediate field lines,
which had been previously traced cut at L.R.L, were retraced on the
machine at Brookhaven {machine no. 3). Because of this machine's much
more homogeneoué C,field, these lines were almost 40 times narrower than
the original lines. An example of one of the AF = 0 resonance curves
obtained at Brookhaven is shown in Fig. 29 b. The refinement of the
experim:antal data which resulted from the inclusion of these three lines
enabled "a" and "b" to be determined with sufficient accuracy to allow e
.search for the observable fleld dependent AF =+ 1, Am = + 1 direct
transitions to be undertaken.  Two such deservable transitions exist

for the 2D3/2 state Of(Lu17§ma They are indicated by ty and ©» in

Fig. 21 & and correspond to: (3/2,-1/2} <+ (1/2, 1/2) and (3/2, 1/2)
<-->(1/2,--Ii./2) respectively. After much labor, indications of these

lines were found at Prookhaven but at frequencies differing considerably
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from the resonance frequencies predicted on the basls of previously observ-
ed AF = O transitions.

By this time machine no. 2 at Berkeley wes in working order and
an atterpt was made, using this machine, to verify the Ty and Ty line
frequencies found st B.N.L. The lines shown in Fig. 26(a) were obtained
but at Trequencies vaich lay considerably outside the Brookaavcn lines and
which also seened inconsistent with existing AF = O resonence data. The
disagreement between the Brookhaven lines and the Berkeley lines was later
removed by- the discovery that the C magnet of machine no. 5 had been mis-
aligned durlng the direct transition search at B.N.L. Also the apparent
inconsistency between the oF = 0 and AF = + 1 resonance data was removed,
as Indlcated balow, when a slightly different value of gy was used an input
to "Hyperfine." .

As indicated in Fig. 27 there is & value of fileld (H = 508 gauss)
vhere the energy of the hyperfine level corresponding to F = 3/2, M= -1/2
and the energy of the level corresponding to F = 1/2, 1/2_vary at the
same rate with respect to magnetic field. This means that the frequency
of tﬁe oy Qirect transition, which corresponds to a transition between
these two energy levels, 1s to first order independent of H at this value
of field.. After using the Ty and T, fleld dependent resonance frequencies
of Pig. 26(a) together with all the AF = O data which had been obtained at
B.N.L. to predict as accurate as possible values of "a" and "b", a search
for this "field independent" direct transition was undertaken using machine
no. 2. Subsequently the resonance line shown in Fig. 26(b) was obtained.
Finally on the basis of all three AF = + 1, A, =‘t_1‘iines the frequency
of the (3/2, -1/2)e»(5/2, -1/2), &F =+ 1 Amg, = O line (which is

~ specified by 1in Fig. 22) was predicted and thls line was searched for

at B.N.L., Ultimately the resonance curve of Fig. 29(u) was obtained.

A list of all resonance date obtalned for the D5/2 atomic state
of Lul76m is given in Table 3. At first, as wmentioned above, difficulty
was encountered in simultaneously fitting tﬁe AF = 0 and the 4AF = + 1
resonance data with the same "a" and "b" values, A fit was obtained, how-
ever, by allowing gy as vell as "a" and "b" to vary vhile trying to
gecure the fit. The value g ( D?/g) = - 79931 + ,000025 was converged

L]

upon both when gy was deternined, by "Hyperfine," using the Fermi-Segre

Formula (Eq. (26)) and when g vas allowed to vary freely
along with “a,” "b," and ”gJ“, This value of o 5/2) agrees, within
experimental error, with Ritter'syo value of 5/2) = ~, 79921 + .00008

but differs sufficiently from the latter to allow a fit of the Iu 373L
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Table 3 L , J = 3/2 Resonance Data and Final Hyperfine Output
a = 97.195 + .00k  mc/sec
b = -635.101 + .005 me/sec £ =1k
gy = =0.799311 + .000023
gx >0
Fun VK - H FaSsi Viu Avyy - Residual Fl Mi F2 l\-i2 Weight
No. mc/sec - gauss gauss me/sec ne/sec me/sec factor
1 500,0‘? 278.79%  .008 271.57 .020 .009 3/2 - -1/2 3/2 -3/2  2120.9
2 500.0 278.79%  .008 191.645 .020 -.003 5/2 1/2 - 5/2 -1/2  23%13.8
3 1100.0 504.321  .007 517,895 .030 -.007 3/2 ~1/2 3/2 - -3/2  1036.2
L 0.23 . 0.40 .03 ‘157u.u50 .030 +OLk 3/2 -1/2 1/2 - 1/2 L24,5
5 0.03  0.40 .05  1575.500  .030 -.007. 3/2 /2 1/2 -1/2 L2zl
6 1110.0 .507.986 .007  1270.500 .015 -.001 32 -1/2 - 1/2 1/2 R
7 0.25  0.29 .03  550.980  .020 000 < 32 -1z 5/2 -1/2  2473.0
8 6.0 8.25 .02 5.530 .015 =006 5/2 1/2 5/2 -1/ 2h82.1
9 6.0  8.25 .02 6.820  .015 .005 3/2 -1/2. 3/2 53/2 2006.7
10 2.0 2.81 .02 1.800 .015  =.002 s/ 1/2 5/2 -1/2  2373.5
11 L0.0 46.08 .08 30.95 o~ .003 5/2 1/2 5/2 -1/2 76.9
12 100.0 93.04 .14 62.650 .07 .027 5/2 1/2 5/2 -1/2 72.4
13 200.0  1k49.71 .16 101.25 .10 .06 5/2 1/2 5/2 -1/2 4%.9
1k 300.0 196.28 .18 133.40 J1b .059 5/2 1/2 5/2 -1/2 28.9
15 1100.0  504.32 .25 365.40 .50 -.217 5/2 1/2 5/2 -1/2 3,k
16 12.0  15.92 .06 13.20 .10 -.0k0 3/ -1/2 5/2 -3/2 78.7
17 24,0  29.8h4 .07 25.10 .0k -.005 3/2 -1/2 z/2 -3/2 1?7.5
18 4.0  45.08. .08 39.30 .05 .016 3/2 -1/2 3/2 -3/2  130.1
1 199.0  93.04 J1h 82.20 .10 .01k 3/2 -1/2 3/2 -3/2 36.7
25 ebo.o 1%9.71 .16 37.10 .10 -.116 5/2 -1/2 3/2 -3/2 26.9
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resonance data.
The cmall value of l.L for 3(2, indicated in Table 3{ when

compared to the acceptable valuesl of 16.0} shows that the experimentsl
frequency errors quoted in the table are for the most part quite pessimis-
t4ic. TFor this reason the errors quoted there for a, b, and By (which are
the same as those quoted directly by "Hyperfine") probably themselves
constitute fairly pessimistic values. However to be absolutely safe,
twice these values will be adopted as the experimental errors t¢ yield
final results for the 2D3/2 state measurements of:

a(gDE/Q) = 97.195 + .008 me/sec
b(2D5/0) = ~635.19 + .01 me/sec

£y ("Dyjp) = -.79931 * .00005

and using Eqs. {9 a) and {10 a} of Appendix C in conjunction with the

above results

s s jp= ~5/28 ~5/Wb = (551.000 + .032) me/sec

= «h = % .0l .
AMS/Q.I/E b a-b = (1023.97 + .04) mc/sec

The algebraic signs of "a" and "b" quoted sbove are correct if
the g'y of 7R 4 positive. That this 1s in fact the case was estab-
1lished both by trying to fit the experimental dats using the Fermi-Segre
Pormulas to determine gi, vhile assuming that it is negative, and by
starting with a negative initial gi and then Titting the experimental
data by allowing it to freely vary. In the first case s fit was obtalned
but with a %2 = 54.8 as compared to ;xg = 1.4 for positive gia In the
gecond case gi converged to a positive value consistent with that
obteined using the Fermi-Segre Formila.

"o" and "b" in both the °D and the °D states have been

5/2 3/2 "5,

g o
measured for Lul??J by Ritter)o and for Lui77 by Petersen: The ratio's

2 ; 2
af Dafe) nd b{ D}fg)

("D /) v(®p, )

were found to be the came for both of these Lu isotopes (as would be

expected) and it was therefore felt that very little would be gained by
doing an accurate measurcment of a (aDq/O) and b(2D5/2) for Lul76ma
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Consequently no further work was done on the 2D5/2 state et L.R.L. after
the redesgligning of machine no. 1. Tor the sake of completeness, howvever,
the experimental dats which were obtained for this atomic state are given
in Table /& together with the best values of "a", "b", and g; converged
upon by "Hyperfine" in attempting to fit these data Doubling the errors
quoted in this table and remembering that gI hms been established es

positive by the D5/2 data, we arrived at the final results for the 2D5/2

state:
. |
a ( DS/E) = 77.6 + 4.8 me/sec
b'(QDs/e) = =782.3 + 9.6 mc/eec
{;J( Ds/g) = -1.2001 + .0006

and using the equations of Appendix C

"“’5/2,7/?’ »7/2& - 21/20b = (550 + 27) me/sec

Aw7/2’5/2- 6a ~ 9/20b = (818 + 33) mc/eec
The value of 8y quoted above is consimstent with Ritter's valueBo,
gJ( 5/2) = -1,200L40 + ,00016. Morecover the velues of a( DS/?) and
b(a 5/2) , When combined with the corresponding quantities quoted for the
,/2 state, 1eqd to

G D ) b(“D, /)
- ]
27 and )ZE

2
a("0; /) (5 /)

ratios which agree, to within experimental error, with the corresponding

175 177

Tay and Tu ratios.

G. Calculation of the Huclcar Moments

Nuclear Magnetlc Dipole Moment:

When Kg. (26) 1s used in conjunction with the measured value of
a(gDi/?) for Tt (® o {(given ebove) and the known data for Lu 5 (given in
Appendix A), +the valuc

0. (,u 6.(1

) = 0.3160 (1) nm (uncorrected)
: . . o 176m
1s obtained for the wicorrected nuclear magnetic dipole moment of Lu .

761
This 1s consistent with the result uI(Lulzvm) = 0.33(2) nm obtained
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Table 4 . Lu176m, J = 5/2 Resonance Data and Final Hyperfine Output

a = 77.6 # 2.4 mc/sec
b = -782.3 + 4.8 mz/sec 5? = 2,

jxe]

e > 0
Run v H AH  wvry  Avpy Residual F,oM F, M, Velght
No. mc?sec §auss  gauss mc?sec mc/ﬂec mc/sec factor
1 6.0 8.25 .0k 9.90 .03 001 Tf2 if2 7/7 -1lf2 315.1
2 0.0 k6.08 .06 55,40 07 =001 7/2 1f2 /2 -1f2 96.0
3 100.0  93.04 Ik 112.%0 .10 015 7/2 1/2 /2 -Lf2  25.5
b 200.0 140.71 .15 182.90 .13 LOMk 7/2 /e 7/t -lf2 19.0
5 500.0 278.80 .28 352.80 .50 .29l 7/2 1/ /o -1/2 2.5
6 1100.0 504.33 .29 69L.50 .70 011 7/2 A8 /e -2 1.h
7 6.0 8.2% .Oh 12,30 .07 ~.02hk 5/2 «1f2 s/2 -3/2 118.3
8 12.0  15.92 .06  23.90 07 O2b 5f2 w1f2 s/z <3/ 735
9 2h.0  29.84 .07 45,00 W10 =037 5/2 -1/2  s/2 3/2 46.0
10 10,0 146.08 .06  70.00 .07 ~.053 S5/2 -1f2 s5/2 -3/2  7L.k
11 100.0  9%.0h .1k  143.90 .10 -.109 5/2 -1f2  s5/2 .3/2  16.8
12 200.0 149.71 .14k 235.00 22 317 5/2 «1f2  s/2 -3/2 10.0
13 500.,0 278,80 .28 huG.h0 .60 ko5 s5/2 W1f2 5/2 W3/2 1.8
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“using the rough result given above for a( D 5/2 } and also with the value -

p.I(Lu17 P} = .31(6) nm determined directly by "Hyperfine" if gy is
allowed to vary freely during the resonance data fitting process. Appli=-
cation of the appropriate diamagnetic shielding correction factor {given
in Appendix B) yields for the best corrected value

uI(L 1me) = ,3186 (14) nm {corrected) .

In the case of Lu, Eqs. (23} and (2&) lead to the following

interaction constent ratios
2 : 2 7. 1 2c - ,
aKQDS/a) / a( Dsjp) = 0-b15. (D5 /) /0Dy ) = 1.2538

while the data given in Appendix A indicate@ that actually for LuxTS and,

17

&(QDS/Q)/ a(gDB/g) = .7553 b(ZDS/g)/b(QD5/2) = 1,231 .

Although the disagreement between the theoreticél and actual ratio of the
b’s in the D5/2 and. D3/2 states is not too serious; the large discrepancy
in the case of the a's railses considerable doubt about the validity of
applying Bq. (28) to perform an alternative calculation of uI(Lu 6m)ﬂ

The criterias for applicability of Eqs. (23) - (28), for the most
part, seem to be quite well satisfied by Lu. Since the lowest lying
electronic configuration for Lu is 5d63 it clearly has a single d electron
outside closed shells. TFurthermore the gJ's determined above for the
2D3/2 and 2D5/2 gtates both lie quite close to the pure Russel-Sander's
predictions of gJ( Di/g) = -0.799549 and gJ( Ds/e) = «1,200458. Thus &
cage of almost pure L-S coupling is indicated. The only remaining
criterion for the validity of these Equations is that the energy levels
must be derived from & single electronic configuration. Consequently it
mist be assumed that this criterion is violated. |

To determine the nature of the perturbing configuration we note,
flrst of all, that it must lie close in energy to the ground state con-
figuration. Second, since the term in the Hamiltonian which is responsible
for configuration mixing can only connect eigenstates corresponding to
the same J, L, and S, this configuration must contain a 2D ternm. Third,
since gJ(2D3/2) and gJ(2D5/2) for Lu lie so close to the pure L-S
. coupling values, the gJ°s arising from this 2D term must be nearly equal
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to those arising from the QD term of the ground state confipuration.
Pinally, since the theoretical ratio of the b's is much closer to the
actual experimentél value than is the case with the ratio of the a's,
the admixed configuration must be such as to affect the "a'" interaction
constants much more than the "b". The 5d 6s 7s configuration satisfies
g8ll these requirements and if this is assumed to be responsible for the
perturbetion the method proposed by Schwartz7 (vhich is discussed in
Section I B) can be uﬁgd to deai with the configuration mixing.
Assuming Ziq = 51.5 and Esing Egs. (33), (34), (55).and the
accurate ratio of a(“D./E) to a(“Dﬁ/e) given above for Lul75, leads

)
t0 & value of

B" = ~23.375 me/sec
for the contribution of the 5d 68 7s configuration's unpaired s electrons
to the a(aDﬁ/e) interaction constant for Lul76m, Subtrasting this
valve from the measured a(2D3/2) yields, for the contribution from the
d electron alone
2 [l
e ( DB/Q) = 120,570(8) mc/s;c .

This, when enteréd ints Eq. (28) along with Zi = 51.%5, glves Tor the
wneorrected mognetic dipole moment '

176m) = 0.287 nm (uncorrected)
cale.

# (Iu

which 1is in fair agreement with the true value calculated, at the beginning
of this Section, using Eq. (26).
' Using the correct u(Lul76m), inversion of Eq. (28) indicates
that Zi= 57.2 1s the proper value for Iu. This value is used to determine
the s (2D

o8 “3/2
evaluation of Q below.

) and Relativiatic Correction Factors necessary for the

Nuclear Electric Quadrupole Moment:
Vhen ao(QDB/E) is calculated, in the way described above,
assuwing that Zi = 57.2 a value

ao(gDﬁ/e) = 128.848 mc/sec

- 2
is obtained. Using this result, the experimentally determined b( D3/2),

17 6m)
E

and the uncorrescted p(Lu Eg. (25) gives

Q(LulTém

) = 2.40 (%) barns (uncorrected).

()
st
This wesult is obtained mnder the assumtion that b( DZ/) is
o=
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completely unaffected by any configuration interaction present. In view
of the obvious falaciousness of this assumption (see the theoretical and
experimental b ratioe given above) and the uncertainties inherent in this
type calculation, a reasonable error of about 2% is assigned to the above’
final value.
_H. _Discussion of Lu176m
Application of the Shell Model: _

~ The Individual Particle Shell Model cannot account for the spins
of elther Lul76 or Lul?6m
Tailure is not surprising in view of the fact thet the 7lst proton assign-
ment is near the middle of the shell ending at 82 nucleons while the 105th
neutron 1s near the middle of the shell ending at 126 nucleons. Further-
moxe the Lu end Hf isotopes are known to exhibit the largest quadrupole
moments of any of the nuclides for which thie quantity has been measured.
Hence these isotopeé would be expected to exhibit strong collective
nuclear properties and be described better in terms of the Collective
Model.
Application of the Collective Model:
| Determining the deformation parameter

"Before the Collective Model can be used to‘predict the properties

of any nuclide the deformation parameter ® must be estimated. Mottelson
and Nilsson23 have calculated 5 for many even-odd and odd-even isotopes
by finding that value of & which, using the assumed Collective M»rdel
Hamiltonian, minimizes the total energy (i.e. maximizes the binding energy)

Nuclear Spin end Moment Results

in any gtraightforward way. This apparent

of a given nuclide. Their results for nuclides related to Lu;YG are shown
in column four of Table S without parenthesis. '
| TABLE 5

No. of No. of & Calculated Q Qo 5 Calcu- Experimental

Name Protons Neutrons by Mottelson (barns)(barns) leted from Reference
and Nilsson Q

Wi 91 1ok .28 5.68  12.1 4o 30
w71 104 .28 - .- - |
Lu176 71 105 (.275) 8.0 11.9 40 33
1l 76m g 105 (.275) 2.0  24.0 .68
w71 106 .26 5,0  10.7 39 30
et 72 105 .270 - - .-
et ? 72 107 .260 -- -- -

175% A , 175
In the Table, Lu signifies the first excited state of Iu ',

vhich 1ies 340 kev abeve the ground state.
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If one asswacs that the deformation of Lul(5 (Hfl77) is not

radlcally altered by the addition of one neutron (removal of one proton),
which seems likely in view of the total range of & in the Table, a logi-
176

cal deformation for ILu seems to be D = .275. Turthermore considering

. [ &
the equality of the o's of Lul7) and Lu:wb
175m

it scems a plausible asswumption

that the deformation parameter of Iu 1s about the sawe as that of

Lul76. |

Another way to estimate & 1s by using the measured value of
the quédrupole moment, Q, to determine the intrinsic quadrupole moment
Q, and 5 from Egs. (63), (64), end (65) (assuming Q> Qp). The values
of ® resulting from this procedure are shown, for the Lu isotopes for
vhich Q has been measuxred, in colum 7 of Table 5. Two features stand out.
First, the values of & calculated from the measured Q's are consistantly
larger than the values calculated by Mottelson and NWilsson. Secondly,

. g
that the §'s of Lul7“, Lu;76, and Lu177 are about the same while that of
Lul76m is conasilderably higher than sny of the others. This secems to

indicate that the addition (or removal) of one neutron to Lul76 has a
much smaller effect on the nuclear shape than does the excitation of the

Intrinsic particle states of @ul76, which produces L 176m’ Therefore,

gince adding a neutron to Lulfo (vhich must necessarily enter the next

avellable neutron energy state) would bhe expected to have an effect on
the nuclear shape comparable to that of exciting a neubtron in Lu176 to
the same state, it 1s likely that an exclted proton state constitutes the
diffgrence between the configuratlion of Lul76m
Lu‘7’.

and the ground state of
Prediction of the Spin and Magnetic Moment of Lul76m
Asguming that & is greater than or equal to the value extrapolated
from the Mottelson and Nilsson calculations (5 = .275) severazl feasible
assignments can be made, using the Nilsson Diagram,22 for the odd neutron
and proton configurations in Lu176m. All these assignments lead to the
proper value of I,= 1 using the Gallagher and Moszkowskl coupling rule
GM 2 so that their validity must be judged in other ways. One other
criterion of validity is the accuracy with which a calculation based on a
glven configuration can predict the measured magnetic. dipole moment. .
Table G gives the feasible Nilsson asymptotic wave function assignments

76
for Lul o™

Eq. (67).

together with the magnetic momentscalculated on the basis of
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Table 6
Parit Proton Neutron i Calculated
v configuration configuration (n.m.) _ U exp.
A+ |51k + > | 51k - > 2.65 .32
B - [ho2 + > | 51k - > ~1.25
c =~ WOl - > | 512 + > 1.75
D + ok - > | 624 + > -1.35

From this Table, even thoﬁgh none of the asgumed configurations
seem to predict the moment very well, configuration C gives the fight
sign and is much closer in absolute value to the measured value than A.

" Hence on the basis of its ability %o predict the magnetic moment C secms
to be fhe most plauvsible configuration. |

On the otler hand, Gallagher and MOSZkOWSkizh have assigned
configuration B because the neutron configuration is the ssme as that
asgigned to Hfl77 wvhile the proton configuration corresponds to that of

76 ground state the éonfigufation

p—| 404 - >, n—» |51k - > they predicted Lul(b

Lul/)w. Furthermore assuning for the Lul
to have a spin of‘7 and a

7,
nagnetic moment of 5.06 n.m. which agrees well with Spalding and Smith's5)
published values of I =7, u = 3.07 n.m. Moreover, if this assignament
for Lu176 1s assumsd correct, then configuration ¢ for Lu176m indicates

that a neutron state is excited which, as mentioned above, does not seem
likely while configuration B implies an excited proton state, as expected.
This lends further support to the Gallagher-Moszkowski assignment.

Lul76m (as well as

Summing up then, it seems that the spin of
Lu;76) can be accounted for quite easily wsing the Collective Model but
that the exact configuration leading to this spin remains vague. It is
Interesting to note that the measured magnetic moment 1s aelmost equal to
the sum of those predicted by configurations B and C. This might imply
that the actual asymptotic Nilsson state is a mixture of these two

states.
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vI. mHE BRC0 AND BROOW EXPERTMENT

é:. Introduction

The spins of Brao and BrSOm have been measured by the atomic-
bean method and the values I(Brso) = 1 and I(Braom) = 5 have been reported,
These measurements were made by Green at the L.R.L. atomic-beam laboratory
using vhat has been referred to in Section IV A as machine no. 1. Both
GreenBh and Lipwor‘ch35 have glven detalled descriptions of the experimental
technique and equipment used for the carrying out of these spin measurements.
Even though Green's methods have for the most part been carried over and
uged for the hyperfine‘structﬁre measurements described below, for the sake
of completeness a description is glven in Sections B, C, and D of the entire
experimental procedure wtilized in these measurements. Special ewphasis is
given, however, to the discussion of apparatus and techniques which differ
from those used by Green. .
B. Isotope Production end Handling

80

Br" and BrBOm used for these experiments were produced by
bombarding 3-4 gm lots of KBr crystals with thermal neutrons. The KBr,
which was incapsulated in pyrex before beilng sent to the pille, was
irradiated in most cases in the Livermore Pool Type Reactor at Livermore,
Celifornie, but for gome of the later rung the General Electric Test
Reactor at Vallaclitos was used. The neutron flux in the Livermore reactor
was about 5.1 x 10le neutrons/cm? sec and the capsules were left in the
pile for 3-4 hours, while the neutron flux in the Vallecitos reactor was
9 x 1013 neutrons/cm? sec and the capsules were left in this plle for only
20 minutes. After irradiation the samples were returned to L.R.L. by car
(ebout a 1 hour trip from either pile) and a chemical separation of the
Br undertaken.

Naturally occurring Br is 50.6% Br79 and 49,49 Br8l g0 that
neutron irradiation produces BrBO, Br80m and, Br82 in accordance with the
reactions:

Bri? +n - Br80+ y or 380, Y

U]
BrB; +n - Br8“ + Y.
79 81
Although Br' ” and Br ~ have almost equal total neutron capture cross
gsections, due to lts relatively long half life, very little Br82 activity

was actually produced during a 4 hr. neutron bombardment and practically
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none was produced during a 20 minute bombardment. It was estimated, on
the basis of full-beam decay data, that less than 10% of the Br activity
after a four hour bombardment was attributable to Br82. Upon arrival at
L.R.L. the activity of the KBr capsules ranged anywhere fram 2R./hr. at
a distance of 1 ft., for 3-hour irradiations at Livermore, to 20 R./hr. at
a distance of 1 ft., for 20-minute 1rradistions at Vallecitos.

' The chemical procedure used'to liberate the radicactive Br from
{ts XBr compound, which was the same as that used by Green, was done
remotely, using manipulators, inside of a lead shielded cave. The glass-
wvare used is shown schematiéall& in Flg. 30 while Fig. 31 shows a ﬁhoto-
graph of the collection vial into which the Br passed during the course
of the chemistry. This vialrwas wltimately attached to the discharge tube
" assembly of Fig, 32, | |

Aftér a KBr capsule was introduced into the "chemietry cave' and
removed from the protective alumimum capsule holder within which 1t was
irradiated, it was broken and both the broken glass and the KBr crystals
dropped into the reaction vessel shown in Fig. 30. Then the top assembly .
of the reaction vessel was inserted, its stopcock closed, the stopcock of
the Br collection vial opened, and a small He flow initiated through the
system by way of the He inlet shown in the figure. After the He had been
allowed to flow for a vwhile to drive any moisture that might be present
out of the system, the collection vial was immersed in a liquid nitrogen
bath and encugh Hésoh introduced into the reaction vile to cover, by
sbout 1/2", all its solid contents. At this point small emounts of HBr,
Brg, and 802 geses were liberated, driven through the drying tube by
the He flow, and finally condensed in the cold collection vial, After
these gases ceased to be evolved a little H202 was introduced and molecu-
lar Br2 was libersted by the reaction

OBF + H,0, + 2H' - Br® + 210

The Br2 gas thus generated was driven down the drying tube and condensed
in the collection vial, H202 continued to be added, slowly erough to
avold & violent reaction, until no more Bre was generated. The
collection vial was then detached from the rest of the glassware and
placed into an ice water bath to allow the volatile SO2 and other
contaminants to evaporate off, leaving almost pure liquid Brg. Finally

after closing its stopcock and Inserting a glass plug in itsside



~106-

H,S0O, and Hy Oy inlet |
, He outlet
(to coid trap)

Stomock%

5 : N

Drying tube

., Bromine vial

Reaction vessel

u MU=-17594

Flg. 27. Glaseware used for Br chemiatry.
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ZN-3402

Fig, 28, Photograph of Br collection vial,
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Discharge tube

m,.n : / Nickel sleeve
c-,;if}( - (’:Z)/
: * 4

Rf lead

Waxed joint

Bromine collection (Copper
vial coupling mounting plate

MU.27385

Flg. 29. R.F. dissoclator tube asgembly used for Br8o and BrBOm.
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opening, the collection vile was put back into the liquid nitrogenibath.

After the Br2
removed from the liquid nitrogen and quickly carried to the atomic-beam
machine using an air-tight carrying cese which was speclally designed to
avolid atmospheric contamination in case some of the Br2 should re-evapore
ate {n transit. Within the glove-box of the beam-machine the ground glass
female coupling on the side of the collzction vial was carefully Joined
t0 the matching male coupling on the pre-mounvea discharge tube aséembly
of Pig. 32, Then, while in contact with dry ice, the interlor of the
vial was pumped down to less than 1 micron pressure by a small mechanical
pump operating through its stopcock. Finally this stopcock was closed,’
an ice water bath substituted for the dry ice, and ‘the stopcock on the
discharge tube assembly opened to allow the Brg-to effuse into the
atomic~-beam machine.

C. Beam Production and Characteristic

, The discharge tube assembly served two purposes. First it helyped -
control the Br effusion rate by means of a capillary leak, and second it
provided a means of dissociating the Br2 molecules into Br atoms as they
entered the machine. It consists of two separable parts which are joined
together diring use. One part, which is used agein and again, 1s Just a
brass plate with a hole through its middle over ﬁhich has been placed a
19/38 female ground glass coupling. This plate, which is mounted on the
atomic-beam machine during operation, also has attached to it two stainleas
steel wires, with only one of which it makes electrical contact. The
other wire passes through the plate but s electrically insulated from
v 1t by means of & vacuum tight ceramic kovar. The other part of the assem-
bly constitutes almost all the glassware shown in Fig. 32 and consiats
esgentially of & ground glass coupling to accommodate the collection
& lesk, a stopcock, a 19/38 male ground glass fitting, and a quartz tube
vhich has a slit in its end and is fitted with two aquadag painted,
3 mil nickel sleeves. Many identical coples of this part of the assembly
. were made and a new one was used for every run. The leaks which are
mounted as shown in Fig. 32, are coples of the one used by GreenEh
discussed by Gordon.56 They have effusion rates of about 0.3 ce. per hr.
of liquid bromine when used as described here and were found to be very
easily reprcducidble, The complete assembly of Fig. 32 is obtained by
sealing together with black wax the female 19/38 ground glass coupling of
‘one of its parts with the corresponding male ground glass coupling of
the other. When this is done the stainless steel wires make a spring

was completely frozen the collection vial was

and
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electrical contact with the nickel sleeves and hence serve as laput leads
© for the R.F. current.

The necessary dissoclation of Br2 molecules into Br atoms was
accorplished by exciting an R.F. discharge in the Br vapor as it passed
into the machine. This was done, in conjunction with the discharge tube
assembly, by means of a 450 kc/sec resonant circult operating throuzh a
Steimmetz Regulator. This Regulator, the circuit diegram of which is
shown in Fig. 33, has the property that if its resonant frequency is made
to equal the driving frequency (in this case 450 ko/sec) the current
through the discharge tube is independent of the resistance of the tube.
Therefore operated under these conditions it scemed as a very effective
discharge stabilizer. With ordinary working pressure in the oven chambex
(about 1 x 10”7 mm) 250 ma of R.F. current ylelded 80-90% dissociation of
Brg vhen the "hot lead" of the r.f. oscillator was capacitively coupled
to the front (nearest the slit) end of the quartz discharge tube. If, on
the other hand; the ground lead was coupled to the front, very poor { =~ L0%)
ddsaociation resulted,

By keeping the liquid Br within the collection tube at ice water
temperature and allowing it to effuse into the discharge tube through a
leak, as described above, usable beams of Br atoms were obtained for
periods ranging from 5 to 8 hrs., depending on the size slit used in the
end of the discharge tube. 61it widths ranging from 5 mils to 10 mils
vere tried and a width of 7 mils seemed to yleld the most satisfactory
compromise between beam intensity and beam lifetime. Using 7 mil dise
charge tube slits two minute full-beam exposure counting rates of from
700 ¢/m to 1500 ¢/m were obtained depending on the activity level of
particular source used.

For earlier runs the Br beam was collected on freshly silver
plated stainless steel "buttons" of the type shown in Fig. 16. Although
these buttons were kept under vacuum when not in use and much care was
taken to avold contaminating them with radioactivity before exposure to
the beam, during thelr use considerable inconsistency was apparent in |

|

the experimental data. This inconsistency was attributed to varia-

tions in Br collection efficiency among the various buttons due possibly

to differences in the quantity and quality of the sgilver plate and to

the presence of foreign substances, such as oil, upon the silver surface.
For later runs, therefore, the Br beam wss collected on fired platinum
foils, Just as in the case of Lu. Even though the Br collection efficlency
of these foils was only about 80% that of the best silver surfaces used,
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Fig. 30,

. | Discharge tube
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Stedinmetz regulator circuit dlagram.
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this difference was more than made up by the resulting gain in
collection consistency.
D. Operating Procedure
After a usable Br atomic beam had been obtained, 1little attention
wvas pald to its msintenance. Usually ebout a 15 minute wailt was necessary,
imrediately after opening the bromine collection vial to the oven chamber,
to allow & few tenth of a m.m, pressure to be.established in the discharge

tube, It wes found that at least this low a pressure was necessary to
obtain a stable discharge. After a pressure of about 1 x lo's'mm was
registered on the oven ion gauge (indicating that the proper pressure in
the discharge tube had been attained) the 450 kc/sec dissociation oscilla-
tor was turned on and the discharge tube lined up by sighting with a
telescope on its 8lit using the light given off by the R.F. discharge for
{llumination. Then & direct beam exposure was teken to make sure that
the Br2 molecules entering the machine were being satisfactorily dissoclat-
ed and if the dissociation efflclency was normal the throw-out was usually
about .80 when A and B magnet currents indicated by the expressions of
Section IV D were used. Finally, 1f all went well, resonance searches
were undertaken. The necessary resonance exposure time was determined by
insisting that tg&;resonance peak counting rate, which always was equal
to about 1/2% ofMfull-beam counting rate, be greater than 10 counts/minute.
Exposure times were usually for 5 minutes although occassionally 7 1/2
minute or even 10 minute exposure times were necessary. '

Figure 34 gives the radicactive decay scheme328 of Br8o and

.Braom. It 1s seen that 4.5 hr. Br8om decays by y emission to Br80 which
in turn decays, with an 18 minute half life, by B emission to Kreo and
Se80. Since the proportional B particle counters used to detect the

80 80m 80m

presence of Br and Br are quite insensitive to y radiation, Br

wag actually detected by noting the B activity from the BrBO produced by
ita decay. For this reason Br Om resonance buttons were expected to
exhibit low counting rates when first removed from the beam machine
(that is, when there is no Br80 present), to increase in counting rate

with the formation of Br80 until secular equilibrium is established be- |

tween the quantities of BrBO and BrBOm present, and finally to decay

with a characteristic 4.5 hr. half life. On the other hand, Br8o reson-
ance buttons were expected to exhibit their largest counting rates
immediately upon removal from the beam machine and to decay rapidly with
& characteristic 18 minute half 1ife. Because of the above considerations

care had to be taken to insure that the time which elapsed between the
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Fig. 31. Radioactive decay schemes of Br and Br .
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removal of exposed buttons from the atomic-beam and their insertion into
the B counters as well es their total time counted were held constant for
all buttons during any given resonance search. ' '
ﬂ E. Hyperfine Structure Determination; Data and Results ,
Prior to the redesigning of machine no. 1, ten AF = 0 resonances

were observed for both Br80 and Br8om st flelds ranging from 0-93 gauss.

Using shifts from linear Zeemasn predictions estimagfg of "a" and "b"
were made for both isotopes and using "Hyperfine"’a fit of the experimental
data was obtained in both cases assuming normsl ordering of the hyperfine |
levels. It was thus established that the observable o and B, AF = Q

transitions envolve the levels

for B0 for Broo®
a = (5/2, <1/2) < (5/2, -3/2) e %7 (13/2, -9/2) < (13/2, -11/2)
B = (3/2, 1/2) <> (3/2,-1/2) B = (11/2, -7/2) & (11/2, -9/2)
80 80m

vhere gy > 0 for both Br ~ and Br has been assumed. These observable
transitions are indiceted in the schematic energy level diagrams of Figs.
21(b) and 35 for Br8o (I =1, 3 = 3/2) end Br80m (I =5, J= 3/2).
After these twenty resonances had been observed, machine no. 1

broke down and all subsequent work was done using machine no. 2.

" When machine no. 2 became operative and the method of coping
wvith the R.F. powering problem discussed in Section IV F found, the
first task undertaken was to retrace some of the highest field resonsnces
previously observed using machine no. 1. Four lines were retraced for
both BrBO andrBr80m and "Hyperfine" was then used, in conjunction with
"J0-9", to predict the frequencies of higher field resonsnces., In Fig. 36
end Fig. 37 one of fhe resonance lines obtained using machine no. 1 is
compared with the corresponding line obtained using machine no. 2 for the
cases of Brso and Br80m respectively. After this preliminary work was
completed, resonances and resonance frequency predictions were obtained
at higher and higher fields until a totel of 15, AF = O resonancee had
been observed in both Brgo and Br80m at fieldslranging from 0 - 504.3
gauss. Exsmples of some higher field resonance curves are given in

Figs. 38 and 39 for Brso and,Ewsom respectively. In Tables 7 and 8

all the resonance data obtained for Br80 and BrBOm are collected. 1In
cases where a single line was traced out on both machines only the

data collected on machine no. 2 are included. Also given in the tables
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Fig. 32. Schematic energy level diagram for J = 3/2, I=5
(normal ordering).
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Table 7 . Brao Resonance Data and Final Hyperfine Qutput

y . A. B.
gr >0 g <0
a = 323.77 + .08 me/sec 92?= 2.2 a = -324.0L + .08 mec/sec ;22--. 2.1
b = 227.63 + .03 mc/sec b = 227.60 + .03 me/sec
Average of A and B
Sign of g1 is not determined.
lal = 323.9 + .2 me/sec b/a < O
ibj = 227.62 + .05 mc/sec
Run H OH VBr Avp,. Residusl Fl M_L F2 ME Welght factor
No. me/sec gauss gauss mc/sec mc?sec me/sec g
1 4.0 5.5567  .00S 6.275 050 .015 01k s5/2  .1/2 sfz2 -3/2 0 27k.9
2 16.0 20.75 .01 23.650 067 .057 051 5/ -1/2 sf2  -3/2 217.0
3 25.0 30.92 .01 35,400 067  -.010 -.018 s5/2  -1f2 s/2  .3/2 215.1
L 50.0 55.19 .01 £4.338 .015 .013 001  5/2  -ife s/2  -3/2 208k.3
5 100.0  93.04 .01 111.:50 015 .00k -.011 s/ -1fe s/ -3/2 2c8h.7
4 4.0 5.567  .005  7.620 067  -.001 -.002  3/2 1/2 3/2 -1/2 220.1
7 16.0  20.75 .01 28.400 083  -.0%  -.037 3/2 1/2 3/2 -1/2 1h1.7
8 2.0 30.92 .01 L2 . 400 .033 N33 -.00k  3/2 i/ 3/e -1/2 763.5
50.0 55.19 .01  75.938 015 .07 -.005 3/2 1/ 3/2  -1/2 1786.7
10 100.0  93.04 01 129.1k5 .015 .005 -.013 3/2 1/2 3/2 -1/2 23&5.0
11 200.0 1k9.71 0L 186.555 015 .008 -.002 s5/2 -1f2 sf2 -3/2 1926.8
12 L00.0 238.621 .008 314.238 .020 =.005 003 sf2 .1/ s5/2  =3/2 1816.0
13 200.0 149.71 0L 212.010 .020 010  -.01k  3/2  if2 3/2 -1/2 1327.3
14 L400.0 238.621 .008 352.270 .020 .015 -.009 3/2 1/2 3/2 -1/2 1712.1
15 1100.0 504.329  .007 83L.740 015  =.00k4 005 3/2 1if2 32 -1/2 2372.2

-0¢1-
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80m

Br Resonance Data and Final AHyperfine Output

a= 166.047 + .009 me/sec
2

i it

b= -874.9 + .1  me/sec %< = b.7
6, >0 _ .
o ese chuon s e LB, L B M T Yete
1 kO 5.57 .03 2,400 .025 -.029 13/2 -9f/2 13/2 -11/2 1300.4
2 8.0 10.87 .03 4.800 .020 000 13/2 -9/2 13/2 -11/2 1860.9
3 16,0 20.75 .05 9.L00  .025 016  13/2 «9/2 13/2 .11f2 886.5
Y 32,0 38,2F .03 18.000 .020 -.007 13/2 -9/2 13/2 -11/2 15%6.1
5 70,0 71.63 .01 36.375 .015 006 13/2 -9/2 13/2 -11/2 3685.8
6 8.0 10.87 .03 2.700 .020 005 11/2 -7/2 112 -9/2 2265.h4
7 16,0 20.7% .05 5.200 .025 039  11/2 .7/2 11/2 -9/2 1307.8
8 32.0 38.23 .02 9.500 .0L5 -.00L 11/2 -7/2 1l/e -9/2 14170.8
9 70.0 T71.63 .01 18.150 .015 -.006 11/2 -7/2 1i/2 9/2 uW266.5
10 100.0 93.0kk .009 23.950 .012 -.005 11/2 -7/2 1if2 -9/2 66771.3
11 200.0 149.714k .008 88.838 .023 013 13/2 -9/2 13/2 -11/2 1783.7
12 400.0 238.62 .01 161.710 .OLO -.002  13/2 .9/2 13f2 -11/2 L57h.2
13 200.0 1hk9.71 .OL L41.235 .015 -~  ~.00L 11/2 .7/2 11/2 -9/2 L229.6
14 - 399,988 238.62 .02 77.277 .OLO 009 11/2 .7/2 1ife -9/2 6178.9
'15 1100.0  504.329 ,007 284.610 .015 -.002 11/2 -7/2 11/2 -9/2 3306.6
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are the values of "a" and "b" determined by "Hyperfine" as the ones which

best £it the experimental data as well as the errors assigned to thgse

parameters. Since gI and gy are known with such great accuracyf T Tor

Br79 and Brgl only the a's and b's vere allowed to vary freely by “liyper-

fine," the gy's bcingﬁgetexmined by Bq. (26).

Final Results for Er ™
In view of the small resliduals and the small value of X2 = 4.7

12) given in Tsble 8, the experimental

tt

(compared to an acceptabie «°
errorsg in the best values of "a" and "b", given there, are probably
pessimistic. However to be very sure that the actual values lie within
the quoted errdrs, twlice these error assignments are used and the finel
valueé given are

a = 166,05 + .02 me/sec

b = ~874.9 + .2 me/sec ,

Also using the equations of Appendix C the hyperfine structure separations

«

are

i

= 13/2 & + 13/20 b = (510.62 + ,25) me/sec

Viz/2, 11/2
=11/2a - 5/12 b

i}

V11/e,9/2 (1277,80‘i,.18) me/secc

The algebrudc signs of a and b glven above hold on the assumption
that g! (BrSOm) 15 positive. That this is the case was established (as
for Luw 6m) both by trying to fit the data using e negative gi in con-
Junction with the Ferml-Segre Formula and by startingvg% with & negative
velue and then allowing it to vary freely vwhile trying to fit the
exverimental data. In the first case a value of X° = 50.9 was obtained
as compared to 'X? = 4,7 assuming g} positive. 1In the second case a
positive value of g} consistent with the Fermi-Segre Formls was converged

upon by "Hyperfine."

Final Results for Br803
80m

As in the case of Br the small résidp&ls and X © valve shown
‘ ) assignments.
in Table 7 indicate that the frequency error/ quoé%d.there are pessimistic
and thaet the errors given for a and b by "Hyperfine" are probably too -
large. However in the case of Br80 we have an interesting cese vhere
two different "a" values, one mssocisted with a positive gy and the other

assoclated with a negative 815 lead to equally good fits of the experi-

mental data. It is seen from the table that the "a" and "b" wvalues associated
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with positive 81 {grouped under heading A) and the corresponding
parameters asscclated with negative_gl {grouped under heading B) lead
%0 frequency residuals of about the same magnitude and have associated
with ﬁhemkyia values of 2.2 and 2.1 respectively. Therefore the sign
of-gI cannot be decided upon, using thé data preaently availesble, How-
ever, as indicated in Section G below, this sign is very likely positive.
Taking the asverage values of & and b given in the table and
doubling the assigned errors we have for BrBO

ﬁa(BrBO)ﬂ = 323.9 + 4 mec/sec
Bb(BrgO)ﬂ = 227.62 + .10 me/sec
a/b =0

and again ueing the equations of Appendix C
z = 5/p Ly =525.2 + 1.
_gzx v5/233/2ﬁ 5/2 a + 5/ 525.2 + 1 2Me/see'

ga ”3/2,1/2@ =328 -9/bb =998.0+ 1.0 Me/sec

F. Calculation of the Nuclear Moments -
Nuclear Magnetic Dipole Moment:
Using the bromine date collected in Appendix A and the magnetic
dipole ﬁn&eracﬁion constants given above, Eq. (26) yields for the uncorreche

ed magnetic dipole morents of a0 and BroCR

M(Brao) = + 0.4905 (6) nm (uncorrected)

80m)

u{Br = 1.2573 (6) nm (uncorrected) .

Multiplying by the appropriate diamsgnetic shielding factor of Appendix
B gives for the final corrected values

80)

u(Br = 4+ 0,5138 (6) nm (corrected)

w(Bro%™) o 1.3170 (6) om (corrected) .

Furthermore; in the case of Brgom, allowing 81 to vary freely during fitting

of the experimental resonance data by "Hyperfine" led directly to
n(Brsom) = 1.2(2) nm {uncorrected)
which is consistent with the sbove result.

Though almost pure L-5 coupling is indicated for Br by the known

SJ val&g, no measurements have been made of the hyperfine interaction

-
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convioabs In the cxeclited 2791/,(2 state for any of the Br isotopes. Hence
1 prosonce of confipuration mixing cannot be established (or ruled out)
by the motbhod employcd for Lu in Section V and therefore a good tegt for
the applicability of Eg. (28) to the case of bromine is not available.

As indicated in Section VII, configuration mixing of the type discussed.
by Koster39 scems to be definitely present in the case of fodine (Z = 53).
However, since the effect of such mixing seems to incrcese with increasing
Z, 1t 1z possible, as suggested by King and JaccarinQBT, that this

effect 1s negligible in the camse of bromine (2 = 35). If this is essumed
to be the case and the experimentally determined "a" values'given above
are used in conjunction with Z1 = 31 (recommended by Barnes and Smithho)
Eq. (28) ylelas

M (Br80)calcd =+ 47%L nm (uncorrected)
U (Bxaom) = 1.21 nm {wncorrected) .
cale,

The fact that these results sgree quite well with those obtained
sbove using Eq. (26) implies that ignoring configuration interaction in
the case of bromine is fairly well justifted. Inverting Eq. {(28), after
inserting the correct u values, leads to Zi = 32,3 for both Br 0 and BrBOm‘
This value is employed for determination of the Relativistic Correction

Factors used in the calculation of Q below.

Nuclear Electric Quadrupole Moment:

When the measured "a" and "b" values for Br8° and BrBOm are
inserted into Eq; (25} along with the megnetic moments of these isotopes
(as calculated using Eq. (26)); the following electric quadrupole moments
are obtained

Q(Brso) = + 0,182 (8) barns (uncorrected)

Q(Br80m) = 0,70 (3) barns {vncorrected) .

A 4% error is assigned’in both cases. This assignment seems logical when
the wicertainties in the a's and b's and in Z, are compounded with the
probable maximum error introduced by ignoring the possibility of configura-
tion interaction and other perturbations.

The absolute algebraic signs of‘the Brso nuclear moments eare net
known since the alpgebraic signs of "a" and "b" were not determined by the

experiment described above. However, it was established that
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a(BrBO)/b(Br80)< O which, on the basis of Egs. (23) and (24) fwmplies that
u(BraO)/Q(BrSO) >0. Furthermore, the discussion of Section G indicates
that both these moments are probably positive. ‘

G. Discussion of BrBO and BrSOm Nucleaf Moment Results
Application of the Shell Model:

Mayer and Jensen15 have predicted, using the Single Particle
Shell Model, a {( fs/g)u (2p3/2)? ] 3/2 copfiguration for the last odd
proton in odd-even bromine isotopes. This prediction is well born out
by the measured 3/2 spins end positive quadrupole moments of Br79 and Bral
a337 well as by the 3/2 spin measured3h for Ew77. On the basis of the
Shell Model this same proton configuration would also be expected to hold
for the odd-odd isotopes of Br.

The neutron configurations for odd-odd Br isotopes are not as
clearly indicated. Straight forward application of the Single Particle
Shell Model would, for example, assign the last odd neutron of Br7 ,'BrBO,
Breom, and Br82 to a (18 _9/2) orbital and would predict the same spin
for all these 1sotopes. Actually the measured spins are 1, 1, 5 and 5
respectively. Furthermore other nuclear properties; such as values of
nuclear moments and parities of nuclear'states, glso do not seem compate
able wlith the straightforward single particle approach.

Table 9 gives the spins?S and expected configurationsls
even-0dd isotopes with neutron numbers, N, lying between 4O and 50. These
nuclides have their outermost neutrons lying in the ( g 9/2) subshell
and would thus be expected to exhibit neutron configurstions accessible
to the odd-0dd Br isotopes; In the table each configuration is assigned
g number for the sske of discussion. In the case of Se175, which accord~
ing to Aamodt and Fletcherb’1 exhibits seversl equally plauéible confimura-
tions compatible with 4ts epin and nuclear moment values, all the plausible
configurations are given in the table. It seems logical to assume that
only those configurations which have been observed 4n even-odd isotopes
having neutrons in the ( Lg9/2) subshell (isg.'the configurations of

Table 9) are likely to occur in Brao or Brsom.

1

of some



Table 9

Number Neme N Conf§23§§:20n Spin
1 e (6g/2)"o /2 o/2 -

2 sel? 41 {}pl/g)(sg/g)g} 5/2 5/2

I gel? 11 s /2)5 ] /2 | 5/2

6 ge!? k5 [ty 12 (892 7] 7/2 7/2

S S (CYS [ PV /2

8 @ fleg) Mg 9/2

Configuration Assignment for Br : :

Assuming a {:(fs/g)h(p3/2)5] 5/2-conf1guration for the 35th
proton, the proton angular momentum, Jp, should equal 5/29 Therefore,
since the measured spin of Breo is 1, the total neutron angular momentum
must be 1/2, 3/2, or 5/2. However, since none of the configurations of
Teble 9 lead to J = 5/2 we eliminate this as & poseibility end only
consider configurations leading to J = 5/2 and 1/2.

Aamcdt and Fletcherhl calculated the expected magnetic dipole
mowent, u, for gel” (which is the only isotope of .Table 9 having I = 5/2)
by basing their calculations on each of the configurations nos. 2«h.
Taking the results of any of these calculations as the expected neutron
contribution to the msgnetic moment of Br80 and calculating the
electric guadrupole moment of BrBO based on the corresponding configura-
tion, one always arrives at the conclusion that the u apd Q of BrBO
have opposite signs. This result is contrary to experiment and hence
nekes any of these configurations seem unlikely.

On the other hand, calculations based on configuration no. 5
lead to the values

b (B0
&0 )

2.8% nm

H

Q(pr = + ,0% barns
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if a proton contribution to the magnetic moment given by Eq. (53) 1s
77

used in conjunction with a neutron contribution based on the u of Se''.
If a proton contribution based on the average p of Br79 and Brel 18 used

the values
u(Brao) = 1,84 nm

Q(BrBO) = .03 barns

are obtained.

Hence although not predicting their absolute values very well,
configuration no. 5 at least leads to the correct relative signs of u(Brso)
and Q(BrBO). In addition this configuration, in conjunction with the
proton configuration given above, leads to the known28 (positive) parity
of Brgo and correctly predicts its spin upon application of Nordheim's
Strong Rule. Therefore the neutron configuration [(Pl/g)l(g9/2)%§/2

seens most likely for Brao.

Configuration Assignment for BrBQm:

Again sssuming that J = 3/2 we must now have J_ = 7/2, 9/2, 11/2,
or 13/2, since the epin of BrOOM 45 5. None of the configurations of Table
9 lead to a spin of 11/2 or 13/2 so we restrict our consideration to
J, = 7/2 and 9/2. On the basis of the Single Particle Shell Model (and
on the basis of Table 9) J, = 9/2 would seem most likely. However, a
calculation of Q(BrBOm) assuming T, =.9/2, always leads to & negative
value. This makes J_ = 9/2 seem unlikely, since the Shell Model is
usually quite successful in predicting the signs of quadrupole moments.
Calculating Q(BraOm 80m) assuming configurations no. 6, however,
leads to the values

p(BrBOm) = 1.2 n.m.
om

Q(BrB = ,20 barns

using effective nucleon gyromgnetic ratios.

Hence the calculated p(Brsom) agrees quite well with the

BOm),

measured value while Q(Br although too low is in absolute value,

has the right sign. Tor this reason, together with the fact that this
configuration leads to the known (negative) parity of BrSOm and to the
correct spin (using the Brennan and Bernstein coupling rule no. BBL), we

assign the configuration | (P, ,.)°(g ')7 to the neutrons in Brgom.
1/27 %9/27 J1/2
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General Discussion:

Some known data pertaining to the odd-odd isotopes of Br as
well as data pertaining to related even-odd isotopes of Se areQBgiven
in Taeble 10,

_Teble 10
Neutron Even~odd B Q 0dd-odd i Q
Configuration Nuclide I (n.m.) {barns} Nuciide I (n.m.)} (barns)
b NE 5/2 (0)  +1.1  Brl® 1 (=.55) (+.27)
5 el 1/2 +.5% <002 % 1 (+.51) (+.20)
6 gel? 7/2 -1.02 0.9 BE® 5 41,3 +.75
6 gel? 7/2 -1.02 +0.9 Brsg 5  {+1.63) (+.76)
The results foi Br76 and Br82 were obtained Ly Green, Lipworth, CGarwin
2,43

and the neutron configurations for these isotopes

were also asgigned by these authors. In the cases of Br76, Br82, and BrBo

the relutive signs of p and Q have been well establisghed but the actusl

signs given in the table, although the most likely on the basls of the

data collected, are not definitely known. From this table the correspondences
between a glven Se isotope and the Br isotopes which has the same neutron

configuration is quite clear. Two points are particularly noteworthy of

and Nierenberg

mention,
(2} There is apparently a one-to-one correspondlence in the order
of the neutron level filling in Se snd in Br. This indicates, as
predicted by the Shell Modells, that the presence of the odd proton
configuration (even 1f this has associated wilth 4t a non-zero net
angular momentum) has little effect on the neutron configuration.
(b) The difference in the sign of the magnetic moment {or at least
relative signs of p and Q) of Br76 and Brgo, which at first sight
seems surprising because of the other similarities of these isotopes
(te. 170 = 1(mP); w(x) T wE®); @) = am™)
reflected by a similer difference hetween Se77 and 8675, and is
apparentlv due to radically differing neutron configurations.
Alsc the systemstic trends in Table 10 seem to support the
configuration assigrments and signs of nuclear moments given ebove for

Br80 and Br8om'as well as those glven for the other Br lsotopes by other

. 82
suthors. In particular the positive signs of ¢ and Q for Br seem Very
) ) R & 1051
likely in view of the similarity cxhibited between this isotope and Ir n
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Appllcation of the Collective Model:

Although, as shown above, the Shell Model description ¢f Br8
and Br80m can sccount qulte well for the spins and relative signs of the
nuclear moments, +this model does not give a satisfactory quantitstive
result for the nuclear magnetic dipole moment of Brso» Furthermore the
fact that the Shell Model estimates of the electric quadrupole moments
of both Br8o and Br8om are conaiderably lower than the measured values
implies that collective prdperties might play a significant role in the
nature of these nuclides, even though their mass number of A = 80 lies
far outside the range 150 < A < 190 where collective effects are expected
to be,important,23 This was, in fact, found to be true in the c‘::a.sel"5 of
Br79 80 we should not be surprised to find it also true in the cases of
Breo and Br80m
Determining the Deformsation Parsmeter:

No theoretical calculations have been made to determine the
deformation parameter, & , for nuclides with mass numbers in the neighbore
hood of A = 80. Therefore we must rely on the measured value of Q to
determine this paremeter. Using Egs. (62)-(65) in conjunctlon with the.
méasuxed values of Q for BrBO and Br80m (and assuming the intrinsic single
particle contribution that the Q's to be insignificant conpared to the
contribution from collective motion) the Pollowing values of & are obtained

) (Brgo) = 2k

o T
To these we add the value of d calculated for Br76 by Lipworth et ale'2
& (Br10) = .31 .

The apparent inconcistency of these values, as opp sed to the
almost conétant,values of & found in the mass range 150 < A < 190,
suggests that collective aspects of the nucleus are not well defined in
the hase'range near A = 80 and that the assumptions underlying the above
calculations of B are perhaps not too well foundedQQB‘ :
Prediction of the Spins and Magnetic Dipole Moments of Brao and Breomx

If we accept any value in the range .1 <8 < .3 as a possible
value of & ; the plausible proton and neutron configurations for Brso and
Br8.om are given in Table 11.
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Table 1L
Nilsson Asymptotic wave
Number in ap Parity function
b e i i —— =3
(20 5/2 - + fuo2 +>
Plausible |12 5/2 - < 303 ->
Configura= 30 1/2  ee + 431 >
tions for ,
45th neutron % 1z e B _ |so1 >
21 /2 = * L3 +>
34 /2 - + [b20 +>
Plausible 10 9/z .-+ ok +>
Configura~ 19 e 3f2 j30L +>
tions for
35th proton

In Table 12 are given the various combinations of neutron and proton
configurations which satisfy the zonditions; {8) They give the correct
 spln values using the Gallagher and Moszkowski coupling rules. (b) They

give the correct parity {i.e. positive for Brao end negative for Brgom)u
Table 12
Proton Configurstion Neutron Conflguration
As%mgtotic Nilsson Asynptotic Nilsson Configurae=
Pt Vave Number Parity| tior
Function Number Parity | function umper  Farity Desggnation
Prggable
Br®” Con- {}30L +> 19 - {301 -> 26 - A
figurations
|301 +> 19 - [303 > 15 - B
Probable
BrB0m gon- 301 +> 19 - (413 +> 21 * c
figurations

In view of the fact that all isotopes of Se and Br for which
the sign of Q have been measured possess positive quadrupole woments, 1t
speems quite likely that this is the casde for BrBO as well as for Braomo
Assuming this to be the case a calculation based on configuration "B"
for Brgo leads to a negative value of u; while calculations based on
configurations "A" for Brao and "C" for BrSOm both lead to positive
values of 4. This is the case if any value of & greater than .1 is
used in the calcwlations. Since both u(Broo™) and QBroo®) are kmown to
be positive while u(BrBO) and Q(Brso) are known to have the same sign,

‘assignment of Nilsson asymptotic wave functions; p-|301+>;, n-»|30L =">
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to-BfaO; and p—+}1321 +> , n—=|k13 +> to Br8om seem most plausible. These
are the same configurations assigned made by Gallagher and IVI:oszkcms];d.el'L
without knowledge of the nuclear moments and they are obviously consistent

with the Shell Model asgignments made above.
If Eq. (66) is used to calculate the magnetic moments assuming
various values of %, 1t is found that any value In the range .1 <8 < .2

leads to values of p for Brao and Br8Om which agree satisfactorily with

the experimentally measured gquantities.
15,24

Hence, &s in the case with many nuclides,’ both the Shell

Model and the Collective Model seem capable of describing Br80 and BrBOm

to about comparable degrees of accuracy.
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152 VY T RATY
VIii. THE I EXPERIMENT
A. Introduction

The apin measurement as well ns the original determination of
132

"a" and "b" were done, for I

the machine referred to above as machine no. 1 and the following results

s by Garvtnegs This work was done using

were yeported
I=14

j&] = 566 + 5.0 me/sec
ib| = 67 + 36 mc/sec a/b >0 .

Though the above value of "a" is sufficiently accurate for
testing the Bypplicability of existing nuclear models the value of "b"
is quite crude. For this reason an attempt was made to add more
resonances to Garvin's hyperfine structure data until & resmsonsbly
accurate value of "b" (and hence of the electric quadrupole moment Q)
was obtainable using the "Hyperfine" progrem. The final "a" and "b"
which resulted from this attempt, are reported in this paper.

The experimental techniques and equipment used in extending
Garvin's work were exactly the same as those used by him, and are
described in detall in Reference 25. Therefore, although a brief
description of the entire 1132 experiment is given below, many experi-
mental details are left out which can be found in the above Reference.

B. Isotope Production and Handling

The 1152 was obtained by "milking" (that is, by flushing out
with dilute NHMOH) an I152 generator provided by the Brookhaven National
Isboratory. The I-°°, while inside the generator, was in secular
equilibriwm with its 77-hr. parent TelBE« Hence the whole contents
of the generator decayed with a characteristic 77 hr, half life so that
not much activity was lost during the approximately 24 hrs. necessary
for delivery., Starting with no 1152 present, it took about 12 hours for
the secular equilibrium to be established so that for maximum yield the
generator could be milked ot 12-hr. intervals. From five to nine 1152

runs vwere made using a single generator before the 'I‘elD2 had decayed

1152 activities. The glove~box used for chemi~

too mach to yleld useable

cal separation of the iodine from the INH, Ol solution 1s shown in Fig. ho,
1

An lodine genevator and the arrvangement used for "milking" it arc shown

in this Flgure, mounted on top of the glove-box.
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ZN-2211

Fig, 37. Glove box used for 1132 chemistry,
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After the 12 s been flushed from the generator with 25 mi..

of .OLM NH,OH solution, the resulting liquid was collected within the
glove-box of Fig. 40 and made slightly acidic by addition of K,80). Then
NeNQ, solution was added to oxidize the I to its elemental form, which
was ;hen extracted in CS,. Next a predetermined quentity (40-100 mg)

of stable iodine carrier, which had previously been dissolved in CSQ,

was mixed thoroughly with the extracted radiocactive fodine and the
composit 082 solution was evaporated to dryness by pumping upon the surface
of the liquid. Finally the small spherical pyrex flask, vwhich at the
conclusion of the evaporation process containéd dry crystals of I132 and
stable iodine, was removed from the chemistry glove-box and transported
to the atomic-beam .achine.

The whole chemical separation procedure was performed es rapidly
as possible first because of the short 2.3 hr. half life of I152 and
second because of radiation level outside the glove-~box was usually 200-
300 MR./hrb and speed was necessary to avold excessive radiation exposure.
The procedure usually took less than thirty minutes snd at its conclusion
the activity level at the surface of the sample containing flask ranged
from 5«20 R./hr, depending on how many times the 1132 generator hed been
used,

C. Beam Production and Charascteristics

Inside the atomic-beam machine glove-box the flask containing
the iodine sample was ettached, by means of a ground glass coupling, to
the thermal dissociator assembly that 1s shown schematically in Fig. .
This assembly consists essentially of glass fittings necessary to
accommodate the {odine flask, a brass mounting plate, and a heat shielded
platinum tube. The dissociator was always mounted and lined up optically
prior to introduction of the lodine sample.

After it had been cornected to the dissoclator;, the interior of

the sample flask was roughed down to & pressure of less then .5 micron
by means of a small mechanical vacuum pump operating through the three
way high vacuum stopcock shown in Fig., 41. Finally the stopcock was
reversed in position and the flask opened directly into the oven chambéer
of the beam machine.

For each run a useable atomic 1odine beam was obtained by
allowing the iodine vapor, produced by sublimation at room temperature
of the solid lodine contained in the sample flask, to effuse into the
beam machine through the platinum tube of the thermsl dissociator.
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f To mechanical
vacuum pump

Electron- ST
bombardment filament [ii

Platinum ‘ube

Copper v -
mounting plate S g =
S . Iodine flask—

MU.27393

Fig. 38. Thermal dissoclator assenmbly used for 132, .
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Eighty- Ninety percent dissoclation of the I2 diatomic molecules was effeét-
ed by heating the tip of this tube, through electron bombardment, to a
temperature of about 900°C. The iodine beam was collected on silver
plated stainless steel "buttons" such as were used during the early bro-
mine experiments. By the above method full-beam counting rates (after
two minutes of beam exposure) ranging from 500-700 counts/minute were
obtained while beam life times were frca L 1/2 to 3 hours long, depending
on the amount of stable lodine carrier used. Throw-outs of .80~.8% were
usﬁal and the normal I132 resonance signal to,/baCkggéggégwas about 3/1,
D. Hyperfine Structure Determination; Data and Results
Including Garvin's resonance deta, a total of sixteen AF = 0,
Am? = + 1 transitions were observed in Il52 at mognetic fields ranging
from O - 347.7 gauss. As indicated in Fig. L2 the observable AF = O
transitions for I = 4, J = 3/2, and normal ordering of the zero field
hyperfine levels correspond to transitions between the following low

field quantum states
o = (11/2, ~7/2)=>(11/2, -9/2)
B = (9/2, -5/2) == (9/2, -7/2) .

The eight o transitions and eight B transitions observed were

4t satisfactorily by "Hyperfine" using these level assignments, so that

132 can be assumed.

normal ordering of the zeroc field hyperfine levels in I
132

Figure 43 shows the two highest field resonance lines traced out for I
while Table 13 contains all the resonance data that was gathered ss well
as the best values of "a" and "b" determined by "Hyperfine." Doubling,
as usual, the errors given in the table, the following final results are
obtained

la] = 567.6 + 2.6 me/sec

Ibj = 128.2 + 20.6 mc/sec

b/a >0 .

Comparing these results with the values obtalned by Carvin, it
is noticed that the quoted error in "b" has been reduced from 54% to
about 16%. The fact that Garvin's "b" value does not agree, to within
the given experimental errors, with the "b" quoted in this Section,
though somevhat disturbing, is not too serious when 1t is noted that he
used only one standard deviation (that 1s the value quoted by "Hyperfine")
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Fig. 39, Schematic energy level dlagrem for J = 32, I =14

(normal ordering) .
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Table 15. I'°° Rescnance Data and Fimal Hyperfine Output

Sign of g; is not determined
&) = 567.6 + 1.3 mc/sec a/b >0 % = 13.7
b} = 128.2 + 10.3 mc/sec

g:? mZ%sec gagss g&ﬁs mcx/?giec mcL/}:gc B::"}izl Fl’ Ml F2 M2 g:i%h;:
1 5.0 6.915 2006 3.570 028 .03 1/ =7/ 11/2 -9/2 1256.6
2 10.0 13.h01 006 6.880 .020 020  1fe -7/2 11/2 -9/2 2435.8
3 20,0 = 25.39 .01 13.020  .016 -.008 11/2 7/ 1if2  -9/2 34416
b 40.0 46.08 .02 235.840 .020 .028 1/ -7/ 112 -9/2 '2003.8
5 95.0 89.687 .008 k7.070 062 034 11/2 -7/2 1i/2  -9/2  258.8
6 250.0  173.74 .01 93.800 064 079 /2 -7/ 11/2 -9/2  2u41.8
7 5.0 6.915 006  2.250 023 .023 9/2 =5/2 9/2 -7/2 1873.6
8 10.0 13.ho1 006  4.350 018 005 9/2 5/2  9f2 7/2  3046.1
9 20.0 25.39 01 8.290 030 - 009 g9/2 o5/2 -9/2 <7f2 1093.6
10 40.0 4,08 02 15.320 050 .000 ofe -5/2  9/2 =7/2  393.3
11 95.0 89.687 008 30.800 062 - 089 9/2 =5f2 9f2 <1/2  259.5
12 250.0 173.7h 0L 63.850  .06%  «.085 9fc -sf2  9/2 -7/2 242.8
13  500.0 278.80 09 111.300 450 200 9f2 <52 g9f2 -7/2 k.9
1 500.0  278.80 .09 155.700 140 -.0%6 11/ -7/2 11/2 -9/ kk,0
15  750.0  374.70 .15 215.800  .200 o221 /2 7/2 11f2 -9/2 20,2

750.0  31h.70 .15 160.200 .100 +,082 9f2 -s5f2 - .92 =7/2 60.0

B

61~
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as the probable maximuwms experimental error in his results. In this case
gtatistical considerations indicate that there is about a 30% probability
A1 If, on
the other hand, two standard deviations are used as the probable maximum

that the actual value lies outside of the error limits given.

experimental error (as has been done throughout this paper) the probabil-
ity that the actual value lies outside the quoted limits 1s reduced to .
only about 5%. To detérmine, then, whether a serious experimentdl
discrepancy exists between the "b" given in this Section and the previous-
ly determined value, the error quoted by Garvin should probably be doubled.
When this is done agreement is reached between the two reported values.
E. Calculation of the Nuclear Moments

Nuclear Magnetic Dipole Moment:

When the a(IlBQ) quoted above 1s used in conjunction with the
known 1127 date given in Appendix A, an uncorrected value of

132

w (T°)

is obtained using Eq. (26). Then, applying the diamagnetic shielding
correction factor glven in Appendix B one arrives at a corrected

=+ 3,06 (2) mm  (uncorrected)

magnetic dipole moment of
w(r?) - + 3.08 (2) nom (corrected) .

Before Eq. (28) can be used to perform en alternative calculae
tion of u(IlEB) some value of Z, must be assumed. Barnes and Smithho
~ have suggested that Zi = 48 is reasonable for iodine while Landeuh and
lVIura.lr.'awa.,u5 have recommended values of Zi = 49 and Z1 = 50 respectively.

Using Z, = 49 Eq. (28) gives

u(Ilae) =+ 2,55 nm (uncorrected)

vhich does not sgree very well with the result obtained above, Furthermore
1f 1t 1s assumed that the uw(I'°2) given by Eq. (26) is correct, inversion
of Eq. (28) leads to a value of 7y = 58.8. This result is clearly
physically unreasonable since it would mean that the charge seen by the
valence electron {or in this case, hole) while inside the c¢losed electron
shells 1s greater than the total charge on the 172 pucleus (z = 53).

The resson for this apparent fallure of the simple theory can
be explained, as suggested by Murakawahs, by assuming that the lowest
iying 5 52 5 ps-configuration of iodine is perturbed by the 5 8 5 p5 68
confizuration. This could have the result of lowering the observed
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“a(IlEQ)” to a value quite a bit below that which would result from a
pure 5525 p5 configuration and might, therefore, explain the discrepancy
mentioned above. Koster)g showed, through a detalled calculation for Ga,
that a configuration interaction of this type, while having considerable
effect on "a" because of the unpaired s electrons of the excited con-
figuration, would be expected to have little effect on the value of "b".
Also, since s electrons do not possess orbiltal angular momentum, the
fine structure separation & would not be changed.

Nuclear Electric Quadrupole Moment:

If, as suggested above, configurstion interaction is8 present in
the case of iodine, using Eq. (25) to determine Q(Il3?) would be expected
to give too large a value because of the suppression of a(IlBe) by the
admixed configuration. Koster suggested that the most accurate, simple,
way to determine Q in thie case 1s to use expression (27) for & to
eliminate the < r™> > term from Eq. (24). This equation can then be
rearranged to yleld an expression for Q in terms of b(IlBe) and 8 both
of which are quite insensitive to the configuration mixing. This technique
gave values of Q for Ga69 and Ca 71 vwhich were wilithin 1% of the values
obtained by means of Koster s detalled calculation snd was also employed
with success by Murakswa b5 in the case of I 27. Taking Zi = 49 and using
the b(IlBQ) determined above this method gives, when applied to 2

Q(Il32) =+ 0.075 (15) barns  (uncorrected)

a 4% probable error in 7, is compounded with the 16% error in b to give
the uncertainty in Q(Lu % m) quoted above.

Although (as in the case of BrBO) the algebraic signs of p end
Q are not established by the experimental data of Table 13, Eqs. (23) and
(24) show that since a/b > O these moments must have opposite signs.
Annlysis in terms of the Single Particle Shell Model strongly indicates,
however, that p is positive while Q is negative (see Section F).

F. Discussion of 12 Nuclear Moment Results
Application of the Shell Model:

The fact that the nuclear electric quadrupole moment of I - 1s
quite small ( Q = .075 barns) implies that the deformation of this
nucleus is also small and consequently the Single Particle Shell Model
should be suitable for discussion of its properties.

Straightforward application of this mod.ell5 assigns the 53rd
proton of I 152 to a 5g7/2 orbital, while the filling of the rneutron

levels leaves a single hole 1n the Sdz/q subshell. These canfiguration



142~

131 and

assignments are supported by the measured spins (I = 7/2) of I
1135, which have the same number of protons as 1152 but one less and one
more neutron respectively, and by the measured spin (I = 3/2) of Balﬁs,
vhich has the same number of neutrons as 1152 but an even number of
protons;25’h6
Assuming the above neutron and proton configurations to be
correct, the neutron contribution to the total angulsr momentum of the
12 nucleus (Jn = 3/2) and the corresponding proton contribution (Jpn 7/2)
must vectorially add to give the total measured spin of I = 4, This s
clearly possible since J + JP >I>1d - JP@ » TFurthermore since I = &
= Jn + Jp = 1 Brennan and Bernstein's Coupling Rule BB3, which applies
to the coupling of holes with particles in odd-odd nuclei, holds in the
case of 11525
Calculation of the Nuclear Moments:
Using the configuration above, Eg. (55) gives for the Shell Model

prediction of the 1132

w(T

Although this does not agree too well with the experimentally
determined value of M(Ilﬁe)exp = + 3,08 nm, much better agreement is

gbtained by assuming, as Schwartz has suggeeted,eO that the proton
152 is equal to the average

nucleaxr magnetic dipole moment

l52)calc = 4 251.2 nm [

contribution to the magnetlic moment of I
magnetic dipole moments of 1151 and 1135 while the neutron contribution
is equal to the known magnetic dipole moment of Ba135¢ A Shell Model
caiculation based on these assumptions leads to the value '

132
“(I )ca,lc = '9'3000 nm °

A calculation of the nuclear electric quadrupole moment of
on the basis of Eq.(56) gives

(2

for the Shell Model prediction. This is in fair agreement with the
experimentally determined value of Q(IIBQ) = + ,075 barns.

Although the experimental dats given in Table 13 is not
capable of giving the algebraic signs of u(IlBE) and Q(Il§2) but can
only establish that these signs are opposite, it seems very likely that
the sign of u is positive while that of Q is negative. That such is
the case ie impiied by the following facts:

I152

) = =.05 barns
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(
The Shell Model 1s capable of predicting the absolute values of
i and @ quite well and indicates the u is positive while Q is
negative.
All odd-even isotopes with I = 7/2 and mess numbers in the
neighborhood of A = 132, for which these moments have been
messured, have u positive and ¢ negative.28
All even-odd isotopes with I = 3/2 and mass numbers in the
neighborhood of A = 132, for which these moments have been
measured, have i positive and Q negative.28
Csl3u, which has 79 neutrons and 55 protons (differs from I
by a pair of protons only) has I = 4 (as does 1132) and u(Cs

132
15k,

cm 42,973, This magnetic moment is very close in absolute

megnitude to that of I+ 2

Shell Model) and has a positive algebrailc sign.

(as it should be on the basis of the
' 7,48
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VIII. APPENDICES

Appendix A
A 1ist of pertinent known data for all the 1sotopes used elther
for nuclear moment calculations or in conjunction with the "Hyperfine"
"I.B.M. 704 computer program, during the course of the work reported in
this paper, are given below. All nuclear moments quoted are uncorrected
for diamagnetic shielding and core polarization. The data sources are
also indicated.

K27 (3= 1/2) Reference
I=3/2 (%9)
Dy = h61.719690 (30) mc/sec (50)
up = 0.390873 (13) nm | (51)
gy = ~2.00228 (2) : (1)

w'? (5 = 3/2, 5/2)

I=7/2 (52)
a(2D5/2) = 194.3316 (4) mc/sec | o (30)
b(%3 /a) = 1511.4015(30) me/sec (30)
a(2D5 /o) = 146.7790 (8) me/sec - (30)
b(gDs 7o) = 1860.6480(80) me/sec (30)
py = 2,211 (10) nm | (53)
Q = 5.68 (6) barns (30)
g5(°Dy ) = -0.79921 (8) (30)
gJ(2D5/2) = -1,20040(16) (30)
5 = 1993.92 cm™* o (59)
| Br'® (3 = 3/2)

I=3/2 | (37)
a = 884.810 (3) me/sec (37)
b = ~384.878 (8) mc/sec (37)
¢ < .000L me/sec _ (37)
Wy = 2.00991(10) nm (38)
Q = 0.32(2) barns (37)
gy = ~1.3338(3) i} , - (1)

5 = 3685 em™r (58)



. 81

B~ (J = 3/2)
I=3/2
a = 955.770(3) me/sec
b = =321.516(8) mc/sec’

Wy = 2.2595(11) nm
Q = 0.27(2) barns
gy = =1.3338(3)

& = 3685 emt
1275+ 3/2)
= 5/2
a = 827.265(3) me/sec
b = 1146.356(10) me/sec

Wy = 2.7937 (4) nm
Q = -.79(3) barns
gy = ~L1.333977

& = 7603.15 em™

Refercnce

(31)
(37)
(37)
(38)
(37)
(37)
(58)

- (55)
(5%)
(54)
(55)
(45)
(56)
(57)
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Appendix B
Tabulated below are Relativistic Correction Factors, Diamagnetic

Correction Factors, and Core Polarization Correction Factors for the
elements considered in this paper. The Relativistic and Diamagnetic
.Correction Factors are all obtained (by interpolation when necessary)
from the tables gilven by Kopfermann in Ref. 5. The Core Polarization
Correction Factors are taken from the table given by Sternheimer 4n
Ref. 6.

Atomic Effee- Relativistic Correction Diamagnetic Core Polsriza-
State tive Factors Correction +tion Correc-
Element J L Change Factor tion Factor
Zy F(J,Zi) H(L,Zi) R(L,J,Zi) K c
Lu 3/2 2 51,5 1,0580 1.0190 1.1625 1.00827 1.107
3/2 2 57.2 1.0722 1.0236 1,2046
5/2 2 51.5 1.02k5 1.0190 1.0482
5/2 2 57.2 1.0303 1.02% 1,0598
Br 3/2 1 3L.0 1.020% 1.0231 1.0500 1.00309 1,040

3/2 1 32.3 1.0221 1.0251 1.0453

1 3/2 1 49.0 1.0522 1.0603 1.1084 1.00548 1.029




-147-

Appendix C
Determination of "“2" and "b" from 3rd order perturbation theory:
From Bq. {(42) we have

- = B .°'°o""_,
HeaT Faob 3T » J)+ 3f2 1 °J - I(I + 1) J(J+1) f-sg“g

(] J
2I(21-1)3({2J-1) R
B H
(in wnits of mo/sec) -2y & I, (1A)

For smunll values of H this equation can conveniently be

written . _
HeH,+ W (24)
vhere - = o
- - 3(L ° 3)% 3/2 (1 ¢ J)-1(1+1) J(J+1)
Ho=al.J+0 21(21-1)J(27-1) (34)
! “@H 7] H 14 H
oy . Ceniusets ™ &) =~ am
He gy 5 I, 8 £ I,= g - T

Using 3rd order perturbation theory the approximate energy of & level
specified by I J F m, {referred to as n below) is given ‘bye

W(n) = ¥(n) ¢ wi(n) + W(n) + ¥(n) (ua)
vhere |
Wwo(n) =<nlH, b
wn) =s<nlH' Jn>
W2(n) s T <alH' | m><miN' | n> (54)
m Win) - Wo(m)
w}(n) L g alH' ' m><mlP' ] ©<&kIH' | <@\H' | >

¥ m [Wm) - W) [¥0x) - vO(n)]
, i<l H | om> |

= P W) 2

2

vhere the primes on the summations indicate that the m{or k) = n terms
are to be skipped.
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If we define ,'
o o
W(n) - W(m) =

nm
Fa=,I+J
F5==I+J~l
Fy=I+J~2

(6A)

ol
} initial and final mF”a for a transition
m
of

Moy
mﬁ } initial and final mF“s for B transition
f

Ava = shift of a transition frequency from the linear Zeeman

prediction
AVB = ghift of B transition frequency from the linear Zeewan

prediction.

Eqa. 2A-5A and the matrix elements evaluated in Ref. 8 give for atoms
with observable & and £ transitions

J“ He
o = )VUFF [ EF, m,) - E(F,m,) ]
o'p

g H 3 ,
Ty LX) Ty n(e ey Bepmy) T

o
| rg) (1)
o = it H )2{E(F o) By my) BT ,mﬁf)-E(Fﬁmai) }
7, o'p FﬁFr

8J“o ) [D(F )=D(Fg) J

{ Mge E(Fgslge) = Mg E(Fﬁ’“bi)‘g

Eyh H 3 -
FCX Fa

vhere
J(I+1)-T(I+1)+ F(F+1)
D(F) = SF(FFL)

[Pl ] [F - (-12] [a+101)? - T
b (4F2-1)

E(F,mn) =
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and slso using Eq. (19)

- 3/% K(K+1)-I(I+1)J(J+1)
WIEng) = 5+ 2 T s (ar) | (98)

If v, and Awﬁ are known Eqs. (7A) and (7B) can be solved for
EJF and v » These expressions can then be'expressed in terms of
no® P g 7 "p" using Eqs. (6A) and (9A). Finally the resulting
similtaneous equations for "a" and "b" can be solved to yleld initial
values for use in "Hyperfine".

Equation (6A) expressed as

S v = W (1IF) - WO(1IF")

serves to define the "hyperfine structure separation” of the levels

specified by totel angular momenta F and F',
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