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ABSTRACT
The triple-loop techniQue of atomic-beam magnetic resonance has
been used to determine the magnetic moment of plutonium—239 direétlya
The final measurement was cgrried ou£ at a magnetic field of 720 gauss

and the magnetic moment was found to be

uI = + 0.200(4) nm (corrected). R

ﬁhere the sign is méaSured to be pgsitive-

Hyperfine—structﬁre measurements on plutonium-24l and tungsten-185
'aﬁd:tﬁngsten-187vwere atteﬁpted. iThese experiments involved the observa-
tion of fourj»and six-quantum'transitions.bécéuSe‘of the in&erted 1efel
Orderingiwhich was caused by the unusuaI1y large v§lﬁes of the quadrupéle

moments of all of these isotopes.
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I. INTRODUCTION
Of the many ways to study nuclear structure,‘the atomic beam experi-
ment is capable of giving the least ambiguous_results'because of the |
reletive'purity of an enrircnment over which.one has n hién degree of

control. There are no crystal fieids, no nearest-neighbor interactions,

and few coiliéicns at the‘high'vacuum used.

' The use of a calibration isotope for which atomic and nuclear con-

stants are well known; and highly accurate frequency measuring devices

combined with the possibility,.under the right circumstances, of observing5 
'narrow linew1dths, results in the opportunlty of measuring nuclear and

atomic constants to a hlgh degree of accuracy; The trlple loop technlque o

J

prev1ous1y were not observable in atomic beam experiments even though

the transitions are permltted*by the strong-field selectlon rules.

The nuclear constants of Pu 39 have been the subject. of mea surement

" since 1954 when Vanﬁden Berg et al. measured the nuclear spin and found

it to be 1/2 (VAN—5%) Also in 1954 the magnetlc moment was inferred

from a paramagnetic resonance experiment by Bleaney et al. to be * O. h(2)nm

(BLE-5N).‘ In 1958, Marrus et al. measured an extremely small value for

the hyperfine-structure constant,~Aw, ofv5.2 MHz, and inferred fromvtnis

-va'small moment of 0.02 nm (HUB-58). Champeau, Gerstenkorn, and others

have obtained, since 1960, better and better values for the hyperflne -
structures of many of the J states in the spectrum of Pu-I and Pu-TI by
optical spectroscopic techniques (CHA-60) (GER-62), from these hfs values,

Bhuche and Judd were able to predlct (BAU 6&) that the magnetic moment -

of Pu 39 should be

s

w4

makes possible the observatlon of Am .;i 1, Am O transitions that '{ngg=
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wp = 0.17(4) nm (theoretical;hfé) ..
The directly measured value of p, = 0.200(4)'nml(experimental;corr.)l

'

is within the limits of error set by their calculation.

The,values of the nuclear electric'quadrupole mbmenﬁS‘of_Pu

2kl

and . .

of W]'B5 and W187_are 50 iarge that the only observable tréﬁsitiops were
four- and six-quantum traqsitions whose transitioﬁ)probabilitigs\decreased
50 répidly with 1ncfeasing field thatlnq appreéiabie splitting from the
Zeeman frequepcies wa.s observed beforé'thé rqsonances_disappeéred-' As

& result, the:hyperfine éeparations.of thése three isq£opes.cou1d not

be obtained.

Table I-I. Other measurements of Pu-o-.

‘Nuclear nioment

Group . i Spin values (mm) , 1Reference
Van den Berg et al. =~ - - 1/2 | VAN-54
Korostyleva et al. R V/- I ,.;_ E ,f”v |  KOR-55
‘Bleaney et al.". ) S B : ;0.&(2)' . _ ‘ BLE-5”
Bubbs et al. Co 0.021  ° HuB-s8
’Champeau:& Gerstenkorn - ' ‘ - 0.27(6) ' ' CHA-60
Gerstéﬁkbrnl“. : o o . '0.21(6) o | GE§-62 .
Korostyleva. | . | e "0515(h) . ‘KOR-62:
Berthelot . ; 0.207(33)—_'_‘; © BER-63 "

Koroétyievar S : .‘  - "0.19(h)”. ' o KOR-66




.
'
o
i
.
\
'
o
i
i
i
1
1

120
¥
i
i
-t
i
t

H Z-{p +-U ( ) e Ly e, U, (r ) + g(r ) zi ;} + Hr + H

_3..

II. THEORY

‘ A. Introduction

The theory of atomic and nuclear structure requires solving
Schrddinger's equation for a Hamiltonian that includes terms for all -
the interactions‘in which.either one is interested, or one cén'think

of as being applicable. Since most of the terms of-the Hamiltonian'_

are either quite complex mathematically, or not Separable,_cr bbth,

one muéﬁ usually'resort to some kind of perturbation theory in order
_to get values fcr observable energies to any reasonable accuracy.
"Resort" is perhaps not ‘the proper word to uSe, since the resulﬁs of

using perturbatlon theory are often extremely accurate.- The procedure

is to use some "simple" Hamiltonian whlch is separable in the coordinates

. Qf interest, find eigenenergies and eigenfunctions for this Hamiltonian,

and use these energies'and functions as a. zero-order starting_point.
Then>one assigns to anyKChange in the energy or'eigenfunction a ccntihu#
ously,rarying parameter which corresponds physically to "turning on" the
perturbation, puts thev"perturbed" energies and werefﬁnctiqns back into
lthe Schr6dinger eqﬁation, and>finelly'solves’fer fhecpertﬁrbatidn_energieS.’

and wavefunctions in terms of their zero—order vaiues andvthe:initial

' conditions- This procedure is carried out for all 1evels of perturbation,;'

- by use of the results of the previous calculatlon as zero—order solu-

tions (CON-35).

B. Atomlc Spectra

. The Hamiltonian of a free atom in a magnetic field is

r >i r :
T 1 (II 1)

. .__v(Ho * Heo+ Ho + ‘ths + Jim ; (II'—2)



#5 N % {;5 ¥ U1(£1)}-':  . :n (11-3)

is the spherically symmetric approximation to

'I? > ‘ ' - '
b {__1. . Ze_ + 2 L?} , (11-4) S .
i (em ry 31 rij ) : , u

and gives rise-to the zero-ordei energy levels of_the'atom. These levels
have an energy characterized by n and £, the principal quantum number
and the orbital quantum number-fespectiVely- The perturbation which

- gives rise to the "terms" of optical spectroscopy is

H =Z -Ze—2+ z —?E-U.‘(r')} '. | ' (VYII-5)

L ;%1 ) 4y - (11-6)
gives rise to the fine*structuré levels; hhfs.and'ﬁh gilve rise to the

‘hyperfine ‘structure levels and the magnetic field effects respectively.
 Whéﬁ'(Ht >><Hfs the ihdividual gi'é and Ei'S'Of the electrons
couple to a total L and a total § which then couple to form J. This is
~called LS or Russéll—Saunders.coupling; a condition whichlobtains‘fof.

- most lighﬁ elements and at least.approximateiyvfor many heavier ones.

When H__>>H_  the individual 4, and g, -of each electron couple -

~1
directly to an individual ji’ whereupon all the ji's couple to J of

the atom. This is called j-j coupling and it is characteristic of some
heavy atoms and of nuclei in gener&l- - o o o  { - .

'Usually' th <<(H ‘or ﬂ' : Then the dlfferent energy levels ' :f:

associated with different J values are far apart J is a good quantum'

number and the hfs separatlon Aw is ea31ly calculated

NI



_5_

Application of the fine-strucfure perturbation splits each term
intd (2s + 1) or (2L, +:1) levels, whichever number is Smallér. The
hyperfine-structure pérturbation in turn splits each of these J levels
into_(éJ + 1) or (21 + 1) levels, whichever ié smaller. Theseblevels
are characterized by values of F. The application of . a magnetic field,
which is the only truly controllablé perturbation discussed sé far,
further splité‘each of‘these levels into (2F + 1) more‘levels charaéten—
ized by Values.of mF.  A schematic_diagr&m showing.relative enérgy split-
tings and.degederacies i1s shown in Fig-‘II-l- Figure II-2 shows fine,

hyperfine, and magnetic levels more closely to scale, to illustrate the

degree of‘inequality in the strengths of the-varioué'perturbation terms.

C. The hfs Perturbation

For the case I or- J <1, H which, for diagonal matrix

nes = - Kriys

elements, can bé written as al'J, where |
a=L (11)y | 11) (30| B. ] 30)
1J Rp! el

~J
to J, and Ky has the same relationship to 1 (CONr35,-p,-59).

 This separation‘can_be.dohe because H is a "T"-type-opefator>with respect

(legI‘II) = pi; the measured magnetic moment, ﬁhergas the matrix
: element, (JJIEJIJJ), depends on"ihe coupling rule for fhe electronic

angular momentum vectors. TFor a single non-s electron, -

exXr - 3(wdE -(H%)
3 L

H. = +
~J- ' GI‘3 ) r
24 2 e -
=-n, 3+ —3 [g- 3(s:B)F] (11-8)
r r ) -

~‘where v is the veloclity and T 1s a unit vector in the direction of r.



Energy

«—(2J+1)-fold , degenerate

~(2F+I)-fold
‘degenerate

Fig. II-1 Relative energy splittings and degene‘racies.»'

MU=-21487
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- For the case of many equivalent electrons, the matrix elements have

been evaluated  (HUB-58) to be

(LSJ?JIEILSJmJ)'= (LSJ“Q“LSJ)(Aik.Q/jQ) .

The constant A can be evaluated for a level 7F& of the configuration
(5f)6 to be
u . _ o
, 't o2, -3y [J(g + 1)+ 58] : )

‘foxl'.pur‘e. LS .coupliﬁ'é_ (MAR-60). When neither (Ht. << ﬂfs :no.r' 'Ht >> tﬂfs‘,"
one has neither j-j nor LS coupling; the wave functionsvare ﬁixtures of
wave funétions between LS énd j-Jj functions. In this case A(J) is altered
by an amount equal to the fatio of the matrix elements of the sum‘of o
numératorsiof'Eq. (11-8) (for each elec£roh) betweén.the real (mixed)

- wave functions and the pure LSwwave functions. The effect of this is

to multiply A(J) by a factor P(J), which is a function of the particular

mixing wave functions and their expansion éoefficients (BAU-64).
L ’ i .

' D. Configuration Mixing and Core Polarization

Bécause s electrons have a vefy large probability of being near

_the nucleus and having a lérge interaction with it, even émall admixtures -

of s-wave functions will have a large effect on the value of A(J) (JUD¥63).”

For an s electron the Hamiltonian (iI-?) vanishés and it must be repléced

with a & function (which of course vanishes for non-s electrons):

oo _ 2 '@f E . ~_'?
Bi(s) = - & g} 3 z 5<£i)§i' .. o (11-10)
The s electrons interact with the 5f electrons in the unfilled shell by

" means of the term eg/r in the Hamiltonian (II-5). The contribution:

19

to the hyperfine structure of an electron originally in the shell (ns)e;

~ which is excited into a higher s.shell.(nfs); leaving (ns), is-

;
i
!
?
§
¢
3
¢
5
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v, (0¥ . (0)
TW(ns, n's)

. , 2
M =201 - gg) %; (24

o (II-11)

Egi) Z R3(5fns, n's5f)
n . i

where the Slater integral,'which determines the mixing, is R3(5fns, n’s5f),
and W(ns, n's) is the energy difference between the two s levels.
Actually the sign of the correction calculated in this way is wrong 

for the most obvious mechanism to change A(J), that is, to excite a (7s)

‘electron to an (8s) shell (MAR-60). If other mechanisms are tried, stch

as (7s) to (9s) or (10s) the contributions are also of the wrong sign -
although small; (6s) or (55) to (8s) would give contributions of the
correct sign, but ﬁhe magnitude is much tcc small because of the large
value of>W(6s, 8s) in the denominator of (II-ll) (BAU-64). Watson and
Freeman have shown that the spln den31ty for s electrons in a filled
shell is dlfferent for the two electrons, one of which has mS = - l/é,
the other msl= + 1/2 (WAT- 60) The net spin density at the nucleus
is not Zero end the paired s electrons1ggé contribute to the'hyperfinel

structure.

E. Magnetic Field

The interaction of the external magnetic field with the magnetic

moment of the atom is

m

M- (-.gL’— wg)Ho . e . (11-12)

(II-lg)f

e (kgL'+ §gs)'Hext
ﬁi is not dlagonal in the IJ,m ) scheme, but it is in the lm mL) schemeﬁ
However, the off- dlagonal elements .in the lJ,m ) scheme are proportlonal

to the field ‘and are small for very lOW'flelds. " That is, for very low

fieldé; Q'ahdﬁﬁ couple to J to a high degree of accﬁracy and the matrix

' ofcﬂi is "nearly" diagonal.
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.The nucleus does not contribute mﬁeh magnetic moment, but. the amount
of.anguiar momentum contributed is on fhe same order as thaﬁ of the- |
’ electrons. The effect of considering the nuclear angular momentum can

be seen 'in the energy levels calculated at low fields. The Hamiltonian

2 |
ﬂm (- LS &i).gext

- n (JgJ + IgI)

-0

~ext (II-lh)

is notvdiagonal in the IFmF) scheme; however, the off—diagbnal terms are
small for very low fields and can be ignored. The diagonallmatrix

eleménts are

[Fgr + 1) + J(J + 1) - I(T + 1)
" Mo SF(F + 1) &5

<FmFI' gJ 5 ¥ gI.Iz)HzIFmF) - .
e uee s o

- - gf“onmF

o+

i

Since. gI'<< 8y» We find that-

- M1+ 1) o (I1-16)

and the energies are different for each differeet_F level, with a linear
field'dependence proportional to the field timee the‘eomponent of totel
angular momentum F elong the field. The preportionelitylfacfof is gJ
times a function of.I, J, and F, insteed ef jus£ gJ-

The off-diagonal terms in the ImImJ) scheme are zero and ﬁ

diagonal, with matrix elements f

2 —-—‘g - . . -
(mImJI |mImJ gJ“o A L S - ()
which are linear in the field. These ﬁwo formulae, (11-15) and (11-17),

allow one to draw a qualitétive plcture of the fieid dependence of all



l\,

. ®

-11-~
the energy levels»in a given F multiplet.' An additional rule which is
helpful in making the diagraﬁ is that lines of the same value of m, can

never cross.

A quantltative descrlption is much harder to obtaln at 1ntermediate
fields when none of the matrix elements is small in either representatlon.
A Hamiltonian matrix which is (21 + 1)- or (27 + l)-dimen51onal (which-

eVer is'émaller) must be diagonallzed. ‘This is not possible dnalytically

when I and J are both greater than 1/2 It can be done numerically, and

a computer program,_F2-9h, has been ‘set up for the IBM 709hkto do this.

For the case in which I or J = 1/2 (as in P37, 1=1/2, =1, 2)
the matrlx is two dlmen81onal and the equatlon is quadratic An enalytic
solution is called the Brelt Rab1 formula (BRE 31)

WAV hAv x 29/2

(. ) = ;v - + 2 T . -
W(F,M) = - 557 1) -8I“oHM =2 (1+ 37 1t x ) v‘(II 18?

x = H(gI.' 8J)u /hAv  for "V(J - 1/2)

The positive square root is for the value of F=1 + J,'the negative'

for F II - JI- For I 1/2 1nterchange I and J everywhere in the

above_formula. A diagram of the energy levels for a system w1th

I =1/2, Jls_l is g;ven in Flg..II—3-

F. Second-Order Effects

The values of the energy levels used to determlne A and gI are

-affected not only by the levels of the same m from the other F levels'

F
in the‘same F multlplet,.but also by the levels of the same My from

different J levels in‘the'same.multiplet|end J levéle arising_froﬁ other

configurations. The amount of perturbation can be calculated by second-

>order perturbation theory, but it is a difficult Jjob to do in detail.

Order-of-magnitude estimates are usually sufficient. The correction to gy is
) ‘ ’ : | _ | v : 7
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BREIT -RABI DIAGRAM
FOR Jsl, Isl/2

m;=-4
. mx'l * o

Fu3/2
F=l/2 =

: u;,IO

Mx'* ,mag-'

MU-13889

Fig. II-3 Energy levels for P in & magnetic field. .
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| Qwhfswhag » ' o '
co ' o ANgop H = NEETL ’ . (11-19)
o . : . I o] EJ EJ

-where EJ ¥'E& is the energy difference between the two J levels con-

- ) | cernedf W = Am, énd Wﬁag‘= gJ“onJ'_,The gorre§tion to A is
I X S o o 2 2 g | L '

where

rg=EEXL) - I(I;l) - J(g+ 1) (11-21)
Both of these corrections were much smaller than the uncertainties

 involved in thé'ﬁiﬁtéhium experiment .

 vG1 Nuclear Structﬁre
As nuclei become heébier,_gollectivé effecfs_become:pronounced.énd
b’the'sheli.model_povloﬁéér givesdén“adequaﬁe deécfibtién'of.nuclear pro%
‘p.ertie“s.v The ""Colle'ctiye' M_od'el" of Bohr, ‘.Mottelson, and Nilsson (BOH-53,
MOT-59, NILF55) has beeﬁ'proposedffor.heavy nuclideé that do not follow |
shéli—model prédictiOné) Nuclides'déscribed by tﬁe collective model havé
vé lafgér‘set of anguiar‘mOmentum Quantaﬁ‘numbers é§chiated with a more
vcomplex set of motions that can inclﬁde vibration and cofé fotation.
Figure II;h is a diagfam of the angular momentum couplingvscheme
_for déformed”nuclei, showingrthe relatibnship‘bétweenmthe'total nuclear
» #nguiar mémeﬁtum, i, and the vectérs ﬁ, g,Aana R. Here'ﬁ.and s ére_the 
Iofbita;a énd spin-aggular‘moﬁenpa»pf'theilaét nuclébn, and R-is the
‘ ,angular:mdmeﬁﬁum‘aSgociatéd with the éollecﬁi#e'rdtation of the cbre;i

jviiheir components along the -nuclear symmétry axis, z', are Q, %, and p

. respectively. These are described in Table II-I..



MU- 16342 -A

Fig. II-4 Angular momentum coupling scheme for deformed

nuclei.
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‘Table II-I. Angular momentum vectorsvénd their components.

Angular momentum - Components

Vector Description - Along z  Along z'
£ ?article.orbital A
s Particle spin z
'.>Q  f !Pa?£iclé.totai = £+ s Q0
B-v Nuclear core P
2' Nuclear toﬁai ("épinh) = R f‘Qi' m K

Note that the nuclear ground state

occurs when p = O.
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The effect of collective rotation can be seen in the rotatlon spec-
trum for Pu239 for the ground state and three excited Késtates, as
shown in Fig- II-5. The symbols below each group.represent the value
of'K and the parity;'the numbers beslde each line are‘the nuclear spin

 for that level. The energy for each of these levels is given by

w2 |
E.op =25 (1'(I' +1) - I(I+ 1) :
+ al(- )I +1/2(I. . 1/2 ) I+l/2(I K 1/2 o, 1/2] o (11_22)

where R is the effectlve moment of 1nert1a of the nucleus, a is a decou-’
pllng parameter which can be calculated from the wave functions of the.
last odd‘nucleon, and I' is the nuclear spln of the ex01ted level. The
perameter, e,,affects only nuclei with K 1/2 _Values of $ and a
- deduced from Fig. II-5 are S = 5.6 k lO_.5 g-_cm2 and a = —d0.57. A
e_'value of a-%'O, implies that' K. = l/2; |

In the‘stroné coupling limit, when the spln orbit term can be
‘treated es'a'terturbation,ﬁthe good quantum'numbers are Q'and'n, the
‘.perity. Also, because the osc1llator energy levels are well separatedv
tland the Hamiltonian couples only levels whlch dlffer by two os01llator'
vquantum numbers, the osc1llator quantumvnumbers N and their z' components
m?ere‘neerly conserved snd”thus can be tahen-as good quantum numbers. |
The standard level‘nomenclature, in:the strongvcoupling limit, is then:
(N,n ,A,n)' (NIL455). The energy level for the ground statevln Pu239
is characterlzed by (63l+ l/2,'and the measured spin 1s indeed l/2-

For a s1ngle odd partlcle out51de a closed shell (odd Z) the magnetlc

moment is the sum of the moment of the odd partlcle:and’the moment of the

core,

N
¢
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L= 8.8 +gz£+'gR§ , | (11-23)

where gR 1s the g factor of the core, usually taken to be Z/A | Chiao
(RAS-60) has suggested that the magnetlc moments for the free proton
-and neutron should not be used in calculatlng magnetlc moments of nuclei
: but that a quenched magnetlc moment be used instead. The physical:
. pasis fqr this is that a bound nucleon has fewer v;rtual‘states to
rebound into because'ofvtheiclqseﬁess of:the rest of the nﬁcledns in .
'the nuclear well. 1Fer this theorj, g, for ﬁhe neutren is - 2-& and
'_fhatvfor the profoh is  + h.O. inglis has,suggested'thaf 8, is not
unity for the proton, but 7/8 whlle the neutron s g should'be 1/8
: and not zero. | 4 | |
The nuclear Hemiitonian is
2

Ho+ggs+0ff , o (II-24)

H

where S S e ' o

_on M\, 2,2, 2,2, 2,2 i
@Ho = - o Pt (wkx P AR ) o, (1 25?

=

‘_anaex')‘yi;\i"are the eodrdinates of each nucleon in e:referenee frame
fixed’in'the nucieus. Mb is‘a-simple oseiilator boteetial to which the
usuel quentum meehanical spin-orbit term is added- _The higher Z-states
‘are reduced'in energy by the ZE term. The values of § and D are chosen "
to fif empiricel nﬁclear detav(MAY—55). ~The Hamiitonian (I1-25). can e
veorrected for'deformatidn of the core by assumihg(a cylindrical symmeﬁry
aed introdﬁcing the deformation‘parameter 5. .In this»case. t’ :
2 2=w2(

w = W
X Y

values of the Hamiltonlan can be seen in Flg II- 6 The-shell—model

1+ 25/3); w? = we(l - h8/3). The effect of & on. the eigen-

levels are those for & = 0. Bmpirical evidence ior particular values
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of ® can be gotten by measuring the spin'of an isotope. For instance,

9 2Ll

in Pu=3’ and Pu ,vthe 145th and 147th neutron apparently fall into

the Nilsson shells (63l+)1/2
tion parameter of about 0.26 compares favorably with‘the' a value

obtained in comparing Fig. II-5 with Eq. (II-22)_for‘Pn239 (MAR-58).

CH. Transition Probabilities

_ According to elementary quantum theory the probability that a
transition between two energy levels occurs is proportional to the

-matrix elementAof a perturbing potential between the two levels:

flnl

P.«I(w Iw >|2' L (II-26)

pert

where gJuog Erf quo£ Erf ‘Depending on the configuratlon‘i

pert-

of the hairpin and 1ts p031t10n in the static o field, grf'takes on one

- of two forms. . Either
. grf'= H K coSVQm' " or ‘f Ho(i'sin'wt +,3'cos wt ) -(Ii*27)

o ) N ' s iwt | -1wt
for an osc1llat1ng rf field Then “pert gJuOH J (e_ g /2 or

1mm o =iwt
gJ“o o I ,v+,J_ /2; reSpectlvely

The J term is dlagonal in mJ whlle the other terms connect levels
‘:w1th Am 1. At very low fieldsv‘P‘= 0. unless AF'= O, e'l_ and
_ZM.= O, #ilr At very high fields, P =0 unless AmI,= 0, 1 and
AmJ = ifl, b or.else. AmI = Amj‘= O. The focus1ng force in an atomic

ebeam‘apparatus is

e T S . (mE)

- 50 that'normally'thg only observable-transitions are those which undergo

a reversal of the guantum number mJ in the C-magnet region. These are

and (622+)5/2, respectively.  The deforma-

0 g TS
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'-'the'transitions which (uithin;the limitation of the selection rules
'v‘above) "ecross the diagram"'at'high fields. Such transitions have been
extensiVely:used to measure values of A,.B, C; and gJ.” These transitions
are relatively insensitive to gI because ygi_<§igj-

: 15'1958 a technigue wa.s discovered (NIE-58, SAN-58) for observing |
transitions in an atomic:beamumachine which are directly dependent on

81 Because -these transitions were between levels of the same m_, they

J
:‘had not been observable by previous,techniques. Three independent radio-
frequency lOOps are used to pump atomsbdifferentially'between three energy
levels in'the'magnetic field.' The.energy‘levelsvare shown schematically
pianig. II}?. The atomsvpass through the three loops in the order A-C-B
((Fig. IIfS).- A normel,obseryable transition is induced_in.loop A (i.e.,

"the value of”m is revérsed)._ The same transition iS'induced in loop B,-

J
so0 that if nothlng happens to the atom between A and B, the value of mJ
is again reversed to its original value and the atom continues as if
nothing had happened. No signal is observed. However, ifa Am. =% 1

I
»tran31tion can be induced in the C loop, the frequency in. the B loop will

be 1ncorrect for causing the re- reversal of m.J and the atom will continue

on'lts way with its value for mJ the opposite,of when it entered_the A

lOOpf. Since this is the condition for refocusing, a signal 1is observed
at the detector.‘[

' If the probability of inducing a transition in the A loop is PA

then the Signal strength of the A transition is

- 8, =2nP, ‘! - 1 (11-29)

where we assume. each of the hyperfine levels has an equal population of

L n atoms;i The factor 2 oceurs because atoms from each of the two possible
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~ Fig. II-8 Relative orientation of the three rf loops.
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éaths into the C region: are inﬁolved. Figure II-9 shows one of the refo-
'cosed paths;'thenother,_starting with'the opposite"mJ value, 1s symmetric
to it on the opposite side of the centerllne |

' »When the A and B transitions are 1nduced the signal strength 1s

'SAB]

]

QQ{(?A - PAPB) + (PE - PBPA)]

(I1-30)

I

24¢3A>+ Py - 2P,Pp)

‘ PA and PB are normally equal and near to unity 50 that SA -is small,

say 25% of SA in the worst case.

When the»effect of the C loop is-cons;dered;v'

Sypo = 29(3A + Py - egAP + PAPBPC) . (I1-31)

For a honiero‘COnstaht value of EA and Py, the signal strength depends
linearly on PC. ’

R
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III. APPARATUS

 A. :Introductlon

The equipment used for all the experiments described in this paper '
is the same &s that used by White (WHI 62), except that three radio-

frequency loops are.used in the plutonium experiment. Minor changes in

"the magnet power supplies;vthe oven loader and buffer slits are described.

below as well as each of the components, . for completeness.

L

B. Overall‘Design and bimensions .

The atomic-beam machinE»used for all the experiments described in
this paper (Fig;‘III—l) is of the unsymmetric type, with the.B magnet:
much longer than ‘the A magnet, resulting in a more 1ntense refocused beam
than a symmetric. machine of the ‘same total length It is an inside- out

machine with a relatively small volume which must be pumped by vacuum

pumps. The A magnet is 6 1n. long, the B magnet 20 in., and the C magnet

6 in. The beam traveled 58. 5 in. from the source to the detector button
4.vith the.new oven loader. A variable—width stop wire is in the center
of the B7magnet..'Therevare collimator slits between the C and B maénets
; and defining detector slits on the detector s1de of the B magnet the -

-buffer chamber slits were removed to try to make 1t easier to see a
'.single—quantum transition in the Pu 2kl iexperiment and to take full

advantagefof the-intensity increase*expected from moving the oven -

closer to the A magnet:- The original beam flag wes removed to provide

 room for the longer 0ven loader and no satisfactory replacement was made.

'C. Oven Loaders and Beam Sources
Heating of the source material tosan appropriate temperature to

Produce a vapor pressure.on the order of one mm of Hg was done by electron

- e
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ZN-3401

Fig. III-1. Atomic beam machine.



-28-
bombardment; the electrons coming from a hot thoriated tungsten filament
were attracted to an electrically positive source. In the case of the
tungsten isotopes, a pure tungsten wire containing the desired isotope
was placed in a holding cup and bombarded directly. The temperature was

increased (by making the source more positive) to permit the oven loader

to outgas until a temperature high enough to sustain a beam was achieved.

The plutonium isotopes were placed inside a tungsten oven which was
placed on a tantalum support plate. The oven was then bombarded with
electrons.

Figure III-2 shows the most recent design of the oven loaders that
was used for all parts of the experimental work done on this paper.

Even though the oven-loader chamber itself was made considerably smaller
and less massive in order to reduce the power needed to heat tungsten
source wires to 3OOOOC, the added distance from the support plate pro-
duced so much torque on the stainless steel water rods that two more
sﬁpport rods were requifed to make the loader rigid enough not to sag
and crack the solder joints when operating at full power.

Since the W187 sources were quite radioactive (> 5 curie), several
features were incorporated into the loader design to.minimize the time
during which the experimenter had to keep his hands in close contact
with the source or the parts of the oven loader that collected most of
the radioactive material that boiled off from the source. The cover of

the oven loader was made with 'a slotted hole so that it could be posi-

tioned on the loader over one of the retaining screws with remote control

tongs; the other screw could then be positioned and tightened with a

pair of tweezers held in the other tong. A special holder (Fig. III-3)
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Fig. III-2. Oven loader.
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Fig. III-3. Holder for tungsten source.
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was designed for the tungsten-wire source so that it could be put in
place with the tongs. In order to reduce the time spent on filament
changing (which, even in the best ef clrcumstances, resulted in the

- experimenter's receiving a large dbse in the hands) the corners of the
filament holder blocks were filed off so that the stiff filament ribbon
would easily slide in between its block and the clamp. The outside
connections for the water ieads were of the quick-connect-disconnect
type which required only a few seconds to attach to the support plate.

The ovens used in both of the plutonium experiments were of the
usual type used for making beams of refractory isotopes: tungsten:
ovens with a sharp-lipped tungsten inner liner to prevent creep. How-
ever, contrary to the usual practice, tantelum slits were not welded
to the oven hole since this did not seem necessary to get long-lasting
beams of sufficient intensity to make a measurement of the moment.

The tungsten wire sources were heated quite close to their melting
points at 1 microtorr. Consequently any slight increase in bombardment
current would increaseithe temperature of the thin wires above their
melting point, resulting in the loss of the run. A specilally designed
current regulator ﬁas used to prevent these fluctuations. Runs of 12

hours were not uncommon.

D. Magnet System

. | The "B-Magnet Power Supply" described by White was used to power
both the A and B magnets simultaneously during all of the reported
experiments. The C-magnet power suppiy used for the tungsten experi-
ments became inoperable during the plutonium experiment, and was replaced

with the old "A-Magnet Power Supply," which was better regulated even
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though it could not produce so much power. The highest flelds attainable
in the C magnet with this power supply.were only 720 gauss. The stability
of the C.field was also dependent on the pulsing of the Bevatron and on
the stability of the line Voltagel Spikes in the voltage could get past
the line-voltage regulators énd would sometimes cause a field change.
These spikes were sometimos apparently caused by the switching of large
pieces of electrical equipment in the building, so most of the precision
runs in the plutoniqm moment measurement were done late at night and
early in the morning. In addition, it was discovered that all field
fluctuations were observable on a recorder which sampled the voltage
across the magnet; therefore, the final run at 720 gauss was monitored
continuously by the recorder. The fringe field from the Bevatron caused
a field shift of about 10 milligauss (in the worst case) during the time
the Bevatron field was pulsed. This resulted in an increase in intensity
on the high-frequency side of the resonance line, and a decrease on the
low-frequency side. This asymmetry was evident in the potassium cali-
brating resonances, but was not observed in the radioactive resonances
because of the large statistical uncertainty in the counting rates.
Nevertheless, the final plutonium run was done at a time when the Bevatron
was not pulsing.

The C-magnet yoke shorted out at one stage, due to corrosion from
the cooling water. While it was being rewound, the machine was found
to oe out of optical alignment by using a‘telescope lined up on the front
and back of the B magnet. The only part not in line was the A magnet. :
In an attempt to gain greater signal-to-background ratio, the A magnet

was placed back in alignment. When the new C-magnet yoke was placed
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back on the machine, we were not able to see a radioactive resonance.
A high enough signal-to-background rétio was finally obtained by manually
moving the A magnet about until the S/B maximized. The reason for this
discrepancy in position is unknown.
Since the electronic g factor for tungsten and plutonium is = 1.5
whereas that of potassium is = 2.0, one would expect to be able to

increase the S/B by increasing the field in the A and B deflecting

magnets according to'the formula

B(x)g;(x) = B(y)es(y)

where B(x) is the field for an isotope with a g value of gJ(x). The
deflecting fields had been optimized for potassium, so we increased
them while observing the S/B, which increased with the field until the

limit of the power 'supply was reached.

E. Vacuum System

Two new ionization (pressure) gauges were installed, one above the
buffer diffusion pump and one in the C-magnet chamber. These gauges
were useful in determining the presence of very small leaks in the C-
magnet region. They were also useful in eliminating high pressure
along the beam path as a cause for low S/B at various times during the
experiment. A manifold was installed between the main-tank mechanicalv
pump and the main vacuum shutoff valve in order to permit helium leak
' detecting without ﬁaving to let the whole machine up to atmospheric
pressure to attach the leak detector. A cold trap which had been near
fhe oven loader in the old design was rémoved when it burst and was found
not repairable. Although it took longer to get the pressure to a low

value, the final pressure attained was the same as when the trap was
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there. Typical pressures were on the order of 0.2 to 0.5 microtorr in
all parts of the machine except the oven chamber, where it was 1 to 2
microtorr. Any pressure higher than this usually indicated a leak.
The mean free path (including effects of small-angle scattering which
remove atoms from the collimafed beam) is = 30 m in the magnet and
detector chamber. The total probably loss of beam under these conditions
is about 10%. .

The quick-changq button loader used for radioactive detection
.continually gave serious vacuum trouble until O rings made of Viton-A

synthetic rubber were used.

F. Radio-Frequency Equipment

The radio-frequency equipment used in this experiment is standard
and the techniques are quite stfaightforward- The only difference from
\ordinary atomic beam magnetic resonance experiments is that three com-
pletely separate rf systemé were used to power three separate rf loops
(Fig. ITI-L4).

It is possible to use a single rf loop to perform the experiment
if the two frequencies involved are not too close togefher. Only two
separate rf systems would be needed in thi; case. Thé procedure would
then be to find the normal flop-in resonance with one system, then
increase the power until the resonance intensity has reached a minimum.
The power required to achieve this minimum, usually four to five times
that needed to get an intensity:maximum, can impose an intolerable
demand on the rf equipment. When the'minimum had been.obtained, the
procedure would be the same as when the minimum was obtalned by using

two loops; the search frequency would be varied until a resonance
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Fig. III-4 Block diagram for high-field moment search.
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occurred (the search frequency is put into the same loop, along with thé
normal flop-in frequency, by means of an rf "tee"). The single-loop
technique was not used in the plutonium experiment because of power
restrictions. See Table III-I for a list of the equipment used in

these experiments.

* G: Detection

The resonances detectéd fall into two main categories according
to the method of detection. The first is.detection of potassium by
means of a hot-wire ioniéation detector, and the second is detection
of radioactive isotopes, which was done by depositing the beam onto
platinum disés and counting the discs in continuous-flow gas counters;
beta counters for the tungsten isotopes and Puehl, and alpha counters
for Pu239.

Figure III-5 i1s a photograph of the machine button holder, the
beta counter button holder élide, and the platinum foil discs. Figure
III-6 is a schematic diagram of the head the heavily shielded beta
counter used for Pughl.

Hot-wire ionization detection has been treated quite thoroughly
in the literature (TAY-30) and will not be further discussed here.

The aspects of radioactive detection which pertain to the tungsten

232

experiment (beta detection) and to the Pu experiment are normal, but

the detection of the B rays from T:’uel‘Ll required some thought and experi-
mentation. The beta spectrum of Pu2ul has its maximum at 5 keV (SHL-56)
and its end point at 20 keV. Although the usual energy of B rays detected

in our counters 1s around 1 MeV and the lowest energles normally cncoun-

tered are 100 to 200 keV, 1t can be shown that the counters are able to
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Table ITI-I. Radio-frequency equipment.

Frequency range

. Instrument (Mc/sec)
- Oscillators:
Tektronix 190A i ' 0.35 to 50
Hewlett-Packard 608C ’ 10 to 480
General Radio 1208B . 65 to 500
General Radio 1209B 250 to 920
Rohde and Schwarz SLRD 275 to 2750
Hewlett-Packard 540A transfer oscillator 100 to 220
Amplifiers:
IFI 500 wide-band amplifier .5 to 2k0
IFT 510 wide-band amplifier 0.5 to 240
Frequency-measuring instruments:
Hewlett-Packard 524B electronic counter 0 e 10
Hewlett-Packard 5245L electronic counter 0 to 100
Hewlett-Packard 525A frequency converter 0 to 100
Hewlett-Packard 525B frequency converter 100 to 220
Hewlett-Packard 525C frequency converter 100 to 500
Hewlett-Packard 5253B frequency converter 50 to 500

Hewlett-Packard 5254A frequency converter 300 to 3000
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ZN-5808

Fig. III-5. Machine button holder, counter slide and holder, and
platinum foil buttons.
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respond to a 6-keV electron. (The minimum energy loss per unit length
of a B particle through methane occurs at 1 MeV and is only
1.65 keV/(mg/cmg) = 1.25 keV/cm. Assumption of a maximum path inside
the chamber of 5 cm then gives the above result.) We performed an
experiment which measured the.counting rate of a strong beta source as
a function of the amount of absorber between it and the counter. The
.results indicated that the counter was sensitive to betas of 5 keV and
perhaps even 3 keV bqt no lower.. éfficient use of the material would
have dictated further research into improving the counting efficiency

of continuous-flow methane counters in the very-low-energy range if

the Pueul experiment had been successful.
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IV. EXPERIMENTAL PROCEDURE

A. Introduction

The experimental procedures are standard except for the triple-loop
technique which will be described in detail. Other aspects are mentioned

briefly.

B. Isotope Production and Handling

Plutonium-239 wa,s obtained iﬁ high purity from the stockpile at
the Lawrence Radiation Laﬁoratory in Livermore, California. Typical
experiments used from 50 to 500 milligrams of Pu239. Because the allowable
body burden of Pu239 is 1 microgram, the large amount of material needed
to complete the moment ﬁeasurement'required extreme care in handling.

All work was done in a lead-shielded Berkeley box (Fig. IV-1) with
remote-control tongs. The box was kept under a lower-than-atmospheric
pressure at all times to contain any radioactive méterial which might

be loose. The isotope arrived as high-purity blocks from which chunks

were chipped off (under oil) when needed. The plutonium was rinsed in

.toluene and placed directly into the oven for heating.

Plutonium-241 was obtained in the form of Pu02 from Oak Ridge
National Laboratory, Tennessee. Amounts of this extremely pure (9h%)
material no larger than a grain of sand, when mixed with large amounts
of lanthanum, would give a beam of 150 to 200 cpm for 12 hours. The
lanthanum, when heafed, acted as a reducing agent and quite stable beams
were formed. ‘

Seventy-four-day tungsten-185 was produced from glass—é&capsulated

natural tungsten wires about 0.5 inch long by 20 mils in diamcter,
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Fig. IV-1. Lead-shielded gloved Berkeley box.
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“hyge
irradiatediat the Materiais Testiﬁé Reactor in Arco, Idaho. Irradiation.
time variédvfrom 6 weeks tq 3 monﬁhs.  The.capsuies, containing up to
20‘wifes each, were stored for a week after they #ere removed from the
reactor tovéllow the'decayfof the éhorter-liVedYW187, which was produced
fin large amountsvsimultanebusl&. The‘wires were then. individually -
dropped into the shieléed cave on.the oven-loading end of the machine,
'and placed i;to_the ov;n:léader with tongs:
Twen'i':y—four—hOur'w187 wa.s produced byvirradiation at the G. E; Test
'vReaéfor'in Vailecitos,‘California. The wires were pléced.into the machine
and run as sooﬁ as'they'érrived, The‘W187'sources presenfed the greaﬁest
r#diatioh hazard of ény pf the isotbpes discussedvin this paper; a hand

dose of almost 100 mR was éharacteristic of an average run.

"' C. Beanm Production
A échemﬁtic of én‘dtomic beaﬁ machine has been shown in Fig. II-9.
Tﬁe'A and B:magheﬁs act‘aé polarizéf and analyzer for atoms havingt-
trajectoriés'that make.them pass through thé central C/magnet region.
,The<a£§ms in thé beaﬁvare-subjectéd to a fbrce F = gJuodeH/dz and
,tth-are déflécted in the same diréctiﬁn in the B magnet as in the A
(and therefore further from the center line into the magnet) unless

J
back .to:the center ‘line by the time it reaches the detector.

the value of nm 'changéS~its sign. In this case the atom is refocused

When the oven or wire (in the case of tungsten) had been lined up
.opticaliy with a telésqope, the source was slowly heated up while Pt
foils reﬁained in the béam path} Durihg the first few runs, the warmup
'was done-Wifh”all’the magnets'off. Periodically the foils were counted

“in an appropriate counter until one showed some radioactivity. After .
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- this these !'full beam" buttons were expoéed for pféciésly 1 minute every
timé_thé power to the source was increased, uhtil a beam level of about
100 cpm was attained. At this point the A and B magnets were turned on
and another l-minutevequsure was taken. The couhting rate of this
"direct beﬁmﬁ-was_compared with the previous full beam and the throwout
' waé calcglated- For the alkalis this is =~ lOO%;_for tungsten it is 75%;
~for plutonium only about 30% of the beam is deflected. The information
aboutithe throwout.is hélpful when comparing techniqﬁes of othér experi-
-mentgrs and in determining whether‘the machine is working properly
" whenever a resonénce is not observed. |

The same procedure done wiﬁh the full‘beam buttons was repeated .
with fhe diréct.beam buttons until a counting rate was reached on the
'drder of 100 cbm.. The field was.thén set usiﬁg é'pdtéssium beam, and
a no-rf "resonance"lbﬁtton wasvexbosed for ffém.Sito 15 minutes to give
: ah indication of the bagkground lefel of théﬁmachigé; This wés followed
by'é succession of direct-beam and respnance:butfons. During the most
?recise parts of.the.plutbniumfexpérimeht the magnetic field Vas'checked
,withithevpétassium beam befwéen each Succeséive resonance-button expo-
“sure, but at other times the field was checked at intervals of only
'arqund_half an hour if the field stability warranted it.-
For isotopes fbr which the'hypérfine constant is ﬁot known, such

okl ' )

as Pu and both tungstenvisotopes, one must observe resonances at low
J fields and follow these resonances up in field until a splitting from

| the Zeeman ffequency‘occurs large.enoﬁgh to predict the value of the
energy separation‘between F levelévwiﬁh a émall enough pncertaintyvto

warrant searching for the direct transition at low fields. The IBM 7094
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computer routine'HYPERFINE-h;9ﬁlis useful for determining the hyperfine
separations and their uncertainties from:a set of resonances at succes;.
sive fields. |

For plutonium-239, for which the hyperfine separation was accurately
known, the procedure was. different although the resonances were taken at
progressively hlgher flelds. First, on the basis of the data of Marrus
'let al. (MAR—58 HUB—58) a (low) field was chosen such that the uncertainty
- of the Amj = 0, AmI ﬁ.i 1 transition was small enough to assure lto
osbervation. The field was set to this value in the,central hairpin
(where the field.was mosﬁ homogeneous) and,‘by means of»the potassiuml
resonance, the field at the'region.of the fwo'outside hairpins was |
. determined. The frequency that would'cause'the»normal flop-in (aF = O)
transition is put into the A loop, and exposures are taken while the
bfrequency is varied until a maxrmum signal conditlon ex1sts Approx1j
mately the_s&me frequency from‘a_separate oscillator is put into the
| B loop (see Fig-'Ii-B for. the relative orientation of the three loops)
uhiie‘thevfirst_oscillstOrsstill powers the‘A loop. ,The second frequency
andbpower'are'varied until a minimum in signal'strength is obtained.
When both A and B hairpins have been optimized, the desired AmJ =
Vtransition frequency is introduced into the central C ioop, and a
resonance such as Fig. V-1 is traced out} Except for the very last
and first runs, no sbecial effort was made to adjust the signal strengths‘h
to their optlmum value as long as some signal was seen. After each
resonance the results of all previous runs were processed by the IBM 709h‘
'computer-routine'HYPERFINE-M-9& to compute'better values of Aw,'gI, end

8y "These” values in return were used to predict the frequencies and
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uncertainties at higher fields. This was continued until the highest
field the power supply was cabable of producing was reached. Thellast';
resonance was counted for 200 minutes total (in four counters). Typical
resonancesvwere 7 cpm when the A-B background was b cpﬁ and the no-rf _ -
background was 3 cpm. Countef backgrbﬁnd'ﬁas'seldom as high as 075 cpm
and the normal (siﬁgle'lpop) flop-in transition signal étrength wa.s
sometimes asihigh as lO.cpﬁ. All thé above signai'strengths hdye been
normélized to 15—min'éxposure. The maximum moment-tfansition signals' : j

were 0.5% of the direct beam.
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/ R . V. EXPERIMENTAL RESULTS

A. Plutonium-239

v_Bauche'and'Judd'(BAU—64) have_analyzed the hyperfine structures of

the 7F levels 1in PuéIband, bY;assumingva contribution to the hyperfine

structure constant from configuration interaction and core polarization,

~conclude that the nagnetic moment of Pu2’39 must be iuI.= 0.17(4) nm
. Slnce this'value is calculated‘from‘theoreticallvalues for the fields
at the nucleus, an exberimental determination'of the magnetic moment
.would be a test of this theory, as well as of the nuclear theories of

“the collective model

According to the collective model (see‘MOT~59, p. 53, Fig. 6), a
spin of 1/2 for ]Pu239 is cons1stent with assigning the 145th neutron to

1/2 level with the defOrmation, o) =,O.26. This Value for'the

deformation‘(or eccentr101ty) parameter, 6, seems reasonable, espec1ally

sxnce Pu‘?ul has a spin of 5/2 lh?th neutron in level (622+ 5/2,

and since the decoupling factor, a, in Eq (II 22) can be used to calculate o
:_a value of 5 = O 28 O 03 by application of Nilsson S-wave functions'

.(NIL 55) From this, Mottelson-and Nilsson (MOT-59) calculate

u.# - O l nm. Use of Rasmussen ‘and Chiao's quenched g factors and

. Inglis's g factors changes the magnitude of “I’ but not its sign.

Figure V-1 shows the two AmJ = O,_'AmI = %+ 1 resonances observed

at T20 gaussfv-When‘these resonance frequencies were combined with the

- data from Marrus's- (MAR-58, HUB—58)‘hyperfine-structurevdata and reduced -

with the IBM‘709h routine HYPERFINE-L-Ok, we derived for the value of

the magnetic moment

pp =+ 0.200(k) nm (corrected) .

= 0.27)
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- diagrams are obtained for wl-85 and W

'_-h9-
A correction for diamagnetic shieldingdhaS»been'made. This 1s a theo-
retical correction to reduce the effect.oflthe_electronsvdecreasing the

magnetic field at the nucleus whenever an external magnetic field is

' applied. - The result of the correction is to increase the value of the

magnetic moment by a small amount, ThevCOrrection is ~ 1.2% for
='9h:(KOPe58) The data fit is shown in Table V-I. 'The uncertainty

quoted is twice the standard deviation assigned by the computer program.

;

- Thus the experimental value is within'the limits set by Bauche and Judd,

but there is a lack of'agreement'in sign with the collective-model predic—
tions.

,.B" Four-.and Six—Quantum Transitions'in-w185 and W187, and Pugul

_According_to Eq. (II—lS) the energy of the hyperfine levels at zero

. magnetic field.isfgiven?by

b/2 .
1(21 1)5(aJ-1)

[3c c+1)/u - I( I+l) (J+l) (v-1)

o ,_,l ,H.
EF =3 aC +

Where C = F(F+l) - I(I+l) - J(J+l) There is an energy level associatedd
, with each value of F, but the relative separation and ordering of these

"vlevels.depends on the value of b relative to a. Figure V- 2 is a. diagram

of the energy level of each value of F vs b, normalized by diViding both -
o1 |

:s1des of Eq; (V-1) vy a, for I = 5/2,_J = l,'as-in Pu L. More complex o

187 for the higher J states Tor -

_the J = l' state the - zero field diagram has the. same shape, but the

"'1nd1vidual lines have different slopes The important thing is that :

for values of lbl_suff1c1ently large, one always obtains an 1nvers1on
such that the highest F level lies below one of the others Figure V-3

is a hyperfine energy-level diagram (schematic Breit—Rabi diagram)‘for
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Fit to the Hamiltonian
=5.139 I-J - 1(4973 pég;g + 2.15 X 10’“

HoL-H-

Transition

' 10.
10.
25.
25,
155.
1553
430.
430.

720,

720.

720.

720.

H(G)

Frequency (Mc)

(vexp

Residual (Mc)

(Vtheory B

v
exp

L

0

Lh5(15)
.688(25)

u.865(15)

\Ji

85(1
50( 1
.220(15)

oW oow W

15)

.997(10)
.276(10)
915(20)
{360(20)
914(3)
+366(3)

5)

0.

- 0.

001

003

.003

.002
.006
.002
007
.00L
.005
.000

.001

.001 .
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a value of b<<-%§ a 50 that the level ordering i1s F = 5/2 (highest),

7/2, 3/2; The only Zeeman transition possible for which-refocusing can

. take place ‘is the one marked &. This is a six-quantum transition; it

requires six photons of the fundanental Zeeman frequenoy to cause the
atom to jump (in six M (= AmF) =+ 1 steps) between the levels which

are characterized by (F,M) = (7/2, - 5/2) « (7/2, 7/2). Figure V-4

-shows that the five internediate levels are quite evenly separated at
'extremely low flelds, but at sllghtly hlgher flelds the spacing between K

. the 7/2 and. 5/2 levels and between the —'3/2 and - 5/2 levels becomesv

much larger than the others This results in aAreduetion in signal to
the extent that at some field no re sonance can be observed No resonance
forlPug.ul wa s observed above 7 gauss. | .

In the case of the two tungsten 1sotopes, ‘many resonances were.
observed ln many J states, 1nclud1ng“.J h at, many flelds As a general
rule, when‘the field was increased the signal strength»decreasedf VFinally,
re sonance s Were'observed'to.disappearlcompletely for the.de; l and |
J = 2 states, and this project‘vas abandoned. o |

The measured value of 5 6(2 O) -(CHA-64) for.the quadrubole moment
of Pugul comblned w1th the measured magnetlc moment -of Pu 239 and the
ratios of the moments predictsa accordlng’to a simple theory,ga value
of b/a of .= &OO. The larée deformations of the tungsten isotopes
(6.> 0.2),would indicate that they, too, have large quadrupole'moments.r
Slnce the electronlc state of tungsten is 5D, one would expect small

values of a, so that here, also, b/a could be large Thus'in all these .-

_cases,.large values of b/a which vould explain the,disappearance.of the

. resonances are theoretically probable.
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