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ABSTRACT

Hyperfine-structure measurements have been made on four isotopes

in the transuranic region by means of the atomic beam flop-in method.

These measurements have yielded values of J and g5 of the low-lying

electronic states of each element and values for the nuclear spin of each

239

isotope. In addition, the hyperfine-structure splitting of Pu and the

energy separations of the four observed states of Cm242'have been de-

The spin of 1/2 measured in Pu239

- made by optical spectroscopy and param{ignetic resonance.

measured value of Av(PuZ'39

the nuclear magnetic moment of £+0.02 nm.

termined. The results are:
Isotope (T, ) J  Energy Level g5 I Av Inferred
e Splitting(cm.} Mc.)  Configuration -
Pu®39(24,000 [ 1.4975+.0010 1 7.683  5i°7s°
yrs.) , +.060
238
Np~~7(2.1d.) 11/2 =-cmmmmomeee 0.6551£.0006 2 777 s5fed7s?
Np?3%(2.354.) 5/2 ---- |
242
Cm%*%(1624d.) :7 550300 2.561%.003
‘;7 6504300 2.000+.003 0 ---- 5{'6d7s°
71000:!:500 1,776+ .002
1.671+.003

verifies earlier measurements

From the

)}, it has been possible to infer a value for

The electronic ground-state conﬁglirations have been inferred

from the J and gJ values and from detailed assumptions concermng

coupling of electrons in the transuranic region.

agreement with the predictions of Seaborg.

The results are in

The text contains a description of the theory of experiment, ex-

perimental technique,

‘and an analysis of the results.
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INTRODUCTION

This paper describes an investigation on some elements in the
transuramc reglon as part of a general program of research on elements
in the transuranic region. The purpose of this program is threefold:

l.,__ To ascertain from direct measurement the g7 and J values
of the low-lying electronic states which are accessible and to infer from

these measurements the ground-state configurations and coupling schemes

-in the heavy-element region.

2. From direct measurement to determine the value of the spin
of the nuclear ground state. ‘ '
3. From measurement of the hyperfine-structure separations .

to try to establish the existence of dipole, quadrupole, and higher-order

nuclear moments and to infer their values.

.The work to be described here led to measurements carried out

.on the following 1sotopes:

238
93NP

242
96°™

Papers on these elements have already been published in the
227 232 233

-Physical Review. 1 In addition, 90Th Pa Pa , and

95Am241 are presently being investigated Ztl this labzll'a_tory,, and future -
work on elements higher than curium in the periodic table is being
contemplated |

The investigations carried out so far have only partially fulfilled

the stated objectives. In each of these elements the g3 and J values
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of the ground state have been measured, and from these it has been

possible to formulate a generzl picture for the coupling of electrons in

" the héavy_-elerqent_region, In addition, it has been possible to observe

and to make these measuremernts on some of the excited states of curium.

This led to a_determvi_nation,_ from ,intenéity considerations, of the energy-

level splittiﬁg of the curium ground-state multiplgt, ‘ <
The nuclear ground-state spin has been measured directly for all

these isotopes except curium. In sz,'42'

, the spin is believed to be
zero, and very strong evidence can be obtained to. support this belief.
.However,'the atomic berarn, like most other resonance techniques, can
never be made to yield an unambiguous spin-zero measurement.

T_hé‘ hypferﬁne—struéture separation has been determined for Pu.239
The availabilitf of wave functions :forv 5f _electrons in the uranium atom
has made possible the calculation of electronic matrix elements appropriate
to thev.hype'rﬁné-structure, éeparation, By using these, it has been

239

possible to infer the nuclear moment of Pu and to state crude lower

- limits to the moments of the neptunium isotopes.

-The hyperfine structures of Np238 and Np239

afford the best
opportunitie‘s of all those elements investigated to observe an octupole
" moment and perhaps a hexadecapole moment. This has not been done

for two reésqns. Intensify considerations makes it extremely difficult

to observe resonances in the intermediate field region, because here
| only a single transition between two hyperfine-structure levels is observ-
able to any one time. In the Zeeman region of hyperfine structure,

where there is uniform splitting between the magnetic substates of a
hyperfine-structure level, as mahy as eleven flop-in transitions ar.e
si.multaheously observable in the F = 8 level of the electronic ground
state of Np239: To surmount this intensity problem a new atomic beam
.apparatﬁs is planned. |

The radiation hazard involved in the handling of the neptunium '

isotopes hés also served to inhibit the measurement of their hyperfine
strgctures, Although precautions have been taken to shield the body from
high radiation dosages, the hands of necessity inevitably take a large

dosage, amounting sometimes to several roentgens in a week of heavy

running.

P
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Before the main text of the thesis is commenced; two ppint‘s
seem worth making. . The first concerns nuclear structure in the heavy
elements. The author has tried to i'ﬁterpret the‘measurements made here
and related data in the literature on the basis of the Nilsson model.
Although enough data exist to make a relatively complete analysfs of

Pu2.39

weak test of the Nilsson model. However, a measurement of the dipole

, the sparsity of data on the neptunium isotopes makes for only a

and quadrupole moments of these isotopes along with the spins would
make a very strong test. | ‘ _
The second point concerns the problem of symbols, which is
always present in a long work. A unique (and‘wherrever possible, the
conventional) symbol has been used for each physiqiml quantity. Hence
if a symbol remains undefined in the text, it either has been defined
elsewhere, or is so .commonly used that a definition is felt to be |

‘unnecessary.
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SPECULATIONS ON NUCLEAR AND ELECTRONIC STRUCTURE IN THE
 HEAVY ELEMENTS

. Nuclear Structure

The breakdown of the single-particle model in which the last odd
nucleons are assumed to move in a spherically symmetric potential
provided by the nuclear. core was first demonstrated by the observation
of‘1ar_ge-quadrupole'moments and ‘is‘ot‘ope shiffs in the rare earths. 2 It
- was p'ointed out by Rainwater that these effects could be explained on the
assumption of a deformed nuclear core, 3 and from this notion has sprung
up .the so-called collective modelaé’ 5

.The main point is that the core is now characterized by an ellip-
soidal surface which can undergo oscillations. These oscillations are
of two types; a type due to vibration around the equilibrium shape, and
a type due to rotation of the system as a whole, preserving both the
shape and internal structure of the core. The vibrational motion can be
quantized according to standard field theoretic methods to yield surface
‘vibrations known as surfons which carry angular momentum in units of
2f and energy in units of Aw. The energy Aw varies from 1 to 10 Mev,
depending on the mass number A, These energies are high enough that
they will not in general influence the structure of the ground state and
first few excited states. ' ' »

" -+ The rotational motion is characterized by a moment of inertia
(9 , and has associated with it a rotational energy spectrum; the

energy of the rotational levels is given by

2 . .].,
_h I+1/2 1.+1/2
Epot™ F (1(1+1)-10(10+1)+d {(-) N/ 201/2)-(0)lo (Iq)+1/zﬂ,
B (I.1)

where I is the spin of the nuclear level, and I, is the spin of the

nuclear ground state. The qﬁantify d is calledothe decoupling.

pararheter and is zero unless the odd nucleon lies in a state ='l/2.

More will be said about this later. - |
The coupling of the nuclear core to the odd nucleon can be best

considered from the point of view in which the nuclear core is regarded
| :



'z' the symmetry axis, then 9,
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as spherically symmetric in zeroth approximation, giving rise to a potential

V(r). Therefore

.2 P yv). - (L2

If the core is now permitted to assume the ellipsoidal shape described
above, the zeroth-order potential' will be modified by the addition of a
term %int" The dynamic characfef of the' pote.ntialzdue to core vibrafibn
can be neglected, since the motion of the particle is fast with respect to
the vibrational frequency. - Rotation will haﬁre no dynamic effect as we will
henceforth assume the nuclear surface to be cylindrically symmetric. If
the potentiai is expressed in a coordinate system fixed in the nucleus with
can be shown7 tohave the form

int

r
A

i} o L2 | , -
%,,int_--Eln; Y, (1.3)

Here E1 _1s a constant that can be evaluated from the shell-model level .

structure, YZO is the spherical harmonic of order two, and the qﬁantity

. mn is proportional to the deformation.

- Using for V(r) a harmonic potential %mrz and including a spin-

orbit potential E_ T - 5, and a term E?’(L—")‘2 to depress in energy the

2 :
states of high ., Nilsson was able to calculate a set of energy levels and

wave functions in terms of the parameter m . where the wave functions are
expr\essed in terms of the eigenstates of Eq. (I.2). 7 We mdy discuss these

states in two coupling limits.

- 1. Strong Coupling

In this limit, that which is applicable in the'heavy elements, n
is large enough so that the spin-orbit coupling can be treated as a per-
turbation. The good quantum numbers in this situation are £, the
component of the pafticlvé angular momentum alf)ng the nuclear symmetry
axis, and v1r, the parity. Furthermore, éinc‘e all the terms in the
Hamiltonian are invariant with respect to reflection in a plane perpendicular

to the nuclear symmetry axis, levels which differ only in the sign of ' Q are
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de.g‘re‘neratve. Allthough % int will Ac_ouplev levels in which N, the total
oscillator quantum number, differs by two units, the spacing between
successive N levels is wide enough so that the effect of this perturbation
is negligible. Hence N and its component along the symmetry axis n,
are taken as good quantum numbers. Finally, so far as it is possible
~to neglect the spin-orbit term, A and X ., the components of v and s
;along' the symmetry axis are good quantum numbers (éee Fig. 1 for a
d1agram of the various angular momenta and their relationships). A
~ level in the strong coupllng approximation will henceforth be dencted by
‘ (N n_ , A\, TR , ‘ _

The ground state of the nucleus is determmed by successwely
"fillin-g up the levels in increasing energy.Since states of equal and opposite
{2 are deg'ener_rate, the n_ucleons will pair off in these levels. Hence in
even-even nuclei, the total Q@ = 0. For an odd-even nucleus the total Q
is either Q_ or Qn’_'of the last odd particle, proton or neutron. For
these cases, the ground-state spin’is just: Io = @ provided- 2 #-1/2. For
the case Q = = 1/2, sthe ground-state spin‘depends on.the decoupling constant .
.d. This ocgcurs. begause for.a statet £ = 1/2, the intrinsic spin is partially
dec-_,oupl,e»d from the rotational motion. 7 For' odd-odd nucloi, the question
of the groun.d',-= state spin has recently been investigated by Gallagher and
Moszkowski.v8 These authors propose an_extensio‘n of the Nordheim rules
under the assumption that A and X are separafely good quantum numbers.

Under these conditions, they arrive at the coupling rules:

I. = if = ‘ = A .
Q_+Q i Qp Ap:t 1/2} and Ay 1/2,

0 P N N
‘10 = szp -l if Qp = np_i 1/;; ;nd Q= AN: 1/2.
' Magnetic moments in the strong coupling - {1.4}

approximation arise from the couphng, in odd A nuclei, of the

moment of the odd particle with the moment of the core:

Mop = 9% T g, ¢ +-g.RR" (I.5) whell # :

K is the angular momentum of the core, and >gRs the g factor of the core,
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MU~ 16342

Fig. 1. Angular momentum relationships on the collective model.
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is generally taken to be about Z/A. The matrix elements of this operator
have been evaluated by Nilsson. 7 Hence if the deformation is known, the
moment can be calculated from the wave functions.

Other aspects of the strong-coupling théory are not directly re-

9

lated to this work énd are summarized elsewhere.

2. Weak Coupling

This limit occurs near closed shells and is characterized by the
predominance of the spin-orbit energy over % int’ Since it i's not
~applicable to this work, only the problem of the ground-state spin will
be fnentioned. -

In this limit, the individual particle levels can be characterized
by N,j, £, s.,,Q, and w. Particles will fill successively the substates of
equal and gpposite Q2 belonging to a given j state. The ground-state
spin for nuclei having one or two nucleons outside a closed shell and in
the same j state is just’ IO = j, as in the shgll model. For three such
particles, however, the ground state is either j or j-1, depending on

the deformation. Both these cases have been observed experimentally.

Electronic Structure

From 1923 through 1941, many papers appeared suggesting that
electrons should start filling up the 5f level before completion of the 6d
level, with a wide variety of suggestions for the element at which this
transition series begins. 10 The 'impetus given by the war to heavy-
element research has resulted in a great deal of chemical information
bearing on the problem of the configuration of the electronic ground stafe. ~
This evidence has been summarized by Seaborg. 1 Table I is a-list of ‘
suggested electronic configurations in the heavy elements prepared by

Seaborg on the basis of the evidence.
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Table I

- Suggested élect'ronic configurations (after Seaborg)

- Element =~ = - - - Configuration
89— Ac : o 6d 75 |
90~ Th | | 6d% 7% or 5f6d 7s°
91— Pa - L7 5£% 6d 7s% or 5f 6d% 78%
92— U o 5£ 6d 78
93— Np o | 562 75% or 5f* 6d 7s°
94— Pu : 560 752
95— Am - 5£0 75
96— Cm - 50 6d 7s°
97 Bk . 5£0 75%
98- Cf i 5¢10 742
99-E . _ : 5f11 7s2
100—Fm | 5£1% 754
0l-Mv 513 7%
102 L | 51% 752

103 o 5114 6d 75°
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THEORY OF EXPERIMENT

Hyperﬁne Structure

The subject of hyperfine structure has ‘rvec'ei'ved' the attention of
" many authors in the past thirty years. 12 Excellent summaries can be
: found in the literature. This section contains a deta‘iled'desc'riptien of
those aspects of hyperfine structure which are directly connected with the
~work in the transuranic region.

An atomic energy level which is characterized by a value J of
the electronic angular-momentum 'quantufn number is split by the hyper-
ﬁue—structuie interaction into substates according to the value of the
total angular fnomentum F=117, where T is the a'rigular momentum of
the nucleus. The nu‘rnber. of such substates is either 2I+1 or 2J+1,
whichever is smaller. In the presence of an external magnetic field, a
level of‘given F is in turn.split in energy into 2F+1 further substates,
each characterized by a different possible value of me, the .z component
of the total angular momentum. _

The phys1ca1 origin of hyperfine structure is the noncentral part
of the electromagnetlc interaction between electrons and a nucleus of

finite extent. Quantum-mechanically, the interaction Hamiltonian is

P T

L - hb ‘ I
=ha (I * 7)+ 3(T-7)° + 3/2(T- 1) -111)J(I+1)
Pnts 21(21-1}J(27-1) [ 3 ]

+ 5 e R +a@ 5% 4/5(1?.ﬂ[-3I(I+1i)‘J(J+l)+J(J+1)+f;‘-4I(I+1)J(J+l)

4o e I(I-IN2I-1)J(T-1)27-1)

oL - | | | o (IL.1)
W_here h is ‘Planck‘s constant. The normalization used here with respect
to the interaction constants a,b,c,..... is the same as that given by
"Ramsey. The term in a arises from the interaction of the magnetic
dipole moment of the nucleus with the magnetlc field of the electrons at
the nucleus. The term in b is the electric quadrupole interaction, that

in c is the magnetic octupole interaction, etc. If successive terms in



- -15-

k (k=1,2,3,...etc.) pole interactions, then

the highest-order term k present in the series is either 2I or.2J, which-

the series are denoted. as 2

ever is smaller. The order of magnitude of the ratio of successive

magnetic-interaction constants and successive electric-interaction

constantszcan be estimated from hyperfine-structure theory to have the

form —T%G_ '(-%Qn)z, The factor 1/10 is somewhat arbitrary and arises
R { :

Dt2 ond (1/r)™

involve normalization factors of this order of magnitude. The dependence

from the facfh that the ratio of the matrix elements of (l/r)

on Z, Rn’ and aq is pretty well established~at least theoretically. Some
predicted \octupole,interacltion energies found by using this formula and

the measured dipole constants are:

- Predicted . . Measured
6 ' (kc) (kc)
Ga°? 0.17 0.08
Ga'l 0.22 - 0.12
m!l® 0.76 N 1.1
m!e7 2.8 : 2.3

" The measured values are those as corrected by Schwa.rtz]'4 for electronic
perturbations. This effect will be described in what follows,

On the basis of the above approximation, predictions of higher-
order ndultipole interactions in the heavy elements can be attempted. In
_Np23_9, fqr instance, the dipole intergction is known to be at least 20 Mc
so that an estimate of the lower limit of the octupole interaction is
0.4 kc. Another way to say this is that there is about 1 kc of magnetic
octupole or electric hexdecapole interac-tion per 50 Mc of magnetic dipole
or electric quadrupole interaction. Hence, there is a fair possibility
that one or both of these effects is measurable in some of the heavy '
elements, |

An important point connected with the measurement of higher-
order multipole interactions is that if one wishes to determine tbe pure
nuclear Zk pole interaction then one must separate out that part of the

interaction energy which is due to second-order effects of combined k'
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and k-k! interactions where k' is any integer less than k; (Schwartz .
correction mentioned above). For example, an octupole-like splitting
in the hyperfine structure arises from the ‘coupling of the dipole and
quadrupole interactions of states-of the»'séme’ F but different J. This
effect can not be separated experimentally from the measured energy,
‘but must be calculated from known atomic wave functions. It is worth
while to 'emphasize that the effect of ve_le.ctronic perturbations can be large
enough to seriously enhance or négate the nuclear octupole effect. In the
isotope_lnll5, for example, the eff/ect dﬁe to perturbation is as large as
.the nuclear effect and opposite in sign so that the observed effect is zero.
The foregoing represents in brief the basis for the measurement
of higher-order nuclear multipole moments and some of the pitfalls in-
volved. A more detailed tifeatm’ent will await actual measurement.
Hyperfine-structure measurements made in these experiments
involve the obseryétion of AF=0 transitions in the presence of both weak
and strong external fields. Occasional observations were made of _
AF = % 1 transitions in the presence of weak external fields in connection
with direct observation of hyperfine-structure splittings. The presence of
an external field gives rise to a Hamiltonian, '

© Wb, - gp oI o - g kol Ho: B (I12)
(,gJ <. 0 for electrons)

where %hfs is stated in Eq. (IL1), g;

nuclear g factors respectively, and Mo is the Bohr magneton. The

and gp are the electronic.and

direction of the field H, is taken to be the z direction.. The splitting
of the levels characterized by the quantum numbers I,J, F, mf is then
determined from the energy matrix. If we neglect off-diagonal terms in
J, then the only off-diagonal elements present arise from the matrix
elements of Jz and IZ which couple the states ]F,mf> with the states
\ F+1,mf> and . F-vl',mf-> . Hence the ener'gy matrix will have the

form shown on the following page.



m-—F

m, = F <Fm]“}élFm>

=‘F -1 ‘0 <
T e

m.=F -2 0
m_

e & 5 o v .0

m\r D i, >
. 1><F =1|°“’ftF v

......

m.=F -2
m 2

(F o PYF al/\F 1PlE =1><F -zl‘)&-‘
| 0<Fm—]l°f(atl:‘m ?(Fm-;{%h“mnﬁ

ooooooo

<<me}q1? >\F _1[%tFm>
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Here we have Fm = I+J, and only the value of F appears in the label
of the states in the above matrix. The process of diagonalization of the
energy matrix consists, therefore, of diagonalizing the individual
submatrices corresponding to different values of m.. It is apparent
that, in general, this necessitates evaluating the roots of polynomial
expreéessions of arbitrgry order. | |

To surmount these complex computational problems, a routine
has been set up for the IBM 650 computer. 15 Given the state for which
the energy is désired (i.e., 1,7, F,mf), the computer will calculate the
elements of the submatrix corresponding to the given value of mg, re-
taining only the terms in a and b in ‘}.’phfS, It will then scolve the
polynomial expression resulting from the diagonalization of the submatrix
for the particular root appropriate to the state F desired. The restriction
on. I and J is that the smaller of the two be less than 19/2. This routine
is proving particularly useful in the work currently being carried out on
Am241, where I=5/2 and J=7/2. _

While the solution in the general case of the energy 1eve_ls of
the Hamiltonian Eq. (II.2), is possible only numerically, the same problem
for the case in which either I or J is 1/2 is easily solved in analytic forrﬁa
. In that case ;H:ilfs =al* T, and '

H=ha T T gpugd Hy - gl H (11.3)

0°
Only two F levels are pre_senf here; in the case J=1/2 they are I-1/2
and/I+1/2, Hence the energy matrix for the state m, is of the form
on the following page. -

The quadratic equation that results from diagonalization can

be solved to yield the energy levels.,

, 4m x 1/2
we- AW g mH s AV |y L2 (I1.4)
T 2(2141) 2 21+ 1

el (8rgg) ket

2 AW

AW = ha




1l

R

I+1/2

I-1/2

hal

F = I1+1/2

koH g™

(2g Itg.)
2I+1 - R

2I+1

KoH (g -g
o"ole; -8y) \/(H&/Z);qn%

F=1-1/2
o O(gI gJ
21+1
ha E+1). 0 L0 Mo 3{0
2

2I+1

M(IH/Z) -mf

[;g1u+1) gJ]

_61-
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This derivation was first performed by Breit and Rabi, 16 The positive
sign refers to the state lF=I+1/2,rr‘1f % and the negative sign to

|F=I-1/2,mf ). Figure 2 is a plot of W/a vs x for k37, which is
characterized by J=1/2, I=3/2.

A particularly simple solution of the Hamiltonian (II.2) is ob-
tainable in the two limits x ({1 and x }) 1  (weak and strong field
respectively). In the weak-field case we start with the zero-field éner.gy
; levels, i.e., the solutions to the Hamiltogian"%hfs. In the absence of

. external field, the physical picture describing the situation is that the
nuclear and electronic angular momenta couple together to form the total
angular momentum ¥. The hyp‘erfine.-‘structure interaction causes the
electronic and nuclear magnetic moments to precess about the vector F.
Hence the components of the moments perpendicular ‘td ¥ average to

zero and the effective component of the moment (:eff) is the component

alorig F: :
- I.F T-F
beff = 8gg g F Vg —=3 F (IL.5)
eff Jro (F)Z ™0 (?)2

The weak external field .}’{0 does not destroy this coupling.. Rather, this
field causes the total coupled system Tféff to precess about ﬁO" There-

fore, the additional energy imposed on the system is’

- | | .
W= By (g, TR g T B g (;)fg = gpngmg, .
F(F+1)+J(J+1)-I(I+1) F(F+1)+I{I+1)-J(J+1)
S A 81

2F(F+1) 2F(F+1)

(11.6)

The ratio gI/g;r is of order me/mp (electron mass/proton mass) and
in practice it is usually convenient to neglect the g1 term.. The difference
in energy of two states belonging to the same F for which m, differs by

one is, in this approximation,

F(F+1)+J(J+1)-I(1+1)
2F(F+1)

AW = - g H. . (I1. 7)

J Moo
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Equation (II.7') gives us the basis for 'determining nuclear spins from
weak-field or Zeeman measurements. In the transur_anic'elements, the
quantities I,J,F, and gy were all unknown prior to this résearch for
the n’eptﬁnium isotopes and for Crn2'42’o The nuclear spin had already
-been established for Pu239. The method for fixing each of the unknowns

is discussed for each element investigated in the section pertaining to

"that element, ‘

_ For strong fields, the physical situation is described by depicting
the nuclear and electronic moments as sufficiently decoupled so that they
pfeceSs separately about the applied external field. Hence, all components
average to zero except those along the field dire.ction, If we noticbe that
C?(ths is a-function only of .l’ + 7, then in the strong-field limit we obtain
the diagonal elements of this operator by replacing B -jpeverywhere by

mm . For example, the strong-field solution to the Hamiltonian for

I or Jequal to 1/2 is

: %z hamImJ - gIHOmIHO - ng.OmJHO, (I1.8)

Note that the lévels. are liﬁear in thevfi‘eld and that for

ngomIHO( hamIm;r (the usual laboratory strong-field case) states of

positive m. have higher energy for positive m._, ‘whereas for negative

1

m., states of negative . will have higher energy. These features are
g my g gy

ex{libited by.thé hyperfine structure cf -3K39 (Fig. 2). Measurement of -
the slope of the high-field levels is an accurate way to obtain the value of
gy :
A primary problem in the theory of hyperfine structure is to
determine the explicit dependenc'e of the interaction constants a,b,c, ...,
etc. on the appropriate electronic and nuclear matrix elements. The
-evaluation of the .consta_nt‘_ a is perti_nent to the: work described here, so
that nuclear dipole moments can be inferred from the empirically measured
values., The evaluation of the constant a- was first done correctly by
Fermi17 for the case of a single electron in a 2S state. In his

calculation, Fermi treated the nucleus as a point dipole, and the

electron as a relativistic particle obeying the Dirac equation. This

treatment'yielded the celebrated Fermi formula for the hyperfine structure,
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. 167 . “L> - lz S o
ha = , 0 . : 1.9
SRR CI s

Small corrections to this formula arising from quantum electrodynamics,

19

relativistic mass shifts, and the anamolous magnetic moment of the
electron.ZD'have all been calculated to bring Eq. (II.9) into compiete
agreement with the observed hyp.erfine structure of hydrogen. 21 Semi-
empiri‘cal methods have been devised for the evaluation of ,Lpn(O)I 2

that Eq. (II.9) can be applied to thel.alll_{alisa 22
A very fruitful method for the derivation of the form of the inter-

action constant a in non-s states can be obtained by writing

hal> = - 0 H, C (1L.10)

where H is the magnetic field at the nucleus due to the orbital electrons.
Starting from the classical expression for T one can then derive the

expression for a single electron in non-s states. 23_ This yields

b r1 \ L(L+))
ha = 2[— = ., : I1.11)
| (\/”1 ) o <r3> J(T+1)

Finally, the same treatment can be extended to the case of n equlvalent

electrons in a non-s state. The expression for the resultant 1nteract1on is

JEI+1)+ L (L+1)-S(S+1)
=2 <
ha ( } < 3>{ 27(J+1)

2(2Ln%) I:L'(L+1) [1741) + s(s+1)-L@+1)] | (IL.12)
n4(2L-1)(21.- 1)(21.+3) 2J(J+1)

+

3 [y - ey - sl + nee - s<s+1if|}
4 RN |

This formula is derived in the limit of pure L-S coupling between the in-
d1vidual:electronsaccordlng toHund's Rule.:Thenotationis usedithatlis the -
orbitel anguiar—morhentum state of the individual electfoné, L and S are
respectively the total orbital and sptn angular momenta of the coupled .
electrons, and J =rﬁ+§t is the total angular momentum. ,That this

formula reduces to Eq. (II.11) in the casen =1, S = 1/2 is easily verified.
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" Theory of the Resonance Process =

The method used in these experiments is the atomic-beam flop-in
method first proposed by Zacharias 24 4s a modification of Rabi's original
resonance 'proposal’.'zs The essential pb‘intiof this techn.ique is that with
the field gradients in the A and B magnets aligned (see Fig. 3), no
atom can be deflected around the stop wire (S) so as to f-éach;the detector
(D) unless its rﬂagﬁe‘tit momient has éhaﬁgAeid‘sign in the-";ce‘gioh‘ of the
homogeneous C field. - | -

' In' detail, the resconance process occurs in the following fashion,
An atom: effusing out of the oven slit in the forward direction enters the
region of the A magnet and undergoes deflection. In the homogeneous C
field it moves linearly, but if it has a nonzero magnetic moment the atom

precesses about the field with the Larmor - frequency 0° ﬁo/h/— .. The

oscillatory field, which is then at right angles to the homogeneous field,
exerts a torque on th.e atom, 7T :-Jx'ﬁl . Let us consider the linearly
polarized oscillatory field to be composed of two circularly polarized
components, one rotating in the s_ai'ne direction as the precession of the
atom (positively) and the other rotating in the opposite direction (negatively).
| Speaking élassically, we can say that if the positively rotating component
has a frequency far from the Larmor . frequency, then, over many rotations
of the atom about the C ﬁelrd, the average value of the torque exerted by
‘the osmcillatory field is zei‘o, Howevevr,' close to the Larmor - frequency,
the time average is nonzero, and after the atom has traversed the C field
there is,in general, a change in azimuthal orientation of the magnetic
moment, Quantum-mechanically, of course, the new orientations are
restricted to the possible substates of the angular-momentum vector. If
the final orientation is opposite to the initial orientation, so that the
magnetic moment in the B magnet is equal in magnitude and opposite in
_direction to that in the A magnet, then the atoms passing through the
.collimating slits .can be deflected around the stop wire and be _collected

_on the detector. From this picture of the resonance process, formulas

can be derived for the shape and height of resonance curves. The shape

of resonance curves (intensity vs frequency near the resonant frequency)
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MU-13185

Schematic arrangement and trajectory in an atomic-

beam flop-in apparatus.

Fig. 3.
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is considered in detail by 'Ramsey. 13 The height of a resonance at the
resonant frequency becomes important in the researches on the neptunium

-isotopes and curium.

Resonance Height

The intensity (i) at resonance at the detector for a given transition
in an atomic-beam f10p-in-;type experiment can be though‘t of as proportional
to the product of three factors, | » |

i = CNPA,

-where C 'is a normalizing constant,  N-is the popuiation of the magneétic
substate undergoing transition, P is the probabili'ty of transition from
initial to final state, and A 1is an app’ai’atus factor:. _.

 The population per magnetic substate N is simply given by the
Boltzmann factor, N =éxp (-E/kT), where E is the energy of the state.

The transition probability P between two magnetic substates
mg, rn‘f of a level of given total angular momentum F under the action
of an applied radio-frequency field was first derived by Majorana, 26 -This

derivation assumes that the full effect of the rf is felt instantaneously

‘at t = 0. Explicitly, this transition probability is given by

my, m‘f ' . ' : v .
— S At ] LI ] ] ]
PF = (F-mf). (F-m f)” (F + mf). (F+m f)"

’ m, +m'. + 2r, g
CsintF (2 (-)Fcot * f =)

2
r (F—mf—r)‘.(F-m‘f-r)!(,rnf‘irn‘fﬂ)‘. T,

(II.13]

The transition is from the state F, me to the state F, m'fg and the sum-'is

over all values of r that keep the factorials positive. Here, we have

2 a =:Pl/2,1/2, where pl/2ri/2

> is the transition probability for
1/2 - 1/2

sin

a moment with the same gyromagnetic ratio, but a spin of 1/2. This is

given by | ’ 2 | 1/2
pl/2.,-1/2 ﬂ)lz——_ , sin® 1/2 [w-wo)z + (Zb)ZJ t.
1/2 (w—wo) + {2b) '

(II.14)"
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In this formula, « is the applied frequency, wq is th‘e Larmor precession
frequency of the atom in the homogeneous C f1e1d b is the interaction
energy of the moment with the trans1t1on f1e1d i.e., *}‘glﬁ - where H1
is the amplitude of the osc111atory field; and the factor 2 comes from the
fact th.at‘only the circularly rotating part of the field in the direction of
precession of the atom causes transitions. The length of time the atom
spends in the transition region is denoted by t. | ‘ _

In this work, the only case of 1nterest»wal%ft’lfxrfig1 tfransnlon probability
for w = wg: At_ this frequency, we have, for PF R

l

f’ f . 4F

Pp " =(F f)‘( )'.(F+mf)‘. (F+m' )} sin® (b%) |
2 2
m_ +m' 4271 (Bl
x L) B |
. (F-m-r)! (F-m'-7)! (m4m' +7)! r! (11.15)

where { = length of trénsit_ion region,

"

v velocit_y of atom in the beam.

. In order to apply-FoArmula (II.15) to any practical cases, con-
sideration must ‘oe given the fact that there is present in the beam a
distribution of velocities, and that the probability of an atom having a

velocity between v and v+dv is given by v
I(v) = —4— v3 exp (- vz’/a.z),' v (I1.16)
where a = the most probable velocity 1n a Maxwell- Boltzmann distribution

at the same temperature., (Zk’l’.‘/m)2 Averaging Formula (I1.15) over

the velocity distribution involves the evaluation of integrals of the form

sin™ (l)) cos (-—‘;- )v3 exp(-vz/az)dv, (11.17)
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where m and n are inte"'gei's° ‘Such integrals can be evaluated quickly
and accurately on the IBM 650‘computer.

| In order to have a detailed check of the applicability of the
Majorana theory to these experiments, this evaluation was done for the
flop-in transitions of K39.';. -The intensity at resonarnce in the 'F = 2 state
of this isotope (see Fig. 2 for a hyperfine-structure diagram of this
isotope) was measured as a function of rf current (Fig. 4). This curve
was taken in the Zeeman region, where we are observing the transitions
F=2: mf=-2e»mf£2, mf=—2§y m,= 1',mf=-=2 &> mf=0, mf=-2‘§"¢ mfz-l all
at once. A calculation was made of the transition probability averaged
over the atomic-beam veloc1ty distribution for eachcof these transitions -
for several values of the parameter (b/a fﬁf The %bserved intensity should

be proportlonal to the quantity rg’ 2 ‘ , where the notation
1
P indicates average value This quantlty is plotted as a function of (b/ﬁ )
in Fig. 4. A comparison with the experimental results was made by
- superimposing the experimental and theoretical curves (Fig. 5).
Superimposing in this way allows an arbitrary choice of scale factor
and normalization factor. These are chosen so as to make agreement
between the two curves as close as possible.
The apparatus factor (A) arises from the fact that the deflecting
powei“ of the'magneté is dependent on the magnetic moment of the atom.
It is easy to see 'that very-low-energy and very-high-energy atoms can
not reach the detector. Very-low-energy atoms are deflected into the
magnet walls before they get very far down the apparatus, and very fast
atoms are not deflected enough for their paths to be bent around the stop
wire. Hence the apparatus georhetry and the strength of the magnetic
- fields permits only a selected velocity band to be focused. The width
of this band is, of course, dependent on the magnetic moment. It is
easy to show that if we neglect'the lower velocity limit, then the fraction

_v2
of atoms that gets focused is given by (1l-e v C/a ), where A is a
velocity dependent on the parameters mentioned above. A derivation

of this expression was first given by Sunderland. 27 He shows
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AVERAGED TRANSITION PROBABILITY

TRANSITION PROBABILITIES
" TO THE STATE F=2,m=-2

OTAL— ~ =

MU- 16344

Fig. 4. Transition probabilities in K39.

5
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Fig.

MU-16345

5. Comparison of experimental observations and theoretical
transition probabilities in K27 :
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7 12

| /sl o H, | : ' - '
v = /& [c A ip B , (11.18)
c m 1 , 1 ,
: oy S0y -
oH "~ OH B ' - '
where and ——  are the field gradients in the A and B
Oy . 81'V- - '

magnets, Cl and D1 are factors which depend. only on:the aa;i?aratus

- geometry. Far away from magnet- saturatlon, we can write OC1M;
8HB » :
- OC'iM where iM is the magnet current, Therefore,

(Cpx /m) /2? Also, since @ = Z.kT/rn) / , then the expression

for the 1ntensxty is 1= 10%;1 eXp(—CJaJI"— M]’ This relatlon can be checked
expenrnenually by varying the current in the A and B magnets and
measuring the intensity at resonance. This was done for K39 with the
re sult that an approximately exponentlal curve was obtamed If we

" use this curve to yield: a value for €, we obtain

C = 1.;-2><-1o {erg*cm/ K )L
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EXPERIMENTAL METHOD

It was stated in the section on the theory of experiment that the
determination of the electronic and nuclear constants of an atomic system
involves the determination of the resonant frequencieé of the sYstem at
particular settings of the homogeneous C field. The great accuracy |
obtainable with the atomic-beam technique is made possible by the fact
that measurements of only a magnetic field and a frequency are necessary
in .any experiment. In this section the procedure and equipment involved

in these measurements is discussed.

Running Procedure

Once the preliminary éhemistry has been done on the material
under investigation, it is placed in a small oven. The oven is in turn
mounted in an oven loader designed to permit rapid positioning of the oven
in the apparatus with minimum disturbance to the apparatus vacuum.

The oven is then optically aligned so that the aperture out of which the
beam effuses is collinear with the magnet gap (see Fig. 3 for a schematic
diagram of the apparatus). It is advisable at this point to set the C field
to the ‘desired 'Vaiue., An accurate calibration of the field is made possible -

by the fact that the hypei'fine_-» structure constants of K39

39

are accurately
known, 28 Since J = 1/2 for the ground state of K”’ the energy levels as a
function of field obey the Breit-Rabi Equation (II.4), and the transition
frequency for a desired field setting may be calculated to-an accuracy
greater than the resolution of the apparatus. - Hence the C field may easily
be set by setting the oscillator that drives the rf hairpin at the appropriate
freigliency, and then varying the current through the C magnet coils until
the resonance is cbserved. The ‘(f]ﬁepf the C field is conveniently ex-

in Mc. This will usually be used

pressed in terms of the quantity
h
‘in the text, instead of stating H0 in gauss. The adjustability of the field

for fields below about 20 Mc is limited by the resonance line width of about

25 kc, and is about one part per 1000 for fields Zabove 20 Mc. |
After the field is set, the oven ié then heated to a sufficient

température to establish an adequate beam at the detector. In the heavy

elements, beam temperatures vary from 900°C to 3000°C, depending on
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the material. When the beam temperature is reached, a resonance
expo,sure is then taken. This involves setting the oscillator to a particular
frequency and allowing the beam to pass down the apparatus for 5 or 10 |
minutes and to impinge on the detector. At the end of this time the detector
is removed and placed in an appropriate radiation countefr. Meanwhile,

the oseillatof is set to a new frequehcy and the procedure is repeated. In
general, the; field ‘sett‘i‘ng‘and beam intensity are checked between resonance

exposures,

Exper imental Apparatus

The physical construction of the atomic-beam machine used in

29

these‘experiments has been described elsewhere. Only new features

and features that have undergone modification are discussed here.
‘1, Ovens -

The neces‘sity of obtaining temperatures up to 3000°C places
sevefe restrictions on the possible (i)ven‘matevrialse The further re- -
qu.irement of obtaining these temperatures with a reasonable power,
»u51ng the electron-bombardment technique, necess1tates that the oven size
be kept small and that the oven be mounted in such a way that heat transfer
to the surround1ngs be mlnlmlzed. Finally, the oven material used must
be free from interaction with the materie.l under investigation at beam
ternperatufes Up to the present the mater1a1 most satlsfactory from
these pomts of view is tantalum (mp = 3000 C) Ovens made from tantalum
have been used successfully in the work on amer101um, curium, neptunium,
‘and protact1n1um All four materials were in the form of the oxide below
“about 1400° C, and were converted to the carbide above this temperature.
'fhe americium research shows thet the tantalum is a satisfactory con-
‘tainer for the pilre metal as v.vell° The work on neptunium indicates
that metallic uranium interacts with tantalum at beam temperatures.
The same effect was found with metallic plutonium. The problem with
the uranium was solved by oxidizing the metal and using a carbon re-
duction technique. A tungsten oven with tantalum slits, with an inner
liner to control creep, was found to be an excellent container for

plutonium.
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The tungsten oven used.in the plutonium research is illustrated in
Fig. 6. The hole is covered with tantalum slits made from 3- rﬁil foil
that is spot-welded onto the front face of the oven. These slits provide
an aperture about 10 mils wide out of which the beam effuses. The
- tantalum ovens are of smaller design ‘than the tungsten ovens for easier
heating. They are mounted on a piece\of 40-mil tantalum rod to provide

good thermal insulation from the main body of the oven loader. -

2. Oven Liocader

The design of-the oven loader used in the plutonium research was

. influenced p.rimarily by the need for easy mounting of the oven and the
need for quick insertion and withdrawal from the atomic-beam machine
with minimum disturbance to the machine vacuum. Figure 7 is a pictorial
drawing of the loader used in this research. The tungsten oven containing °
the material sits on the oven platform. The filament is a 0.010—inch
thoriated tungsten wire, which is coated pribr to heating with a carbon
suspension (Aquadag) to increase electzfon_ emivs_sioh. The application

to the oven of several hundred volts giveé the beam temperature of
1500°C. Using a mounting which brings the entire bottom suzjfacé of the
oven info contact with the oven platforin requires the apprlicat‘ion to the
oven of about 150 watts to achieve the desired temperature.

When it became apparent in the neptunium research that it would
be né"cessary to achieve temperatures of about 2000°C, the oven loader
and the oven were both modified. In particular, the oven platform was
replaced by a flat plate held by friction in two slots notched into the high-
voltage rods. A 0.040-inch hole drilled in the plate is the mouﬁting for
the tantalum rod that supports the oven. A ground plate covers the flat
plate in order to increase the collection efficiency of the oven when high

voltage is applied. This modified oven loader is illustrated in Fig. 8.
, : : e
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Fig. 6. Cutaway view of oven used for production of a plutonium

‘beam.
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OVEN LOADER
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MU- 16346

Fig. 8. Modified high-temperature oven loader used in researches
at 2000°C. :
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GROUND -
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MU-13890

Fig. 7.. Oven-loader system for high-temperature electron
bombardment used in the plutonium research. The oven
(Fig. 6) is placed in the cup and the unit capped with a
matching semicylinder which serves as a heat shield.



. 3. Detectors

Thin (0.001-inch) platinum foils have been used successfully as
collectors for all elements investigated so far in the transuranic region.
These fils have a radius of 0.250 inch and are well adapted to use with
the alpha-particle counters and the gas-flow proportional counters used
for detection of beta rays. The collection efficiency for the transuranic
element beams is high, reproducible, and very probably 100%.

In the earliest runs on Np239, sulfur-coated brass buttons were
used as collectors.. These buttons are especially adapted to the beta-

gamma-ray scintillation counters used in the work on thallium., 30 The
.efficiency of these detectors for neptunium collection is also high and

reproducible’
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CURIUM-242
The impetus to the curium research was the availability in so-

lution of curium salts in quantities of hundreds of micrograms. A 2-ml
‘solution containing 100pg ofcurium, almost entirely 162-day Cm?%?
by activity, was received from Livermore. The subs’_tance was identified
from its alpha spectrum on the blow—baékgrou'.nd' 50-channel UCRL pulse-
height analyzer, o ' |

EXperimental. Det;.il

The chérhis'try techﬁi.que involved is ';co convert the curium salt
to the oxide and to reduce the oxide to the metal in the same manner as
described in the neptunium research. In detail, the procedure is as folloWso
From the main body of the solution, 150 microliters is pipetted off and
mixed .with an excess of concentrated HNO3, . A few mg of uranyl nitrate.
is added to provide a carrier. The solution is then boiled down on a hot
plate to yield a crystalline green material, presumably uranium nitrate.
This substance is placed in a platinum crucible which is then héated to a
. cherry red in an induction heater. This heating is sufficient to decompose
the nitrate into the oxide. The quantity of material obta_ined in this way
. is in general sufficient to provide 4 to 6 hours of running time at a direct
' beam rate, with the deflecting magnets off, of about 75 counts per minute
incident on the detector. ' v

The conversion in the oven to the carbide takes place at about
_IZOOOC. When the oven temperature is raised to ISGOOC decomposition
takes place and a beam is formed." :I‘h_is teChniqué for achieving a beam
- worked in the initial attempt, and no difficulties were ever encountered
subs equ’ently. ,

- During the runs the beam was collected on plétinum foils. Counting

was done in low-background { £ 0.5-cpm) alpha chambers.
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Experirhental Observations
koo

A low-field search was made ( = 0.998 Mc) with the

h

purpose of observing resonanceé_ in the frequency region corresponding
to g valués between 0 and 3,0. Three p_rominent res‘ohanc,es were ob-
séfved at fr‘equencies vy = 1.,625 Mc, vy = 1,737 Mc,and V3 ?1‘937 Mc.

A fourth resonance in apparently lower intensity was observed at v4=2.500 Mc.

In order to ascertain more carefully the g values of these resonances,

H .
~ the field was tripled and observations were made at p% 0 . 2.969 Mc
. H".
(Fig. 9). The transitions were again observed at_“O_Q = 9.679 Mc, and

HOHO h
= 18,786 Mc. The resonances at this maximum
h .

field (Fig. 10) give the precision values obtained for the g's. The results

finally at a field .

of the searches are indicated in Table II'along with the mean g value
Vfor*e‘ach of the trénsitions, It is shown in a subsequent section that these
g values can very probably be ascribed to electronic states with

J= 2, J=3,J =4, and J = 5, Hence the corresponding g value is de<"
“noted by a subscript.-

| It was next desired to obtain a measure of the energy-level
splitting of the four levels, by observing the relative intensity of each of
the four resonances at maximum transition probabil.i’cy’° The relative
ordering is already crudely indicated by the average intensity of the
previously observed resonances to probably be J =2, J =3, J = 4, and

J ='5, in increasing energy. A more quantitative measure of the splitting
is accomplished in the following way.. At a low ﬁéld,- the frequency is
adjusted for resonance. in the state J = 2, and the rf current in the
hairpin is varied. The low field minimizes the effect of field ﬂucfuatiqns
during an exposure. The adjustability ofcthe rf current is to about 1 ma.
For each value of the current, the resonance intensity is obtained (Fig. 11}.
The current for the maximum of this curve is noted to be about 27 ma,
and the current for maximum transition prdahility.in the other J states
is obtained by making it inversely proi)ortional to the g wvalue. The
theoretical justification for this procedure stems from the Majorana formula,
and is discussed in the section on curium energy levels. Observed in-

tensities at maximum are given in Table III.
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Fig. 9. Observed curium resonances at 2.1 gauss.
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Fig. 11. Vzirziation of resonance intensity in the J = 2 state of
- Cm with rf current.
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Table 1I

Summary of experimental observations

ot
h =2 g =3 ) =4 =5
(Mc. ) & &5~ &7 % 8y =
0.998 2.50x .05 1,953:.05 1.74+ .04 1.63+.04
2.969 © 2.554+.016 2.00+.02 1,78%,02 1.67+.02
9.679- - 2.561x.012 2,000+.008 1.772+.009 ==
18.786 2.561:1:.003 2.000+.003 ' 1.776+£.002 1.671+.003
. Weighted »2.,561:1:.003 .2.000+.003 1.776+.002 1.671+.003
mean : '
. Calculated =" .. -
values for. 2.558,, 2.002 1.780 1.668
scheme
J1=7/2,
gJL‘EZ,OOZ;
J, = 3/2,
g7, = 0.890
Table III

Resonance intensity in each of the four states at the rf current setting
that maximizes the transition probability

State

Observed Intensity
(79
J=2 1,45+.25
J=3 1.08+.17
J =4 0.83x+.12
J=5 0.43%.06
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- Curium Energy Levels

‘On the basis of intensity measurements, it is possible to obtain
a crude measure of the energy separations of the ground state and first
three excited states in curium. As discussed in the section on resonance

height, we may write, for the intensity at resonance,

| S s '
Iy=c exP_("jEJ/k-T) Z P A . (v

The notation is the s'am‘e' as before.. The apparatus factor is included with
a subscript, since it depends on the inagnetic substate of the atom beihg
flipped. The additional energy imposed on the atom by thé external
magnetic field is taken as negligible compared with the zero-field energy
of the state, hence we neglect it. |

In calculating energy separations, only the relative intensities of

two transitions are of interest:

1 | R Mt Z_mJi'mJ
I /1J =exp | (Ej -E; )/k.T Z o A / 1:52 A
1 2 2 1 m g 1. J my J
- _ myg,imy Z _my, mj
or E; -E; =kT4n(l ;41 P, A /1J o Py AL )
2 Y1 Jp My Y2 g Y2 ™y 1 J
(v.2)

The flop-in transitions for each J state over which the sum is to be
taken are immediately evident from inspection of a hyperfine-structure

diagram (Fig. 12). They are:

T=5 Ian=5\fe->mJ>=—:5; m =4em o =-4m =3em =-3;
mJ=Z€->‘mJ=—Z;th=1&->mJ=—l.

J = 4: mJ=4<-»mJ=—4,mJ=3(—>mJ=-3;mJ=Z(->mJ=—2,
mJ=1(->va=—l..,

J = 3: mJ=,36>‘rnJ=—3,mJ=ZémJ=—Z;mJ=1@»mJ=—1

J =2 m‘].=2.f>mJ..=-=Z,,mJ=l'6>mJ=-1
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ENERGY LEVELS OF Cm?2*?
MAGNETIC FIELD

IN A

Fig. 12.

MU- 16352

Energy levels of the four observed J states of Gm242 i
a magnetic field (not to scale). The arrows indicate the

observable transitions. - -

n
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By use of the empirically determined value of c; the apparatus factor
can be calculated for each of these transitions. To within a few per cent,

this can be set equal to unity for all transitions,

The calculation of the quantity Z P for each of the observed

trans1t1ons was done on the IBM 650 computer for various values of the
parameter (b/o,)‘ . These calculations assume that the system is in the
Zeeman region eo that all transitions are simultaheously resonant. In
this computation, the finite limits of integration were chosen so that the
error of negleclt was about 1% The result of the calculation is shown in
Fig. 13 as a plot of the quantity 2‘15 S (b/o.)z' for each state J.
A check on the correctness of the calculatlon is that in the limit of large
(b/@.) , the curves must approach the value (J/2J+1), in good agreement
with the calculated probabilities at this limit. It is to be noted that the
curves maximize at about the same values of (b/c;_)z. It is this feature
which justifies the technique used for adjusting the rf current as described-
in the section on exper1menta1 observations. '

. A check on the applicability of the Majorana formula to this work
is shown in Fig. 14. Here the experimentally determined resonance-
intensity curve for the state J = 2 is plotted to the same scale as the
theoretically evaluated transition-probability curve. As was done for the
K39 data,‘ the scale factor and normalization factor are arbitrary and
were chosen to give maximum agreement. |

Substituting the observed values for the resonance intensities,
calculated transition probabilities, and beam temperature into Formula
(V.2) yields the result that the level ordering is normal with the energy

separations indicated in Fig. 15.

Electronic Structure

A model for electronic structure in the ground state of curium

s1m11ar to that which explams the neptumum results can be used to give

satisfaétory agreement with the observed g values. The assumed

ground-state configuration is 5t'-6d 7s%. The Hund's Rule ground-state

term for the configuration 5f7 is 887/2, with a g wvalue g5 = 2.002;
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Fig. 13. Calculated transition probabilities for the four states of
curium. The abscissa is a quantity which is proportional to
the square of the applied rf current. The ordinate is the sum
over all flop-in transitions in the particular J state, of
the Majorana transition probabilities averaged over the

. »  -atomic-beamn velooity distribution.
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Fig. 14. Comparison of experimental observations and the
theoretical transition probability in the J = 2 state of
curium. '
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Fig. 15. Approximate curium energy levels as inferred from
transition intensities.
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for 6dl is 2D3/Z’ with gy = 0.800: Pure j-j coupling between the shells

yields a ground state mu1t1p1et cons1st1ng of four levels characterized by
J=2, gy = 2.603; J=3, gJ' = 2.002; J =4, g3 = 1.762; J =5, g5 = 1.641.
. It is seen that good agreement is obtained in all cases; the largest deviation
© occurs in the J = 2’state and is equal to 2.3%. . A model giving agreement
-with all the ob-served g values is one in ;'rhich the" '2D3/2 state is slightly

- perturbed so that the 6d electron is described by a 'state' J = 3/2,

gy = 0.890.I the limit of pure j-j coupling'between 'this state and one
‘characterized: by J=1/2, gJ » 2,002? ‘the set of g values shown in
Table II is obtained.. These are compared with the experimental g values.

" The rare earth analog to curium is gadohmum, which is found to

" have a ground-state configuration 4f7 5d 6s ." Optical spectroscopic
measurements of the energy levels indicate that they are fitted very well
“in the limit of pure L-S coupling. 31 Considering the configuration 5t 6d

in L-S coupling, one finds that it.yields a ground-state term 9D' which
" gives rise to levels J = 2, gy = 2. 668; J =3, gy = 2. 83; J =4, gJ 1.850;
J =5, gJ 1.733; and J = 6, gy = L. 667, The configuration 58 752 in the
limit of pure L-S couphng leads to a term - F with J values from 0 to 6,
all _hav1ng ¢gy = 1.50, It is ‘clear that none of these latter possibilities is

in good agreement with the data.

. Nuclear Spin

Implicit'in the above discussion of‘-electron’ic structure is the
assumption I = 0, Further, no integer values of I and J can fit the ob-
served g values if the system is assumed to be in the Zeeman region of

‘hyperfine structure.’
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PLUTONIUM-239

: Introductilo’n
» Prior to the atomic-beam work descr1bed here, plutonium had been
1nvest1gated with respect to its electronic and nuclear properties by the
methods of optical spectroscopy and paramagnetic resonance. Van Den
Berg, ‘Klmkenberg., and Regnaut3 first observed the opt1ca1 spectrum and
found the nuclear spin to be 1/2. The observations of Bleaney and co- workers33

239

~on the paramagnetic resonance spectrum of Pu verified the spin assign-
ment. In addition, they were able to estimate the nuclear magnetic moment
to be about 0.4 nuclear magneton. These measurements indicated that the
_ground-state electronic confi‘guratio.n of plutonium o‘ug‘ht to be either 5f5
6d 752 or 5¢0 752', with a preference for the latter.
The purpose of the measurements to be described herein was to _

_ establish the ground- state configuration so far as is possible from a

) measurernept of .the g5 ‘and J values of the electronic ground state. In

. addition, it was desired to measure the hyperfine- structure separation so.

that a calculatlon of the nuclear magnetic moment could be made. Finally,

239

as a secondary purpose, a verification of the spin of Pu was desired.

Hyperfine Structure

239

Since the spin of Pu is known to be 1/2, the highest-order
nuclear moment possible is a magnetic dipole moment, so that the inter-

action H;am'iltonian is of the form

H-haT- T- ngoj’f_ﬁofgfl.oI . ﬁo . (VI.1)
This Hamiltonian is identical to (II.3), which leads to the Breit-Rabi
equation and which applies to the case J = 1/2. Hence, the energy levels

of plutonlum can be obtained by interchange of I with J and gr with g5 in the
Breit-Rabi equation, Eq (I1.4),

1/2

B 4m g
2(2J+1) 2 2J+1 :
(VI.2)

(g -8 H
x - i S AW = ha 2J+1

aw | 2
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For the case J = 1, the elec’cromc state pr1mar11y observed the energy
levels are plotted as a function of field in Fig. 16. ‘

It is of 1nterest to note that 1f the poss1b111ty of multlple quantum
transitions is excluded then there are no flop-in trans1t1ons present.
'The p0351b1e multiple quantum tran51t10ns are F = 3/2,‘ m, = l/Zébmf—-?:/Z
and F =3/2, m 3/2é’mf = - 3/2.

Experimentel Detail -

2.39

The relatlvely long half life of Pu (24, 000 year s) necessitates

- the use of quantities of the order of milligrams in any given run. Plutonium
metal was obtained in foil form approximately 0.005 inch thick and in
suitable quantity by weightr This foil was established to contam measurable
quantities of PuZAO and Pu 242 by activity.

For use during a run,; approximately 50 mg was cut from the foil
in the form of small strips and plac-ed in a small tungsten crucible which
serves as an inner liner for the tungsten ovens used in this work (Fig. 6).
The necessity for an inner liner results from the fact that at beam
temperatures, the plutonium melt creeps along the wells of the tungsten
oven and attaek_s the _tantaium slits ﬁserd to define the beam aperture. It
is found that the sharp 1ip on the edge of the crucible serves to prevent
creep. With these ovens, beams lasting for 15 hours were obtaiﬁed with
no sign of interaction observed at the beam temperature of about 1500°C.

The characteristic alpha-particle radiation from Pu239 serves as
a convenient means for the detection and identification of the material.
Observation of the alpha spectrum on the 50-channel UCRL alpha aha_-lyzer
ser\'red to establish the composition of the deposit on the plutonium foil,
and on the resonance buttons taken during runs. Counting of the buttons
exposed during runs was done in 2 dlpha counters with backgrounds of
0.10 counts per minute except for occasional bursts due to line noise.

- Typical counting rates for resonance "peaké were 1 or 2 cpmo  Countdowns
- of several hours were taken for each button, and were repeated at least

three times so as to el1m1nate the p0551b111ty of a high counting rate due

to the 1nd1cated line noise,
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It was believed at'the start of the experiment that a change in the
usual method of running would be necessitated by the fact that the states
are of integral J only. A”s'r}oted in the section on hyperfine structure,
no single-quantum flop-in transition exists for such a syste'm‘. A solution
to the problem is to use an off-center oven geometry wherein the oven
'slits are placed about 0.020 inch off an axis down the center of the magnet
gap. Such a geometry permits a refocusing of transitions in which an atom
goes from the state my,my = 0 in the A magnet to eifcher one of the states
cmy, mg o= + 1 or mp, my = - 1'in the B magnet, depending on which side
of the axis the oven is placed. Figure 17 shows the off-center geometry
and the trajectory of-an atom undergoing such a transition.. This oven
geometry was used throughout most of this work. As is described in the
next section, however, the apparent existence of very intensev multiple
quantum transitions in the intermediate-field region made the off-center

‘geometry unnecessary.

Experimental Observations and Data

An initial search for resonances taken with a C field of 0.7 gauss

(Oh_O = 0.996 Mc) was made with the off-center oven geometry to obtain

.inﬁformation regarding the electronic ground state of plutoniunr;.- Resonances
were found at frequenc1es correspond1ng to g values of 1. 0 1.2, 1.5, and 1.8
(F1g 18). The resonance at 1.0 was tentatively ascr1bed to the system
J ?:43/2 J = = 1/2. Since the sample is known to contam 5%to 10%
Pu by act1v1ty, the resonance at 1.5 Mc 1s probably due to a system
with the same electronic state and I = 0. »

In order to improve the precision and reliability of these low-field
data, the strongest observed transition--that corresponding to - 1l and
presumed to arise from the J = 1 first excited state and the F = 3/2 level--

was followed to %_Ih1gher field. Further observation of the F = 3/2 state
0 . ) T

at 1.4 gauss ( = 1.985 Mc) showed the observed resonance to
~ deviate by about 0.150 Mc from the resonant frequency predicted on the
assumption that the system is in the Zeeman region (Fig. 19). This

deviation is referred to as the quadratic shift, since it is a good
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Fig. 16. Energy levels of the system J =1, 1
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'FLOP-IN TRAJECTORY
WITH OFF-CENTER
OVEN GEOMETRY

MU- 16363

Fig. 17. Hypothesized flop-in trajectory of an atom undergoing
the transition AF = 0, Am = = 1 in a state of integral
J using the off-center oven geometry.
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approximation to assume that it arises from a term quadratic in the field.
Its large value at this low field is characteristic of an extremely small
“hyperfine str‘ucture. ) v ‘

Since the hypérﬁne-étructure separations are expected to be about
the same in all states arising from the 7}?‘ multiplet, and since J = 2
and J = 3 state contamination are known to be strongly present in the
beam, the complexity of intermediate-field structure is considerable.
Hence iinprovement in the value of AW was obtained By following the
“transition through intermediate field in small increments in the field.
All resonances taken in this regioh are displayed in Fig. 20 along with
1hose observed later at fields in the Paschen- Back reglon of hyperﬁne
btructure

A reasonably précisé estimate of AW was obtained by using the
procedure just described and the Formula (VI.2) for the energy levels,
An attempt was then made to observe the transition AF =+ 1, The '
transition F = 3/2, m, = 1/2 - F = 1/2, m, = - '1/2 can be used for this
observation and is an ordinary single-quantum transition. Using the
off-center oven geometry, a search was performed at a C field of

0.4 gauss ( 0 0 - 0.500 Mc) yielding an effect at about 8.5 Mc which

- was ascr1bed to the desired transition and which was later traced out

in detail (Fig. 21). The h)}perfine structure yielded by these resonances
is the assigned value of 7.683 = ,060 Mc. There is also an effect

present at 7.7 Mc which is probably due to transitions normally forbidden
by apparatus-selection rules but is allowed in first order by the off-
center geometry used in this search. '

A precise measure of the gy value by means of a search in the
limit of high C field (Paschen-Back region) was made. As described in
the theory of experiment, the slope of a straight-line fit to the curve of
frequency vs magnetic field taken in this region gives a relatively accurate
value of gJ?- Moreover, a crude value of the hyperﬁne structure is ob-

tainable from the frequency 1ntercept of this line.
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R transitions at low field. The resonance near 8.5 Mc is :
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ased. . A S B
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A two-parameter fit to all data taken on the F = 3/2 transition
was attempted under the assumption that the transition under observation
was the single-quantum one F = 3/2, m, =-1/246> F = 3/2 m, = - 3/2. No
such fit could be made giving agreement with the exper1mentally observed
resonant frequencies to within several mean deviations of all the points.
It was found necessary instead to fit the data to the double-euantum
transition F = 3/2, m, = 1/26 F =3/2, m;=-3/2. The assumption
that the observed transition was the double-quantum one was checked
experimentally by repeating some of the intermediate field points using
an on-center geometry. Such a gedmetry highly discriminates against a
single-quantum transition; however, there was no apparent loss in intensity.
On the assumption of a double—'quantum transition, and by use of the value of
AW obtained from observation of the direct transition, a value of gy was
chosen which m1n1m1zed the root-mean-square error in the exper1mentally
observed points. This y1e1ds g1 = 1.4975 + .0010.

A summary of the result of this fit is shown'in Fig. 22, where
the difference between the experimental and calculated frequencies is

‘plotted vs (_H_O_(_)__)I/Z.

display of the data. The agreement seems to indicate that the errors

This arbitrary abscissa. is convenient for the

ass‘igned to the experimental points are rather conservative. The
assignments were made by using the adjustability of the C field, which
is taken as 15 kc as a lower limit. The upper limit is determined from
visual observation of the resonances.

Nuclear Magnetic Moment

Information about the nuclear magnetic moment may be extracted
from the'measured hyperfine-structure interaction constant, provided an
evaluation of the magnetic field at the nucleus can be made. For a system
of equivalent electrons such as that found in plutonium, this is in gehefal
'complicated by the fact ﬁhdt the electronic state inay_ be a mixture of
~several coﬁfigurations or thet the coupling scheme is intermediate between
pure L_—S and pure j-j. The observed g3 value of plutonium indicates,
however, that the assumption of pure L.-S coupling to the Hund's Rule
ground state between electrons of the single configuration 5f6 is a geod'
one, and we may therefore apply Formula (II.12) to this situation. For .

S
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the 7F level this yields

- J
J(J+1)+58
gIH0< >{ }
Ty . 2 2. /1
al Fy) = 3,glu0<f3>.

The value of @ appropriate to 5f electrons is estimated from relativ-

and -(VI.3)

; . . : 4 .
istic wave functions calculated for uranium using a Hartree method._3 This

¢
&,

The ratio of these two is the relativistic correction factor, 35 which is

yields:

> FG dr = 3,89 a63_,

20.a r

(VI.4)

— . -r'3
-339a0

neglected in this approximation. The value of a is given by

a( 'F ) =2/3 gIHZO 3-_29_ ;.:'12-4‘g1 Mc.  (VL5)
a .
0

The experimental value .

= 2AW/3,= 5.14 Mc.

Therefore,

po= gI"LOI =2.1X 10_2 nm.

. Electronic Structure

- The observations made in the low-field search '(Fig "'18) and on

_ the g7 value of the state J = 1 indicate that the ground state configuration

is almost certainly 5f6,7sz. The Hund's Rule ground- state term for such acon-
f:igurat‘ion,i:s“/':_—{E. coupling to a ground state J = 0 and excited states J =1,2,...6.

On the assumption of pure L-S coupling, the g3 value of the ground-state

term including the effect of the anamolous electron moment is
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gt
2

s 1012,

in good agreement with the experirhentally observed g factor. Possible
sources of the discrepancy between >the theoretical and experimental
values are _ | .'
1. An admixture of j-j coupling between 5f electrons.

2. Higher-order relativistic effects. 19

3. Diamagnetic shielding. 36
The results of the low-field search indicate resonances at frequencies
corresponding to values of g = 1.2 and g = 1.8. This is in.approximate
agreement with the g values expected from the coupling of the state
J. =2 with I = 1/2.. That these resonances are present in ébout the same
intevnsity adds support to the assumption that they arise from transitions .
corresponding to the same J state,

The presence in the beam of more than one J state is consistent .
with the optical ‘spectroscopic ‘measurements by Conway,37 who has |
observed a fine-structure splitting constant for Am+++ in LaC13 in the
7F term of 450 cm. l When this is used as the splitting constant for
5f electrons, the energy-level diagram of Fig. 23 is applicable with

the indicated relative populations of the suBstates. These are consistent .- .-

with the resonance intensities obser_\}ed in the low-field search.

‘Nuclear Structure

From the measurements made in this exper1ment, it has been
p0351b1e to obtain values for I and p. In addition, the beta decay of

Np239 and the alpha decay of Cm 243 have been observed, 38,39

and have
yielded a set of six energy levels in the ground-state rotational multiplet

239
of Pu .

in.Fig. 24. The accumulated data can be used to make an analysis of the

These levels and the1r ass1gned spins and parities are shown

applicability of the Nilsson model to th1s nuclide,
The energy- level scheme can be very well fitted to the two- param=-
- eter equat1on (I.1).. Such a fit ylelds for the value of the decoupling con-

stfavntv, d = - 0.57, and for the core moment of inerfia, § = 5,6 X 10='50g—cm° 2



. 23. Approximate 7AF level structure in Pu

-66-

RELATIVE ' RELATIVE POPULATION
ENERGY (Cm™") PER MAGNETIC SUBSTATE

Fs 9450 .000 S o
’ T |
5 — 6750 - 00! °
T | .
4 ——— 4500 .003
7 o
Fg ———— 2700 ol
,
Fy 1350 029
Fl —————— 450 056
7F A .
o~ 0 o8

. MU-13892

‘ _ 239 inferred from
optical spectroscopic data. The relative population per
.magnetic substate is calculated for 17009C, the approximate
plutonium beam temperature.
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The implication of this fit is that the last neutron lies in a level Q = 1/2, V
Further, the measured spih of 1/2 is consistent with the empirical de-
coupling constant. . The 1/2+ level in which the last neutron lies can be
determined from the calculated set of energy levels published by Nilsson.
There is only one 1/2+kevel, that which is characterized in the strong-
coupling limit by (631+4)1/2, which can contain the 145th neutron. More-
over, it can do so only if the deformatibn parameter of the nuclear core
lies within thé range of values 2.24n £2.7. A calculation of n from the
measured decoupling constant is possible if we use the Nilsson wave functions
for the indicated state to yield‘ values of d as a function of n. 'Itis |
unfortunate tﬁat over the critical range of the deformation parameter this |
quantity is rather insensitive to the exact value of a (Fig. 25). However,
the measured value indicates that n is about 2.3, within the required
range.

From this value of 7 the magnetic moment is computable, i.e.,
the matrix elements of Eq. (I.5) can be evaluated. This procedure yields

a value of 0.7 nm.
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Fig. 25. ‘Variation of the decoupling const_ant (d) with the deformation
' parameter () for the state (631+)1/2.
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NEPTUNIUM- 239

Introduction

Prior to the atomic-beam work on this isotope, several in-
vestigations bearing on the nuclear spin had been carried out by other
groups. Conway and McLaughlin,40 using the method of optical spectros-
" copy, had assigned to the ground state a spin of 1/2. This was apparently
substantiated by a paramagnetic-resonance experiment. However, a
recent re-examination of this paramagnetic-resonance spectrum has

39

indicated a gamma-ray aniv's‘o_tropy in the decay of sz nuclei aligned in

crystals by static hyperfine-'structure interactions. This proves
I(Np239)> 1/2,,42 On this basis, the earlier result is believed to stem
239

from resonances observed on the decay product, Pu , 1ln an unusual
oxidation state.

" Less direct inferences concerning ‘the spin were obtained from
alpha-particle spectrOscopy43,and beta- and gamma-ray spectroscopy.
The alpha-decay measurements showed an almost one-to-one cor-
respoﬁdence in the decay spectra of Am241 and Arh243, This in(Iiicat'e’s
equivalence of the level structures of the daughter neptunium isotopes to
within experimental measxir_ability. Since the spin of both americium

isotopes is known to be 5/2,45 an assignment to the ground state of Np239

agreeing with that of Np237 is preferred. The spin of NpZ?’7 has been
measured and found to be 5/2. _
The branching ratios and lifetimes in the observed beta decay
239
of Np

state spin of 1/2.

are extremely difficult to explain if one assumes a ground-

47 On this basis, and using the indicated similarity

237 2nd Np?3?, Hollander has assigned 5/2+
5239 44 - |

in the level structures of Np

‘as the ground-stafe spin and parity of N
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Isotope and Beam Production

_Produ.ction of Np‘z'39

¥ '
is via the reaction UZ38(n, ﬁ)Np2'39, which

proceeds with a cross section of 2.76 barns.48 In order to avoid
excevssive contamination from the fission products of UZ35, it is necessary
to use a U235-depleted target. The metal used for bombardment in these :
experiments containediless than 0.4%U 35 by welght . Bombardment of
this material took place initially at the MTR in-Arco, Idaho and during
the last stages of research at the Argonne pile. An integrated flux of
5.2X10 19 neutrons per cm. 2 was obtained from the MTR and 5X 1018
neutrons per cm. 2 from Argonne. Conditions of shipment were such
that at the time of running, the activity of the sample was approximately
one curie irrespective of pile location. E A

The intense radiation from the target material necessitdated special
precautions in its handling. All chemistry operations were performed in
a lead-~shielded cave, and manipulators were used wherever possible to
avoid exposure to the hands. A photograph of such aveave is shown in’
Fig. 26. The operation of loading the oven and placing the oven loader
into the apparatus was performed manually in the Berkeley box attached
to the apparatus. A radiation dosage of approximately 1 mr/sec durlng
the loading operation was typ1ca1 at the hands, and a whole-body dosage
rate of 1 mr/min was common. o

The initial attempt to form a Beam?was by directly vaporizing
the neptunium from the uranium‘in a tungsten oven covered with tantalum -
slits. To this end, the targ‘et ‘uranivurn'. was cut in.s'mallv slivers, several |
of which were placed in a tungsteln.oven " At the operating ternperature of
1500°C a steady beam could be obtained in this way for approximately 20
minutes. Breakdown in the operatlng cond1t1ons at the ‘end of this time was
s'ignaled by an'increase in the machine background of a factor of about ten.
Attempts to run despite this increased background showed that it would
mask all resonances. At the end of the runs 1t was found that the oven
slits had melted so that the ent1re slit hole was exposed and that the slit -
material was apparently spread over the front face of the oven. This

was ascribed to molten uranium creeping over the walls of the oven
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Fig. 26. Chemistry box of the type used for the neptunium
chemistry.
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and interacting with the tantalum slits so as to form a low-melting-point
alloy. Atterﬁpts to control this creep with an inner liner as in the plutonium
research failed. . ’ - '

As direct vap,orizatiovntwavs éonsidered hopeleés, a chemistry
procedure was then attempted,’ The result of the chemistry was to
separate the neptunium from the uranium as the fluoride. The resultant
neptuniuﬁ compound was then placed in the oven along with a piece of
barium metal. At temperatures of about IZOOOC,’ the bar-iﬁm is supposed
to reduce the fluoride to leave nepttiniuni metal. This method failed,
apparently because it was'im'possible to achieve a satisfaétory equilibrium
in the oven at'this temperature. The barium effused out the oven slits at
this temperature within 30 seconds; At lower temperafures’ the reduction
would not go at all, and this .particular chemistry was abandoned.

The attempts to effuse neptunium directly from the -urani‘um
indicated that the vapor préssure of neptunium is larg'éi' than that of
uranium by several orders of magnitude. It was hoped on this basis
that the neptunium could be separated from the uranium in an evaporator.
Accordingly apparatus similar to that used in the work on thallium30 was
set up. However, when the capsule containing the uranium sample to be

tried was brgken open, the material ignited, forming a black power

characteristic of uranium oxide. An attempt was then made to salvage

the material via the mechanism of carben reduction. In detail, the

‘procedure is to mix the oxide with an excess of carbon in the tantalum

container. The material is then heated to 1700°C, at which temperature
a beam of neptunium atoms is formed. The heating process is

-acc'ompa_,nied by‘conéiderable outgassing, presxirnably due to CO formed

" during the reduction process.. The fact that a workable beam occurs

at a temperature of about 1700°C indicates that the mechanism probably
involves the decomposition in the vapor phase of neptunium carbide, o
since the observed vapor pressure is not characteristic of neptunium
metal. ' |

The success of theé carbonéréductiOn techniclivue rﬁeant abandonment
of the evaporation method before it was even tried. On some occasions

it - was found that a beam Ff)fm"':rnc)lecules rather than atoms was formed,
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This was ascribed to incomplete mixing of the oxide with the carbon.

"However, in general the reduction technique proved adequate.

Experimental Detail

The procedure for most runs became routine after a euccessful.
techmque for beam production had been achleved In general, the
running temperature ranged from 1700 C'to 2000 C A direct beam
of about 300 cpm for a 2-minute exposure of the detector button with
the magnets on was considered a rﬁ.nnable beam. Whether this beam
was atomic or molecular in nature was determiﬁed by the throw-out
ratio, i.e., the ratio of the direct beams taken W1th the magnets off and
with the magnets on. An atomic beam has a throw-out ratie of 5/1; a
molecular beam has a throw-out ratio of 3/1. Another characteristic
of molecules is the large temperatui‘e dependence of its vapor pressure,
a factor of 10 per 100°C, in contract with a factor ‘of 4 per 1000:C‘
character1st1c of atoms. '

Two different countmg schemes were used in the neptumum work.

239

The pr1mary radiation of Np’ stems from two p.transitions with end-
- point energies of 435 kev and 310 kev.49 Initially neptunium atoms were
collected on sulfur-coated brass buttons and counted in the scintillation
counterso However, there was enough attenuation in the 0.001-inch
aluminum foil so that counting in the gas-flow proportional counters
yielded an increase in the countin.g efficiency by a factor of about four.
Plat1num fo1ls were used in connection with the flow proportional
counters It is poss1ble that part of the increaséd efficiency stems
from platlnum s being a more efficient collector of neptunium than
sulfur.

Three factors contribute to the 1dent1f1cat10n of the substance
under 1nvest1gat10n as Np239. The method of production is such as to

239 s s 235

yield only Np and the fission products of U . An aliquot sample :

of the bombarded material was pulse-height analyzed on the "Penco'
to determine its energy spectrum. No measurable fission-product

‘content was detected although the characteristic B~ spectrum of Np239
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was observed.‘ Finally, typical direct-beam and resonance buttons

were decayed so¢ as to yield a half-life determination of the material
(Fig. 27). . The measured half life is consistent with the known half

life of 2.35 days. >0

Experimental Observations and Data -

. : maH
A search for resonances at low field ( Oh ° . 2.969 Mc) yielded

the results shown in Fig. 28. The relatively broad resonance at 1.4 Mc
is explained by assuming two unresolved transitions near this frequency.
If one attempts to ascribe these resonances to a single I and J, then the
possﬂnhty of spin 1/2 is precluded Further, the pattern is very
indicative of the hyperfine-structure system J = 11/2, 1 = 5/2

although the accuracy of the g values is too low to convincingly establish
‘this assignment. For this reason each of the observed transitions. was
followed to a C field of 25 gauss (— = 35,535 Mc). A tabulatlon of

all resonances observed is given in Table IV in terms of the g values
assigned to the transitions along with the exper1mental error. These
data were treated in the following way. A mean gf value was determmed
from the group of g¢ values correspond1ng to the same transition at
different f1eld.s So far as possible, it was desired to make a g1~
independent fit to the data which would yield values of I and J. This was
done by considering ratios of g'f values. "1‘vhe gs value is given by

Eq. (I1.6}) and is given to a good approximation by

F(F+1) + J(J+1) - I{I+1)
2F(F+1)

gf:gJ = gJC.Fv.

where a term of the order of the nuclear magnetic moment is neglected.
If any pair of 8¢ values belongs to the same J value then their ratio

. is given by

(g, / (g,), = C;/C,
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Fig. 27. Results of half-life determination of the sample.
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Table IV

Summary of data

Total angular momentum

resonance intensities

Magnetic field F=8 F=7 F=6 F=8 F=4 F=3
P-OH '
h )
1.443 Mc 0.76 1.04
| , +0.02 0,02
1.985 Mc 0.43 0.479 0.534 0.635 v E
" +0.015 £0.015 #0.015 40.015
2.969 Mc 0.451 0.485 0.543 0.624 0.788"
i #.010 +0.010 +0.010 0.010 0.010
. 5.880 Mc 0,451 .0.540
Experimental +0.002 +0,005
observations ' .
(g ) 11.544 Mc  0.449 0.484 .
: ’ +£0,003 +0.003
18.786 Mc 0.4841
' +0,0015
27.386 Mc 0.5379 0.6222 0.7697 1.0649
+0.0010:20.00100.0010 40,0010
35.535 Mc 0.4505 .0.4856 0.5379 0.6223 0.7686
: ' +0.0008 #0.0008:40.0008 #.0008 #0.0008
- Mean experimental value (gf ) 0.4505 0.4853 0.5379 0.6223 0.7692 1,065
40,0008 20.0007 10,0006 #0.0006 #0.0006 #0.0010
Calculated g values: J=11/2, . .
I=5/2, g5 = 0.6551, gr = 0 0.4504 0.4855 0.5381 0.6223 0.7697 1.0645
Observed relative = _ o1 o1 0.8 0.5 0.5 - 0.1
resonance intensities ' :
L
Calculated relative " 0.8 0.6 0=5> 0.3 01
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The specific procedure was to calculate all possible ratios of the
mean experimentaﬂ g values. Fo; a given I, values of C were calculated
" for many different J's and all possible values of F consistent with the
choice of I and J. The fatio of the C values for all F's corresponding
toa givenn I and J were then taken. If théy were within one or two mean
‘deviations of any experimentally determined ratio, they were noted,

A fit of this type was attempted for all half-integer values of
I from 1/2 through 7/2. In the case I = 1/2, all values of J up to 25/2
were tried with the result that it was impossible to fit any set of the ob-
served ratios which 1nc1uded all six resonances to within two mean dev1at1ons
For I = 3/2. and 5/2, half- 1nteger values of J up to 15/2 were trled w1th
no fit found for all the data to within twormean deviations. For I = 7/2
and values of J up to 15/2, no fit could be found to within one mean
deviation. For values of I greater than 7/2, the chance of accidentally‘
fitting the data becorhes_ large. "The assignment of I = 5/2 rests, however,
primarily on the fact that the six indi_vidu‘al gy values can be fitted to
well within the experimental error for one value of J(J=11/2), and
g; = 0.6551 + .0006. Under the assumption of I = 5/2 and J = 11/2, the g
value was chosen to minimize the root—mean-square(_e‘rror in the experi-

mental g¢ values, i.e., to minimize the quantity Zf‘(gf -8 v)z,,
: ' : ' exp theor

Discussion of Results

1. Observed Intensities

The data taken on Np239

in the five states F = 4,5,6,7,8. The transition in the state F = 3

clearly indicate the existence of transitions

was never clearly resolved, i.e., the counting rates --‘establishing the
peak are close ehough'to background so that the probability of its not
having been observed is perhaps 50%, Failure to clearly observe this
péak can be explained on intensity grounds. ‘The hyperfine-structure
diagram for the system I = 5/2, J = 11/2 (Fig. 29) indicates the existence
in a state - F of exactly 2F-5 flop-in transitions. ‘A strictly correct

~ procedure for calculating the relative intensities of the observed

transitions would necessitate a procedure of the sort used for curium.

4
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However, any attempt to make a compleu'a-,.calculatiqn of the transition
probabilities would require a machine calculation of a minimum of 300
integrals. Barring a complete calculation of this sort, about the only
statement that can be safely made is that with only one transition contri-
buting to the resonance in the state F = 3 it certainly ought to have a
“much lower intensity than the resonances in the other states. If we
make the crude assumptioh that the resonance in the state F s
proportional to the number of flop-in transitions occur¥ing in that state,
then the relative intensities will be those shown in Table IV. These are
compared with the experimentally observed intensities, It is apparent that
the ob/served‘intensity in the state F = 3 is of the order of magnitude we

- expect..

2. Electronic _Ground State

The research on neptunium indicates that there exists an electronic
level characterized by J = 11/2, gy = 0.6551 £ .0006, which is very
: ) _ : -
probably the ground state. The existence of such a level is well explained

2 if the same

from the assumption of a ground-state configuration 5f4 6d 7s
electronic coupling scheme is used wh‘i_ch is successful in curium, uranium,
and protoactinium. The .configuration 5f4 couples to the Hund's Rule
ground-state term -514 with a g value gy = 0.559. The Hund's Rule
ground state for 6d is ZD:,’/?_ with g; = 0.800 . All g values quoted
include the effect of the anamolous moment. In pure j-j coupling between
the shells, the levels J =11/2, é/z, 7/2, and 5/2 are possible. The

J =11/2 level has a value for g of g = 0.6537 on this idealized scheme.
The evidence from the curium research is that the 2D:,’/2 state. is slightly
perturbed. If, in neptunium, the perturbed state is characterized by
J=3/2, gy = 0.8041, then perfect agreement with experiment is obtained.
Measurements on the gy values of the other J states, perhaps by

optical spectroscopy, could establish the validity of this hypothesis.

3. Nuclear Structure

The interpretation of the spin of 5/2 on the Nilsson model has been
thoroughly discussed by Hollander.47 He assigns the odd proton to the
state (642+)5/2, although the levels (523-)5/2»and (51_2-)5/2 are also possible



-82 -

choices. The reason for the preferred choice is that it is the only one
of the three states having positive parity, a 'condition irﬁposed'on the
basis. of aﬁalogy with the NpZ37 ground state. It is worth pointing out
that this state assignment is possible only if the deformation'parameter
has thé relatively large value 7 » + 5.8. The level scheme has not been
worked out for large eﬁough values of 7 to permit stateménqu an upper
limit for mn.. The sz:ﬁ quadrupolé mbme_nf determined by Couiomb

- excitation 1s Q = il barns, 51 and yields a defofmation parameter

ne=1+5. A measurement of  for NpZ?}9

could establish the deformation

in this nucleus. ‘
-Using Formula (II 12) for the magnetic field at the nucleus, and

the value for (l/r ) for 5f and 6d electrons in uranium, one:can estimate

a crude value for the lower limit of the magnetic moment of Np239.

From this procedure, énd using 20 Mc for the lower limit to the hyperfine

structure, one obtains p > 0.3 nm,
v | ‘
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NEPTUNIUM-238

Because a low-lying electronic state of neptunium characterized -
by J = 11/2, g?;I = 0.6551 had been discovered it became desirable to make
the relatively routine measurements necessary to determme the spin of
Np’238° This quantity-is of interest for several reasons. Beta- and
gamma-ray spectrbscopic measurements indicate that the gr‘ou‘nd-state
spin is'very probably eith‘er 2 or 3. >2 Some Russian work indicates
further that if the spin is 12; then the parity can not be even. >3 On the
theoretical side, Np 38 is an odd-odd nuclide, where the states for the
last ‘neutron and proton are presumably known from Pu239 nd Np 239 _
’respectlvely,v Hence the spin is expected to yield information concerning

coupling in the region of strongly deformed nuclei,

Technical Procedure

The prior work on neptunium had already solved the problenis

of beam chemistry and production. Further, the problem of detection

239

is the same as for Np , so that the same flow proportional counters

" could be used. .

Matérial production is by neutron activation of Np237. A .
‘mixture of 3 mg of sz'?’7 oxide and 10 rﬁg of U? oxide was encapsulated
in quartz and bombarded at the Argonne pile, receiving a total integrated
flux of 1.0X 1019neutrons per cmz.v The U238 ‘was present for carrier
purposeé only. The relat1v,e activation cross sections aré such that
238 nd 5% Np239.

The near equality of the half lives and beta-ray spectra of Np
239 '

the resultant activity was 95% Np
238

and Np precludes the possibility of identification of the material by
‘these means alone. However, the method of production and the observed

integral spin in addition to the measured half life arjé completely cqnvincing.

Experimental Observations and Discussion

Aninitial spin search was m-ade in the Zeeman r'egion at a field of

- 0.70 gauss. Under the assumption that the electronic state being observed
has J = 11/2, gy = 0.6551, the application of Eq. (II.7) to the resonances in--
-dicates a.spin of 2. The hyperfine-structure diagram for I =2, J = 11/2
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is shown in'Fig. 30.. It is apparent that in the Zeeman region there are
five sets of flop-in transitions corresponding to the five F levels. Tran-
sitions in the states F = 15/2, 13/2, 11/2, and.9/2 were clearly observed
at a field of 13.4 gauss (Fig. 31), where the resolution in g is about
0.5% The low intensity of the transition in the state F = 7/2 precluded
any definite observation, although a small effect was seen in the frequency
region where it was expected. The center frequencies of the observed
resonances are given in Table V along with the calculated fre_q\iéncies
for the indicated electronic level and a spin of 2.

On the assumptions I = 2 and J = 11/2, the observed resonances
can be used to recalculatecthe 83 value of the observed electronic state.
This yields a value of 0.6553 = 0010, co,nsistvent with the value from the 4
| 'Np239 research. .Averaging the values, the best value is still 0.6551+.0005.
The observed intensity pattern indicates an anamolously low peak
for the state- F = 15/2. However, the heights of the remaining peaks,
including the one marginally resolved in the state F = 7/2_, are explainable

39

by the same assumption used for NpZ' ; namely that the intensity in a givéh
state is proportional to the number of flop-in transitions in the Stated The
only plausible explanation for F = 15/2 is that the rf current of 30 ma
used throughout the experiment was. well below optimum.  The F = 15/2
state has the lowest g¢ Valué, hence it needs the highest rf current

- for optimum transitien probability. .

"Nuclear Structure »

The problem of coupling in odd-odd nuclei in the region where
the deformation is large can be analyzed in terms of the Moszkowski

rules, (I.4). For-NpZSS,Q and Q.. are separately known from Np239 |

. and Pvuz"?'9 to be 5/2 and 1/12 respecgvely., Whether they should couple

to two or thrée depends critically on the state assignment for these
particles.” The odd neutron seems to fit \}ery well into the state (631-)1/2.
However, much less is known about the odd-proton state, and it is possible
“to é.ésign it to'either of the states (642+)5/2 or (523-)5/2. If the proton

is assigned to the '(64-:Z+)5/Z state, then the strong rule applies, and the

spin of 2 is'in agreement with the stated rules. However, the parity of
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Table V

Summary of Ob's.e»rvat_i‘on‘s’- L

Stéte

F = 15/2 F =13/2 F=11/2 _ F=9/2  _F=1/2

 Observed frequency(Mc) 9.020£0.025 9.912+0.025 11.290£0.035 13.562+0.025 &7.790%0.050)

Predicted frequency(Mc). 9.025 9.908 11,274 13,550 - . 17.776

-18-
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the system is positive and in disagreement with the Russian beta-decay
work. On the other hand, the assignment of (523-)5/2 as the odd-proton
state gives negative parity, -but is in disagreement with the coupling rules.

Clearly, more experimental information on the parities of the ground states

238 239

of Np and Np. is needed to settle these questions.

A 1ower limit to the magnet1c moment of this isotope can be inferred

from the measurements if one uses the same value for the magnetic field

'at the nucleus as is obtained in Np 39. This yields p 20.3 nm.
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