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DIRECT MEASUREMENTS OF SPINS OF RADIOACTIVE NUCLEIL:

.Howard A. Shugartv ’ i

" Department of Physics and Lawrence Radiation Laboratory,
University of California, Berkeley :

Abstract

. -This article contains a brief review of the principal
optical and radio-frequency spectroscopic methods for deter-
‘mining spins of ground and long-lived-nuclear states. Some of
.the advantages and disadvantages of these techniques for

,radioactive isotope investigations are explained. A survey of

_the required sample sizes has been made to indicate the rela-
_tive sensitivities of the various methods.

Introduction

’ At present the nuclear spins of about 75 stable and 231
long-lived radioactive isotopes have been determined by tech-
.nique% which produce a so-called direct measurement of the
spin. A breakdown of these measurements is given in Table I,

- ~where a classification into zero and nonzero spin has been

made. This array of information on 406 isotopes has proved-
useful in the development of nuclear physics in several ways.
These spins provide test data for models of nuclear ground '
statesas well as a basis for level assignments in nuclear
spectroscopy. ' B

: Although limitations will become clearer as the methods
are described later, the concept of a 'direct spin measure-
ment" should be explored. In the generally accepted context
‘these words refer to measurements obtained from techniques -
that yield a unique and unambiguous value for the nuclear .
'spin, I, for a given energy level. The methods that have pro-.
duced the bulk of these known spins include atomic-beam
magnetic resonance, optical spectroscopy, paramagnetic res-
onance (electron spin resonance), microwave spectroscopy,
nuclear magnetic resonance, and optical double resonance.
Because it is the purpose here only to treat the most prolific
methods, other techniques capable of ascertaining ground-state
.spins are not discussed. Figure 1 is a histogram of the
‘number of spins obtained from these methods. Because :a given -
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;spin has often been observed by more than one method, the
‘total number represented in the histogram is larger than the

406 individual determinations mentioned earlier. In addition

.the histogram shows the number of nuclear magnetic moments, u,
rand nuclear electric quadrupole moments, Q, obtained by these
:techniques. It is clear from the histogram that the facility -
.of obtaining I, u, and Q varies from one technique to another.

It is also true that the sensitivity and the accuracy of ob-

. taining these quantities likewise varies from one technique
-, to another.? Some of these aspects will be explored later.

As a general remark, it is important to recognize that

inone of the techniques considered here measures the nuclear
.. spin very directly. Rather, in all cases the spin is deduced
‘from observations by way of a theory of the system under in-

vestigation. The experiments provide signals that can be
correlated with the presence of the sample in the measuring

‘apparatus. These signals must then be interpreted and identi-

fied. This process‘involves, in all cases treated here, a

:well developed and tested theory of the observed system and a

thorough knowledge of the interaction of the system with the

‘measuring apparatus. When the results of a measurement are

compared with the predictions of a theory, values of the

.parameters in the theory are obtained. The nuclear spin is

frequently such a parameter.

The order of discussing various methods for determining
spins has been chosen to be that of increasing generality, ‘
which seems well correlated with a decrease in sample size

;and a decrease in the restrictions on the system under in-
‘;vestigation Preliminary to discussing the individual methods,
- it is important to understand the properties of angular momen-

‘tum. In the quantum theory of angular momentum a nucleus may :

‘possess a total angular momentum of vI(I+1) #, where I is an

integer or half integer and % is Planck's constant divided by .
2. For different orientations this total angular momentum
has 2I + 1 measurable projections along a single axis in space.
These measurable angular momentum components m. 1 are labeled
by the angular momentum projection quantum num %er§ my, which
may assume the values I, I-1, I-2, .... -I+1l, -I. Theory:
allows I and my to be speC1f1ed (measured) simultaneously.
The nuclear spin, I, is obtainable from a knowledge of the
largest measurable component of angular momentum, max mIﬁ 1%, :
along one direction or from a knowledge of the number (2I+1)
of possible projections. Thus the determination of a spin ;
frequently results from counting the angular momentum com- i
i
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The Nuclear Magnetic Resonance Technique

~ Nuclei with I Z 1/2 generally exhibit a magnetic dipole

‘moment, of value u, which is the maximum measurable component

along one direction. Because the coupling between nucleons

by nuclear forces is far stronger than the perturbations on

the nucleons by applied laboratory magnetic fields, it is

‘possible to express the magnetic moment as proportional to
- the nuclear spin by u = gy wo I, where gy is the nuclear

g factor, given in terms of elther the Bohr magneton or

“nuclear magneton depending upon whether ug is the Bohr magne-

ton, efi/(2M,c), or the nuclear magneton eh/(ZM c), with Mg

"and M, the masses of the electron and proton, respectlvely

. For I 2 1 the nucleus may also possess an observable electric
‘quadrupole moment as well as rapidly diminishing, higher
-multipole moments.

In the absence of an external magnetic field the 2I + 1

‘possible orientations of the angular momentum are degenerate

in energy. However, upon application of an external magnetic
field or a magnetic field due to atomic electrons, the degen--

-eracy in energy is removed. For an externally agpgled field
H, the engrgy Hamiltonian of the system isH = -u.H =

.= -g1 up I'H. If H determines the quantization direction,
-this Hamiltonian gives E(my) = -gru my H for the energy levels
of the system. As shown in Fig. 2, the 2I + 1 possible values

of my have equally spaced energy 1evels The difference in

‘energy between any two adjacent levels is E = gy vo H. The
‘situation just described occurs for many nuclei in solutions

or in suitable crystal lattices.  Through relaxation processes,
the magnetic sublevels are distributed according to the
Boltzmann distribution function. The lowest energy level is

"most heavily populated and the next level contains fewer

nuclei; the difference is given by AN % N(gi Mo H/kT). The
factor (gp wo H/KT) is usually a few times 107° for most
applications. In the nuclear magnetic resonance (NMR) tech-

‘nique, 3>"* this energy-level system is subjected to a radio-

frequency magnetic field satisfying the Einstein relation

AE = hv = gy o H; transitions of the type Amy = £ 1 are

permitted in a suitably oriented oscillating rf field, - With
the radio-frequency field supplied by a coil of wire, the '
occurrence of transitions among the levels is detected in two

- ways. First, on resonance, power is absorbed by the system

because upward and downward transitions are equally probable,
but the lower energy levels are more highly populated. This
net absorption, which ultimately heats the sample, can be

sensed by observing minute changes in the electrical pro-
perties of the driving oscillator. This method is called
nuclear magnetic resonance absorption. 5 Secondly, the res- ,
‘onance condition can be detected by the induction method. 6 If,
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'the static ‘field is along the z axis and the osc111at1ng fleld
along the x direction, on resonance a change in magnetlzatlon v

..occurs in the y direction at the frequency hvg = gy vo H and

~can be detected by a suitably placed coil of wire and by a
|sensitive rf receiver. In both the absorption and induction
experiments, gy results from a measurement of v and H.

Thus far there is no mention of obtaining nuclear spins
'from this technique. Although several minor variations exist,:
jonly the most frequently employed method is mentioned here.

From a detailed consideration of the expected signal as a func-

tion of gy, I, and n (spins present), it can be shown®>" that.

" the areas A; and A, under the unsaturated absorption curves

‘for two species are related by

- g
A et n I;(I+1)
1 1141
A2 3g12 ; nz 12(12+1)

1

under the stringent assumptions that the line shapes are.

.identical and the resonances are observed by varying the mag-
netic field while holding the radio-frequency magnetic field
constant in frequency and in magnitude. Because of experi-

‘mental difficulties, the ratio, I;(I;+1)/I,(I5+1), cannot

be determined with great precision. As a result the method

- works. best for low spins where differences in this ratio are

large for various possible values of I and I,.

In principle, about 1020 nuclei (I= 1, uy= 1 nm, and H=
10,000 gauss) are required to give a V151ble signal with
.standard narrow-bandwidth equipment.® With digital time-
averaging techniques it should be possible to detect signals
that are smaller by one or two orders of magnitude, but the
:data-gathering time becomes large. Because of the large--
sample size restrictions, NMR studies are limited to'lqng-
half-life radioisotopes which can be prepared in abundance.
Table 2 gives the sample sizes used in NMR investigations on
several radioactive isotopes. The sample sizes are of the

‘'same order of magnitude as the calculated value quoted above,»l

; As a variation of the NMR method, the technique of
_nuclear quadrupole resonance could in principle be employed
for spin determinations; however, the sample size is somewhat
greater than in NMR because of a smaller signal-to-noise

ratio.® With the same equipment as used on magnetic resonance:
. work, nuclear quadrupole resonances are observed between .

energy levels established by the nuclear electric quadrupole
moment 1nteract1ng with the electric field gradients in 51ng1e
crystals or powders and by the interaction of the nuclear
moment with an external magnetic field. Because the energy

separatlons between ad;acent levels areno longer constant as

they were in NMR, spin determinations are somewhat easier.
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The procedure depends on observing and counting the number of
resonance lines, which is a function of the spin, I, the
- crystal structure, and whether H is zero or nonzero.

The Microwave Spectroscopy Method

Microwave spectroscopy7 »8 on gases and paramagnetic res- .
; onance in solids, 11qu1ds, or gases employ similar electronic -
. equipment to observe microwave absorption in free molecules

-or in atoms in a crystal. The apparatus consists of a source

. of microwaves, a cavity or cell to contain the sample, and a
"detector to monitor the absorption in the sample. In practice

' the signal at the detector is modulated so that narrow-band,
~lock-in detection systems can be used to detect very small

amounts of absorbed power. This modulation can be impressed
by frequency modulating the microwave source or by modulating

- the resonant frequency of the sample with an impressed elec-

“tric or magnetic field.

The determination of a nuclear spin by microwave spec-
troscopy involves comparison of an observed spectrum with the
. prediction of the resonance pattern from assumptions of the '
‘parameters involved. Both the frequency and height of res-
onance lines lend support to the correct assignment of the.
parameters. The energy levels of a molecule depend upon (a)

- electronic energy, (b) vibrational energy, (c) rotational

~energy, (d) hyperfine-structure energy, and (e) energy due to;

interaction with external fields. As_an_example, let us con-
sider only a simple linear molecule 016¢cl2g33  1In the ground :
, electronic and vibrational states, each rotational state,

. quantum number J, is split by the interaction of the nuclear
quadrupole moment Q, of $33 with the gradient of the electric
field at the $33 nucleus. This gradient q. is a property of

: the molecule and not of the state of rotation. (Magnetic
hyperfine energy is usually negllglble in molecular ground

' 3states with all electrons paired.)

Each rotational level of the molecule is thus split into
a series of levels labeled by the total angular momentum quan—
~tum number F =T + J, I +J -1, ..., iI - JI . The number of
F levels in a given J state is equal to the smaller of
(2I + 1) or QJ + 1). All else remaining constant, the energy |
.of this system is then a combination of the rotatlonal energy
fand the quadrupole hyperfine energy. Wpolecule = BJ(J + 1)

- edqy Q £(F,I,J), where B i5 a rotational constant, £(F,I1,J)

- determines the relative positions of the energy 1evels, and

'e qm Q determines the scale for the shifts away from the pureI
‘rotational level. With the selection rules that AJ = 0,

:* 1, and AF = 0, * 1 the possible transition energies are ;

 calculable. Including the additional information regarding

‘ transition probabilities, Fig. 3 shows the observed spectrum |

i . . . o . o



s

‘1125 129 jend 113

. start with 101 to 10!% atoms (see Table 3).

A

e

NUCLEAR SPIN-PARITY ASSIGNMENTS

of the transitions from the J =1 to J = 2 levels in

016C12333 and the calculated spectra for I = 3/2, I = 5/2,
and I = 7/2, Clearly the I = 3/2 pattern gives good agreement
while the I = 5/2 and I = 7/2 do not. Considerations such as
this can be extended to include more complex molecules and
the effect of external fields on the spectrum. In addition
to the nuclear spin a wide variety of molecular parameters
result from these observations of the microwave spectrum.

In microwave spectroscopy the sample is a gas at a
pressure of 10~ 2 to 1 mm of Hg. The low pressure is necessary

‘so that pressure and collision broadening of the transitions
- do not mask the hyperfine structure sought. Because of limi-

tations on the number of elements that can be incorporated =

“into a gaseous molecule suitable for microwave absorption

measurements, relatlvely few radioactive 1soto€es have been

investigated. grlnc1pal ones are S3° s Se’5, se’9,
Although good spectrometers can detect

012 to 10'° spins, most experiments on radioactive isotopes °

The Paramagnetic Resonance Method

Paramagnetic resonance (electron spin resonance)8,9
utilizes transitions involving the spatial reorientation of

‘an unpaired electron in a paramagnetic atom, molecule, or ion.
-The investigated sample may be in the form of a gas, liquid,
_or solid, but most of the effort in the field is devoted to

studies of paramagnetic ions in crystals. As mentioned pre-

:viously, the apparatus for observing electron spin resonance

signals is similar to that employed in microwave spectroscopy.

.Resonances are observed by means of a change in microwave
.. power absorbed when transitions occur between unequally popu-

lated levels in thermal equilibrium. For narrow band detec-
tion purposes the signal is usually modulated by a small sinu-

.soidally varying magnetic field applied to the sample. A

grosser, monotonic variation of the magnetic field will then
cause the sample resonances to absorb power successively when '
the resonance conditions occur as the field is 1ncreased or
decreased.

The energy-level spectrum of a paramagnetic ion in a

.crystal depends on parameters of the crystal, on the orien-
~tation of the crystal in the external magnetic field, on the

paramagnetic ion electronic properties, and on the ion's
nuclear properties. Because of the variety of possible -
crystal environments for the paramagnetic ion, the computation
of the actual spectrum becomes rather specific. If the field-

' independent crystal parameters are small, the major energy
contributions in a large applied field arise from the inter- |

action of an unpaired electron with the externally applied -
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'magnetic-field. - For an ion of spin S = 1/2, there would be

' two energy levels corresponding to mg = + 1/2 and mg = - 1/2,

"with an essentially linear dependence on H. If the ion pos-
sesses a nuclear spin, the nuclear magnetlc moment causes a
further splitting of each of these levels into 2I + 1 levels

“identified by the 2I + 1 values of my. The energy-level
structure of such a system is shown in Fig. 4. Because of

‘ first-order selection rules Amg = £ 1, AmI = 0, only 21 + 1

‘high-frequency transitions occur among these levels. Transi- .
tions obeying these selection rules are labeled in Fig. 4. A.

' count of these (2I + 1) regularly spaced resonances yields the
nuclear spin.

. Two similar variations in this technique have also been
-used to measure spins.® First, in the dynamic nuclear orien- .
tation method, the microwave rf power is increased enough

that the populations of the two levels involved in a transi-
tion become equal or saturated. (Saturation of forbidden

‘Mmg = % 1, &my; = % 1 resonances yields even better ultimate

,orientations.} Under these conditions and with thermal para-

‘magnetic relaxation mechanisms operating for the remaining

Mmg =t 1, Amp = O transitions, the spins of the nuclei become
. partially aligned. The alignment is determined from a

i SRR T A S R T
EOE RNy erit vs 3

detailed consideration of the populations of the levels under
‘the influence of the radio-frequency and thermal relaxation
?tran51tlons On resonance the small changes (< 10% for

"H % 10,000 G and T = 1° K) in alignment can be detected in
radioactive isotopes by y-ray anisotropy measurements in the
directions parallel and perpendicular to the field. The
"alignment detectors in this way act to indicate the presence
of the resonances, which mlght be too weak to detect by .direct
power absorption.

: The second variation is the ENDOR (Electron Nuclear

.~ Double Resonance) technique,10 in which transitions of the
type Mmy = = 1 are induced by lower radio frequencies (see
Fig. 4) but detected by changes in amplitude of the ordinary
Amg = * 1 paramagnetic resonance absorption or, for radio-
active nuclei, by y-ray anisotropy changes. Since the energy
-levels involved in the Amy = * 1 transition are nearly
parallel, the associated resonance line is narrow because of
the absence of field-inhomogeneity broadening. The nuclear
"spin is deduced from a detailed comparison of the behavior of
‘the observed lines with the predictions of theory for the
rsystem. ' '

, The sensitivity of paramagnetic resonance absorption is
:far greater than that of NMR, and about the same as that of
imicrowave spectroscopy. Table 4 lists the sample sizes used
‘in various investigations. In most cases 10! to 101> atoms !
rare needed, although spectrometers are advertised to be -



S

OIS S 1SS R Y W ATRILEI [(Fhq 8 RIS, €, & e St ity

NUCLEAR SPIN-PARITY ASSIGNMENTS

sensitive enough to detect 1012 spins under the most favorable
conditions. The smallest sample used was in an ENDOR experi-

.ment on As’® using y-ray anlsotropy as a resonance indicator.
“In this case only 5 x 10 10 atoms were present. The greater
sensitivity of nuclear radiation for indicating the resonance .
~condition is here quite apparent. However, the y-ray aniso-

tropy method can be employed only when the change in align-

.ment is greater than the uncertalntles due to counting

statistics.
Most of the samples investigated by paramagnetic res-

"onance have half lives measured in days, months, or years.

Because of the time required to grow suitable crystals and
to prepare the sample in the spectrometer, and because of the

‘number of atoms required, only isotopes with half lives
-greater than one day have proved manageable. A severe lower

limit on the half 1life is set by the crystal growing time.
It is likely, however, that the sensitivity of microwave
absorption apparatuses can be improved by digital averaging

‘techniques. In addition, the y-ray anisotropy technique
'will likely be used sucfessfully for less abundant samples

and for cases in which high radiation levels might damage the
crystal structure.

The Optical Spectroscopic Method

Historically, high-resolution optical spectroscopyll»!l2
was the first method used to detect nuclear spins (A. A. .
Michelson, 1891), but the explanation for the observed effect

-waited 33 years. In 1924, W. Pauli suggested that the hyper-
.. fine structure in spectral lines was due to the small,
radditional interaction energy between the nuclear moments and

the fields established at the nucleus by the atomic elec--
trons.!3 The optical spectral line resulting from a transi-
tion between two electronic states may contain many closely

_spaced components because of the original or final (or both)

energy levels' being split into a series of closely spaced
levels by the electron-nucleus interaction. This ‘'structure is

~observable if the light source has narrow enough spectral lines

and if an instrument of high enough resolution is available to
separate the spectral lines arising from transitions between

.the hyperfine-structure components. In practice, large

diffraction-grating spectrometers and Fabry-Perot inter-
ferometers provide the required resolution to make hyperfine
structures observable.

Each electronic energy level has associated with it a
total angular momentum JA. For J 2 1/2 the electrons may

produce an associated observable magnetic field at the nucleus,
.and for J z 1, a gradient of an electric field. The inter-
‘action of these fields with the nuclear moments depends upon

[
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. . ' > .
- the relative orientation of I and J. The electron J and the

nuclear I can couple to give a total atomic angular momentum
F=I1+J,1+J-1,1+J-2, -, |1-J|. The number of
these F's is the smaller of (2J + 1) or (2I + 1). Under most -

 circumstances this means each J level is split into a number

of F levels, each of which has a distinct energy as shown in

Fig. 5. The precise spacing and ordering of the F levels

depends on the electronic state and the size of the nuclear
multipole moments, as well as I, J, and F. For only a mag-

-netic dipole interaction between the nucleus and electrons,
.the F levels are in numerical order and obey the interval

rule, which states the separation between two adjacent F
levels is proportional to the larger F value. Inclusion of
the electric quadrupole interaction between the nucleus and
the electrons can alter the spacing between F levels and
rearrange the ordering. In optical transitions.from one J

‘state to another, there are several possible ways to determlne

spins:
(a) If, as in Fig. 5, the one (J = 2) state has resolved
hyperfine structure with J > I and the other state has un- ‘
resolved structure, the nuclear spin results from counting the
21 + 1 component lines. Many more complicated situations can
arise, but are amenable to analysis.
(b) When the interval rule holds (small quadrupole inter-
action and lack of perturbations from neighboring J states),
a measurement of the spacing of three adjacent hyperfine lines
of a complete pattern allows F for the levels to be estab-

.lished. 1If J is known, the spin may be determined from .

Fpax = I + J. This method does not work for I or J = 1/2,
since only one interval occurs between two lines. ,
(c) If the relative intensities of the hyperfine lines are .
known, the spin.can be obtained; the intensities are well-
defined functions of the initial and final states. For the
simple case of Fig. 5, the intensities. of the lines are pro-
portional to 2F + 1 of the upper state only. Therefore, a
measurement of the ratio of the two most intense lines should
be (2 Fpax + 1)/[2(Fpax - 1) + 1], from which F .. may be
obtained. Then I can be deduced from a knowledge of J, from
the expre551on Fhax = I + J. Errors in intensity measurements

‘mady arise owing to perturbation from nearby states, causing

the transition probabllltles to change, or from self reversal
(self-absorption) in the light source. ‘
(d) If an external magnetic field is applied to the atom
whose energy levels are shown in Fig. 5, each F level splits
into 2F + 1 components whose energy depends on the strength
‘of the applied magnetic field; then counting these components
‘arising from a single F level determines F, and the spin
‘follows as in previous cases. At a sufficiently high field,
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‘where all lines are resolved and with the lower state again:
‘left out of the discussion, the total number of lines res-
‘ulting from a given J level is (2J + 1)+(2I +.1)}. The spin,
‘I, may be determined from the count of the total number of
lines and a knowledge of J.

In actual spectroscopic analyses the spin is usually
deduced from considerations of more than one of the above-
mentioned procedures As a result of the various cross checks,
high reliability is characteristic, but a few examples are
known of errors in first measurements.

In Table 5 the sample requirement of optlcal spectro-
scopic determinations is seen to vary from 1012 to 1020 atoms,
depending somewhat on the availability of the sample and on
the complexities of preparing suitable light sources. The
half lives range down to 9.5 hours. The lower limit is
determined by the time needed to perform chemical procedures,
to construct the discharge lamp, and to record the spectrum.
Spectroscopic work is presently under way on half lives of
2 to 3 hours. One of the major difficulties in preparing
lamp sources is contamination of the source with the difficult-
to-exclude stable elements. Since the stable-isotopeelectronic -
transitions are separated from the same transition in other
isotopes by small "isotope shifts" and by a different hyper-
fine structure, the presence of a more abundant stable isotope
can easily obscure a faint line due to a rare radioisotope.

Recently, optical double resonance experiments have %1ven
" excellent results on a few radioisotopes. In this method!"
radiation from an optical resonance line passes through, or is
scattered from, a cell containing the sample. Usually this
resonance light is polarized so that only certain states in
the sample cell are involved. By the application of a radio-
‘frequency or microwave magnetic field, transitions are caused
-among the F levels or, when a large magnetic field is present,:
‘among the mj or mp levels of the sample. When the rf and
_optical transitions both involve a common energy level, changes
in population of that level or other connected levels can be
caused by either the light or the rf. The resultlng redistri-
bution of populations is indicated by a change in the inten-
sity or polarization of the transmitted or scattered llght

Table 6 shows that radioactive sample sizes from 10! to
1015 atoms have been used in optical double resonance experi-
ments. Although the optical double resonance method has high
‘'sensitivity, resonance cells have so far been constructed only
for a few gases and elements with high vapor pressures at
moderate temperatures.

I
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“low-lying electronic state) passes through a vacuum chamber
~from a source oven O to a detector D, as shown in Fig. 6.
-En route, the atom is subjected to three magnetic fields

}4
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The Atomic-Beam Magnetic-Resonance Method

‘'For a large number of elements the atomic-beam magﬁetic—'
resonance method!® offers a very precise and general approach
to spin determinations. About 178 radioactive nuclei with

“half lives ranging from 0.8 sec to 6 x 101" years have been

investigated to date. Spins have also been determined for an

“additional 27 stable isotopes.

In this method an atom in its atomic ground state (or

labeled A, C, and B, respectively. The A and B fields are
inhomogeneous and serve to deflect atoms by a force

F = Uegg VH, which depends on the atom's effective magnetic
moment. Thus, the A and B magnets may be thought of as

. devices that determine the state of an atom before it enters

the C region and after it leaves the C region. The A and B
magnets have their gradients in the same direction, so an atom
remaining in one particular state experiences a force in the
same. direction in both the A and B magnets. Such an atom
might follow trajectory 1., On the other hand, if in the homo-.

.geneous C-field region, the atom undergoes an rf-induced

transition that reverses its effective magnetic moment, the

-atom would follow trajectory 2 in the B field and reach the

detector D. The geometrical stop S is placed in the B region

_to prevent any fast atoms with small deflections from reaching

the detector. Thus, the background at the detector is kept
low and a resonance signal is indicated by an increase in flux
of atoms arriving at the detector. The requirements of the
technique are: (a) it must be possible to vaporize and. form
an atomic beam of the sample; (b) the atoms must posses a
nonzero magnetic moment (preferably X 1 Bohr magneton); and

~(c) the beam must be detectable at the detector.

. Although not yet fully realized, condition (a) can prob-

- 'ably be accomplished for all elements. Condition (b) is true

for most elements except the noble gases and those in Group II

"of the periodic table. Detection of the beam [condition (c)]

is perhaps the most difficult of the three to accomplish,
since the beam density is usually smaller than the density of
residual gas atoms in the vacuum system. As a result only

‘very selective detectors produce signals that are high com-

pared with background. Three types of detectors are commonly

“employed: (a) an electron-bombardment ionizer followed by a |,
‘mass spectrometer; (b) a hot tungsten wire, which ionizes only

atoms of low jonization potential; and (c) a surface to

‘collect the beam for subsequent radioactive counting. Detec-
ition means (a) and (b) are applicable to stable and long-lived
isotopes, while (c) is necessary for small samples of short- |
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lived radioisotopes.
) In a homogeneous magnetlc field the energy-level diagram
for an atom with total electronic spin J = 1/2 and nuclear
spin I = 3/2 is as appears -in Fig. 7. This level scheme
results from an energy Hamlltonlan of the form

= ha - - g3 Mo H - g T- H where the flrst term
expresses the magnetic dipole gyperfine interaction between
the electrons and nucleus (a 1is the dipole interaction con-
stant), the second term expresses the magnetic interaction
between the electron magnetic moment and the applied magnetic
field, and the third term expresses the magnetic interaction
between the nuclear magnetic moment and the applied magnetic
field. In low fields, when the contribution to the energy of
the first term is larger than that of the second, the states
of the atom for a particular F level follow the expression
Ep = Eg(l=0) - gpMomg H, in which

F(F+1) + J(J+1) - I(I+1) v g F(F+1)-+I(I+1)-—J(J+1x

§F = &5 ZE(F+1) - 81 2F(F+1)

In this expression the second term is about 1/2000 as large as
the first term. Whenever either or both I or J = 1/2, the
exact solution for the energies is given by the Briet-Rabi
formula. A Breit-Rabi diagram for J = 1/2 and I = 3/2 is
shown in Fig. 7. When I and J are both greater than 1/2, a
quadrupole interaction term is found in the Hamiltonian. In
this case, the solution for the energy levels is usually
performed by some numerical iteration technique. The two
important features of the "example' energy-level diagram
shown in Fig. 7 are (a) the linearity and equal spacing of
the mp levels arising from a given F level at low field, and
(b) the distinct grouping of the levels according to my at
high fields.

In the A and B magnets of the atomic beam apparatus, the
atoms are in a field corresponding to the right side of Flg
7. During their traversal of these deflectlng field regions
(A and B), the atoms have an effective magnet moment '
(Mefg = - 3W/3H) which is negative for the my = + 1/2 group
and positive for the mjy = - 1/2 group. Therefore, an atom
which remains in the mjy = + 1/2 group of states will be de-
flected along trajectories similar to 1 in Fig. 6. The
trajectories of the m, = - 1/2 states are omitted from the
diagram, but would follow paths given by reflecting 1 in a
mirror which contains the beam axis and is perpendlcular to
‘the plane of the figure.

In low magnetic fields the allowed rf magnetic transi-
tions have F = 0,#1 and mg = 0,-# 1. Fig. 7 displays nine
such allowed transitions, which also result in a change in .
the sign of the effective magnetic moment of the atom. When
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-any one of these transitions carries the atom from

my = + 1/2 tomy = - 1/2 or vice versa, the force on the atom -

"in the B field is opposite to that previously exerted on it
~in the A field, because of the change in effective magnetic
~moment occurring in the C-field region. Thus, those atoms

which have made a transition obeying selection rules for the
rf (AF = 0, £ 1 and Amg = 0, = 1) and for the apparatus

“(Mmy = % 1) follow path 2 or its reflection in Fig. 6 and .
.reach the detector.

For spin determinations the transition labeled 1 in F1g

.7 is the one most frequently used., In the low-field approxi-

mation for J = 1/2, the frequency of the transition i is given

by v = wo H/[(2I+1) h] . This formula merely expresses
the fact tgat the energy separation of the mgp = + |I + J| and
mg = - |1+ J|states is divided into 2I + 1 intervals. Since

all the quantities in the frequency formula are generally
known except v and I, there is a one-to-one correspondence
between the resonance frequency and the spin. A search at a
discrete number of frequencies will reveal the presence of a
resonance at one frequency and hence indicate the spin. Fig. 8
shows the signal observed at the detector for various settings
of the rf transition frequency. A very distinct signal occurs
at the I = 6 setting. From a single Cs run, Fig. 9 shows the
decay curves of three spin samples taken at three different
frequencies corresponding to I = 1/2, 2, and 5/2. The back-
ground on all other spin samples was ¥ 3 to 6 cpm. The half-
life analysis in Fig. 9 identifies the isotope responsible
for the individual signals. The spin-search procedure is
always repeated at several field values to make sure of the
linear behavior of frequency with field. At higher fields
transitions depart from linearity in H and yield information
on the hyperfine-structure constants, on g, and on g

Although the sensitivity of the atomlc beam met od varies
considerably for different apparatus designs and detection
systems, a rough analysis of one atomic beam a?paratus with
radioactive detection has shown that about 10! 1/2 (hr)
is the minimum number of atoms required in a 51ng1e
sample to perform a spin determination.!® The presence of the
half-life term in the sample size expression results from the
counting detection method of assaying the activity of the

-collected sample. This estimate is based on the following:

(a) a minimum countlng rate is 10 counts/min on resonance
(counter background ¥ 2 counts/min); (b) thirty resonance
points are taken; (c) only 4% of the available states parti-
cipate in a resonance (this factor varies with the spin of the
nucleus and with the electronic J)}; (d) the beam is collected

on spin samples during 2/3 of the beam time; (e) the counter
‘efficiency is & 50%; (£) the apparatus transmission solid
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- angle is. % 1073; and (g) thére is ¥ 50% ioés due to décay,and_

chemical handling. In most experimental work it is possible
to start with samples in excess of this minimum amount, since -

. the minimum size is well within the range of most production
~schemes using cyclotrons and reactors. :

The Problem of Zero-Spin Isotopes

From hyperfine-structure observations alone, it is not
possible to distinguish between an isotope with I = 0 and one -
with I > 0 and unresolvably small hyperfine structure. This
confusion exists because the relevant terms in the Hamiltonian

~are zero either if the spin 1is zero or if all the nuclear

moments and hyperfine structure constants are equated to zero.
Therefore, most spectroscopic methods mentioned thus far do
not yield an unambiguous assignment of I = 0.

One band-spectra technique, however,, does give an un-

"equivocal 1 = 0 assignment to eight even-even isotopes. In

diatomic molecules having two identical nuclei, a definite
intensity relation between adjacent components in a rotational
band spectrum is predicted by considerations of the symmetry

‘properties of the complete molecular wave function, of the

statistics obeyed by the nuclei, of the statistical weights
of the rotational levels due to the existence of spin, and of :

the transition- selection rules. The band may originate from

transitions from the rotational levels of one molecular elec-

tronic state to the rotational levels of another electronic
state, for example. The general expression for the ratio of
the stronger lines to the adjacent weaker ones is (I + 1)/I
for all I. Thus for I = 0, the expression requires that the
alternate lines be absent from the spectrum. With I = 1/2
or I = 1, the ratio of adjacent lines in the band is 3:1 and
2:1, respectively. For larger spins, it is progressively

lines with a definite spin value. It should be noted that
this band-spectra technique does not rely on considerations of

‘hyperfine structure, only on the statistical weights of the
-levels involved in allowed transitions. '

‘harder to correlate the measured intensity ratio of alternate

In optical and rf spectroscopy a measurement of I = 0 is

usually accompanied by the qualification (a) that no hyperfine

-structure was observed, or (b) that if one assumed I = 1, then

the hyperfine structure and magnetic moment was less than
given values set by the resolution of.the measuring apparatus.
At present some 69 even-even isotopes have exhibited no

‘hyperfine structure and are presumed to be spin zero. In

addition, however, three odd-odd isotopes (Ga®®, EulS2™  angd

_H0166) have no detectable hyperfine structure. Under the
.assumption of I = 1 for these isotopes the magnetic moments !
would have to be equal to or less than 4 x 107>, 4 x 1073, and

S

i
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10~"% nm, ‘respectively. Among the nonzero-spin isotopes some

“are known to have magnetic moments as small as these (e. g.,
.T119853hr I=2,u<2x10"3 mm).

Conclusions

Of the 1717 isotopes contained in the June 1964 edition

of the Chart of the Nuclides, only 406 isotopes (less than one

quarter) have been investigated by techniques that yield an

“unambiguous spin value.

Except for isotopes which have too short a half life

(< 10 sec) or cannot be produced in sufficient quantities

[> 1011 1 (hr)/sam le], it is 1likely that most of the un-
P Y ‘
known Splné and moments will eventually be measured by present

- techniques. The effort expended on measuring spins of nuclear
.ground states continues to increase, but this increase is also
'matched by an increasing difficulty in all aspects of the

measurements on remaining isotopes. As a result the rate of
new spin measurements appears to be fairly constant at about

.10 to 30 isotopes per year for the past 10 years. The changes

in activity of the ground-state spin and moment field are
clearly shown in Fig. 10. It is seen that the total number of
publications annually in the field of spins and moments has
remained remarkedly constant (70 to 100 per year) over the

.past 15 years. Unless major alterations occur in the tech-
‘niques involved or in financial support of this work, this

level of activity will presumably persist. It will in any
event continue to yield valuable information toward the under-

standing of atomic and nuclear structure.
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" TABLE 1

ASSIGNMENTS

Number of Spins Measured by '"Direct'' Methods

Probable : :

Sample sizes used for NMR studies

, 1=0 .
Definite I=0 No resolved I £0
' ' hyperfine
structure
'Stable isotopes 7 61 - 107
Radioactive isotopes 1 11 219
: (including
.3 odd-odd
isotopes)
8 72 Total 406
TABLE 2

on radioisotopes (See Ref. 17)

:ISOtope

T

- Sample size,

1/2 - atoms
. H¥ 12y 6.8 x 1020
c136 0.3 My 1.2 x 1020
Tc?9 210  ky: 9 x 1020
TABLE ‘3

Sample sizes used in microwave spectroscopy (See Ref.:17)

‘Isotope T ) " Sample size,
‘ 1/2 atoms
Se’5 170 d 1.2 x 1016
Se79 60 = ky 7.6 x 1013
1125 60 d .5 x 1015
1131 8.1 d 9 x 1015
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TABLE 4
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. Isotope . 11/2 Sample size,

atoms

p32 14 d 4 x 10'%  ENDOR

Cod® 77 d 7 x 1013, 1.4 x 1015

- Co57 270 d 1 x 101%

CoS8 71 d .3 x 1015

Cob0 - 5.3 y 3 x 1015

As76 26.5 hr 5 x 1010  ENDOR

Tc29 210 ky 3 x 1016

Agllom 260 d 2 x 1013

Celt! 33 d 2 x 1015

Nd147 11 d 2 x 10t%

Pmlt47 2.6y - .5 x 1016

Sample Sizes Used in Optical Spectroscopic Studies(See Ref. 17)

TABLE 5

Isotope /2 Sample size,
‘ atoms
Ar37 34 d 2.6 x 1016
Kr8> 11 yr 3.4 x 1017

. Te99 210 ky 1 x 1020
Pmlt7 2.6 y 2 x 1019
Eul>2 13y 5.8 x 1017
Hgl95 9.5 hr 1013 - 10l% ;
Hgl95m 40  hr 1013 - 10% ?
Hgl97 65 . hr 2 x 1015

, Hgéggm 24  hr 1012 » %3x 101
H 47 4 - 10 :
T1199-202. 7.4 hr-12 d 21012
Po208 2.9.yr 1 x 1017
_Po209- 103 yr | 3 x 1016
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TABLE 6

Sample Sizes Used in Optical Double Resonance Experlments
' (See Ref. 17)

Isotope ' B Sample size,

1/2 atoms
Zn65 245 a .2 x 1015
cdlo7 6.7 hr . 10L*
cdlos 470 d 5 x 101%
cdllism , 14y - 1oi!
calls . 2.3 d 7.8 x 1015
cgllsm 43 4 1.5.x 101
Hgl97 \ . 65 hr 3 x 1012

Fig.”1 Histogram of the number of nuclear spins (I),
nuclear magnetic moments (u), and nuclear quadrupole moments
(Q) measured by six techniques: ABR = atomic-beam magnetic

'resonance, 0S = optical spectroscopy, ESR = electron spin
resonance or paramagnetic resonance, MS = microwave spectros-
.copy in gases, NMR = nuclear magnetic resonance, and ODR =
optical double resonance.

Fig. 2 Energy-level diagram for a nucleus with a posi-
- tive magnetic moment and I = .3/2 in an external magnetic field,

Fig. 3 " The observed microwave spectrum of hyperfine
transition from the J = 1 to J = 2 rotational states of
carbonyl sulfide (016C12533) show that the nuclear spin of
$33 is 3/2. Similar work on the radioisotope, S$3°, also
‘establishes its spin as I = 3/2.

Fig. 4 The energy levels of a péramagnetic'system with
S =1/2 and I = 3/2 shown in the high field approximation.

Fig. 5 Hyperfine-structure levels arising in two elec-
tronic states. When the hyperfine structure of the
J =2 (J >1I) level is large and that of the J = 1 level is-
unresolvably small, there are 2I + 1 closely spaced hyperfine
.components in the optlcal line. The intensities of these
components are proportional to the 2F + 1 multiplicity of- the
‘upper state.
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" Fig. 6 Schematic arrangement of components in an atomic-
beam flop-in apparatus. In the absence of suitable transitiors
the atoms follow trajectory 1. When a transition occurring

~in the C region reverses the sign of the atomic magnetic
‘moment, the atom follows trajectory 2 to the detector.

" Fig. 7 The energy-level diagram of a free atom with
J=1/2, 1 =3/2, g, = -2, and g, > 0 in an external magnetic
field, H. The tranSitions labeled "a'' through "i'' are allowed
by selection rules and also change the sign of the magnetic
moment (-9W/3H) of the atom in the high-field region of the
diagram.

Fig. 8 A spin search in Ag!!O™ shows a deflnlte signal
corresponding to I = 6.

Fig. 9 From a sample containing all three isotopes, a
'clear separation of three spin samples was performed by
‘setting the radio frequency to correspond to transitions for

spins I = 1/2, 2, and 5/2. The half life' of each spin sample
helps establish the isotope respon51ble for the signal.

Fig. 10 The number of articles published in the field
of ground-state nuclear spins and moments shows the relatively
constant activity in recent years,
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, .or his employment with such contractor.








