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" RADIATIVE DETECTION OF NUCLEAR MAGNETIC RESONANCE
D. A, Shirley" '
Deparfﬁent'of Chemiétry_and'
Tawrence Radiation Laboratory
University of California
Berkeley, California

i

| April 1969

INTRODUCTION
An exciting development téking place in chemistry today:is the widespread
evolution of techniques for studying matter on a-truly atomic séale. vChemiéts

are naturally motivated to explore new, high-sensitivity techniques;because

cheniical thought and discusSion.is most often directed, toward matter at the
‘?tomic level, while ¢lassical measurements uéually deal with macroscopic prop-

erties. While statistical mechanics helps to résolve this problem, it seems

Cleay that the acquisition of much information about the behavior'of matter on

an atomic scale awaits the development of experimehtal'methods that are sensi-

tive to small numbers of atoms.

Nuclear magnetic resonance (NMR) is an area for which these comments are

especially appropriate. Its very high precision:aﬁd‘wide applicability make

I

NMR a powerful method. . Unfortunately conventional NMR has relatively low

sensitivity, .and a sample of macroscopic dimensions is required to cobtain an

' observable signal. This is true only because resonance is détected»through a

change in the macroscopic magnetization of nuclei in the_éauple. Nuclear mag-

netic moments are smally ' therefore many nuclei are required in order to
produce a sizable magnetization. The resulting low sensitivity is a major

weakness of conventional NMR.
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This article describes a small, new area of very unconventional NMR in

which the sensitivity problem is avoided by utilizing a microscopic detection

_scheme. The area is termed "radiative detection of nuclear magnetic resonance",

‘or NMR/RD.(L) Applicable to metastable nuciear states, NMR/RD éﬁploys nuclear
decay products-;beta‘or gamma, radiation——to detectvresdpances. Because nuclear
_counters.are sensitive’éédugh to record individual nuclear events, a resonance
canﬁ#éﬁconfirmed whenevg; it-causes a stétistiéally significant change in thek
cqugting'raté;‘ Only about 106 nuclei are usually required to achieve thié
reéuit, makiﬁg NMR/RD the mostvsensitivé type of NMR by'many orders of magni-
.dtudé. fUnfdftunately thé range of appiiéation ofANMR/RD is apparéntly very
I,iimited;A  | | |
—'i"iﬁ.ﬁhé'ﬁext seCtion'the.disfribution of radiation from oriented nuclei
. i§vdi$cuéséd,vand thrée‘methods for oriehting nuclei are briefly discuésed.’

: —Thé}%hird ségtion'deals with the power requirements for producing observabié

' ‘regbnances in oriented nuclear‘spin systems.' Finally in the fourth section

f%hé résultsitb'date'are summarized and the outlook for NMR/RD is_surveyéd.

RADTATION FROM ORTENTED NUCLET
The only way in wh;ch NMR can appreciably affect the radiations from
oriented nucléivis_to alter their angﬁlar distributions. In an ordinary -
assembly of radioactive nuclei, however, the distributioh Of-radiatign is
"sphefically symmetrical, and an impressed radiofrequency field can have no
i éffect.; For an NMR/RD experiment to be feasible a very special kind of samplé.
is réquired: a sample whose nuclei are'oriénted. By this we mean that the

nuclear spins must be "pointed" along a certain direction in space. The

(5]
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nuclei may be polarized, with their spins parallel, as in a ferromagnet, or

‘

‘<théy may be only aligned, with spins oriented in direction but not invsehse, as

in an antiferromaghet.
Each nucleus by itself has a radiation probability pattern which is spatially
anisotropic, analogous to that of an antemma. For an assembly of unoriented

nuclei the individual patterns add incoherently,:but'when the nuclei become

o

oriented the intensities of these indiVidual‘prdBability patterns add coherently,

~and the entire assembly exhibits an anisotropic radiation pattern. An illustres

tive example is shown in Figure 1. Ve cbnsider a nucleusIWith a spin-zero
ground state and a_ﬁetastable state of spin 1. Aéplication of a magnetic field'
H resblves the degeneracy of the metastable state, giving thfée magnetic sub-
étatés with‘magnetic Quantum nﬁmbers M=1, O, and -1. A.nuCleus in the meta-
stable state cénvemit a dipole 7y fay and-deéay to fhe ground state, and the
probability for this process is unaffected by H. The Substates have different
Y-ray angular d?stributions, howevef. Supposé'that a count$r placed near the

sample'registergd A cdunts/sec before H was applied. With H preéent_the

"total counting rate is still A, but the contribution from each substéte depends

on 9; the angle between the <y-ray direction and H. The M=0 substate contri-

~ butes (A/E)sinee,'and, while each of the M= %1 states contributes (A/h)(l+cosge).

Note that the total counting rate is Still isotropic, as sinze + c0529 =1.

: Now supposé that the nuclei are aligned along' H. The quantum-mechénical‘
deécription of this situation is simple: more nuclei are in each of the two states

M = %1 than are in @he M=0 state. A COéQG*termjéppearsfin the radiation inten-

:sity; which is thereby enhanced along the H direction relatiye.to perpendi—

¢ular directions. If radiofrequency radiation is'subsequentiy used to equalize
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.the substate populations, the radiation ansiotropy will decrease-or disappear:
this is the essence of NMR/RD. Most real cases are more complicated, but the
principles arevstill the same: oriented nuclei radiate anisotropically, and

NMR decreases this anisotropy. Let us now consider the three common methods

o~ .

for orienting nuclei.

- The simplest method is to apply a strong magnetic field H, splitting the
M éubstates by yH (where Y 1is the nuclear gyromagnetic rétio), andktO‘lowerﬂ
_thévtempérature; Populations of adjacent substétesiaré related by the Boltzmann -

factor edyﬂ/kT.

For kT'é YH appreciable population différencéé, and nuclear
orientaﬁion,-can,occur, Very low temperatures (&10—2°K)_are required to orient
nuclei in“this:way, but ‘the method cén be applied to neariy.everyfelement in
the periodiec table; ;Since it takes time to reach éuéh low tempefatures, only.
métastable_Statés with lifetimes of lO3 sec or more can usually be studied in
fhis-wéy. I magnetic resonance is performed, the method is termed "NMR in

oriented nuclei" or NMR/ON.

The second technique for obtaining oriented nuclei is more subtle. - It is

bésed;on the angular correlation that exists between two radiations'emitted
‘successively from the same nucleus. If thé two radiations (yl and vy, in Figure

2) are detected'in two separate counters, and recorded only when they are in coinci-
dence, %hen‘this‘coincidegce cquntihg rate Wle(e) will vary with the angle ‘6
between the propagation direétions of the two -y quahté. This résﬁlt may be
understood by.analogy to the thermal nuclear orientation meﬁhod dgscribed above; s
After a nucleus haé,emitted'a Y1 qMéntum in a cértain direction i£ is ofiented 
with respect to that direction. Radiations emitted subsequently will be dis—-v

tributed anisotropically 'about that direction; i.e., fhe-distribation will
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depend on ‘6. Coincidence counting is employed only to select nuclei ofiented

| _in the Y direction. When a magnetic field H 1is applied and NMR is ?er{-?

formed on the intermediate state, the method is termed "NMR detected by
perturbed éngular correlations”, or NMR/PAC. It is appiiéable to métasﬁable
states with lifefimes‘in'the 10_8—16-6sec range, and these sfates_must be
preceded by radiative transitions. =

Thevthird way to orienf nuclei is by prodﬁcing tﬁem in an orienﬁed config-

uration, through nuclear reactions at an accelerator. When a particle in the

‘beam collides with a target nucleus in a nucléar reaction, there is mbst-often

a sizable orbital angular momentum between the two particles. The angular-< |

| momentum vector .is perpendicular:to the beam'direction, 50 the reaétionlproduct

nuclei are oriented with their spins perpendiéular.to the beam, and they radiate

,anisotropically. Nuclei thus produced in nuclear reactions are candidates for

NMR if their lifetimes,lie in the range 10—6-103sec. This method is abbreviated

NMR/NR.

POWER REQUIREMENTS FOR.NMR/RD
Turning now to' the other side .of the NMR/RD ﬁethods, we need a description
of the magnefié resonénce phenomeﬁon that will allow us to determine ﬁhe require-
ments for a successful NMR/RD experiment. Conventional NMR is often discussed
using;ﬁerturbation:theory, but that approach is not suitable for NMR/RD bgcéuse
these experimehts require that_nearly every métastable nucleus undergo & transi-
tion in a:very short time. The épproach sketched below is ideal for NMR/RD

experiments, and it is actually simpler than the perturbation-theory method.
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A particle with maghetic moment ﬁ? in a“magnetiC'fielda H will precess :

'about' H according to the equation

a R . .
== Wx | j

The precession frequency v 1s given by hy = vH, wheré h 1is Planck's con-
stant. Resonance is brought about at frequency v by applyiné a radiofrequéncy
. field 'ﬁi(t) = 2chos2nvt pgrpendicular_td H.:'The'pfoblem is greatly simpli-
,fiedyb&_fransforming~into a coordinate frame that rotates;ébout H with
fréquénéy‘ v. In this "iotating frame" the influence of Hv.is removed and p
is fixed in space.: From'Hl(t)'only aféomponentLHl survives the transfbrmation.

This compbnent.is time-indepéndent and is perpendicular to the original H axis.

" Now we'can write another equatioh

for the motion of p in the rotating frame. Thus M precesses about -Hl  in',

gi_ﬁh;s frame with frequency vy given by hvl é’)Hl. When this precession hag.
carriéd B thfoughra sizable'anglé-—about 0° or n/2 radians—;the pfobability
is high that magnetic resonance absorption.will have taken place, because the.
/oriéntation of B in the laboratory frame wouldinow Bé‘given by a differenﬁv
- magnetic quanﬁum numberiM;
The 'power" fequirémént‘for NMR/RD is easiiyvobfained from this picture of
NMR. We may simply regard NMR as one of two competing procegses. The othef : S
process-is either ggdioactive decay, with time constant T j(the nuclegr life- ,
» o kY

time) or relaxation, with time constant Tl (the spin—lattice felaxafion time).

' For. NMR to compete favorably with decay, for example, we require éﬂvlf > /2,
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or Vv, > 1/hT. Thisgrequirement is met for H, > h/byt. Unusuaelly large radio-

-6

frequency field strengths-are,required to satisfy_this’condition-—vfor T =-10
sec, an H; of 100 gauss is needed—but these fields can be attained with some

effort.

'RESULTS TO DATE"

The NMR/RD field started in the early 1950's: It isn't practical to give

a complete review of the early work here with a discussion of the value of each

contribution, but we can mention & few.importantvpapers; A more complete set of

references is available in a recent review article (1.

In 1952:Déutsch and Brown reported the radiativeideteétibn.of magnetic

resonance in positronium (2): this work was the precursor of the NMR/RD field.

;. Later, in 1953, Bloembergen and Temmer pointed out the possibility of NMR/ON (3)

\

and Abragam and Pound suggésted NMR/PAC the same year (4). During the next -

'twelve'years several experiments were reported that were individually very

76, by

elegant. Among these were an NMR/ON study of dynamically oriented As
Pipkin and Culvahpusé (5) and an NMR/Nﬁ expériment.on Li8 in LiF, by Connor (6).
Unfortuhateiy none of the ekpe;iments done ih this pefiod showed promise of
being applicable to any but a few nuclear states. »As'reéenfiy as’1965 no

NMR/PAC experiment had been reported, nor had an NMR/ON experiment been success-

fully;carried out on'ﬁhermallx oriented nuclei. This latter fact Wés particularly

) impoftant. because thermal nuclear orientation has a very wide range of appli-

cation; The earlier phédretical papers (3,4) had discussed the necessary con-
ditionsg for thesé NMR/RD experiments,'bﬁt had not suggested practical ways to-
achieve thesé_conditions. There was widespread opinion that the experiments were

not feasible.
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‘Early in 1966 a group at our laboratory in Berkeley tried en'NMR/PAC
experiment based on "hyperfine enhancement” of the applied field in ferromaénetic
) . :
nickelr This.effect, discovered in 1959 by Gossard and Portis (7), has thev
effect of amplif;ing the Hllvfield by a factor-Of about 103, thereby making
the crucial cooditlon Vv z_l/hT attainable for even very short-lived nuclear

1
. : : 100
states. The first NMR/PAC result, on Rh (t

=-3X10—75ec) in nickel, was
_reported by Matthias et al (8); and later that year another NMR/PAC resonance,
‘on RthO in iron, was observed with the same apparatus :

After the NMR/PAC experlments had been carrled out Wlth the aid of hyper-
fine enhancement, extension to NMR/ON was a natural next step.v NMR/ON experi-
’ ments,in-ferromagnétic lattices were especially appropriaﬁevbeCausevthe "uni-
versel” method of thermal nuclear orientation employs ferrOMagﬁetS'(9). In’
fact the NMR/ON experlments appear soﬁewhat less dlfflcult and far more widely"
appllcable, than the NMR/PAC method. Matthias and Holliday at Berkeley reported
the first such NMR/QN result, on C06O in iron, later in 1966 (lO). Subsequent_
work in severalllaboratories, notably in Oxford and»Leiden, has eOnfirmed-thev
generality of the NMR/ON method and has extended it considerably.

With these two methods it was thus poesible to perform NMR/Rb stﬁdies on

3sec) and short-lived (T < 10 6sec) nuclear

-6

o states, but the large.lntermedlete range with 10 = < 1 < lO3sec was still not

‘& wide variety of long—llved (1 > 10

- generally accessible. It was clear that only the NMR/NR methods -would be’
applicable here. : o ) _ S v
Nﬁclear states with lifetimes in the upper half of this ranger(i.e., for
-2 '

10 " <1< lOesec) had been studied by Connor and Tsang, by Sugimoto and co-

workers, and by others {1), using NMR/RD and employing the asymmetry of B8
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particles for detection. In 1967 Sugimoto and co-workers extended their work to

" metallic hosts (11), thereby substantially generalizing the NMR/RD method for

‘these longer-lived cases. ‘There still remained a lifetime range. 1076 < 1 <10

~sec in which no NMR work had been aone,'hOWever, and many interesting y-emitting

nuclear isomers lay in this range.

In 1968 Christiansen and co—wdrkersiorientéd miclear isomers in liquid

'galliﬁm (12), and early this year Quitmann and JakleViCr used a liquid gellium

host to observe NMR in a 6-microsecond isomer of As73 (13).
With the sucééss of the nuclear reactioﬁs—NMR work, NMR/RD can be applied

to a great many nuclear states. Resonances have already been observed in about

- 20 states, and a fair divérsity of'infbrmation'has been derived from NMR/RD
" studies. Several nuclear magnetic moments have beeh measured accurately. Other
" nuclear information, particularly about "hyperfine anomalies" (the distribution

g of-magnetism within nuclei) has also eﬁefged from this work.

Applications to solid-state phenomena seem promising. A number ‘6f hyper-

A_find magnetic fields, Khight shifts, and relaxation times have already been

obtained by NMR/RD. It seems to be uniquely appropriate for very‘dilute systéms

or very small samples, where conventional NMR isn't sensitivérenough. It also

holds promise.fdrvstudies of ion-implantation énqyother dynamic procesées.
Like many physical pechniqueslNMR/RD has quiékly proved its value in

physics, while its potential (if any) in chemistry is as yet unexplored. This

. 1s understandable, because several barriers must be overcome if NMR/RD is to

enjoy-widespread use in any area of chemiétry. -Firsf‘of all its feaéibility in
gaseous'moleculeé, or liquids has not yef been demonstrated. Then too, seriqus

restrictions are intrinsic in all thfee’NMR/RD methods. NMR/ON requires very'

3
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low temperaéure§}tNMR/PAC usuglly.involves,nucléar transmutation, énd in NMR/NR
the nuclei_recgil immediately before ﬁhe resonance is observed. O&ércoming g
,thesehrestriétions.wiil rgquiré breakthroughs as substantial as_anything'des~
‘cribed'above, The incentive fbf attackinthhése<problems is pfovidédvby the
extremely high sensitivity available with NMR/RD—a Seﬁsitivity that makes NMR-

T a truly microscopic method.

&

1S
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Fig. 1. Level scheme for a nucleus with two levels, of spins 1 and O, con-
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FIGURE CAPTIONS

nected by a dipole transition. The O, T notation is
spectroscopy.

2. Correlation angle (left) and level diagram for an

experiment. For.6 = 180° only 0-0 coincidences appear.

(heavy arrow) in intermediate state can alter substate

affect correlations.
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