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1. Introduction 

In this lecture I would like to give a generc 1 review of the 

methods used to measure the magnetic moments c ,f short-lived nuc

lear states and to present in more detail the prin :::iples, possibili

ties and limitations of methods based on the Mos sbauer effect and 

on the angular correlations of nuclear radiations. I would like also 

to discuss the application of internal magnetic fields and to des

cribe some methodical refinements introduced recently. 

Any experimental method of determining of r .uclear magnetic 

moments is based on their ir.teraction with the magnetic field. In 

the magnetic field of the intensity H the nucleus performs Larmor 

precession with the frequency 

... f'N ... 
w =-- g -- H 

1i 

where I'N is the nuclear ma.gneton, the nuclear g -factor being 

the ratio of the nuclear magnetic moment to the nJclear spin. Using 
-12 ·l • 3 

the numerical value I' N =3.15.10 eV1G, we obt<:.m ""=-4,79.10 H, 

where H is expressed in gauss. 
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... 
The La.rmor precession frequency vector 61 • for positive 

g -factors, is an .iparallel to the magnetic field intensity H 
Nuclear leve 1 splitting corresponding to the precession fre-

quency 61 is eq ..tal to 
~E-1i61. 

In order to determine the nuclear g -factor the La.rmor pre

cession frequency in a known magnetic field should be either di

rectly measured cr deduced from the level splitting ~E • The 

sign of the g -factor can be established when it is possible to 

determine the direction of the nuclear precession with respect to 

the direction of tJ- e magnetic fU:~ld. 

My lecture ·:::oncerns short-lived nuclear states, but let me 

first remind you c f the methods of magnetic moment determination 

for ground states of stable nuclei and for states living longer than 

say 10 minutes. 'l'he majority of measurements in this life-time re

gion (more than 70%) were performed using one of the following 

three methods: 

1. Nuclear magnetic resonance (NMR) 

2. Atomic beam resonance (ABR) 

3. Atomic o= pectroscopy (As). 

The first tw::> are very accurate, as the resonance frequen

cy can be deterrr ined with high precision. The main source of 

error lies in the :letermlnation of the intensity of the applied mag

netic field and in the calculation of diamagnetic corrections. 

The atomic spectroscopy measurements are much less accu

rate. They requir·~ the knowledge of the atomic magnetic fields, 

which are difficui; to calculate with good precision. 

In the case of radioactive nuclei, the application of the listed 

methods is limited by the amount of available material and by the 

life-time of investigated nuclear states. These two factors are clo-

4 



sely related. The shorter the life-time of a nuclear state, the sina.l

ler number of nuclei in this state can be used in the experiment. 

The NMR measurements require a macrosc :>pic amount of 

substance. Up to now, 1H is the shortest-living nucleus ( T ~ = 

= 12.3 years), for which the conventional NMR technique was suc

cessfully appliect/
1
/. 

In optical spectroscopy far less material is needed. Its amount 

should be sufficient to provide enough light for }' typerfine structure 

studies, keeping the exposure time reasonably sl10rt. In the favou

rable cases the atomic spectroscopy can be apt=lied to nuclear 

states with life-times of a few hours. 

In the atomic beam resonance, nuclear radiation of the inves

tigated isotopes may be used for indication of resonance conditi

ons. This leads to a much lower limit of the req .!ired number of 

nuclei and the magnetic moments of nuclear states living only a 

few minutes become accessible. 

The region of life-times 10
2 

s > r > 10-
6 

s is very hard to 

approach. Measurements in this region may be performed using 

the combination of nuclear magnetic resonance a 1d nuclear techni 

ques. I shall give a few examples of such a sot= histication at the 

end of my lecture. 

2. Nuclear Techniques Used for Magnetic 1'/Ioment 

Measurements 

-6 
For life-times shorter than 10 s different nuclear methods 

can be applied, the most common of which are: 

1. Moss bauer effect for magnetic substance 3 {ME), 

2. Perturbed angular correlations of nuclea" radiations {PAC) 
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3. Perturbed angular distribution (PAD) 

a) of gamr 1a. rays emitted by products of nuclear reactions 

{NR) or by Coulomb excited nuclei {CE) 

or b) of rescnant scattered gamma rays (RS). 

In principle he third group of methods {PAD) is very simi-

lar to the method of perturbed angular correlations {PAC). The main 

difference is the 'my of producing unequal population of magnetic 

substates. In the PAC experiments it is accomplished through de

tection of the prec eeding radiation in a defined direction. In the PAD 

methods it is the :::onsequence of the defined direction of the bom

barding ion beam (NR and CE) or of the direction of the primary 

gamma ray (Rs). Because of this similarity of PAC and PAD me

thods I shall not · iiscuss the latter and concentrate only on the 

application of the Mossbauer effect and the perturbed angular cor-

relations. 

2.1. MossbaAer Technique of Magnetic Moment Measurements 

In MassbauE ·r experiments with magnetic substances we ob

serve Zeeman splitting of gamma transitions due to interaction of 

nuclear magnetic noments with the internal magnetic field. The 

nuclear g -factor of the excited states as well as the internal field 

intensity -can be measured in the same experiment, provided that 

we know the g -£ 1ctor of the nuclear ground state. 

Let us take the classical example of the 14.4 keV transition 

in 
111 

Fe embeded i 1 an iron foil. In the internal magnetic field the 

ground state of
51 

Fe 1 with I -I/2 1 splits into two components and 

the 14.4 keV stat.~. with 1-3/2 , into four components. 
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Fig.l. a} Zeeman j>.,Plitting of the ground level and the 14.4 keV 
level of Fe • 

b) Sketch of the Mi:issbauer spectrum. 

This is illustrated in Fig.la. The splitting energie~ are equal to 

AEo =go I'N H 

and 
AE 1 • g1 flNH 

for the ground and the excited states respectively. 

Because of the M1 character of the 14.4 keV transition, the 

selection rule A,. • 0,!_1 should be obeyed and 6 h fperfine structu-
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re components an:· seen in the Moss bauer pattern (Ftg.1b). Mea

suring ~and E
1
and using the known value of $

0 
"'+0.1805 the inte~ 

nal magnetic field H .a337 kG and the g -factor of the 14.4 keV 

state g1 a-0.1031 can be obtained. 

The first g -factor measurement using the Moss bauer tech

nique was perform?d for 57 Se by Hanna et a1./2
/ in 1960. 
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Ftg.2. Mossbauer pattern of the 8.42 keV transition of
189 

Tm in Tm -

metal at 5°K and the hyperfin~/splitting of the 8.42 keV state 
and the ground state of 1111 Tm 1~ 8 -isomer shift, ~ -elec-

tric quadrupol ~ interaction. 
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Fig,2 taken from the work of Kalvius et at./
3

/ shows a more 
IIIII 

complica~ed case of the 8,42 keV transition in Tm in Tm -metal, 

where in addition to the magnetic interaction the quadrupole inte

raction is present. This experiment was perform1 ~d in liquid helium 

temperature. The magnetic field acting on Tm m tclei In Tm -metal 
6 

H .. 6,96,10 g and the g -factor for the 3.9 ns, 8,42 keV state 

g =0.356 (10) were obtained. 

In 1965 the Mossbauer effect was succesE fully applied by 

Seyboth et ai./4
/ and by Lee et ai./

5
/ to the lnVE~stigation of Cou

lomb excited gamma transitions, which considera)ly extended the 

possibilities of this 
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Fig,3, Schematic diagram of the liquid helium kry:>stat tls/61 for 
the Mossbauer effect studies in Coulomb e (citation • 
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Fig.4. Mossba.uer a~sorption spectrygr following Coulomb excitation 
of the fir! ;t 2 state in 118 Yb • 

Fig. 3 shows a liquid helium kryostat, used by Lee et a.L/6/, for 

the Mossba.uer ?ffect studies in Coulomb excitation. In Fig.4 their 

Moss bauer abs< 1rption spectrum following Coulomb excitation of 

the first 2 + stat? in 
178 

Yb , obtained with 178 Yb metallic target and 
170 

Yb CI 3 6H2 0 al: sorber, is shown. 

"What are the limitations of the Mossba.uer method? 

1. Its applicatio 1 is limited to nuclei for which the Moss bauer ef

fect can be c >bserved. '!'hey should be stable or at least long

lived, as the absorbers have to be prepared from the same 

isotope. Meru; urements can be performed for the excited states 

lower than cc:. 150 keV, otherwise the probability of the recoil

less emisslor and absorption becomes negligibly small. 

10 



2. '!'he limit for accessible life-times is related to the natural 

line-width of the investigated transition. Zeenan splitting should 

be at least of the same order of magnitude as the natural 

line-width r . It means that 

~E • SI'NH > r 
r 

hence 

Using a typical g -value of 0.5 •we obtain 

r > 
4,2 olO -4 

H(G) 

v 

s • 

'!'his shows that even for very h.lgh internal magnetic fields of 

several megagauss measurements cannot be performed for llfe
-10 

times shorted than ca. 10 s. 
On the long llf~tlmes side, the llmltatic m is due to the 

technical difficulties in observetion of very 1a.rrow lines. E.g. 
-6 

for r •10 s and for a transition energy of 50 keV the line 

width corresponds to the Doppler velocity o:· 7,5 1'/s. 

2.2. Methgq of Perturbed Angular Correlat2!3e, • 
Starting the discussion of the method of perturbed angular 

correlations I shall remind you of the basic idea;; of the angular 

correlation of a gamma-gamma cascade. We are jealing with two 

succes&fve gamma transitions y 1 , andY:~ of multipolaritles L 1 

and L :1 , going from the Initial state with the spin value I 1 , 

through the intennedJale state I, to the final state I r• (Fig. ~). The 

relative · probabWty· that Y:~ is emitted Into the :;olld angle dO 
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a. b. 
Fig.5. a) Gamrna-ga n'Tla cascade. 

b) Position o; counters in angular correlation measurements. 

at an angle 8 wih respect to the direction of y 1 is expressed 

by W ( 8) d 0 where t '"le angular correlation function W ( 8) is given 

by k 
max 

\1 ( 8 ) .. 1 + ~ 'A I< P k (cos 0 ) . 

A k are the angulnr correlation coefficients, depending on the spin 

values of the invoJ ved nuclear levels and on the multi polarity of y 

transitions. P k ( cos 8 ) are Legendre polynomials. The sum 'Tla.-

tion index k is a! 1 even integer and , for pure multi pole radiation, 

fulfils the selectlor rule 

0 < k 'S_ Min ( 2 I , 2 L 1 , 2 L 2 ) • 
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For 1- o, 1/2, W( (J) - 1, that means that the directional distribution 

of gamma rays is isotropic. kmax -6 is never en::;ountered in practi

ce as this case demands 1 ~ 3 and at least the octupole character 

of both transitions. 

During the life-time of the intermediate st.c lte, the interaction 

of nuclear moments p. or Q with extranuclear magnetic fields or 

with electric field gradients may change the pc pulatlon of nuclear 

sublevels, which leads to the perturbation of tr .e angular correla

tion. The study of these perturbations yield imt 1ortant information 

on the internal fields acting on nuclei in different substances.. On 

the other hand, using known interacting fields, it is possible to 

deduce nuclear moments from the observed effect of perturbation. 

For measurements of nuclear magnetic momentE the perturbation 

of an angular correlation, by an oriented magno~c field of the 

known intensity, has to be studied. 

To discuss the effect of a magnetic field on an angular cor

relation it is convenient to use a slightly differ :mt form of the col'

relation function: 

w ( (J ) - 1 + b ll cos 2 (J + b 4 cos 4 (J • 

The new coefficients b t can easily be eXJ: rressed by A k • In 

a magnetic field H , perpendicular to the >-Y observation plane, 

the angular correlation function becomes time-dependent and ta

kes the fonn 

W ( 8, + H , tl • 1 + b cos 2 ( 6 - cu t) + b cos 4 ( (J -1» t). 
- 2 + 4 t 

The experiments are performed with two counters working in 

coincidel'lCe. Then the angle 6 is the angle b( •tween directions 

from the source to the counters (Fig.Sb). 

We have to distinguish the two cases as follows: 

13 



~. The life-time r of the inv-estigated lntennediate state is longer 

than the resolving time r 0 of the coincidence circuit r 2:: r 0 and 

2. the opposite ca~ ;e, when 

r < r 
0 

• 

In the first case it is possible to study the time-dependence of the 

angular correlation in a magnetic field. The coincidence rates 

N ( 0, :!: H , t) for an a :-1gle 0 between counters and for two opposite 

directions of the n agnetic field can be expressed in the following 

way 
-t/r 

~(6 ,+ H,t)- e wW.:!:_H,t l, 

-'1/r 
where the factor e describes the exponential decay of the in-

termediate state. 

Using the tir 1e-tcrpulse-height converter and a multichannel 

analyzer it is pos:;ible to display the function N(O, ±_H,t) • The 

block diagram of , l. typical arrangement is shown in Fig.6. For 

f3 = ~35° the angular correlation function becomes verv simple 

W ( 135 °, + H t ) - 1 - b sin 2 Col t - b cos 4cu t 
+ 2 ' 

Fig. 7a shows the shape of the time-dependence of the coincidence 
+ 

rates N- ( t)- N (13~ ~ ±. H , t ) • This is the decay curve of the in-

termediate state n .adulated by Larmor precession in the magnetic 

field. It is conver ient to calculate the following expression 

When b 
4 

= 0 , R ( t ) 

b 
2 

sin 2 w t 

~-------
1 - b cos 4 w t 

4 

has the form of a sinus curve with the period 

two times shorter than the Larmor precession period. When b 4 is 

present, the b4 to ~rm in the denominator modlfies the shape of R ( t) 



counter i counter 2 

* 'I 
Jource r 

It 
...._ FTAC ~ PHS P/-15 

y D 

s ~ 

-
G ~ M 'CA 

L.--

Fig.6. Block diagram of the typical set-up for m ea.surlng the time
dependence of the angular correlation. 
PHS - pulse hight selectors, FTAC - fas1 time-to-amplitude 
converter, S, - slow coincidence circuit, G - gate, D -delay, 
MCA - multichannel analyzer. For sake of simplicity pream
plifiers and amplifiers are not shown. 
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Time 
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Fig.?. a) Time-dependence of the coincidence rates N(l35°, t.H,t). 

b) Spin pN!Cession curve R(t) 
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but zero-crossing points and hence the measur::!d period rel'l'IO,lO 

unchanged. To determine (L) we need not know either the life-time 

of the intermediate state or the angular correlat on coefficients bt • 

Of course, the larger the correlation coefflcienb: , the higher the 

amplitude of the precession curve arrl the better the accuracy can 

be achieved with the S(:ime counting statistics. 

Using the perturbed angular correlation mE ~thad we have to 

avoid any additional perturbation of the angular correlation caused 

by the quadrupole interaction in the intermediate state. We have 

to work either with solid sources with a cubic < rystalline lattice. 

in which no gradient of the electric field is pre:;ent, or with liquid 

sources of low viscosity, in which local gradierts average to zero 

due to the fast molecular movements. The spin ::>recession method 

described above has the great advantage that t11e presence of a 

weak quadrupole interaction does not effect the determina.tion of (L). 

Such an interaction results in the damping of the precession curve 

but again the zero-crossing points determining t: 1e precession pe

riod remain unchanged. 

The spin precession method was for the first time applied 

in MIT to the magnetic moment measurement for the 6 ns, 81 keV 

state in 
188 

Cs by Deutsch and myse1t
7

•
8

/ in 195 ;). 

In 1961 another version of the spin prece:;sion method has 

been developed. Taking independent measure mer ,ts for two angles 

between counters 

and (J n - .2_ , - 1:17 • 5 ° 
• B 

and for two opposite directions of the magnetic field± H the fol-

lowing combination of the time-dependent countin?, rates can be 

formed 

17 



•tg2cut. 

I Ill 
Results for the 15 ns, 482 keV state of Ta , obtained in Cracow 

by Bozek et aJ.../9/, are .shown in Fig.S. Each point of the experl-

21) 

~~~~--~~~~~--~~~~~":~~ 
T 

-I) 

-2) 

Fig.8. The ratio F ( t) for the cascade of 133 -482 keV in 181 Ta in 
the externEl magnetic field of 21 kG. 

mental tangent curve can be used for the independent detennination 

of cu • Our result of g = 1.336 (15) was until recently the most 

accurate g -fact )r value obtained with the PAC method. 
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When the life-time of the investigated statE! is shorter than 

the resoMng time of the fast coincidence circuit ( r <r 
0 

) the in-

tegral effect of the rotation of the angular con-elation pattern has 

to be measured. The integral angtllar correlatior1 function ls given 

by the formula , 
I o -t/r 

W{8,+H) ---J e W{8,+H,t)dt. 
r o -

If r0 is several times longer than r , the upp ~r integration limit 

might be replaced by infinity arrl we obtain 

where 

n ls easy :to see that two effects are present, i.e. the attentta.tion 
I 

of the angular correlation expressed by the de1 laminator -;:;=;;:::=:;;;: 
yl+h~cur )2 

and the rotation given by 118 k When I r.~r I « I the higher 

powers of cur can be neglected and the meast trement for 8- 135 ° 
and for two opposite directions of the magnetic field gives 

R • 

In order to calculate e» from the experimentally detennined value 

of R the angular con-elation coefficients b 2 ar d b 
4 

arxl the life-

time r oC the ~tigated state should be kncwn. For larger cur 

it is better to measure the integral con-elation function . .for several 

different angles arrl to detennine Its shift caus• :!d by the applied 

magnetic field. Hence CtJ r should be calculated using the exact 

formula. 
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The integral PAC method was used for the first time in 

ZUrich by Aeppli l!t al./10/ in 1952. An example of its more re

cent application is given in Ftg. 9 taken from the work by Karlsson 

et al./11/. 

1.5 

o.s 

H = + Z9.2 kG 
H:O 
H c - 29.2 leG 

9 

Ftg.9. Angular disp acement of the integral y-y d/Pi.Ftlona). corre-
lation of 188 Os in a transverse magnetic field • 
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The integral PAC meth:xi may be subject to errors if the 

quadrupole interaction in the intermediate state is present. '!'he 

resulting attenuation of the angular correlation J'educes the 

angle of rotation, and in ord~r to take care of thiE effect, the at

tenuation factors should be determined in additional experiments. 

'!'he question arises what are the limiting fac :ors for this 

kind of measurements and how to push down the loner limit of llfe

ti-nes of excited states for which the g -factor de :ermination can 

be performed, For very small w r values the main source of er-

rors lies in the statistics of the coincidence cow1ting. This may 

be illustrated by the following example. Let us take a rather fa

vourable case of b
2 

.o.I which corresponds to 20% anizotropy 

of the angular correlation and assume a typical cc incidence count

ing rate of 20 pulses per second, Then one week of coincidence 

counting is needed to measure with the statistical error 

of 20o/o. In order to reduce the error to 5o/o we need 4 months 

of continuous counting. It seems rather hopeless to attempt measu
-2 

rements of wr smaller than 10 with a reasonabl2 accuracy. 

What does it mean In terms of the life-time? We ol: tain 

r---=----
w gH 

and for a typical value of g = 0.5 

4. I(J"' 6 

r .. 
H 

It is obvious that the limiting factor is an available intensity 

of the magnetic field. With H = 6 5 kG, which is th? magnetic field 

of large electromagnets used for g -factor measw·ements the r 
-10 

limit will be ca. 10 s, It is possible to improve, ~ ;omehow, the si-
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tuation by the a-.: ·plication of a multi counter arrangement. When the 

experimental set up consists of three counters Instead of .two, si

multaneous measur-ements for two angles can be performed and the 

counting sta~tics is improved by a factor of two. It does not 

make, however, a 'lY drastical difference. The only and really effi

cient way Is to ir .crease the magnetic field intensity. One can think 

of using superconducting coils to produce fields three or four 

times higher, but "'!. much better and simpler way is to use very 

large magnetic fie tds acting on nuclei in ferromagnetic materials. 

The interest in a-te internal magnetic fields, aroused mainly by 

the MC>ssbauer et ect studies, is growing very rapidly. For the 

time being, the in' ernal fields acting on nuclei embeded in an iron 

lattice are determined for more than 50 nuclear species/
12

/. Tab

le 1 gives some · :!xamples of magnetic fields acting in iron. Using 

these fields if is possible to measure g -factors for nuclear sta
tes in a picosecond range. The orientation of internal fields can be 

achieved by an external magnetizing field. A few hundred gauss 

are usually sufflc ent to saturate a ferromagnetic foil with implanted 

nuclei under inve ;ligation. 

Different imJ >lantation techniques are used: 

1. Formatior t of an alloy with a ferromagnetic metal by melt-

ing. 

2. Thermal < liffusion into a ferromagnetic host. 

3. Implantati :>n with a mass separatbl'. 

4. Implantation of excited nuclei recoiling from nuclear reac

tion, Coul :>mb excitation or radiactive decay. 

The first tw :> methods generally give well defined and repro

ducible internal fields, but they can be used only for relatively 

long-lived parent isotopes. The lower limit of life-times depends on 

the time needed f :>r the annealing process. Moreover, they do not 

22 



tuation by the a1= plication of a multi counter arrangement. When the 

experimental set up consists of three counters instead of .two, si

multaneous measur-ements for two angles can be performed and the 

counting stal:f1.ltics is improved by a factor of two. It does not 

make, however, a 1Y drastical difference. The only and really effi

cient vva.y is to ir crease the magnetic field intensity. One can think 

of using superconducting coils to produce fields three or four 

times higher, but :t much better and simpler vva.y is to use very 

large magnetic fie tds acting on nuclei in ferromagnetic materials. 

The interest in ilia internal magnetic fields, aroused mainly by 

the MC>ssbauer efJ ect studies, is growing very rapidly. For the 

time being, the inl ernal fields acting on nuclei embeded in an iron 

lattice are determined for more than 50 nuclear species/
12

/. Tab

le 1 gives some · ~xamples of magnetic fields acting in iron. Using 

these fields if is possible to measure g -factors for nuclear Sta

tes ln a picosecond range. The orientation of internal fields can be 

achieved by an e xterna.l magnetizing field. A few hundred gauss 

are usually sufflc ent to saturate a ferromagnetic foil with implanted 

nuclei under inve ;tlgatlon. 

Different implantation techniques are used: 

1. Fonnatior t of an alloy with a ferromagnetic metal by melt-

ing. 

2. Thennal c liffusion into a ferromagnetic host. 

3. lmplantati :>n with a mass separate.. 

4. Implantation of excited nuclei recoiling from nuclear reac

tion, Coul :nnb excitation or radiactlve decay. 

The first tw :> methods generally give well defined and repro

ducible internal fi aids, but they can be used only for relatively 

long-lived parent isotopes. The lower limit of life-times depends on 

the time needed f :>r the annealing process. Moreover, they do not 

22 



'I'able 1. 

Hyperfine Fields for Impurities in I 'e 

Element 

Al 

lin 

Fe 

Cu 

Rh 

Ag 

Sn 

Sb 

Sm 

Dy 

Ta 

w 

Os 

Hg 

Pb 

Temperature 
OK 

1.4 

0 

0 

273 

0 

0 

100 

He 

R 

R 

He 

He 

He 

He 

R 

HypE rfine field 
kOe 

55(1) 

226.97 

336.9 

212.7 

559.6(16) 

282(20) 

81(4) 

+ 231(6) 

+ 1400(160) 

2000(300) 

656(13) 

643(13) 

1130(23) 

- '1280(26) 

980(180) 

+ 262(20) 

He - liquid helium temperature, R - roo n temperature. 
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work for -rq.re earth nuclei, reasons for this not being, up to now,. 

completely underst :><Xi • 

The mass SE' 'Para tor technique seems to give unique internal 

fields even for rar-e earths. In order to 10btain sufficiently large 

penetration depth the separator beam energy should be higher than 

ca. 40 keV. This rr1.ethod of implantation can be applied to radio

active sources liv ng for much shorter periods than those accessib

le by the annealin.?, methods and with a mass separator working in 

the accelerator be. 1m it will be possible to perform measurements 

(or parent activitie :; living for less than one second. 

The implanta· .ion by nuclear recoil makes it possible to measu

re g -factors for Excited states produced in nuclear reactions or 

by the Coulomb eJ< citation. Recent experiments by Grodzins/
13

/ 

showed, however, that this method of implantation should be appli

ed with certain ca ilion. He proved that the internal magnetic fields 

acting on a recoiling nucleus in a ferromagnetic host change in 

time. It is probably due to the Coulomb attraction of polarized 

electrons by high!- r ionized atol'llt moving through the ma!?,netized 

foil, which change~; considerably the density of polarized electrons 

at the nucleus. The appearance of transient anomalous magnetic 

fields explains the discrepances of results obtained by different 

authors, using this technique. The discrepances are especially 

marked in the cas·~ of life-times in a picosecond range where the 

anomalous fields play an important rol~ On the other hand, the 

future application c •f transient fields of high intensity will offer new 

possibilities of g -factor measurements for very short-lived excited 

states. 
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3. Methods Based on the Radioactive Detect! :m of Nuclear 

Magnetic Resonance (RD-NMR) 

I 

'I'he conventional methods of magnetic momen1 measurements 

mentioned at th2 beginning of this lecture can hardly be used for 

nuclear states living shorter than a few minutes. c )n the other 

hand, pure nuclear techniques fail for life-times Ion ger than ca. 
-6 

10 s. 'I'he broad intermediate region of isomeric nuclear states 

Is practically unexplored. 

Methods based on the radioactive detection c f nuclear mag

netic resonance seem to be appropriate to fill this gap. 'I'hey con

sist in radiofrequency irradiation of a nuclear sample, in which 

the magnetic substates of a radioactive level are v nequally popu

lated, and in the observation of Nl\IIR absorption th~ough the frequ

ency dependence of a counting rate. 'I'hese methods combine high 

accuracy of resonance frequency measurements an:i high sensi

tivity of nuclear techniques. Their accuracy depenc s on the re

sonance line width, which is determined either by 1he life-time of 

the investigated nuclear state or by the spin-lattice relaxation time. 

'I'he RD-NlVIR method was used for the first 1ime in 1952 by 

Deutsch and Browr/
14

/ in their experiments on the hyperfine struc

ture of positronium. In 1959, it was applied by Cor.no)
15

/ for the 

magnetic moment measurement for the 0.8 s ground state of 8 Li , 

produced by capture of polarized neutrons. 

'I'he recent development of various versions ::>f the RD-NMR 

method was encouraged by the discovery of the h) perline enhan

cement of the radiofrequency field. For RD-NMR e:> periments the 

rf field should be sufficiently large to make the t ·ansition .pro

bability between the magnetic sublevels comparable to the decay 

probability of the excited state. It- seemed impossible to meet 
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power requirefilenb: • for short-lived nuclear states accessible >by 

the PAC and MosBbauer methods. Only in 1965 / 16/ it was reali-

zed that the magnetic field amplitude H 1 

nucleus is strange;· than the applied field 

of the 

Happ 
l 

;-rf field at the 

by the enhance-

ment factor F • 1 -+ where H ht is the hyperfine field at 
H~PP 

the nucleus, and E tpP is the applied static field. Due to this en-

ha.ncement a very low r f power is needed tc observe NMR for 

short-lived nuclei t !mbeded in ferromagnetic substances. 

The following techniques can be used for the radioactive de

tection of nuclear na.gnetic resonance: 

1. Angular correla·.ion of gamma rays (NMR-PAC) •. The accessible 
' -8 -5 

life-time range of i •termediate states is 10 8 < r < 10 s. 

2. Asymmetry of f3 emission from radioactive ground states or iso-

merle states and 

states, populated 
-8 

range 10 8 < r 

angular distribution of gamma rays from isomeric 

iJ 1 nuclear reactions (NMR-NR). The life-time 
-2 < 10 s can be explored. 

3. Anlzotropy of go1mma rays or as~metry of f3 emission for 

oriented nuclei {Nl\ !R-NO). In this case the life-time of the investi

gated state should be sufficiently long to permit the reorientation 

process, which me.1ns ~t the condition 

the nuclear spin-lattice relaxation time, should be fulfJ.led. 

4. Mossbauer effect in the lUe-time range r > 10-
8 

s }NM:R-ME). 

In order to U lustrate the RD-NMR method~ I shall describe 

briefly the three rEcent experiments reported at the Asilomar Con

ference on Hyperfi •e Interactions Detected by Nuclear Radiation, 

1967. 

Matthias et cJ..I
17

/ applied the PAC-NM'R method to the 
. . 100 

235 ns, 75 keV state in Rh , using the 84 keV- 75 keV gamma 

cascade. The radl• lB.ctive source was prepared by diffusing cal'-
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100 
rier-free Pd parent Into an iron foil of ca. 1p thickness. The 

foil was mounted in a rf coil, perpendicular to th•~ static magnetic 

field produced by two d.c. coils (Fi~.10). The polarizing field of ca. 

Fig.10. Geometry of the RAC-NMR experi.men/17/. 

400 G was sufficient to saturate the foil. Two N • UTI ) detectors, 
c 

working in coincidence, were placed at fJ "' 180 • The frequency 

dependence of the coincidence counting rate ls !: hown in Fig. 11. 
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Fig.11.. Resonance effect for the 75 keV, 235 ns state of 100Rh/l?/. 
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For the resonance destruction of the angular corrE·lation, at 

882.7+ 2.0 MHz 1 the average rf power of 80 W W'lS sufficient, the 
3 

enhancement factor of the rf field being of the order of 10 • 

Using the known value of the g -factor of the inve 3tlgated state 

g = 2.15 the hyperflne field acting at room temperature on Rh nuc-

lei in Fe Hhr .. 538•0,(6) kG was found. 

The magnetic moment measurement for 20 ms ground state of 
12 /18/ . 

B performed by Sugimoto illustrates the application of the 

Nl'VIR-NR method. Recoiling nuclei of
12 

B ejected fro n a thin boron 

target in the 
11 

B( d, p >
12 

B reaction were captured by a metal cat-

cher foil at the definite reaction angle. The polariz 'l.tion of 
12 

B 

nuclei, normal to the reaction plane, was preservec. due to a sta

tic magnetic field, of a few kG, parallel to the pole rizatlon direc

tion and due to the proper choice of stopping matE rials, The asyfTl-

metry of f3 emission was measured with two Si( Li · detectors. At 

the rlgth frequency of a rf field produced in the eo )ils perpe ndi

cular to the static field, the resonance destruction of nuclear pola

rization takes place and the f3 asymmetry decrea::: es. Fig,12 

shows the Sugimoto results obtained for different c :ttcher foils, The 

uncertainty of the final result p = 1,003:!:0.001 nm is due to the 

Knight shift in metals used as the catcher foils. It cannot be es

timated reliably because of the lack of knowledge . )f electronic 

states of boron in metals. 

The g -factor measurement for the 2. 7 yea· ground state 

of 
126 

Sb by Barclay et ai./
19

/ serves as an example of the appli-

cation of the NMR-NO method, 125 
Sb in iron foil was cooled by 

the adiabatic demagnetization of chromium alum to •lbout 0,015 K 0
, 

Nuclear polarization was attained by using a supE •rconducting 

Helmholtz coils. The rf field of 0.5 mG amplitude ·N"as produced 

by a coil perpendicular to the polarizing field. The angular distri-
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Fig.12. Resonance determination ofJlHr magnetic moment of 
12 

B im
planted in dil ferent materials • 

bution of the 462 k ~v gamma transition in the daughter 
125 

Te nuclei 

was used for the indication of the resonance destruction of the 
125 

nuclear orientation of Sb • Flg.13 shows the results. Resonance 

frequency measurenents (or different polarizin~ fields 8 0 gave 

the straight line (Fig.14) described by the relation 
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The slope of this line gives the g -factor value 

~gJ a0,74~ 0,0~8 

and, with the g -factor known, the intersection w lth the frequency 

axis yields 

Concluding Remarks 

Magnetic moment measurements ,for excited nuclear states, 

coming from M.Deutsch's y-y angular correlation Nork of 1948 and 

promoted by Massbauer's discovery of 1958, became a -very broad 

and exciting field of investigations. The methods w ;ed nowadays go 

far beyond the scope of nuclear physics. They ir IVolve atomic phy-. 
sics, solid state physics, chemistry and low-temperature techniques. 

The application of internal magnetic fields rr akes it possible 

to perform measurements in a picosecond range c: Lnd the discovery 

of very high transient. fields acting on the 1nucle: recolllng through 

a ferromagnetic host gives hope that even shorte • life times will 

be attacked in the near future. 

The experiments in the accelerator beams ,have opened a 

new field of investigation involving short-lived isc topes produced 

in nuclear reaction. 

Different combinations of nuclear techniques with the nuclear 

magnetic resonance will make it possible to cove ~ a broad range 

of, hitherto unaccessible, isomeric states. 
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