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I • llfrRODUCTION 

Several neyl types of experiment that entail radiative detection of nuclear 

" magnetic resonance are discussed in this chapter. 'l'he very fact that significant 

progress in tnis area is being rrcade simultaneously through diverse experiments 

in several laboratorles de!JlOnstrates the rapid growtn and potential of radiative 

detection. At the same ti!lle the basic similarity of all these experiments may 

easily be obscured, largely because the formal theoretical descriptions of the 

various methods are historically slightly different. It is too early, and prob-

ably unnecessary, to make a systematic outline of the many experiments that can 

be done combining NMR and radiative detection. To stress their basic similarity 

is, however, the first objective of this paper. It is treated in Sec. II. A 

brief survey of radiative detection of magnetic resonance in nuclei oriented by 

equilibrilli"Il methods at very low temperatures (:NJ:.ffijON) is given in Sec. III. 

Section IV contains a critical discussion of the hyperfine enhancement factor. 

Line shapes and "resonance destruction" are treated in Sec. V, and in Sec. VI 

spin temperatures and spin-lattice relaxation are discussed. 



-2- UCRL-17854 

II. RADIATIVE DETECTION OF RESONANCE 

In Fig. 1 the various methods for radiative detection of NMR are displayed 

in a format that emphasizes their similarities. Each method can be divided into 

three essential steps: 

1. Preparation of a nuclear sample in which the magnetic substates of 

a radioactive level are unequally populated and energetically nondegenerate. 

This is accomplished through detection of a preceding radiation in the case of 

NMR/PAC, through low temperatures and a spatially 'anisotropic Hamiltonian in the 

NMR/ON method, etc. 

2. Radiofrequency irradiation of the sample. 

3. Observation of resonance absorption through the frequency dependence 

of a counting rate. 

Beyond the obvious superficial similarity the different experiments have a very 

basic connection. This is easily understood by considering, for each experiment, 

a statistical ensemble of samples at time t = 0, immediately after preparation 

(step 1 above). 'For t > 0 this ensemble can be fully described by a density 

matrix. For the common case of a diagonal density matrix the angular properties 

of the system are conveniently described by statistical tensors Bk familiar from 

nuclear orientation theory, 

~(t=O) [(2I + 1)(2k -I- 1),1/2 L:(_l)I - m (I I k\ p (t 
, ,m-m 01 mm 

m ,I 

(1) 

where p is a diagonal element of the density matrix. mm The angular distribu-

tion at t = 0 is' given by 
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W(G,t=O) == L: Bk(t==O) Fk(LI'I) Pk(cos 0) 
k 
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(2) 

-where Fk(LI'I) coefficient familarfrom angular correlation theory. Here L 

is the multipolarity of the radiation to be emitted, I is the spin of the 

state under study, and I' is the final state in the cascade I(L)I'. Once 

p(O) is initially specified, theoretical treatment of the first three cases in "', 

Fig. 1 consists simply of evaluating w(e,t). For the M8ssbauer case polariza-

tion of source and absorber must also be considered. 

A detailed discussion of the time-development of w(e,t) is beyond the 

scope of this paper, but a few general co~ments may prove useful. First, an 

-t/r exponential decay factor e clearly attenuates w(e,t) in each case (1" is the 

lifetime of the nuclear state). If relaxation times Tl and T2 in the sample are 

long compared with either 1", or the "time-window", 6t, during -which observations 

are made following a beam pulse or an rf pulse, or both, then the theoretical 

treatment of W(G, t) remains identical even in the presence of RF fields. 'rtlis 

follows because each nucleus can be regarded as independent. 

Spin-spin interactions between identical nuclei are important only in 

the NMR/ONand NMR/Mossbauerexperiments, because in the NMR/PAC and NMR/NR cases 

the excited ~tates are only present essentially "one at a time. II Of course 

even for the former two cases spin-spin interaction can usually be made negligible 

by dilution. 

In the NMR/PAC and NMR/M8ssbauer methods nuclear decay is the "alternative 

process" -with which NMR absorption must compete, and the ultimate linewidth is 

given by the nuclear lifetime. In the NMR/ON and NMR/NR cases either nuclear 

decay or spin-lattice (Tl ) relaxation (or both) may determine the time available 
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for :r-iMR absorption. In either of these latter two cases this time interval is 

likely to be longer and line\ddths consequently narro"iwr, than In the former 

t'YIO cases • 

. It should be noted thatT
l 

in a metal varies inversely with temperatlU'e. 

For light atoms Tl T is of the order of l(sec:-deg K), while for heavy atoms 

TIT'" lP, (msee-deg K). Thus Tl provides an upper limit
l 

on the available time 

f9r measurement in an :mm/NR experiment, if '1" is in the millisecond range and 

the catcher foil is at the ambient temperature. Larger effects and narrQi.!er lines, 

as well'as extension to longer halflives,will be attainable using catcher foils 

. refrigerated to liquid helill.'11 temperatures. 

III. SURVEY OF RESULTS TO DATE 

2 
In 1953 Bloembergen and Temmer suggested, that magnetic resonance on 

oriented nuclei would provide accurate measurements of hyper fine structure 

constants. Unfortunately the experiments that they suggested, on paramagnetic 

salts, were apparently not feasible, and early attempts to observe a resonance 

effect on the angular distribution ofradia·tion failed3 because of excessive 

heating at nonresonant frequencies. Thirteen years elapsed before Matthias and 
. . 4 . 6 

Holliday reported the first successful experiment below 1 0 K, 5 on °Co oriented . 
. . ' .6 

in1roll.. Templeton and Shirley expanded the technique to include frequency 

.., .' .' ·'60 '···54 . 
modulaticn and. tpmeasure Tlfor . ·Co and .. ~ in Fe. Barclay et a1.:, have 

observed 7 the resonance for l25~b inF~ .. Niesen, tUbber-s, and HUiska"!lp have 
. ....... 8. . . . ... ' . '.' 54 
observed resonance in a paramagn'et lC sa!:lple) '~In in lanthanum magnesill.'n nitrate. 

TheGe ';;orke.;:-p have thus dorie an ex~e:dment that issu,perficially quite si:tila: to 

I 
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the original Bloembergen-Temmer proposal, though, as they point out,8 with the 

crucial differences of high magnetic field, magnetic dilution, and radiofrequency 

radiation at a low power level. This low power level is sufficient to induce 

transitions because of amplification through hyperfine enhancement, discussed 

below. 

IV. HYPERFINE ENHANCEMENT: A CRITIQUE 

"Ferromagnetic enhancement" which made possible the first experiments 

combining NMR with perturbed angular correlations,9 nuclear orientation,4 and 

M8ssbauer 
10-11 

spectroscopy, , and "paramagnetic enhancement," which was used by 

Niesen, et 
- 8 

al., are special cases of the more general phenomenon of "hyperfine 

enhancement," well-known in atomic spectroscopy.12,13 In the discussion that 

follows it is shown that this enhancement is a necessity in some experiments, 

while for others it may actually be disadvantageous. 

First let us recall the usual description of ,a magnetic resonance experi-

ment, referring to Fig. 2. We have a system with angular momentum I and magnetic 

moment 1-1= )'1, a static field ITO directed along the z axis, and an oscillatory 

field Hl(t) = 2Hlcos wt directed along the x axis. The motion of iJ. follows 
-+ 

from the torque equation ~~- = )'it x ITO' 1. e., it precesses about HO with a frequency 

Wo = )'HO· Transforming into the Larmor frame, we find that HO has disappeared, 

and it is no longer precessing about the z axis~ The oscillatory field Hl(t) 

may be resolved into its two circularly polarized components, for w = Wo 

the component with the correct sense will appear in the Larmor frame as a 

-constant field along the x axis. The NMR process may be understood aspreces-

sion about this field. 
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In a radiative detection-NMR experiment it is desirable to induce at 

least one transition in each nucleus in the lab frame, which amounts to preces-

sion of -1 radian about Hl in the Larmor frame. Thus the effective oscillatory 

fie:;Ld'IIi' must be sufficiently large that OOl'rc - 1,where 001 :::: ')'Hl is the 

precession frequency in the Larmor frame, and 'r . is the correlation time (Le., c 

Tl or Tl / 2 ) which is essentially the. time available for observation. 

The field strength HI of the oscillatory field at the nucleus is 

stronger than the applied field ~(app) by the enhancement factor F.The 

electron spins can follow Hl(app ) almost adiabatically (the NMR frequency being 

much lower than that for ferromagnetic resonance). Thus F is practically the 

same as for an applied static field, 1. e. , 

H == FH (app) 
o 0 H (app) .. H 

= 0 + hf 

• .. F == 1 + H /H (app) 
-nf 0 ' and 

Applying the criterion OOl'rc > 1, we find Hl(app)/Ho(app) > (OOO'rc)-l as the criterion 

for the necessary applied radiofrequency field strength. 

Applying these results to a nuclear orientation experiment with Ho(app ) 

== 10) G, 00
0 

109 Hz, and Tl ==';102 sec, we find that an I\ (app) of only lO-8G 

is needed. If the situation were really this simple then NMR/ON would be a 

very easy technique indeed, and would be immediately applicable to many systems. 

Unfortunately this estimate involves the implicit assumption that a natural 
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linewidth of /I. ~ T
2

- 1 ~ 10-2'Hz is attainable. In ferromagnetic metals a more 
. 6 "" ' 

typical linewidth is r ~ 10 Hz, because of inhomogeneous broadening. Thus a 

radiofrequency field can resonate all the nuclei within a frequency interval 

... 8 
/I., but these constitute only a fraction ;.../r ~ 10 of the nuclear species under 

study. Of course frequency modulation over a bandwidth ~v > A will allow a 

fraction~v/r of the nuclei to be reached, but the duty cycle then drops to 

"\/ " d ttl d'"f f' ld H ext b ~ ~v, and theamplitu e of he ex erna ra ~o requency ~e 1 must e 

increased accordingly. Clearly it is necessary, in order to resonate all the 

nuclei in an inhomogeneously broadened line of width r = 10
6 

Hz, to apply an 

effective time-averaged field Hi(app ) ~ 10-8G at each frequency. If /I. ~ 10-2 

Hz is the natural linewidth, then this requires a frequency-modulated external 

field of bandwidth r and strength H ext = 1 G. At this level radiofrequency 
1 

heating becomes appreciable. This constitutes the most serious present 

limitation for the NMR/ON method as applied to ferromagnetic metals . 

One way to overcome this difficulty is to reduce the inhomogeneous 

broadening. This may be done by improving the purity of the specimen and 

particularly by using single crystals. In Fig. 3 the NMR spectra from Co60 

oriented in a single crystal of iron and in polycrystalline iron are compared. 

Neither of these lines represents the best possible experimental conditions. 

With polycrystalline sources lines as narrow as 600 kHz have been obtained, 

and the single crystal used here Was only 99.7% pure. Still the qualitative 

conclusion is obvious: narrower lines are possible in single crystals. 

Another way to reduce inhomogeneous broadening in metals is to use an 

external magnetic field directly, rather than the hyper fine fields in ferro-

magnets, to split the nuclear magnetic substates. The narrower linewidth in a 
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nonferromagnetic metal (r '" 103 Hz,rather than 10
6

HZ) essentially compensates 

for the absence of ahyperfine enhancement factor ~ , Thus a ferromagnetic host 

is unnecessary. In 'fact nonmagnetic metals are clearly preferable for 'magnetic 
,5 3, ,', , 

moment determinations (vir", 10 ,rather than'" 10 i), and by using both magnetic 
, 

~nd nonmagnetic latt1ces <hyperfine-anomaly determi,nations are also possible. 
" I, 

v. RESONANT DESTRUCTION AND INTRINSIC MULTI POLE STRUCTURE 

,The NMRjON method has 'been referred to as "resonant destruction" of 

14 
nuclear orientation. In fact, as Matthias and Olsen have ,found for angular 

correlation, complete destruction of the anisotropic components of angular 

distribution on resonance is possible only for odd spherical harmonics. It is 

convenient in nuclear orientation problems to approach this problemfrom'a 

slightly different point of view. The angular distribution of radiation from' 

an assembly of oriented nuclei is given in th'e absence of an rf field by 

w(E.)) = ~ ~Pk (cos e), (4) 
k 

where P
k 

is a Legendre polynomial of order k, and e is the angle from the hyper­

fine field direction. At resonance it,is convenient to consider the problem in 

the Larmor frame, where this distribution precesses around Hl (i~e., in the yz 

plane, around the x axis). If we had detectors in the Larmor f'rame we would 

find that the time-integrated intensity would be given everywhere in the yz plane 

by 

, (5) 
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where 

J k Pk(COS 
P

k 
= _0 _____ _ 

- J~ de 

e) de 
= (6) 

For k = 0 through 6, P
k 

is respectively 1, 0, 1/4, 0, 9/64 , 0, and 25/256. In 

practice, of course, the radiation detectors are in the laboratory frame. At 

e == 0, however, these frames coincide and the time-average of the attenuation 

coefficient G
k 

is given by G
k 

= [Pk(cos TI(2)]2 for observation along the z axis 

in the laboratory frame, i.e., W(elab = 0) == ~AkGkPk(O) = ~ ~[Pk(cOSTI/2)]2. 
~ 

In fact G
k 

is independent of e. Thus there are non-zero hard-core values for 

all even-rank statistical tensors at the resonant frequency, and total resonant 

destruction is not possible. It should be noted that these results apply only 

for the limiting case '{"cLbO -700 , . and Tl / 2 (1)0-7 00 : introduction of finite 

correlation times and/or halflife will modify these results. 

An "intrinsic multipole structure" should be present in magnetic resonance 

lines detected through tensors of higher than first rank. th For a k ... rank tensor 

this effect is manifest as a k-plet of components synunetrically disposed about 

the central frequency. This result can be derived in servera1waYs. For 

14 . 
angular correlations Matthias and Olsen have shown lt by direct caicu1ation. 

It can be qualitatively appreciated by imagining an angular distribution 

wee), as in Eq. (4), rotating in the Larmor frame but not in the (rotating) 

xy plane, because off resonance the (laboratory) static field does not go to 

zero in the Larmor frame. The statistical tensors must therefore precess 

(in the Larmor frame) about the resultant of the oscillatory field HI and the 

remanent static field, H ~o. It is easy to see how the multipole structure 
o iliO 

arises as (1) is varied away from (1)0' . 
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Multipole structure is also implicit in the IIMajorana Factors!!, Pnun.' (t) 

-which are elements of a probability matrix giveJ-5 by. Majorana. Here Pmm,(t) is 

the probability that a nucleus starting in magnetic substate 1m) at time zero 

-will be in substate I m I )at time t. Both 1m) and I m I) are magnetic eigen-

states in the laboratory frame. The analytic expression for P t (t) is nun. 

l 2 

I 21 (-It (tan a:!2)2n-mtm I J' 
x i L: n! (n-mtm') ~ (I+m-n)! (I-m I_n)! 

i n==O 
1... 

Here a: is defined by sin
2

a:/2 == sin
2e sin

2 
at/2, "Where e is the angle 

---+ 
bet-ween HO and the effective field in the Larmor frame. This effective field 

---+ 
is the vector sum of Hl and the remanent static field in the Larmor frame, 

(HO+ m/-y) HollHol ,-where.HOis the 'static field in the laboratory frame. The 

parameter a 2 2 
is given by a' == - [(mO":'m) + ml ] -y/ hi . 

The effective nuclear-orientation statistical tensors at time t and in 

the laboratory frame ~(t) may be -written 

(8 ) 

= p (O)p I(t) nun. nun. 

In most nuclear-orientation experiments the nuclear lifetime is much 

longer than (1)1-1 , and G
k 

(00 ), the effective integral value of G
k 
(t), is obtai ned 
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-t/r . 
by integrating Pmmt(t) over e , and letting L ~oo j i.e" 

." 
L~oo 

From Eqs. (7) - (9) 'We may calculate Gk(oo) as a function of ru/illO for any 

value of Hl/Ho' . Typical results are sho'Wn for k = 1 and 2, respectively, in 

Figs. 4 and 5. Four features of these curves should be noted: 

l~ The hard core values are as predicted. 

2. The intrinsic multipole structure stands out •. Experimental determina­

tion of the values of rn/rno corresponding to the zeroes of Gk (00) 'Would give 

directly the effective values of Hl in the Larmor frame. 

3. The lines are not simply Lorentzianfor k > 1. 

4. Assho'Wn in Sec. TI, these results apply equally well to the nuclear 

reaction and angular correlation cases. 
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VI. SPIN-LATI'ICE RELAXATION AND SPIN TEMPERATURE 

60 
Time-dependent effects were observed i~ early experiments on Co in 

iron, arising from a spin-lattice relaxation time,! Tl , of the order of one minute. 

To measure Tl accurately, Templeton and Shirley directed the signal from a ~-ray 

,'. 60 
detector placed along the polarization direction pf a Co -in-iron source to a 

multi s calar , obtaining the type of curve shown in Fig. 6. During a run the 

radiofrequency power level was maintained constant throughout, to avoid spurious 

heating effects. The curve in Fig. 6 may be regarded as consisting of n ve parts. 

During intervals A and E, which correspond to "foredrif'ts" and "afterdrifts" in 

calorimetr~the spin and lattice systems are at a common temperature, and any 

change in the counting rate (which serves as the thermometer) arises from heat 

leak (including rf heating) into the combined system. During intervals A, D, 

and E the RF radiation is slightly off-resonance and isunmodulated. At the 

beginning of interval B the rf frequence is moved to the resonance region and 

is swept through resonance repeatedly during intervals B and C. Interval B is 

defined as the "buildup" period during which the spin temperature T reaches a 
s 

steady state value T' ~uch higher than that of the lattice, TL" After steady 
s 

state has been established, as evidenced by the constancy of T~, the rf frequency 

is shif'ted from resonance, and the nuclei relax to the lattice temperature, in 

region D. Three assumptions were made for the interpretation of the first Fe co60 

experiments, all three of which were supported for that case by direct calcula-

tion: 

1. 

2. 

A spin temperature Texists" s 

The equation ~ (2:..) :=: _1:... [.1:.. 
.' dt Ts Ti Ts 

The orientation tensor B2 varies as 

i1 is approximately correct. 
LJ '. 

a + b(l/T ) in the region of interest. 
s 
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With these assumptions we can write 

w(e,t) ..; W(G)eq = [w(e,o) - w(e)eq]e-
t

/ Tl (10) 

for the time dependence of the 'Y'-ray intensity at a:ngle e. Nei ther of the 

latter two assumptions are generally valid, and . it is useful to hAve an exact 

expression for the time dependence of WI (e) . This is most readily done by calculat­

ing the time dependence of (l/T ) by the method shown below. s 

Consider an assembly of identical nuclei with spin I under an "effective 

field" Hamiltonian that lifts the degeneracy of the magnetic substates, giving 

21 + 1 sublevels separated by energy hv == 'YH and labelled in order from the top 

by the (good) quantum number m == I, I - 1, •••• , -I. Suppose that the spin 

temperature is higher than that of the lattice, Ts > T
L

, or x, > x, wher~ x == 

hv /kT
s 

and Xl == hv /kTL• The spin system loses internal energy at the rate 

dU 
dt - Nhv L 

m 
(11) 

where N is the number of nuclei present and P(m ~m') is the probability per 

unit time that any nucleus will experience a transition from I m) to I m I) • 

Invoking microscopic reversibi1.ity, separating the m-dependence of the transition 

probabilities from the "reduced" probability Wo == 1/2T
l

, and denoting by am the 

probability of any nucleus being in state 1m), we have 



Since am+l 
-x == a e ,this becomes 

m 

dU 
dt ( -x e-X1) 

:= Nhv Wo e -

After some algebra this becomes 

-14-

1-1 I. [1(1+1) - m(m+1)] am 

m==-I 

dU 
dt = (

-x 
Nhv Wo e -

1-1 

~~L rnx [1(1+1) - m(m+l)]e - . 

-I 

It is readily shown from the definition of U for this system that 

Therefore 

dx 

dU 
dx 

( -x -x 1 ) 
e - e 

1-1 L [1(1+1) - m(m+l)f-rnx 
-I 

UCRL-17854 

(12 ) 

(14) 

(16) 

gives the time-dependence of x. We may integrate with suitable boundary conditiom; 

to find T (t). It is also useful to work with the time-dependences of the more 
s 

directly measureab1e quantities ~ (x). For B2 for example we have the exact 

expression 



= 

x 

-15-

. 1;2 1 . 
2Tl qI (I+l) (2I-l) (2I+3)] 

I-l 
[ [I (I+l) - m(m+l) ] e"'~ 
-I 
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(17) 

, . 

For any set of boundary conditions x' and x(t=O), this expression may readily 

be integrated. A typical curve 1s shown in Fig. 7, for I = 7/2. 

Two other topics of interest in connection with Tl studies may be 

mentioned. First the NMR/ON methad allaws us to explare a new region af spin 
~-~-

temperatures heretofare inaccessible. It is possible to explore rather critically 

the conditions under which a spin temperature exists. By measuring B
l

, B2 , and 

B4 simultaneously in a system for whichTs »TL one may, for example, derive 
2 4 ' 

various moments of Iz(:t.e., (m), (m ), (m ») simultaneously. Comparison with 

the hyper fine Hamiltonian far the system applies stringent criteria for the 

existence of a unique Ts' In Fig. 8 the variation with ,x of these 'three Bk for 
I 

an assembly of spin-5 nuclei is 'shown, to illustr:~te that their measurement would 

give three quite separate temperature determinat~ons. 

The second point is that the Korringa relation TIT = constant for. metals 

is only a high-temperature approximation and is expected to break down in just 

the region where nuclear orientation becomes appreciable, namely x '" 1. Camer.on, 
, 16 

et ale, have shown that Tl is expected to vary as (l_ex)/yHex • The early results 

60 
on ~Co are compared with a curve of this form in Fig. 9. The beginning of 

non-linear behavior seems to be present, but extension of these measurements to 

lower temperatures is desirable •. 
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Intuitive insight into the origin of the constancy of Tl at low tempera­

tures may be obtained by referring to Fig~ 10 and, 11, which also illustrate possible 

applications to Fermi surface studies. In Fig. 10, for hv «kT, it is clear 

-1) that the transition probability (andTl for a relaxation process involving 

the Fermi surface, is proportional to the absolute temperature. This is true 

because 

(18) 

i.e_, the initial and final occupation probabilities, n
i 

and n
f

, are 

essentially equal for hv « kT, and major contributions to the integral arise 

in an energy region of width ",k.,T around the Fermi energy. In Fig.ll the 

opposite extreme, hv» kT, is illustrated. Here either n
1 

or 1 - n f is zero 

< -1 ( ) except for a band of width rv hv around El:F' Thus Tl 0:: fn i I-nffdE 0: hv, i.e., 

Tl is temperature-independent. Clearly the variation of Tl with T between 

these two extremes is dependent on the functional behavior of n(E) around the 

Fermi surface. Careful measurements of Tl(T) could test this functional 

behavior. 
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FIGURE CAPrIONS 

Fig. 1. Methods employing radiative detection of NMR, drawn to illustrate 

their sitailari ty. 

Fig. 2. Magnetic resonance fields in laboratory frame and :j:.armor frame. 

. 60 
Fig. 3. Gamma-ray intensity following the decay of Co oriented in iron as 

a fUnction of applied RF frequency. 

Fig. 4. Attenuation coefficient for a first-rank statistical tensor averaged 

over 0 < t < 00, fora nuclear state of very long lifetime, wl'r » 1, 

for two power levels. 

Fig. 5. Attenuation coefficient for a second-rank statistical tensor averaged 

over 0 :st ~ 00, for a nuclear state of very long lifetime, (l)l'r » 1, 

for two power levels. 

Fig. 6. Determination of Tl from radiation intensity. Regions A and E are 

fore-and afterdrifts. Radiofrequency radiation goes into the resonant. 

region between A and B, and leaves between C and D. 

Fig. 8. Dependence of statistical tensors on the temperature parameter x, 

Fig. 9. 

illustrating that the simultaneous determination of B
l

, B
2

, and B4 

for Ts > TL would be a sensitive criterion for the existence of a 

unique spin temperatUre T • s 
·60 

Comparison of temperature dependence of Tl for FeCo (Ref. 6) with 

Korringa approximation and exact theory. 

Fig. 10. Fermi surface for hv « kT. 

Fig. 11. Fermi surface for hv » kT. 
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