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NMR experiments have been carried out on the F19 and Li7 spins in LiF and on the Na23 and Cl35 spins 
in NaCl at 4.2°K and have proved the existence in each of these crystals of a nuclear spin-spin reser­
voir common to both types of spin. It is manifested, in particular, in the strong distortion of the shape 
of one NMR line not being saturated directly, as the other is saturated in the wing. It is shown that the 
largest value of the spin-spin energy Ess is attained as a result of adiabatic demagnetization in the 
rotating frame, performed for both types of spin either simultaneously or consecutively in some opti­
mal manner. The enhanced Ess can be again transformed into Zeeman energy of one of the spin types 
{the spins being polarized positively or negatively) by means of isentropic {adiabatic) passage by the 
saturating field through their NMR line from the center to the wing. In this way, the ces line was 
amplified by a factor of 2.5. The experimental results are interpreted on the basis of Provotorov' s 
theory and are found to be in good agreement with it. 

1. INTRODUCTION 

THE concept of a spin- spin (SS) reservoir with tem­
perature Tss• introduced inC1' 2 J to describe magnetic 
resonance in solids, has been confirmed experimentally 
in NMR (cf., e.g.p-sJ) and also in EPR and in the 
dynamical polarization of nuclei (cf., e.g.,[7-9J). How­
ever, the existence of a common Tss for spins of dif­
ferent types, which follows from theoretical considera­
tionsC2'4'5'10J, has been indicated, until recently, only by 
experimentsC5J carried out under specific cross-relaxa­
tion conditions. Our preliminary experiments on LLFt 11J 
showed that a common SS-reservoir for all the spins in 
the crystal also exists without cross-relaxation. The 
purpose of the present work is to continue and develop 
these experiments on LiF and NaCl crystals. In addi­
tion, we set ourselves the problem of attaining the maxi­
mum energy Ess of the common SS-reservoir, and of 
then using this to polarize the "weaker" (with the 
smaller Curie constant) spins in the crystal by means 
of isentropic (adiabatic in the thermodynamic sense) 
passage by a saturating field through their NMR line 
from the center to the wing. We should expect that the 
maximum Ess can be obtained on adiabatic demagne­
tization in the rotating frame (ADRF)[4' 12J of both types 
of spin, i.e., by isentropic passage through their lines 
(simultaneously or consecutively) from the wing to the 
center. It was necessary to develop the most effective 
method of carrying out the ADRF in this case. 

The experiments were ~erformed on the F19 and Li7 

spins in LiF and on the Na 3 and Cl35 spins in NaCl at 
4.2°K. The LiF crystal was convenient for the study of 
the ADRF and for the observation of the distortion of 
the shape of the NMR line not being saturated directly 
as the other was saturated in the wing. The effect of 
polarization was studied in both crystals, although NaCl 
was more suitable since the ces spins are "weak" and 
can be significantly polarized. 

2. COMMON NUCLEAR SPIN-SPIN TEMPERATURE 
IN CRYSTALS 

The magnetic resonance absorption signal P(~) is a 
sum of a symmetric Zeeman component P~(~) and an 
antisymmetric spin-spin component Pss(~) 1]: 

( T, d. T, ) 
P(Ll)=Pz(Ll)+Pss(Ll)=P,(Ll) -+--T · 

1 Tz Ho ss 
( 1) 

Here Tz and To are the temperatures of the Zeeman (Z) 
reservoir and the lattice respectively, ~ = H- Ho is the 
detuning of the field H relative to its resonance value H0, 
and Po{~) is the equilibrium absorption signal. There­
fore, the signal P(~) for spins of each sort can serve as 
a sort of thermometer for their SS-reservoir. If a com­
mon temperature Tss exists for spins of different sorts, 
a large change in it (e.g., as a result of saturation of 
spins of one type at~ ~ 0[1' 13J) should lead to a charac­
teristic distortion of the shape of the other, unsaturated, 
NMRline. 

To increase ITssl, ADRF was first carried out on one 
spin type. In Fig. 1 are shown the NMR signals of F and 
Li taken before and after the ADRF, which was carried 
out from equilibrium by means of passage through the 
right (~ > 0) wing of the F line (a) and through the left 
wing of the Li line (b, c). In the experiment correspond­
ing to Fig. 1 (c), before the ADRF of the Li spins, the 
F NMR signal was made to vanish at all ~ by saturating 
it at the center. It can be seen that after the ADRF of 
one type of spin, the other NMR line does indeed change; 
it becomes asymmetric if it was an equilibrium line be­
fore the ADRF and even becomes antisymmetric if it 
had been previously made to vanish; its value at exact 
resonance is conserved, which confirms the absence of 
cross- relaxation in these experiments. 

All the features of the signals obtained can be ex­
plained if we take into account that for spins (type i) that 
are demagnetized (by means of ADRF) or previously 
saturated at the center of the line, the energy Ez = 0) 
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(Tz = 0), while for spins that have not been subjected to 
saturation (type j), E z remains at its equilibrium value 
(Tz = T0). Then from (1) for the NMR signals of the 
spins i and j after ADRF, we have, respectively, 

(2) 

(3) 

A calculation of Tss for F and Li independently from 
their NMR signals and the formulas (2) and (3) at vari­
ous A gave: (To/Tss)F =-820 ± 60, (To/Tss)Li =-810 
± 20 for Fig. 1 (a), (To/Tss)F = 680 ± 30, (Ta/TsslLi 
= 740 ± 40 for Fig. 1 (b), and (To/Tss)F = 650 ±50 
(signal P 0{A) for F taken from experiment (b)), 
(Ta/Tss)Li = 720 ± 70 for Fig. 1 (c). Thus, within the 
limits of accuracy of the measurements, the quantity 
Tss in each experiment turned out to be the same for 
the F and Li spins. 

A study of the approach of the signals P{A, t) for F 
and Li to their equilibrium values P 0(A) after ADRF 
under the influence of the lattice showed that the com­
ponents Pss(A, t) obtained, using the formulas (2) and 
(3), from the signals P( A, t) photographed at different 
moments of timet after ADRF, decay, for all A, expon­
entially with the same time constant T~ = 7.5 ± 0.9 sec 
for F and Li. This is the spin-lattice relaxation time of 
the common SS- reservoir. The recovery of the compon­
ents Pz{A, t) for both lines after they had been satura­
ted also proceeded exponentially, but with different time 
constants: T1 = 5.5 min for F and T1 = 14.5 min for Li. 
These are the spin-lattice relaxation times of the F and 
Li Z- reservoirs. Thus, the temperature Tss is the same 
for F and Li not only immediately after ADRF, but also 
in the entire process of establishment of equilibrium 
with the lattice. 

FIG. I. Oscillograms of the 
NMR absorption signals of F 19 

and Li 7 in a LiF crystal after 
ADRF of the equilibrium f1 9 (a) 
and LC (b, c) spins. The upper 
signals are from F 19 , and the 
lower from Li7 . The antisymmet­
ric and asymmetric signals are the 
result of ADRF; the symmetric 
signals are equilibrium signals. In 
the experiment corresponding to 
case (c), before the ADRF of the 
LC spins the F 19 signal was made 
zero by saturating it at the center. 
H1F = 0.3 Oe, H 1Li = 0.87 Oe. One 
division along the abscissa equals 
4.6 Oe in case (a) and 4.2 Oe in 
cases (b, c). 

We remark that similar effects are observed not only 
after ADRF, but also after saturation in the wing of one 
of the NMR lines, when there is isolation from the lat­
tice. But they appear more weakly, corresponding to 
the smaller value of ITssl in this caseC1'6 ' 13J. And in all 
those experiments in which saturation of spins of one of 
the types, while making Tz zero, did not increase ITssl 
(isentropic passage through the equilibrium NMR line 
from the center to the wing or saturation of it with 
A = 0), the NMR signal displayed by these spins van­
ished at all A., while the NMR signal from spins of the 
other sort remained unchanged. On stationary satura­
tion of the NMR line in the wing, the quantity IT-1sl in­
creased slowly, this being connected with the re~atively 
fast spin- relaxation of the SS- reservoir 
(T1/T~ » 1)[1,13J. 

Similar experiments were also performed with NaCl 
and gave analogous results; the spin-lattice relaxation 
times were found to beT~= 94 sec, T1 Na = 19.3 min and 
T1 Cl = 37 min. 

Thus, in both the LiF and NaCl crystals, the nuclear 
spin- spin interactions indeed form a common energy 
reservoir with temperature Tss; we should naturally 
expect that such a situation is typical for NMR in solids 
and, evidently, is frequently encountered in EPR (cf., 
e.g.p,sJ). 

3. MAXIMUM INCREASE OF IT"ssl IN THE PRESENCE 
OF TWO TYPES OF SPIN 

In the experiments described, a large increase of 
ITssl was attained by means of ADRF of spins of one 
type. A further increase of !Tssl is also possible, if 
spins of the second type are also subjected to ADRF. 
These two ADRF' s can be carried out simultaneously or 
consecutively. We shall examine the saturation of spins 
of types 01 and {3 by two HF fields on the basis of 
Provotorov' s equations[ 1 J, written in the laboratory 
frame. For isolation from the lattice they have the form 

d ( 1 ) ( 1 ~. 1 ) - -.. - =- W,(/l,) -. ,-+--. ,- ' 
at 1 z i 1 z i J1 Oi 1 SB 

i =·a, 11, ( 4) 

Here Wi{Ai) = Y2YlH~igi(Ai) is the transition probability 
for spins of type i under the influence of an HF field with 
amplitude Hli and detuning A.i; gi(Ai) is the normalized 
absorption line- shape function of the i- spins; 
Ci = Nin2ylli (li + 1)/3k is the Curie constant for the 
i-particles, where Ni, Ii and Yi are respectively their 
number, spin magnitude and gyromagnetic ratio; 
HL = TrvhSs)2/Tr(M01 + M:13)" is the square of the mag-

nitude of the local field, where ;;;SS is the secular part of 
the spin-spin interactions, and M 01 and M/ are the total 
magnetizations of the spins of types 01 an {3[sJ; it is as­
sumed that H1 « HL[1J. 

For given A01 and A13 , it follows, irrespective of the 
magnitudes of W 01 (A 01 ) and W{3 {A.{3), from (4) that 

(5) 
Ce ~eHoe d ( 1 ) C~ ~~H,~ d ( 1 ) d ( 1 ) 

Ce + C~ ---.a:'d"t "'T; + Ce + C~ ~dt Tz - dt T;; = O, 
" . ' 
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or 
L\ 0 L\~ .,RF RF (6) 

--Ez --Ez +Ess =ftz +Ez +Ess = const, 
Hoa. a. Hor. f> ce f> 

where 

Eza and Ezi3 are the energies of the Za and Z13 reser­

voirs in the laboratory frame, and E~F and E~F are the 
(}' i3 

energies of these same reservoirs in coordinate frames 
rotating with the frequencies of the fields H1a and 
H [14-16] 

1i3The re.lation (6) implies thermal mixing of the ener­
gies E~F, E~F and E88; for simultaneous strong satur-

ation of ~he a! and i3 spins, when 

L\, 1 
1 za =- Hoa. Ts;' 

L\, 1 
~=-Hoe. Tss' 

(7a) 

(7b) 

in both rotating frames, a common temperature Tss is 
established: 

_1_=_rCat.a'foa +C~t.rHo' _(Ca+Cr)HL'] 
Tss I Tta Tlr Tit, (8) 

x !Cat.a2 + Crt.~• + (Ca + Cr) HL't'. 

where ~Z , ~z and T},8 are the initial values of the 
(}' i3 

temperatures Tza, Tzi3 and Tss· 

It should be emphasized that, unlike the known ex­
perimentsC17-20J in which a common spin temperature 
was also established in two rotating frames when two 
strong HF fields were iir..posed, in our case, thanks to 
the condition H1 « H L> it would be possible not to intro­
duce the rotating frame. In essence, the whole descrip­
tion in our case is carried out by means of temperatures 
in the laboratory frame, and the energy balance (6) does 
not include the HF fields, which only maintain the 
thermal mixing. The experiments ofC17-20J differ from 
ours (see below) both in procedure and in interpreta­
tionC17,1BJ 1>. 

A. Simultaneous Isentropic Passage Through the a and 
{3 Lines 

If the conditions (7) are fulfilled for each value of the 
continuously changing field, than from (5) we obtain the 
equation 

( 1 )/( 1) C.(H-H,.)+C~(lf-H,,) 
d T.,.< Tss =- C,(H-H,,)'+C~(H-H,d'+(C.+C,)HL' dH, 

from which follows the constancy of the entropy S: 

28 =- [C.L\. 2 + C,L\,' + (C.+ C,)HL'] T ;;~ = const. (9) 

It can be seen that on going from the wings of both lines 
to the center, the quantity ITssl increases and attains a 
maximum at t.a = Ai3 = 0, wh1ch for changing H is possi-

!)We note that in [ 17"20 ], at least one of the HF fields H1 <: HL· 

ble only when the passage is synchronous (H0a = H0 i3 
= H0 , t>a = t..{3 =A); in this case, (t.2 + Hr)T-ss = const, 
and passage through the ~quilibrium a and {3 lines from 
the initial de tuning t. = t. 1 to ~ = 0 (synchronous ADRF) 
gives, using (8), 

( 1 ) 1 H, ( k i ) 'I, L\ i 1 H, L\ i 
Tss sync=-T,HL 1+ki 1::\iT""'-T, HL ~· (10) 

w_here ki = (~i/HL)2 ; the final form (10) requires that 
k1 » 1, and corresponds to a value of I ~i I sufficiently 
large to ensure the transformation of the ordering of 
the a and {3 spins in the external field H0 + ~i into or­
dering of the spins in the local fields. 

Analogously, on passage through the a line only, the 
condition 

( 2 c.+ c~ 2) -2 L\. +--;;:- H L T ss = const, (11) 

is fulfilled, and as a result of the ADRF of the equili­
brium a spins, Tss takes the value 

( 1 ) 1 H,. ( C. k. i ) '/, L\. i (12) 
Tss •. =-T;HL C.+C,1+k.i liCiT; 

k i -- c. ( L\"i)' 
a = C.+C, HL 

Here t.h is the initial magnitude of the detuning t.a. 
Obviously, 11/Tssla < 11/Tsslsync· 

B. Consecutive ADRF's of Spins of Both Types 

After ADRF of the a spins and before the passage 
through the {3 line begins, Tss is determined by (12), 
while Tz = T0 • As a result of the subsequent ADRF of 

the {3 spi~s with these initial conditions, from (8) and 
(11) we have for TSs 

(r:st= (r:J, +(t+~,i)'l, (r:J.· (13) 

Thus, consecutive ADRF's give a no greater ~mplitude 
of I Tss I than does synchronous ADRF when k1 » 1. But 
if the ADRF of the {3 spins is begun from a certain de­
tuning A1 = -H013 /To(Tss)a, then the quantity ITS's I will 
grow continuously throughout the consecutive ADRF's, 
without any jump at the moment when the second ADRF 
begins, i.e., isentropically, and attains a maximum 

equal to the result of the SY.nchronous ADRF (the final 
form (14) corresponds to k~ » 1, H0a >:::< H0 f3)· 

Obviously, it makes sense to subject both types of 
spin to the ADRF process only in the case Ca >:::< S3' 
when ITs's I after synchronous ADRF is a factor ..f2 
greater than after ADRF of one type of spin; but if Ca 
and Cf3 differ greatly, ADRF of the "stronger" spins 
gives practically the same Tss as does synchronous 
ADRF. 

4. INCREASE OF POLARIZATION OF THE "WEAK" 
SPINS 

The large energy Ess obtained by ADRF can be again 
transformed into energy Ez of one of the types of spin 
by means of isentropic passage through their NMR line 
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from the center to the wing. In this way, it is possible 
to increase the energy Ez and polarization of the weak 
spins by means of the strong spins. 

Indeed, if initially the SS-reservoir has temperature 
Tss• then from (7a) and (11) we obtain for the polariza­
tion coefficient Pa of the a spins 

Pe== Pe(O) =2=_.!.!_ HL (Ce+C~_!:!_)'j, ~ {15) 
Poe(O) 1 z 1 BB Hoe Ce 1 + k.f I ~efl ' " . 

where P0a{O) and P a(O) are respectively the values of 
the equilibrium and amplified NMR signals of the a 

·spins when ~a = 0. 

k i- c. . (~/ ) •. 
e = Ce+C~ HL ' 

and ~~ is the final value of ~a . It can pe seen that the 
largest value of IPa I is attained when ka » 1 (this 
corresponds to the maximum transfer of energy Ess to 
the reservoir Za) and, according to (10), (14) and (15), 
is equal to 

(16) 

This quantity can be large, if C{3 »Ca. But when C{3 

» C a, the condition k~ » 1 may not be realizable, 
since it is difficult to attain saturation in such a remote 
wing. Then IPa I is less than its maximum, and if kf 
« 1, then 

(17) 

In the latter case, only an insignificant part of the en­
ergy Ess is transferred to the reservoir Za. We note 
that practically the same result as (17) is also obtained 
with complete is.entrofic passage through the line of the 
weak a-spins (k~ = ka « 1), performed after ADRF of 
the strong spins (we must resort to this when it is diffi­
cult to locate the center of the line). But if the a line 
w~s equilibrium before the complete passage, then for 
Ill~ I = Ill~ I, it follows from (12) and (15) that 

(18) 

i.e., IPal « 1, ifk~ « 1. 
We note that the idea of polarizing weak spins by 

means of strong ones was put forward earlier[4 J, albeit 
by another method, requiring that H1 » HL" 

5. EXPERIMENTAL TECHNIQUE 

The F19 and L7 spins in LiF were detected by two 
Q-meters with crossed coils in a field H61 F = H0Li 
= 3500 Oe; analogously, the Na23 and Cl3 spins in NaCl 
were detected in a field of 5140 Oe. The time constant 
of the low-frequency filter (Tf = 1.5 msec) was the same 
for all the Q-meters and was chosen from considera­
tions of the permissible distortion of the NMR signal 
(this did not exceed 3o/J21J). The field H was modulated 
harmonically with frequency vr = 2 Hz and with ampli­
tudes 17.9 ± 0. 6 Oe in the experiments with Li~ and 
8.2 ± 0.4 Oe in the experiments with NaCl; lower values 
of vr were also used. 

The two NMR lines in the crystal were simultaneously 
detected by non- saturating fields and observed continu­
ously on the screen of a double oscillograph with a sweep 

synchronous with the modulation of the field H. For the 
saturation, in each experiment two pulses were formed­
each at the detection frequency of the corresponding 
line; they were suppressed (separately or simultane­
ously) in the time of passage of the field H through those 
parts of the lines that were subjected to saturation. The 
pulses started simultaneously, and the duration T of 
each of them and their delay relative to the beginning of 
the sweep could be regulated from 4 x 10-5 to 1 sec; 
consequently, saturation was possible both at constant 
detuning and during the passage (in particular, during a 
half sweep or a whole sweep). For a definite ll, the time 
lag (Tlag = T:f21 J) of the line on the screen relative to 
the passage through it by the field H was taken into ac­
count. The maximum duration of the experiment, which 
was determined by the recovery time of the apparatus 
after saturation (up to 1. 5 sec) and by the photographing 
time (about 0.5 sec), was much shorter than the time T~ 
in both crystals. 

The saturating field H1 for H1 << HL was determined 
from the relation [O(O)r1 = %y 2H~g(0)[1 • 13 J using meas­
ured values of the time constant 0(0) for establishment 
of the saturation[6J and of the form factor g(O) of the line 
at ~ = 0. Because of the weak intensity of the Clline, 
the calibration of the Q- meter detecting it was per­
formed using the Na line in a field of 1900 Oe, and 0(0) 
for Cl was then calculated. 

In the table are given the values obtained for 0(0), 
g(O) and H1. Other magnitudes of H1 were determined by 
measuring the HF intensity at the coil with the sample. 
For the crystal orientations used, the parameters HL 
were found from the formula 

and from the values of HJ:;i and Hra calculated in[20J 
and[3'12J respectivelr. For vr = 2 Hz, the condition for 
isentropic passage[2 J 

1 dH 
/(~)==--6(M<t: 1 

lh dt 

for Cl is not fulfilled (cf. the table). For a further check 
that the passage was isentropic at these H1, a complete 
passage of the equilibrium NMR lines was effected. For 
vr = 2 Hz, we obtained for the· ratio To/Tz of the 
Zeeman temperatures of the F and Li spins before and 
after passage through their NMR lines: To/TzF = -0.87 
± 0.05, To/TzLi = -0.87 ± 0.03. Since these ITo/Tzl 
did not increase by more than 3% on decreasing vr by a 
factor of 2.5, the passage through the F and Li NMR 
lines with vr = 2 Hz was practically isentropic. There­
fore, from form~a (20) ~nd these T0 /Tz one can find 
the paramet~rs k}. an~ kb, and then also the maximum 
detunings lll}.l and l~bl from which the pas~age be­
comes isentropic. In this way, we obtained k~ = k~ 
= 6.7 ± 2.9, ~~~~ = ~~~~ = 6.6 ± 1.5 Oe, lkbl = lkbl 

i f = 6.7 ± 1.8, and I~Lil = I~Lil = 7.5 ± 1.0 Oe. 
Analogous experiments with NaCl showed that with 

vr = 0.75-2 Hz, only the passage through the Na line 
can be considered isentropic. The apparatus did not per­
mit us to work at lower vr, and, therefore, below we 
have also used H1cl~ Hv 



1024 M. E. ZHABOTINSKII, A. E. ME FED and M. I. RODAK 

Experimental values of the form factor and time constant 
for establishment of saturation at detuning A = 0 for 
the NMR lines of F19 and Li 7 in LiF and Na23 and ce5 

in NaCl 

HL,Oe I NMR 
Crystal line lg(O)s;c!O', 18(0)XIO',secJ H.,Oe f(O) 

I 
LiF, { 1,91 F" 
[111] UH LF 
NaCl, { 0,54 Na23 

[100] UH Cl"' I 
22±2 
52±2 

310±20 
530±40 

6. RESULTS AND DISCUSSION 

Experiments on ADRF of two types of spin have been 
performed on LiF and have been confined to synchronous 
ADRF. Passage from A = -17 Oe to A= 0 at the values 
of H1 given in the table and with llr = 2 Hz gave To/Tss 
= 1000 ± 120. But from formula (10) it follows for the 
A~ and Ati found that (To/Tss)sync = 1700 ± 60 (allow­
ance for the small difference between these detunings 
does not take the result outside these error bars). For 
ADRF of F only or of Li only, we find from (12): 
(To/Tss)F = 1280 ± 40, and (To/Tss)Li = 1140 ± 30. The 
divergence of the experimental results ( cf. also Sec. 2) 
and the theory could be due to the comparatively large 
inhomogeneity of the field H over the sample (about 
0.5 Oe), the effect of spin-lattice relaxation of the 
SS-reservoir, the fact that the inequality H1 « HL was 
not strictly fulfilled in the experiments, and also the use 
in the calculations of a too low value of HL, taken for 
the strict orientation [111]11 H0 (the accuracy of setting 
it up was about 10°). We note that each of these causes 
could only increase the divergence. 

Polarization of the Li spins was carried out at the 
same H1 and llr· In Fig. 2 (a) are shown the NMR signals 
of the F and Li spins when they are in equilibrium with 
the lattice and after synchronous ADRF effected in the 
left wings (A< 0) of the F and Li lines, with a subse­
quent passage through the Li line from A = 0 to A = 17 
Oe. As a result, the Li line was inverted and amplified 
approximately 1.4 times. A calculation using formula 
(15) with To/Tss = 1700 and kL- = 6.7 gave 1Pc11 = 1.30 
± 0.03. The better agreement ol these experiments with 
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FIG. 2. Oscillograms of the 
NMR absorption signals of F 19 

and Li7 in LiF (a) and Na 23 and 
Q 35 in NaCI (b) after synchro­
nous ADRF of the equilibrium 
spins of both types in each crys­
tal and a subsequent isentropic 
passage through the Li7 and Cl35 

NMR lines from the center to the 
wing. The upper signals are from 
F19 and Q 35 respectively, and the 
lower from Li7 and Na23• The 
symmetric positive signals are the 
equilibrium signals. 

I 
I 

0.4±0.05 0.61±0.05 0.04 
0.47±0.06 0.87±0,06 0,06 

1.35±0.2 0.31±0.02 0.2& 
6.1 0.3±0.03 1.2 

the theory can be explained by the decrease of the effect 
of relaxation of the SS-reservoir to the lattice, since in 
this case this was manifested only in the passage proc­
ess; in addition, for complete passage the inhomogeneity 
of the field H and the magnitudes of H1 and HL must 
have played a lesser role. It can be seen from the anti­
symmetric F-signal after ADRF that at the end of the 
experiment the ratio T0 /Tss is still large. A calcula­
tion has shown that T0 /Tss is the same for F and Li and 
is approximately equal to 250, which is in agreement 
with the theory, e.g., withU2J. 

The Cl35 spins in NaCl were also subjected to polar­
ization. For these, according to (16), IPcll = 3.3. In 
Fig. 2 (b) are shown the Na and Cl NMR signals, obtained 
with synchronous passage (vr = 2 Hz) by the fields H1Na 
= 0.31 Oe and H1c 1 = 0.9 Oe through the Na and Cllines 
from A = -8 Oe to A = 0, with a subsequent passage by 
the same field H1c1 through the Cl line from A = 0 to 
A = 8 Oe. It can be seen that the Clline was inverted 
and amplified 2.3 times. However, the residual value of 
TSB is still very great (To/Tss ~ 2000). This means that 
only a small part of the energy Ess was transformed 
into E zcl, and this, clearly, was associated with the 
insufficient saturation of the Cl line in the far wing. 
Increasing H1c1 with the previous H!Na• as seen from 
Fig. 3 (a), only decreased lpc11, and this agrees qualita-

tively with the theorf 12 ' 14 '15J for H1 ~ HL. But the fall 
in IPcll with decrease of H1cl with H1c 1 < HL is brought 
about by non-isentropic passage (cf. Sec. 5), and, there­
fore, on decrease of vr, the magnitude of IPcll increased 

0 z J 4 H,a, Oe 
/dH/dt)H0 ,0e-sec·• 

-t ,-J"i'O'--c---'5.e;Oc.....,__:Z.::.O__.,.-..:~;.::.O 

b 
-1.5 

-z 
-Z.5 

-J 

Pet fPnlmax 

FIG. 3. Experimental values of the polarization coefficients PC! of 
CJ 35 in NaCI, obtained as the result of synchronous passage by saturating 
fields H1Na and H1c1 through the Na23 and Cl35 equilibrium NMR lines 
from a deturning b. = -8 Oe to the center and subsequent passage by the 
same field H1c1 through the Cl35 NMR line from b.= 0 to b.= 8 Oe. In 
case (a), (dH/dt)H0 = 84 Oe X sec-1 and "r =2Hz; in case (b) (curve 1), 
H1c1 = 0.2, (2) 0.96, (3) 2.64 Oe; in all the experiments H1Na = 0.31 Oe. 
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sharply (cf. curve 1 in Fig. 3 (b)). But even when dH/dt 
= 30 Oe ·sec -1 , the passage through the Cl line is still 
non-isentropic (an estimate gives f(O) R~ 1), and this, 
evidently, is the reason why IPci i is smaller than the 
theoretical value. For large H1cl• the magnitude of lpc11 

increased slightly with decrease of 11r (curves 2 and 3}, 
which may be explained by the improvement in the isen­
tropicity of the passage through the Na line. Thus, ex­
periments with NaCl ought to be carried out with !lr 
« 0.75 Hz and with better homogeneity of the field H, in 
order to attain the maximum value of lpc11. 

7. CONCLUSIONS 

From experiments on the F19 and Li7 spins in LiF 
and on the Na 23 and Cl35 spins in NaCl it follows that in 
each of these crystals there exists aSS-reservoir with 
temperature Tss common to both types of nuclear spin. 
The maximum ITssl is attained as a result of ADRF of 
both types of spin, the most effective being synchronous 
ADRF and consecutive ADRF' s performed isentropically 
(without a jump in Tss)· Transfer of the energy Ess into 
energy Ez of the weaker spins by means of isentropic 
passage through their line from the center to the wing 
leads to polarization of these spins. The maximum of 
the latter quantity is greater when the spins being polar­
ized are weaker, but then it is necessary to saturate too 
far into the wing, and, therefore, the maximum may turn 
out to be unattainable in practice. 

The method of polarization proposed can be used, for 
example, to increase the intensity of weak NMR lines, 
for rapid polarization of weak and relatively slowly re­
laxing spins, and so on. 

The authors thank E. N. Bazarov for interest in the 
work and V. A. Atsarkin for frequent fruitful discussions. 
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