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electronic mass) in the semiconductors under con-

rpb• A rx• A V,, eV t>.E. eV 

PbS 1,28 1,68 2.50 1.48 
PbSe 1.25 1.82 1.95 1.13 
PbTe 1,22 1.95 1.39 0. 79 

There are presented in the Table the values of the 
effective mass corresponding to the second model. 
The values which correspond to the first model can 
he derived by multiplying them by 2.25. The ex­
perimental values of the widths of the forbidden zones 

M{ l) are taken from Ref. 3, ~ (2 ) from Ref 4 
exp exp • • 

The value of V 0 was taken from Ref. 5. Notice 
that the derived value of M, and also the values of 
the effective mass, may change somewhat, owing 
to some uncertainty in the values of the parameters 

r P b. r X and V 0 . Nevertheless, we think that the re­

sults obtained confirm the applicability of the lat­
tice model to semiconductors and the desirability 
of extending its applications in this direction. 

The author wishes to thank Prof. M. G. Veselov 
for his valuable advice and discussions. 
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T HE cross. se~tion for photoprodu~tion of IT­
meson pa1rs m hydrogen and deuterium is cal-

sideration: 

l>.E/!>.E(t) l>.E/l>.E(2) * * 
exp exp mh me 

1.42 1.06 2,03 1.02 
1.36 1.08 1,54 0,88 
1.27 0,88 1.07 0.70 

culated by considering the interaction of an elec­
tromagnetic field with a meson-nucleon system in 
first order perturbation theory (it is well known 
that this does not presuppose a small interaction 
between mesons and nucleons). The interaction 
operator consists of two parts 1 H = S + V 3 , where 

S is a scalar and V 3 , the third component of a 
vector is isotopic spin space. 

The isotopic spin of the initial state in the re­
action 

Y + p _,. n' + 7t' + 7t" (l) 

is equal to ~. The isotopic spin of the meson­
nucleon system in the final state may be t = ~ 
and t = 3/2. The operator S yields transitions to 
states of the meson-nucleon system with isotopic 
spin t = ~. and the operator V 3 to states t = ~ 
and t = 3/2. 

STt V Tt will be used to denote transition ampli-

tudes to states of total isotopic spins t = ~ and 
3/2 of the meson-nucleon system, and isotopic 

spin T of the two 11-mesons system ( T = 0, l, 2 ). 
The diffe·rential cross section for photoproduction 
of two 11-mesons then becomes 

(2) 

= l-1 s 1 2 .. /2 12 V3 O'/, + 3 vfl'/o + 3 Jl 5 v2'1. ; 

(3) 
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(4) 

Near threshold, the isotopic spin T of the two 
77-mesons system can only be 0 or 2. Indeed, the 
wave functions for the states of isotopic spin 
T = 0 and 2 are symmetric with respect to charge 
exchange of the 77-mesons coordinates (pions obey 
Bose statistics). The wave function for the state 
with isotopic spin T = l is antisymmetric with 
respect to charge exchange of the 77-mesons and 
thus antisymmetric in the coordinates. Near 
threshold, 77-mesons from reaction (l) are formed in 
the S state. Since the wave function for the final 
state must be symmetric with respect to permuta­
tions of the 77-mesons, the production of two 77-
mesons with T = l is forbidden near threshold 1• 

Substitution of S lt' V lt = 0 in Eqs. (2)- (4) 

yields the following inequalities among the differ­
ential cross sections for reactions near the thresh­
old: 

The initial state has isotopic spin t = 0. The final 
state consists of a superposition of states with iso­
topic spins t = 0 and t = l. The corresponding 
transition operators are S and V . S and V 

3 Ttl Ttl 

will denote transition amplitudes to states of iso­
topic spin T of the two 77-mesons system, isotopic 
spin t of the two nucleons, and total spin t = 0 (S ) 

Tt1 
and t = l ( VT ). Various processes then give 

t l 

(8) 

=-S-V- · 1 I 2 
1
2 

6 oo o1 Vs V21 • 

(9} 

_ 1 I s 1 Jf3 1 l2 -6 - oo +vz-Sn+ Vol+ yVlo-VS v21 

(lO) 

If the reaction takes place without deuteron break-
(5) up, T can only be 0 or l; therefore, 

a'l. +a'1•":::3V2a'1•":::3i a'l•--'/•1 1 2 ~ 3 ~ 1 u2 I 

a'l• + V2a'l• "::::3 a 'I• "::::3 1 a'f• - 1r2--''• 2 3 ~ 1 ~ 2 r ~ 

and among total cross sections at: 

+ _1_ -''I> "::::3 a'' I• "::::31 at' I•- _1_ a'''•l V2 u2 ~ 3 ~ l VZ 2 ' 

(6) 

a'' I• + _1_at'/, "::::3 a f'l• "::::31 a''lz- _1_ a'''• I 
3 Vz 2 ~ 1 ~ 3 vz 2 • 

Now let us consider the photoproduction of two 
77-mesons in deuterium, i.e., the reaction 

y + d -+ n1 + n2 + 1t' + 1t" • (7) • 

(ll) 

Integration of the cross section for the reaction y 
+ d -> d + 77 + + 77- eliminates interference terms and 
the total cross section at becomes 

(12) 

Near threshold, S and V = 0, and the fol-
lt 1 lt 1 

lowing inequalities apply: 

-'1• + ,r-2-a'!• "::::3 a'l• "::::31 a' I•- V2a'f•t· u1 r 3 ~ 2 ~ 1 3 , 

(13) 
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And among total cross sections at: 

3 ( af + a;) ;:? 4a;; (14) 

Analyses of near threshold photoproduction of two 
rr-mesons in deuterium without deuteron breakup, 
yields (here V 10 = 0 ): 

a (y + d-+ d + 1t0 + 1to) =a (y + d -+ d + 1t+ + 7t-) (15) 

and for the total cross sections: 

{16) 

The inequalities relating the cross sections of 
the various processes and Eqs. (15)- (16) hold 
away from threshold if the 1T- mesons produced in 
reactions (l) and (10) are created with equal 
momenta 2 K 1 = K 2 • 

The author wishes to thank l.l\1. Shmushkevich 
for discussion of the results and for advice given 
during the course of this investigation. 

1 K.M. Watson, Phys. Rev. 85, 852 (1952). 

2 N. V. Dushin, Dokl. Akad. N auk SSSR 106, 977 (1956). 

Translated by M.A. Melkanoff 
73 

Paramagnetic Resonance and the 
Polarization of Nuclei in 

Thick Metal Foils 

M. IA. AZBEL', v. I. GERASIMENKO AND 

I. M. LIFSHITz 

Physico-Technical Institute, 

Academy of Sciences, Ukrainian SSR 

(Submitted to JETP editor May 18, 1956) 

]. Exptl. Theoret. Phys. (U.S.S.R.) 31, 357-359 

( August, 1956) 

1 . A CCORDING to Overhauser , paramagnetic reso-
nance induces polarization in nuclear matter. 

It is shown in Ref. l that a substantial nuclear 
polarization occurs in metals when the frequency 

( l1 0 and !1 1 are the constant and the high frequency 

magnetic field intensities, fl. is the magnetic moment 

of the electron T is the spin relaxation time). 
' sp . 

The later estimate, however, is correct only when 
the electron moves in the time T through a homo-

sp 
geneous electromagnetic field. At resonance ( w 

= Q 0 ), when fl 0 >> kT /h, this takes place only in 
extremely thin metallic foils, of thickness of the 
order of the skin depth o "' 10-4 to 10-6 em. So 
far 2 , only such specimens have been polarized 
by Overhauser' s method. 

In the present article it is shown that it is pos­
sible by means of a high frequency magnetic field 
of high intensity 

( Z is the surface impedance of the metal 3 ), to 
polarize nuclei in thick foils at a considerably 
larger depth o eff"' 10- 2 to l em to which elec-

trons penetrate by diffusion in time T sp • 

In order to formulate a consistent theory it is 
necessary in this case to solve simultaneously 
Maxwell's equations 

1 aB 47t. 
rotE=--car; rotH1 = cJ; B=H1 +47tM, 

and the kinetic equation for the electron distribu-

"" l ") tion operator f ( f operates on y on spm 

a] a] a] { e } (l) 
at+ ar v+ op eE+c[vH] 

" ( ar I at) I is here the collision integral for col-
co " 

lisions without spin flip, (at I at) sp is the integral 

for collisions with spin flip; (} is the spin operator; 
v and p are the velocity and momentum of the elec­
tron. Let us write these integrals in the form 

( t 0 is the time between collisions), where 


