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force of the magnetic field, and therefore the energy 
of the field undergoing compression will increase. 
Since in a uniform field the full energy is f 

= H2 v/ 811, where v is the volume of the cavity; 
therefore, according to (3), 

r$ I rEo= Ro I R = n. (5) 

Thus as a result of an n-fold compression of a 
hollow sphere, the magnetic field inside the cavity 

increases by a factor n2. 
The same reasoning holds not only for a spherical 

shell but for any solid loop; for example, for a 
torus. In all cases the magnetic field will increase 
in proportion to the square of the diminution of 
linear dimensions. 

A uniform and intense hydrostatic compression of 
a sphere, or an inward compression of a solid 
loop, is quite realizable by means of cumulative 
explosion of an explosive material. Thus if, by 
means of implosion, over a period of a second, one 
compresses a hollow copper sphere so that its in­
ternal dianeter contracts, say, by a factor 10, the 
magnetic field inside the sphere will increase by a 
factor 100. Consequently, an initial magnetic field 
of 105 oe will increase in the example considered to 
10 7 oe. 

Obviously an accelerator based on the application 
of very strong magnetic fields obtained by the method 
under consideration will not be a device with perio­
dic action. Such an accelerator can be designed 
only for obtaining single pulses of accelerated par­
ticles. This circumstance, however, does not con­
stitute a serious disadvantage; for with the known 
cyclic methods of acceleration, the frequency of 
the pulses of accelerated particles decreases rapidly 
with increase of energy, and this is equivalent to 
operation of the apparatus under single-pulse con­
ditions. 

*The present article reproduces, with unimportant 
abridgments, a report of the Institute of Nuclear Problems 
of the U. S. S. R. Academy of Sciences, November 14, 
1952. 

Translated by W. F. Brown, Jr. 
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T HE effect of a nonequilibrium distribution of 
phonons (entrainment of electrons by phonons) 

on thermoelectric and thermomagnetic effects was 
first calculated for metals by L. E. Gurevich. 1 •2 In 
semiconductors at temperatures of the order of 
room temperature, this entrainment has practically 
no effect on the thermoelectric power. But it is 
important at low temperatures 3- 5• The purpose of 
the present note is the calculation of the effect of 
electron entrainment by phonons on the transverse 
and longitudinal Nernst-Ettinghausen (N-E) effects 
in semiconductors. 

We shalll assume that the electron distribution 
function in the conduction band is n = n 0 + n ', 
where n' is the small deviation from the equilibrium 
value n 0 • Similarly for phonons N =NO + N '. At 
low temperatures, electrons are entrained princi­
pally by the acoustic phonons with the highest 
velocity w 1 ; these have considerably longer mean 

free time Tph than the phonons which belong to the 

other two acoustic branches, 6 and the optical vi­
brations are not excited. A solution of the trans­
port e quati[on on the assumption that the electrons 
have relaxation time Te (f), and that their effective 

mass m is isotropic, gives 

n'- ~ 1 fre:-v-o+g \ 
- m 1 + (e-reH!mc)2 )\ T vT+ \7[1-,p) 

e-re (e: ·- [1-o + g )l iJnO 
+ me T [ H \7 T ] + [ H \7 v-], p f ·ae . 

(l) 

Here p. =flo -e cpis the electrochemical potential, 

f is the electron energy and p is their quasi-momen­
tum; the magnetic field H is perpendicular to \IT 
and \I p.. The term which results from the entrain­
ment is of the order 

(2), 

where T; is the relaxation time of electrons which 

are only s'cattered by phonons. 
The fun,ction in (l) leads to the following expres-
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sion for the current: 

Here the coefficients a 1 and a 2 are of the same 

form as in the absence of entrainment and a2 
- (1) + (2 ) h (1) l f h -a2 a2 ,werea2 resutsromteen-

trainment, while a 2 <2 l corresponds to the usual 

mechanism. The coefficient a 3 can be divided into 

two similar components, and thus also the constant 
of the transverse N-E effect. 

Q = (cr1cr3 - cr2cr4)/e[cri + (cr4H)2) (4) 

can be represented as Q = Q( 1 ) + Q(2 ), where the 
term Q <1 l is associated with entrainment. 

We equate the coefficient ratio Q (1) I Q (2) to 
the differential thermo electromotive force ratio 
a. <1 l I a.<2 l at the same temperature. The chemical 
potential flo appears in theeXJression for a.(2) but 

not in the formula for Q <2 ). It therefore follows 
from (1) that in nondegenerate semiconductors, 
where essentially f "' kT, the first ratio is greater 
than the second by a factor of, roughly, flo lkT. 

Thus the entrainment has a considerably greater 
effect on the transverse N-E effect than on the 
thermo electromotive force. The same CC}llsiderations 
can be applied to the longitudinal N-E effect. 

In a weak field we have, in order of magnitude, 

Q(l);:::;: (kjc) (wiJkT) (TefTe) Tph" (5) 

The variation of the thermoelectromotive force in a 
weak magnetic field is 

k mw2 T (uH 2 (6) 
lla(l) = a(l) (H)- a(l) (0) =--; k/ -!~ ~-) , 

in order of magnitude, where u is the mobility. 
According to Herring, 6 in an unbounded cubic 

crystal 117 ph =A q2 , where q is the wave vector. 

Far below the Debye temperature 

(7) 

where p is the density of the crystal and w is the 
average speed of sound. When 7e = 7e' we have 

from (5) and (7) Q "-' r-s . 
If the dependence of 7e on energy f and tempera-

ture T is 

"e = f1 (T) f2 (e:jkT) (8) 

and 7' and g have thesame functional form, then in 
e 

an arbitrary magnetic field, 

Q(l) (H)= Q(l) (0) h (uHjc), (9) 

lla(l) (H)= (cju) Q(l) (0) ~ji2 (uH;c) (uHjc) 2 , (10) 

where t/J 1 and tfJ2 depend on temperature only through 

the indicated argument, and t/J 2 (0) "' t/1 1 (0) = 1 

In particular, from the usual assumptions regarding 
the character of the interaction between electrons 
and phonons, which lead to energy-independence of 
the mean free path l (7 = 7' "-' c -1/2 ): e e 

p (H)- p (0) 

p (0) 

fla(l)(H) =- 1i 2w~ R(H)- R (0) 

6mJ\.uk7 2 R \0) 

(11) 

(12) 

Here p (H) and R (H) are the resistivity and Hall 
constant in a transverse magnetic field. The ratios 
R (H) I R (0) and p (H )I p (0) depend only on the 
parameter uH I c and were calculated in Refs. 8 - 1 O. 

We note that in any field Q (1) > 0, and thus 
Q <1 l and Q <2 l have opposite signs. 

All of the above conclusions are also valid for 
holes but with a reversed sign in (12). 

The effect of entrainment on thermomagnetic 
effects has been observed experimentally in p­
type germanium 11 • The character of the field and 
temperature dependences of the transverse N-E 
effect constant agreed with Eq. (9). However, in 
comparing the theory and experiment, one must 
keep in mind the degeneracy of the germanium val­
ence band (the presence of two kinds of holes). The 
above results can easily be extended if it is a;;sumed 
that the currents of light and heavy holes can be 
combined alditively. It is then easily shown that 
if the ratios of the concentrations and mobilities of 
light and heavy holes are temperature-independent 
the relations (9) and (10 continue to be valid. 
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T HE possible role of the so-called many-par­
ticle forces has been discussed recently .1-6 

There are indications that by taking account of 
three-particle forces, the calculated energies of 

0 .• 2 2.63 6.71 H.7 

a 3.76 2.68 1,47 0.485 
b 3.51 2.48 1,41 0.543 
c 2.74 1,:39 0.784 

taken in the same form as in Refs. 1- 3 • The con­
stant f was not given a fixed value hut was chosen 
to give the correct binding energy of H3 . The 
choice of the trial function in the variational prob­
lem took into account the smallness of the proba­
bility, because of strong three-particle repulsion, 
that the three puticles would simultaneously he in 
very close proximity. 

In this way we obtained f"" 153 rnev, which agrees 
in order of magnitude with thevalue of 375 rnev oh­
ohtained by Drell and Huang. 1 For He3 the calcu­
lated value of the Coulomb energy (0. 745 rnev) was 
very close to the experimental value, whereas worse 
results were obtained 7,8 when three-particle forces 
were neglected. For the potential scattering of 
neutrons by deuterons, we took into account only 
the s and p states of the incident particle, with 
the system able to be in either a doublet or quartet 
state.10 The phases of the scattered waves were 
determined by means of Schwinger's variational 
method 11 •12 with the trial function 

(a+ br) sin kr + (c + dr) cos kr, 

where a, b, c are the variational parameters. 
The total cross sections in barns are given in 

light nuclei show improved agreement with experi­
ment 7,8 In studying the contribution of three-par­
ticle forces, we have confined ourselves to three­
body problems: a) the calculation of the binding 
energies of H3 and He 3 ; h) the calculation of the 
neutron-deuteron scattering cross section. For 
simplicity, we have neglected the noncentral char­
acter and the spin dependence of two-particle nu­
clear forces. As the total energy operator of tritium 
we took the s urn 
H=- ~Vo exp{-Wij} 

i<i Wij 

with i, j"" 1,2,3, where the first term represents the 
ordinary (two-particle) interaction, the co.nstants 
V ""5:~ rnev and 1/p."" 1.4 x 10-13 ern bemg chosen 

0 

to yield the correct deuteron hi~ding. energy~ 1 The 
term representing the three-particle mteract10n was 

26,9 a5,0 .2.0 60.4 82.2 

0.141 0,082 0,049 0.020 0.010 
0.211 0,152 0.120 0.074 0.054 
0.470 0.371 0.315 0.224 0.162 

the Table (E is the energy in rnev in thelaboratory 
system of coordinates. The letters a and b 
denote variants of thecalculation). 

In the Table, a denotes that only two-particle in­
teractions were taken into account; b denotes that 
both two-particle and three-particle interactions 
were taken into account with f"" 153 rnev; c de­
notes the experimental values of the cross 
sections. 13 The inclusion of three-particle 
forces somewhat improves the agreement with ex­
periment. But one cannot simultaneously obtain 
the correct binding energy of H3 , the correct 
neutron-deuteron scattering cross section and 
saturation of nuclear forces in heavy nuclei 1 by 
selecting a single value of the constant f, even 
when noncentral forces are taken into account. It 
can therefore he assumed that three-particle in­
teractions play a relatively small part in nuclei, 
and that these cannot be the principal cause of 
the saturation of nuclear forces. 

The authors are deeply grateful to Professor 
D. D. lvanenko, who directed this work. 

1 S. D. Drell and K. Huang, Phys. Rev. 91, 1527 (1953). 


