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i.e. barriers up to 10* v may be realized. How-
ever, in experiments with reflection of fast par-
ticles, it should be taken into account that the time
of motion of the particles along the slope of the
barrier should comprise a sufficiently large num-
ber of high-frequency cycles, or else the potential
picture itself would lose its sense and the particle
could jump the barrier at favorable phases (some
kind of “tunnel effect”) even though its velocity
satisfies condition (2).

Boot and Harvie3 described an experiment to
demonstrate the presence of a potential barrier
in a multicavity magnetron. The electrons that
appear close to the anode block as a result of ioni-
zation (high-frequency discharge) roll down the
slope of the barrier to the cold cathode. This ef-
fect was detected by the appearance of current in
the external circuit and by cathode heating caused
by electron bombardment. Experiments with mag-
netrons conducted by us previously have shown
that for unambiguous interpretation of the effect
it is necessary to remove the electrodes from the
high frequency field, i.e., to avoid a sharp slope
of the potential distribution in the whole interac-
tion space.

The author is very grateful to B. G. Eremin,
E. V. Zagriadski, V. A. Lopyrev, S. B. Mochenev
and V. A. Fliagin who took part in the construction
of the tubes and in the experiment.

'A. V. Gaponov and M. A. Miller, J. Exptl.
Theoret. Phys. (U.S.S.R.) 34, 242 (1958), Soviet
Phys. JETP 7, 168 (1958).

2M. A. Miller, H3s. Beicur. mxoas: Mun-sa
BeicL. o6pasoB., Pagnocpusuxa (Bull. Higher School

of Ministr. of Higher Educ., Radiophysics )(in press).

$H. Boot and R. Harvie, Nature No. 4596, 1187
(1957).

Translated by Z. Scheidlinger
52

NUCLEAR MAGNETIC RESONANCE SHIFT
IN MOLYBDENUM

S. I. AKSENOV

P. N. Lebedev Physics Institute, Academy of
Sciences, U.S.S.R.

Submitted to JETP editor April 14, 1958

J. Exptl. Theoret. Phys. (U.S.S.R.) 35, 300-301
(July, 1958)

WE have investigated the shift of the nuclear
magnetic resonance, due to the paramagnetism of
the conduction electrons (Knight shift)! in metal-
lic molybdenum. The spectrometer was similar
to the one used before.2 An electromagnet with

a pole diameter of 300 mm and a gap of 42 mm
made possible work in fields up to 14,000 gausses,
stabilized with deuteron resonance as reference.
The frequency was measured with a type 528
wavemeter.

In order to avoid the influence of skin-effect
on the resonance line,3 we worked with a powder
prepared by filing a molybdenum sheet and sifting
the filings through a sieve of 150 mesh. The
molybdenum content in the sheet was not less than
99.9%, and the paramagnetic impurities not more
than 0.008%. To relieve the internal stresses, the
powder was annealed at 1250°C for two hours in a
vacuum of 10~* Hg.

Resonance caused by both odd isotopes of
molybdenum was observed in the powder thus ob-
tained. The amplitude ratio of the resonance lines
of Mo% and Mo® was 3:1, whereas the isotope-
content ratio was only 1.5:1. An even bigger dif-
ference was obtained in the unannealed metal,
where the Mo?" line was not observed at all, al-
though the Mo® resonance exceeded the noise
level by 5 to 6 times. The Mo% signal in the
powder immediately after filing was nearly one
order lower than in the annealed one. All this
points to a strong effect of the interaction between
the nuclear quadrupole moments and the gradient
of the electrical field, an interaction due to the
disturbance of the lattice structure. The quadru-
pole interaction was noticed to be greater for Mo,
This agrees with the data of W. G. Proctor
F. C. Yu on nuclear magnetic resonance of mo-
lybdenum in an aqueous solution of K,MoO,.}

Bloembergen and Rowland® showed that a shift
of the resonance lines becomes possible at a
quadrupole interaction big enough for second-
order quadrupole effects to appear. The shifted
line should be asymmetrical. For molybdenum,
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comparison of the amplitudes of the resonance
lines of Mo% and Mo?" with the ones expected,
taking into account the sensitivity of the measur-
ing apparatus, shows that, at least for Mo%, the
weakening of the line is caused to a considerable
extent by second-order quadrupole effects. At
the same time, both resonances in the annealed
molybdenum are symmetrical and, in spite of a
noticeably different influence of the quadrupole
interaction, they have approximately the same
width. This brings us to the conclusion that the
observed part of the resonances corresponds to
nuclei weakly exposed to the influence of quadru-
pole effects. Because of the sharp dependence of
second-order quadrupole effects on the distance,
the resonance caused by other nuclei closer to
points of structural disturbances becomes so
blurred as to be unobservable.’ The effect of
quadrupole interaction on the shift in molybde-
num can thus be neglected.

The Knight shift was measured relative to the
resonances of Mo% and Mo?" in an aqueous solu-
tion of Ky;MoOy, i.e., with an accuracy up to the
value of the chemical shift in this compound. From
a series of successive measurements with metal-
lic and nonmetallic samples in a field of 12600

gausses, we obtained the following values of the shift
21 (Mo%s) = (0.5824-0.005)%,

1 (Mo*7) = (0.£86-0.005) %.

Analogous results were obtained in a field of 8300
gausses.

The fact that the same shift was obtained for
both isotopes at two values of the field also proves
the assumption that the influence of the quadrupole
interaction upon the shift can be neglected.

'W. D. Knight, Solid State Physics, II, N. Y.
(1956) p 93-136.

2S. 1. Aksenov and K. V. Vladimirskii, Dokl.
Akad. Nauk SSSR 96, 37 (1954).

$N. Bloembergen, J. Appl. Phys., 23, 1383
(1952). A. C. Chapman et al., Proc. Phys. Soc.,
B70, 345, 448 (1957).

‘W. G. Proctor and F. C. Yu, Phys. Rev., 81,
20 (1951).

5N. Bloembergen and T. J. Rowland, Acta
Metallurgica, 1, 731 (1953). N. Bloembergen,
Report of the Conference on Defects in Crystalline
Solids, Bristol (1954) p 1-32.
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II.lHE idea of using a paramagnetic crystal as an
active element (substance) in stimulated micro-
wave amplifiers was expressed by Bloembergen.1
Such an amplifier was realized with crystals of
salts containing Gd*" ions, by using the dipole
transitions between the energy levels of the elec-
tron spins of paramagnetic Gd3* ions.? In the
work of Itoh® it was shown that diamagnetic crys-
tals, containing atoms with substantial quadrupole
splitting of nuclear spin levels, can be employed
in amplifiers at low frequencies (10® cps). Abra-
gam and others* have pointed out the possibility of
the appearance of a stimulated radiation in transi-
tions between thé energy levels of proton spins in
liquid solutions of paramagnetic ions. We would
like to call attention to the possibility of obtaining
amplification of signals in the frequency range of
108 to 10° cps by employing transitions between hy-
perfine levels of paramagnetic ions.

As an example let us consider crystals of salts
containing bivalent ions of the Cu® isotope (ground
state 2D, S = 1/2, I=1) (obviously, the conclusions
reached here are applicable to other paramagnetic
atoms). The scheme of the spin levels of Cu™
ions in a strong magnetic field is shown in the fig-
ure. The relaxation transition probabilities, the
ratio of which determines the possibility of cre-
ating negative differences of populations between
adjacent hyperfine levels at temperatures of liquid
helium and fields of about 5000 oe, have the follow-
ing values: Wy/a = 10% to 10 sec™! (for electron
transitions) and Wg’p = 0.1 to 1 sec™ (for nu-
clear transitions). The stationary populations of
hyperfine levels that appear upon saturation of the
electron transitions, were calculated in our work®
devoted to the polarization of Cu®* nuclei.

Thus, upon saturation of the electron transition
a— a’, the populations of the hyperfine levels are
characterized by the following relations:®

at’ =143A/2, bjc =1, ¢/b=1,
bla=1+A/2, A= gpBH,2kT.

We see that the upper of the two adjacent levels
a’b’ (or a,b) is much more populated than the



