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vector direction of the base field coincides with
that of the supplementary rf field; hence the mark-
ing intervals become twice as long.

The use of lower rf power, more stable condi-
tions in the excitation of the field, and an investi-
gation of the possibilities of sharp reduction of the
rf field after the flight of the particle may all re-
duce the requirements on stability of the rf am-
plitude and increase the effectiveness of the mark-
ing process.

In addition to synchronous operation with a
pulsed accelerator, detection of cosmic particles
using triggered rf field trains, and controlled
operation of a cloud chamber, it is interesting to
consider the possibilities of triggering the rf field
from a radiation precursor of a cosmic particle or
an early particle in an avalanche of cosmic parti-
cles.

ID. Gabor and B. Hampton, Nature 180, 746
(1957).
2D. Posin, Phys. Rev. 73, 496 (1948).

Translated by H. Lashinsky
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AN investigation has been made of spin relaxation
of deuterium nuclei in solutions containing critt,
Mn'H', Fe™ and cu™ in heavy water. The meas-
urements were made by means of a modified satu-
ration-curve method»? in which the degree of nu-
clear saturation is varied by changing the concen-
tration of paramagnetic ions in the solution rather
than by changing the amplitude of H;, the oscillat-
ing magnetic field.® All the experiments were car-
ried out at room temperature at v, = 2.6 mc/sec.
An analysis of the results indicates the following.

1. The nuclear relaxation time for the same
concentration of a given paramagnetic salt in D,0O
and H,O obeys the relation
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Tyw/Tip= (YS/Y«?)“’ (1)

where T4 is the longitudinal relaxation time for
deuterons in a D,O solution, Tip is the longitudi-
nal relaxation time for protons in a H,O solution,
Yp and yq are the nuclear gyromagnetic ratios
(vp/v} = 42.4) and « is a numerical factor. In
solutions containing Crf"++, Fe'™ and cu*t

a ~ 4.2, with sizable departures toward lower
values for copper. Mn't ions have much less ef-
fect on relaxation of deuterium nuclei: o ~ 6.8

in solutions of MnCl, and Mn(NOs),.

2. As has been indicated earlier in the case of
proton relaxation,?* the time T; for deuterons
becomes much longer (up to a change of one order
of magnitude) as a consequence of the production
of complexes in the solution in which the water
molecules in the hydrate shells of the paramag-
netic ions are replaced by other diamagnetic par-
ticles. It may be noted, moreover, that the man-
ganese complex behaves the same as the other ion
complexes. Thus, for example, in any of the ion
complexes* Cr EDTA™, Mn EDTA™", and Fe EDTA,
in Eq. (1) a ~ 4.2.

"
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Curves obtained with solutions of nitrate salts: 1) Cu++;
2) Crt+++; 3) Fe+++; 4) Mn++. The upper scale on the absicca
axis refers to Curve 1; the lower scale refers to Curves 2, 3
and 4.

3. In the Figure is shown the maximum inten-
sity of the deuteron resonance line Xp,,x as a
function of the molar concentration N of the para-
magnetic ion in D,O. The amplitude of the oscil-
lating field H; and the amplitude of the modulating
field Hp, are fixed. As the quantity N increases
the relaxation time T; becomes shorter and the
line intensity increases, reaching a value which
applies in the absence of saturation. However
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this is the case only as long as the line width re-
mains constant, being determined by the inhomo-
geneity of the field. With further increases in N
the line width goes beyond the limits imposed by
the inhomogeneity of the field, causing a reduction
in x”ma_x' An analysis of the curves using the
Bloch equation® leads to the conclusion that relax-
ation of deuterium nuclei in paramagnetic solutions
is characterized by the condition T{/T; > 1 (T,
is the transverse relaxation time) where the val-
ues of T;/T, for the various ions fall in the fol-
lowing order: (Ty/Ty)oy+ > (Ty/Ty)opt+ >
(T1/Ty)pet++ > (T1/Ty)pp++

These experimental data indicate that the line
broadening is due to the displacement of the spin
levels of the nuclei by virtue of the interaction of
the quadrupole moment of the deuteron with the
gradient of the electric field set up by the para-
magnetic ion. In this case T;/T, should be ap-
proximately proportional to the ratio e?/u? where
e is the charge of the magnetic ion and p the
magnetic moment of the ion. This relation is ac-
tually observed in the experiments. In descending
order the ratio e?/u? for the various ions is as
follows:

(22/2%) ¢ 44 > BY/3.89) 14y > (B2/5.9D)p 44y > (22/5.9) 4,

The T,;/T, ratios are in exactly the same order
(cf. above). If the spin levels of the nuclei are
equidistant while the probability for Am ==+1
transitions is proportional to Y2, using the gen-
eral expression for the relaxation time T1,7 the
expression given in (1) results if we take the value
a = 2, The values found in the present work (&
~4.2 for solutions containing crttt, Fe*™ and C
cu™) would also seem to be explained by the ex-
istence of unresolved quadrupole structure in the
deuteron lines.

Since the anomaly associated with manganese
solutions (@ ~6.8) is not observed in complex
ions, it is probably due to the nature of the hydra-
tion of the Mn™ ions in D,O. It may be assumed
that the bonding of the water molecules in the hy-
drate shell with the paramagnetic ion is slightly
covalent. An exception is the Mn(DZO);"' ion in
which the binding is purely electrovalent. The
absence of a covalent bond tends to reduce the
magnetic interaction between the neutral ion and
the deuterium nuclei in the first coordination
sphere, thus increasing T;.

*EDTA ions are ions of ethylene diamine tetra acetic acid.
The EDTA ions form stable complex compounds with a stochio-
metric ratio of 1: 1 with metal ions; the EDTA particle replaces
several water molecules in the internal coordination sphere of
the central ion.5
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].. It is well known that in a magnetic field H
smaller than some threshold value H; the spin
wave energy spectrum in a uniaxial antiferromag-
net exhibits a marked anisotropy.! Thus, for ex-
ample, if the characteristic antiferromagnetism
direction is along the z axis, in the case Hiz
the energies of the two types of spin waves depend
on H and the wave vector k as follows:?

(1,2)

e =V (uH,)* + IPk* - uH,

while in the case H.iz:3

(1)

e}[1) _ V((J'HO)2 + %2, sff) _ ny.g (H® + Hg) + 122, (2)

Here p =geh/2me, Hy= MyVJ;(K;-K), M, is
the maximum possible magnetization for the given
antiferromagnet, J;, I, K and K; are the con-
stants in the exchange and anisotropy interactions.*
It is characteristic that in these two cases the
ground states of the antiferromagnet are also con-
siderably different: in the case H Iz the antifer-





