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A. F. TULINOV
ON AN EFFECT ACCOMPANYING NUCLEAR REAC-
TIONS IN SINGLE CRYSTALS, AND ON ITS USE IN
VARIOUS PHYSICAL INVESTIGATIONS
(Presented by Academician D. V. Skobel’tsyn, March 10, 1965)

In the author’s report at the XV Annual Conference on Nuclear Spectroscopy
and the Structure of the Atomic Nucleus (1), it was reported that, when a
tungsten single crystal was irradiated with a beam of accelerated particles, a
new effect was observed, associated with the ordered arrangement of nuclei in
the target. It was shown that this effect can be used to determine the lifetimes
of nuclear states in the range of ultrashort values (10−16—10−19 sec), and also
for investigations in the physics of the solid state. In the present work certain
questions related to this are discussed.

1. The angular distributions of charged products of reactions or scattering
when a single-crystal target is used will, generally speaking, differ from
the corresponding distributions characteristic of an amorphous or poly-
crystalline target. These differences should be observed near directions in
which the nuclei are “lined up.”The reason for the appearance of such
differences is easy to understand from Fig. 1. Particles emitted by any
nuclei initially in directions close to the corresponding crystal axis (for
example 𝑂𝐴) will be deflected by nuclei belonging to the corresponding
chains. Thus, in the directions of the crystal axes there will arise local
distortions of the angular distributions of reaction products, having a pe-
culiar form of “lunules”with small angular dimensions. The collection
of such lunules forms a certain analogue of a Laue pattern. It is easy to
see that subsequent multiple scattering of particles in the thickness of the
single crystal will not lead to the disappearance of the effect; it can be
observed when using not only a thin but also a thick target.

Fig. 1

2. The question of the practical possibility of observing and using, for var-
ious purposes, the effect described above is connected with the angular
dimensions of the lunules. Below is given a theoretical estimate of their
magnitude. We shall assume that the interaction of a particle—the re-
action product (𝑍1𝑒)—with the nuclei of the corresponding chain (𝑍2𝑒)
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is described by the potential 𝑉 = 𝑍1𝑍2𝑒2

𝑟 𝑒−𝑟/𝑎, where 𝑎 is the known
screening parameter.

The upper limit of the angular dimensions of the lunules Ψ (see Fig. 1) can
be obtained under the assumption that all nuclei are rigidly fixed at the lattice
sites. It can be shown that, for particle energies of several megaelectronvolts,
which is typical for products of nuclear reactions,

Ψ2 = 2𝑏
𝑙 [𝐾0 (

√
𝑏𝑙

𝑎 ) + 2] , (1)

where 𝑏 = 𝑍1𝑍2𝑒2/𝐸; 𝑙 is the distance between neighboring nuclei in the chain;
𝐸 is the energy of the reaction product; 𝐾0 is a cylindrical function of the third
kind.

To estimate the mean angular dimensions of the lunules we shall use another,
extreme, although more plausible model, describing the nuclei of the chain as
an ensemble of three-dimensional classical oscillators which oscillate completely
independently of one another. Let the amplitude of oscillation be denoted by 𝑔.
Then the particle—the reaction product—emitted initially along the axis of the
chain will cross the localization regions of the nuclei of the chain many times
before it is deflected from the axis by a distance 𝑔 (Fig. 2).

Fig. 2

In this case, for the mean square of the angle 𝜃𝑔, using the theory of multiple
scattering of charged particles, we obtain

𝜃2𝑔 = [3
2

𝑏2

𝑔𝑙 ln 𝑎
𝑏 ]

2/3
. (2)

After the particle leaves the tube of radius 𝑔, it undergoes an additional series
of scattering events. The magnitude of the additional angle can be calculated
from the formula

(Δ𝜃)2 = 2 𝑙
𝑒 𝐾0(𝑔

𝑎) . (3)

It can be shown that the mean angle of the resulting deflection is equal to

Φ = [𝜃2𝑔 + (Δ𝜃)2]1/2 . (4)
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Using the calculations carried out in work (2), we obtain an expression for the
oscillation amplitude of atoms of mass 𝑀 at temperature 𝑇 :

𝑔2 = 18ℏ2

𝑀𝑘Θ0
[ 𝑇 2

Θ2
0

∫
Θ/𝑇

0

𝑥 𝑑𝑥
𝑒𝑥 − 1 + 1

4] , (5)

where Θ0 is the Debye temperature of the crystal. Table 1 gives the values
of 2Ψ and 2Φ, calculated from formulas (1) and (4) at room temperature for
reaction-product energies of 1, 10, and 100 MeV, for light (Mg), medium (Mo),
and heavy (W) nuclei. The table shows that, although the angular dimensions
of the corresponding lunules are rather small, the effect can nevertheless be
observed with good angular resolution of the experimental apparatus.

Table 1

1 MeV 1 MeV 10 MeV 10 MeV 100 MeV 100 MeV
2Ψ, deg 2Φ, deg 2Ψ, deg 2Φ, deg 2Ψ, deg 2Φ, deg

Mg 1.8 1.1 1.0 0.3 0.3 0.09
Mo 4.2 2.7 1.5 0.7 0.5 0.2
W 4.6 3.9 1.7 1.0 0.6 0.3

3. An experiment was set up in order to detect the effect described above in
the case of elastic scattering of protons by a thick sample of a tungsten
single crystal. A preliminary determination of the directions of the crystal-
lographic axes was made by means of x-ray techniques. The investigations
were carried out on the cyclotron of the Scientific Research Institute of
Nuclear Physics of Moscow University at an incident-proton energy of 3
MeV. The crystal was mounted so that its [111] axis lay in the horizontal
plane at an angle of 105∘ to the incident beam. The scattered protons
were recorded by a semiconductor counter,

in which the high-energy part of the continuous spectrum was recorded. The
result of measurements of the angular distribution of protons near the angle
𝜑 = 105∘ is shown in Fig. 3. The crosses refer to the results of measurements
with a polycrystalline target. It is seen from the figure that the mean width
of the dip has a size of ∼ 2∘. The quantity 2Φ, calculated from formula (4)
(𝑙 = 2.7 Å), proves to be equal to 2.1∘. A detailed theoretical analysis of the
form of the dip shows that the distance between the maxima on the curve should
be close to the value 2Ψ. The theoretical calculation gives 2Ψ = 3.3∘; from Fig.
3 we obtain ∼ 4∘. A more detailed account of the results of measurements
obtained at various energies and temperatures is given in work (4).
Fig. 3

4. The idea of determining the lifetime 𝜏 of nuclear systems (the compound
nucleus, the reaction product with high excitation) can be understood
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from the following considerations. If, say, the compound nucleus in the
reaction has a sufficiently short lifetime 𝜏 and by the moment of decay has
not yet gone beyond the tube of radius 𝑔 (Fig. 2), the effect is preserved.
If, however, during the time 𝜏 the compound system, under the action
of the momentum transferred by the incident particle, is displaced by a
distance exceeding the magnitude 𝑔, the effect will be disturbed and the
corresponding dip will disappear; in this case there may even appear a local
maximum associated with the well-known effect of capture of particles into
channels (3). Since 𝑔 is of the order of 10−9–10−10 cm, and the velocity
of the compound system is 107–109 cm/sec, the method may be sensitive
to values of 𝜏 in the range 10−16–10−19 sec. The method described may
prove useful in investigating questions connected with the rate at which
nuclear reactions proceed.

5. The rigid-lattice model and the model of independent oscillators, i.e., of
the complete absence of correlations in the motion of atoms, correspond
to an extreme simplification of the real situation. In fact, the motions of
atoms are correlated to a considerable degree, and the degree and charac-
ter of the correlation are connected with details of the phonon spectra in
crystals. It is known that investigations of these questions are at present
associated with great experimental difficulties. Apparently, studies of nu-
clear reactions on single crystals open up, in this respect, additional pos-
sibilities. It is easy to see that details of the effect considered (the form of
the dip) depend in an essential way on the character of the correlations in
the motion of the nuclei of the chain. This connection will be manifested
most clearly in the region of low energies of the reaction products, where
only the nearest nuclei participate in the game.

V. S. Kulikauskas, G. A. Iferov, and M. M. Malov took part in the measurements,
for which I express my gratitude to them.
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