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Differential cross-sections of elastic scattering of deuterons with
the energy Ed = 37.0 MeV by tritons have been measured in
the range of scattering angles 25◦ ≤ θc.m. ≤ 150◦. The angular
distributions at elastic scattering of deuterons by tritons (helions)
at energies of 14–40 MeV have been analyzed in the framework of a
microscopic diffraction nuclear model and taking NN interactions
into account. This allowed the angular distributions of deuterons
near the main maximum (θc.m. ≤ 60◦) at Ed = 14.4, 37.0,
and 39.9 MeV to be described satisfactorily. An explanation for
the origin of a broad secondary maximum that appears at low
energies of incident deuterons is proposed. The corresponding
calculations have been carried out to prove that it appears due
to the interference between quantum and classical amplitudes
of isotropic scattering and as a manifestation of the structure
of colliding nuclei. The characteristic features that emerge in
the angular dependence of the dt scattering cross-sections in
the interval 60◦ ≤ θc.m. ≤ 130◦, when the energy increases
from 6 to 40 MeV, has been explained only qualitatively, using
the phenomenological quasiclassical approximation. The energy
spectra of deuterons and recoil tritons in the T(dd)T reaction at
Ed = 37.0 MeV have been analyzed.

1. Introduction

The nuclear physics of few-nucleon systems is, to some
extent, a special branch of nuclear physics. It has
the own specificity. The processes of collisions between
deuterons and tritons at energies of tens and hundreds
kiloelectronvolts, when the overcoming of the nuclear
Coulomb barrier becomes possible – as well as other
processes with light nuclei – are intensively studied in
connection with the researches of nuclear reactions that
are running in the Sun and other stars, and also in
connection with the project of controlled thermonuclear
synthesis. The Coulomb interaction between very light
nuclei still plays an important role at indicated low
collision energies.

However, the dt collisions at much higher energies
of tens megaelectronvolts remain insufficiently studied
[1–7], despite that they are rather informative and
interesting from the viewpoint of studying the structure
of few-nucleon nuclei and the nuclear interaction.

The Coulomb interaction at the energies of deuterons
bombarding tritons in the interval 6–40 MeV makes a
very small contribution (of the order of 1%) to the
scattering cross-section, which is also associated with
minimal possible nuclear charges of hydrogen isotopes
2H and 3H, a collision between which is considered.
Therefore, in what follows, we neglect the Coulomb
interaction, when calculating the cross-sections of dt
scattering. For the same reason, the d3He scattering is
quite similar to the dt one [7].

At the deuteron energies concerned, the wavelength
(divided by 2π) λ̄ of the relative motion of 2H and 3H
nuclei turns out several times smaller than the radius
of their nuclear interaction RN ≈ 4 ÷ 6 fm. Therefore,
when calculating the elastic scattering cross-sections
of deuterons by tritons, the diffraction approximation
can be used. It means that the consideration will
actually be quasiclassical (λ̄ � RN ). In this case,
the influence of a number of quantum-mechanical
effects (the Pauli principle, nuclear spins, wave function
antisymmetrization) becomes appreciably weaker [8],
which allows the calculations to be made considerably
simpler. As will be shown below, it is possible to
perform the microscopic description of the dt scattering
process, by using the NN interaction. In our case of
dt collisions, we approximately solve the problem of
interaction among five nucleons from the continuous
energy spectrum within the diffraction nuclear model.

This work aims at reporting the results of our
experiments on the elastic scattering of 37.0-MeV
deuterons by tritons. We also present the relevant
theoretical consideration and description, making use
of simple quasiclassical methods. The literature data
on dt and d3He scattering in the energy range Ed =
14 ÷ 40 MeV were also used in our analysis.

2. Experimental Part

Elastic scattering of deuterons by tritium nuclei at the
energy Ed = 37.0 MeV was experimentally studied on
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Fig. 1. (a and b) Deuteron spectra obtained with Ti–T and Ti targets at angles of 15 and 38◦ and at an initial energy of deuterons of
37 MeV. (c and d) The same dependences for recoil tritons

an U-240 isochronous cyclotron at the Kyiv Institute
for Nuclear Research (KINR) of the National Academy
of Sciences of Ukraine. A deuteron beam from the
accelerator was transported to a scattering chamber
in the experimental box. A strict collimation of the
transported beam was provided by slot-hole diaphragms
and quadrupole lenses. The measurements were carried
out making use of a titanium–tritium (Ti–T) and a pure
titanium target. The former target was fabricated at
the KINR following a new technology. It was a Ti film
4.9 mg/cm2 in thickness, saturated by tritium to an
activity of 7.57 Cu. The equivalent thickness of tritium
in the titanium matrix was 0.30±0.04 mg/cm2. Charged
particles were registered making use of three telescopes
(ΔE–E) located in the reaction plane. The statistical
error of inclusive spectrum measurements was 1–3%,
depending on the registration angle. The intensity of
the ionic beam passed through the target was registered
with the help of a Faraday cup connected to a current

integrator. The absolute values of cross-sections were
determined with an accuracy of about 15%. The energy
calibration of spectra was carried out making use of the
elastic and inelastic deuteron scatterings on a carbon
target.

To obtain the angular distributions for the elastic dt
scattering in a wide angular range, the differential cross-
sections of recoil tritons were used together with the
differential cross-sections of elastic deuteron scattering.
Deuterons were registered in the angular interval 15◦ ≤
θl.s. ≤ 58◦ and tritons in the interval 15◦ ≤ θl.s. ≤ 52◦.
The experimental technique and our previous results
were reported in works [1, 6, 9].

2.1. Spectra

In Figs. 1,a and b, the deuteron spectra measured for Ti–
T and Ti targets at angles of 15 and 38◦, respectively,
are depicted. Figures 1,c and d demonstrate the same
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Fig. 2. (a) Energy spectra of deuterons elastically scattered by
tritium nuclei at angles of 15 and 38◦ and at the initial energy
of deuterons Ed = 37 MeV. (b) The same dependences for
recoil tritons. Solid and dash-dotted curves display the results of
calculations in the framework of the microscopic diffraction nuclear
model (Eqs. (3) and (6)–(8) [20])

spectra measured at the same scattering angles but for
recoil tritons. Owing to a high tritium saturation of
the Ti film, the yields of deuterons and tritons from
the tritium layer was several times higher than those
from the Ti matrix. The resolution of a peak that
corresponds to the elastic scattering of deuterons by
tritons, including small angles (θl.s. ≈ 15◦), and a peak
of the deuteron elastic scattering on titanium (as well as
on hydrogen) was not complicated. The peaks associated
with the elastic scattering of deuterons by tritons were
obtained by subtracting the spectra measured on Ti
targets from those obtained for Ti–T ones, provided
the same target thicknesses and equal charges in the
Faraday cup. A similar procedure was carried out to
resolve peaks that correspond to recoil tritons. The
energy calibration of spectra was done taking advantages
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Fig. 3. Angular distributions of the deuteron scattering by tritons
at deuteron energies of 14.4 [7] and 37 MeV (our data) and by
helions at energies of 14.4 [7], 29.15 [10], and 39.9 MeV [11]. The
energy are specified in the laboratory system

of data on the elastic and inelastic deuteron scatterings
on a carbon target. The energy spectra for deuterons and
recoil tritons in the T(dd)T reaction obtained at angles
of 15 and 38◦ are illustrated in Fig. 2. The corresponding
analysis is made in Section 4.4.

2.2. Angular distributions

The angular distributions dσ
dΩ of the deuteron scattering

by tritons were obtained in the scattering angle range
15◦ ≤ θl.s. ≤ 58◦ by analyzing the spectra of the elastic
deuteron scattering by tritium nuclei, and in the range
46.6◦ ≤ θl.s. ≤ 111.4◦ by analyzing the spectra of recoil
tritons. The dependences of the differential cross-section
dσ
dΩ on the scattering angle in the center-of-mass system
(c.m.s.), taking recoil tritons into account, are exhibited
in Fig. 3.

The elastic scattering of deuterons by tritons was
experimentally studied only at low energies of 6.6 −
14.4 MeV [7]. Therefore, we make a comparison with
the literature data on 3He(dd) scattering obtained at
higher energies [10,11]. In Fig. 3, the data on the elastic
dt scattering at energies of 14.4 [7] and 37 MeV (our
results) and on the 3He(d,d) scattering at 14.4 [7], 29.15
[10], and 39.9 MeV [11] are depicted. The energy values
are indicated in the laboratory system (l.s.). All angular
distributions are illustrated with a statistical error only.

The angular distributions are characterized by a
drastic reduction of the cross-section when the scattering
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angle increases to θc.m. ≤ 60◦, which is characteristic
of the scattering processes of weakly bound particles in
few-nucleon systems. In the angular range 60◦ ≤ θc.m ≤
130◦ and at Ed = 37 and 39.9 MeV, the cross-sections
change monotonously and grow a little only at angles
θc.m ≥ 130◦. If the initial energy of deuterons increases,
the character of the angular dependences of the elastic dt
and d3He scattering cross-sections change considerably
in the range of scattering angles 60◦ ≤ θc.m ≤ 130◦. A
broad maximum, which was observed at θc.m ≈ 100◦

at an energy of 14.4 MeV, disappears at 37.0 MeV. The
disappearance of the maximum at the angle θc.m ≈ 100◦

is also testified by the data on d3He scattering obtained
at an energy of 29.15 MeV [10] (Fig. 3). For an energy
of 39.9 MeV [11], the elastic scattering by helions has
an almost the same angular dependence, as the elastic
scattering of deuterons by tritons does at our energy.

3. Formalism

To consider the deuteron scattering by tritons
theoretically, we use the diffraction formalism of works
[8, 12–15].

3.1. Microscopic diffraction model

Let us proceed from the interaction between each of
three nucleons of a 3H nucleus, on the one hand, and each
of two nucleons of a 2H nucleus, on the other hand. To
describe nuclear collisions in the c.m.s., we use nucleon-
nucleon profile functions of the Gaussian type [8, 15],

ωij ≡ ω(
∣∣ρij

∣∣) = a exp(−b2ρ2
ij), (1)

where ρij is the component of the vector rij = ri − rj

perpendicular to the momentum kd of the incident
deuteron in the laboratory reference frame, ri is the
radius-vector of the i-th triton’s nucleon (i = 1, 2, 3),
and rj the radius-vector of the j-th deuteron’s nucleon
(j = 4, 5).

Function (1) phenomenologically describes NN
interactions. The values for the parameters a and b
in expression (1) for energies concerned were taken
approximately equal to those in works [8, 15]. Taking
the correction of the parameters into account – which
is needed, because the parameters depend on the energy
Ed – their values were confined to the intervals

0.5 ≤ a ≤ 0.8; 0.32 fm−1 ≤ b ≤ 0.55 fm−1. (2)

The profile functions ωij are related to the scattering
matrices Ωij by a simple formula ωij = 1 − Ωij .

The amplitude of the elastic deuteron scattering by
tritons in the diffraction approximation can be presented
in the general form as a multiple integral

A(χ) =
∫

d(3)ρ1

∫
d(3)r

∫
d(3)s

∫
d(2)R⊥ ϕ2

d(s)×

×ϕ2
t (ρ1, r) ψ∗

χ (R⊥) ψ0 (R⊥)×

× (Ω14Ω15Ω24Ω25Ω34Ω35 − 1) , (3)

The corresponding differential elastic-scattering cross-
section which determines the angular distribution of
deuterons scattered into a solid angle dΩ looks like
(� = c = 1)

dσ =
k2

(2π)2
|A(χ)|2 dΩ, k =

3
5
kd, (4)

where k is the relative momentum. The internal wave
functions of a deuteron, ϕd(s), and a triton, ϕt(ρ1, r),
that enter into formula (3) depend on the relative vectors
(the Jacobi variables)

s = r45 = r4 − r5, ρ1 = r1 − r2 + r3

2
, r = r2 − r3. (5)

Let the coordinate origin be at the deuteron center of
masses (r5 = −r4). Then, the vector that connects the
centers of masses of a deuteron and a triton coincides
with the radius-vector of the triton center of masses
R = 1

3 (r1 + r2 + r3). The double integration over R⊥
in (3) is carried out over the plane perpendicular to the
relative momentum k = 3

5kd. At the same time, the
relative motion of a deuteron and a triton before and
after the scattering is described by the wave functions
ψ0(R⊥) and ψχ(R⊥), respectively, in the same plane
[12]. Those functions have the following simple forms:

ψ0(R⊥) = 1, ψχ(R⊥) = eiχR⊥ . (6)

Here, χ is the component of the scattered deuteron
momentum, which is perpendicular to the vector k
in the diffraction approximation, its magnitude is
approximately equal to χ = 2k sin θ/2, and θ ≡ θc.m.

is the angle of the deuteron scattering in the c.m.s. In
the diffraction approximation and under our conditions,
the angle θ does not exceed an angle of about 65◦ in the
diffraction approximation (in the laboratory reference
frame, this angle is at most 40◦).

At arbitrary internal wave functions in integral (3),
the amplitude A(χ) contains rather a large number
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of integrals. To fulfil the integration in formula (3)
explicitly, we used simple wave functions of the Gaussian
type for a deuteron, ϕd(s), and a triton ϕt(ρ1, r) [8]:

ϕd(s) =
(

2λ2

π

)3/4

e−λ2s2
, λ = 0, 267 fm−1, (7)

ϕt(ρ1, r) =
33/4α3

π3/2
e−α2(ρ2

1+
3
4 r2), α = 0.375 fm−1. (8)

Taking into account that, at the energy of incident
deuterons Ed = k2

d

4M = 37.0 MeV, this case is
considered by us most often—the main contribution
to the scattering is given by relatively small angles
θ ≤ 60◦, we confine the consideration to the cross-
section in the momentum approximation, when the
expression in parentheses in formula (3), i.e. the product
of Ωij multipliers, can be approximately substituted
by a simpler expression, which contains a sum of ωij

terms, namely, by −(ω14 + ω15 + ω24 + ω25 + ω34 + ω35).
Then, using Eqs. (1) and (6)–(8), we obtain the following
simple, compact, and explicit expression for the angular
distribution of deuterons, which describes the scattering
well, but only at angles θc.m. ≤ 60◦:

dσ

dΩ
=

9a2k2

b4
exp

[
−χ2

(
1

2b2
+

1
9α2

+
1

16λ2

)]
,

χ = 2k sin
θ

2
, k =

1
λ̄

=
6
5

√
MEd, (9)

where M is the nucleon mass.

3.2. Quasiclassical approximation at U0 → ∞
In order to analyze the angular distributions of scattered
deuterons at angles θc.m. > 60◦, i.e. the cross-
sections obtained by us in the angular interval 60◦ ≤
θc.m. ≤ 150◦, where the absolute value of the cross-
section is very small, we have to go beyond the
diffraction approximation which is valid only for small
scattering angles. It can be done approximately, by
taking advantage of quasiclassical (because, in our case,
λ̄ � RN ) expressions for the scattering amplitude
and the scattering cross-section obtained earlier [16] for
two impermeable balls (i.e. when the potential energy
of their interaction U0 is infinitely large at distances
shorter than RN ) which imitate a deuteron and a triton
without regard for their nucleon structure. At kRN �
1, the quasiclassical amplitude of scattering for such

impermeable balls reads [16]

f(θ) = i
RN

2 sin θ
2

J1

(
2kRN sin

θ

2

)
−

− i

2
RN exp

(
−2ikRN sin

θ

2

)
(10)

at every angle θc.m. ≤ 180◦. In this formula, the
first term on its right-hand side looks like the known
diffraction (quantum-wave) amplitude, which gives the
main contribution to the cross-section at small scattering
angles (the Fraunhofer diffraction). The second term is
referred to as the amplitude of the classical isotropic
scattering, and it provides the main contribution at
large θc.m., where the cross-section dσ

dΩ = |f(θ)|2 tends
to the constant value 1

4R2
N . The interference between

those two amplitudes in the cross-section dσ
dΩ = |f(θ)|2

at λ̄ � RN should be small, according to the results
of work [16]. Note that, in our case, the value of RN

is such that the product kRN ≈ 5 at the energies
concerned, so that actually the condition kRN � 1 is
at the limit of its validity range. Therefore, if scattering
amplitude (10) is used, the interference between the
diffraction and classical amplitudes in the cross-section
[16], which is usually neglected, can affect the cross-
section behavior in our case. Such a situation is really
observed in our calculations, as will be demonstrated
below. In addition, the deuteron and the triton are
not absolutely impermeable, which can result in some
reduction of the cross-section. This fact can be taken
into consideration at a qualitative level, if we introduce
an energy-dependent parameter of semitransparency a0

into the general profile functions (a0 < 1; for a black
nucleus, a0 = 1) [17,18].

For the potential energy of interaction between
colliding nuclei that are considered as balls and with
a finite potential well depth U0, an explicit expression
for the scattering cross-section can be also found
in the Born approximation [19], when, under our

conditions, U0 � 1
RN

√
Ed

M ≈ 10 MeV. However, this
approximation cannot be used explicitly even for a
qualitative estimation.

The problem considered in work [16] can be made
even more complicated by introducing the potential
energy of interaction between nuclei, U0, that has a
finite value at internuclear distances shorter than RN .
However, the cross-section cannot be obtained in the
explicit form in this case. Below, we consider some other
crude approximations which qualitatively explain the
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cross-section behavior at large scattering angles θ. In
particular, it is the classical limit λ̄ → 0, when an explicit
expression for the scattering cross-section can be written
down in the case of a finite potential well depth U0.

4. Analysis of Experimental Results

When analyzing experimental results, we used the
differential cross-sections of the elastic dt scattering
dσ
dΩ (in units of mb/sr) in the c.m.s., which we
obtained at a deuteron energy of 37.0 MeV, as well
as the corresponding literature data for an energy of
14.4 MeV [7] and the data on the d3He scattering
at an energy of 39.9 MeV [11]. When comparing the
results of theoretical calculations with experimental
data, we present our data making allowance for both
the statistical error and the error associated with the
absolutization of cross-sections.

4.1. Microscopic diffraction and impermeable
nucleus models

In Figs. 4 to 6, the results of calculations of the cross-
section angular dependences obtained in the framework
of various theoretical approaches and at various energies
are depicted. The calculations that use formula (9) of
the microscopic diffraction model in the momentum
approximation, which is valid only at small angles
θc.m. ≤ 60◦, bring about curves 1 in Fig. 4 at the
following parameters: a = 0.5, b = 0.32 fm−1 (Ed =
14.4 MeV); a = 0.8, b = 0.55 fm−1 (Ed = 37 MeV);
and a = 0.7, b = 0.55 fm−1 (Ed = 39.9 MeV). The
results of calculations by formula (10), which is valid
at every angle, at RN = 5.2 fm for Ed = 14.4 MeV
and at RN = 4.4 fm for Ed = 14.4 and 39.9 MeV
are exposed in Fig. 4 by curves 2. Amplitude (10) also
includes the parameter a0 = 0.7÷1.0, which is analogous
to the parameter a in expression (1). As was expected,
formula (9) describes the observed cross-sections rather
well in its angular range θc.m. ≤ 60◦ (solid curves 1 in
Fig. 4), because they were obtained in the framework
of the microscopic consideration of collisions between
deuterons and tritons with regard for NN interactions
[20].

Formula (10) gives almost the same description
(Figs. 4,b and c) of the cross-section behavior at small
angles θc.m. ≤ 60◦, as formula (9) does, despite that it
was obtained in the framework of a phenomenological
consideration of nuclear scattering, when nuclei were
considered as impermeable continuous balls. Since the
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Fig. 4. Comparison between theoretical and experimental angular
distributions at energies of 14.4 (a), 37 (b), and 39.9 MeV (c).
Curves 1 are the result of calculations in the framework of
the microscopic diffraction nuclear model (9) with the following
parameters: (a) a = 0.50, b = 0.32 fm−1; (b) a = 0.80, b =

0.55 fm−1; and (c) a = 0.70, b = 0.55 fm−1. Curves 2 are the
result of calculations in the quasiclassical approximation (10) with
the parameters (a) RN = 5.2 fm, a0 = 1.0; (b) RN = 4.4 fm,
a0 = 0.8; and (c) RN = 4.4 fm, a0 = 0.7. Curves 3 in panels b and
c mark the cross-section dσ

dΩ
= 1

4
R2

N at U0 → ∞ and the deuteron
scattering angles θc.m. > 70◦, RN = 2 fm
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Fig. 5. Analysis of the elastic dt scattering in the models of black
nuclei and nuclei with smeared boundaries: experiment, Ed =

37.0 MeV (points); calculation by formula (11) for black nuclei
with RN = 4.4 fm (curve 1 ); calculation by formula (12) for nuclei
with smeared boundaries and the parameters B2 = 0.12 fm−2 and
adt = 2.1 (curve 2); the cross-section dσ

dΩ
= 1

4
R2

N at U0 → ∞ and
the deuteron scattering angles θc.m. > 70◦, RN = 2 fm (straight
line 3 )
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Fig. 6. Analysis of the elastic T(dd) scattering in the classical
approximation with a finite U0. Points are experimental data at
Ed = 37.0 MeV. Curves 1 to 4 are the results of calculations
by formula (13) with the parameters (1 ) RN = 4.5 fm, U0 =

9.35 MeV; (2 ) RN = 4.2 fm, U0 = 12.0 MeV; (3 ) RN = 2.2 fm,
U0 = 50 MeV; and (4 ) RN = 2.2 fm, U0 = 200 MeV. Curve 5
marks the cross-section dσ
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4
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N at U0 → ∞ and the deuteron
scattering angles θc.m. > 70◦, RN = 2 fm

condition kRN � 1, which provides the applicability
of formula (10), is at the limit of its validity range,
we observe a considerable interference between the
diffraction and classical amplitudes (see curves 2 in
Figs. 4,a and b calculated for the diffraction and classical
cross-sections, respectively). This circumstance leads to
the appearance of minima near θc.m. = 45 and 85◦,
as well as adjacent broad diffraction maxima in the
intervals 45◦ ≤ θc.m. ≤ 85◦ and 85◦ ≤ θc.m. ≤ 130◦

at an energy of 37 MeV. Since the interference in the
cross-section for amplitude (10) is substantial at the
energy concerned (the product kRN is not large), it
can be one of the reasons why only the qualitative
description of the cross-section is possible, which is
observed at the angles θc.m. > 60◦. Nevertheless, the
θ-dependence is reproduced, in general, correctly at a
qualitative level, if one makes allowance for a reduction
of the effective interaction radius RN at large angles
and takes into account that the cross-section decreases,
if the semitransparency of colliding nuclei is taken into
consideration, as well as the errors of the momentum
approximation. At large scattering angles, when the
scattered deuteron flies backwards in the c.m.s. and
the transferred momentum is large, the nuclei penetrate
more deeply into each other, and the effective radius
of interaction RN diminishes together with the cross-

section magnitude. Therefore, the approximation of
impermeable nuclei is too rough in this case, as it was
in work [16].

The reduction of the interaction radius RN with
increase in the scattering angle, when the momentum
and energy transfers between nuclei get larger, agrees
with the fact marked long ago [21–23] that RN

diminishes, when the relative energy of colliding nuclei
grows. This phenomenon was confirmed (and explained)
by calculations in the framework of the nuclear optical
model.

If the energy of bombarding deuterons Ed decreases
down to 29.15 MeV – and especially to 14.4 and
8.3 MeV – in the laboratory system [3,7], the mentioned
theoretical maxima at angles 40◦ ≤ θ ≤ 130◦, which
arise “prematurely” according to formula (10) at Ed = 37
and 39.9 MeV, manifest themselves more soundly in
experiment as well, in the form of a single diffraction
maximum in the angular interval 70◦ ≤ θ ≤ 130◦ at
the energy Ed = 14.4 MeV (see Figs. 3 and 4,a). The
cross-section values within this maximum interval are
almost an order of magnitude smaller than those at
small angles θ. It can be seen rather distinctly from
Fig. 4,a for Ed = 14.4 MeV (the notations and the
meaning of the curves are the same as in Figs. 4, b
and c). The emergence of this observable maximum
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can be explained at a qualitative level: it is associated
with the appearance of the second calculated diffraction
maximum, with the manifestation of a structure of
colliding nuclei (i.e. the nuclei are not point-like). In
particular, it is related with the formation of a singlet
deuteron, its quasistationary state at scattering [3,
21], and the quantum-mechanical phenomena, namely,
the interference between the quantum and classical
amplitudes of scattering, when the contribution of
the interference of diffraction and isotropic classical
scatterings [16] at energies Ed of about 10 − 20 MeV
becomes much more weighty than at Ed = 37.0 and
39.9 MeV, i.e. when the product kRN is only slightly
larger than unity. The manifestation of a nuclear
structure is also associated with the increase of cross-
sections that is observed at large angles θc.m. ≥ 130◦,
when the deuteron obtains a considerable momentum,
penetrates more deeply into the triton, and flies away
almost in the opposite direction.

4.2. Models of black nuclei and nuclei with
smeared boundary

The curves in Fig. 5, which were calculated in various
approximations for Ed = 37.0 MeV, qualitatively
confirm the aforesaid. Curve 1 (RN = 4.4 fm)
demonstrates the dependence of the cross-section dσ

dΩ
on the scattering angle θc.m. in the simplest model
of colliding nuclei considered as black balls with
sharp boundaries. In this case, the expression for the
corresponding amplitude duplicates the first term on the
right-hand side of Eq. (10):

dσ

dΩ
=

R2
N

4 sin2 θ
2

J2
1

(
2kRN sin

θ

2

)
, RN = 4.4 fm. (11)

The secondary diffraction maxima in dependence (11)
appear due to the assumption that colliding nuclei have
sharp boundaries. The tops of those maxima, as is
seen from Fig. 5, “prop up” the experimental points at
the angles θ ≥ 60◦. The first and second secondary
maxima at θ ≥ 60◦ are evidently the main reason for
the maximum at 70◦ ≤ θ ≤ 130◦ (in Fig. 4,a for
Ed = 14.4 MeV) to appear.

For the sake of comparison, the cross-section for a
deuteron and a triton with smeared boundaries, which
penetrate into each other, is given in Fig. 5 (curve 2 ).
The cross-section is qualitatively described by a general
profile function of the Gaussian-like type ωdt(R) =
adte

−B2R2
, where R is the distance between nuclear

centers:

dσ

dΩ
=

a2
dtk

2

4B4
exp

(
−2k2 sin2 θ

2

B2

)
,

adt = 2.1, B2 = 0.12 fm−2. (12)

The secondary maxima in cross-section (12), in contrast
to formula (11), do not appear; i.e. expression (12)
can satisfactorily describe only the main maximum
in the cross-section at small angles θ < 60◦. (This
result is a certain justification for the application of
the momentum approximation with profile functions (1)
and the corresponding cross-section (9).) Hence, the real
cross-section can be better described at large angles θ
by a dependence that is intermediate between those two
cases, (11) and (12). For instance, if the profile function
is selected in the form of the Fermi dependence, the
cross-section cannot be obtained in the explicit form
(in this case, amplitude (3) for such ωij remains an 11-
multiple integral).

4.3. Classical approximation with finite U0

Since our consideration of the dt scattering is
quasiclassical, there appears a certain interest to make
comparison of our experimental and theoretical results
for the cross-sections given above with the limiting
(λ̄/RN → 0) classical scattering cross-section for the
finite (in contrast to work [16]) potential energy U0 (in
the form of a rectangular well) of interaction between
nuclei considered as balls [25]:

dσ

dΩ
=

R2
Nη2

4 cos θ
2

(
η cos θ

2 − 1
)(

η − cos θ
2

)
(

1 + η2 − 2η cos θ
2

)2 ,

η =
√

1 +
5U0

3Ed
, 0 ≤ θ ≤ θmax, θmax = 2arccos

1
η
. (13)

Figure 6 illustrates the dependence of this cross-section
on θ (at Ed = 37.0 MeV) for various values of the
parameters RN and U0. The ratio λ̄/RN ≈ 0.1 ÷
0.2 in this case. If U0 → ∞, cross-section (13)
becomes constant

(
dσ
dΩ = 1

4R2
N

)
and coincides with the

corresponding classical (isotropic) cross-section obtained
in work [16].

One can see that classical cross-section (13) cannot
adequately describe the observable angular dependence
simultaneously within the whole angular interval 25◦ <
θ < 150◦, irrespective of the selected U0-value, without
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taking into account quantum-mechanical effects and the
real structure of colliding nuclei. Nevertheless, in some
θ-intervals, the qualitative description can be obtained.
It is especially true for a nuclear potential well with the
depth U0 = 50 MeV close to the real value. In this case, a
quite good quantitative agreement with the experiment
is observed at Ed = 37.0 MeV. One can see that the
classical model qualitatively explains the cross-section
reduction at a decrease of the potential well depth U0,
which is observed for large angles θ > 70◦. At the
same time, the classical cross-section cannot, of course,
explain such a quantum-mechanical phenomenon as the
emergence of a diffraction maximum in the range of
small angles θ < 70◦ at U0 ≥ 50 MeV, which is observed
in experiment.

Figures 4(b and c), 5, and 6 demonstrate that, at the
energies Ed = 37 ÷ 40 MeV, the cross-sections that are
observed in the broad region of the smooth minimum at
70◦ ≤ θ ≤ 140◦ hardly reach a magnitude of 10 mb/sr.
Since the angles are rather large in this interval, then,
according to work [16], one can approximately adopt
the simple relation dσ

dΩ = 1
4R2

N for this region; whence,
RN ≈ 2 fm for dσ

dΩ ≈ 10 mb/sr. Straight lines 3 in
Figs. 4(b and c) and 5 and straight line 5 in Fig. 6 give
the corresponding qualitative illustration of the cross-
section behavior at the energies Ed ≈ 30 ÷ 40 MeV
and large deuteron scattering angles θ > 70◦, when
RN = 2 fm.

4.4. Analysis of energy spectra

The distributions of scattered deuterons, dσ
dΩddE′

d
, over

their energy E′
d and recoil tritons, dσ

dΩtdEt
, over their

recoil energy Et in the laboratory reference frame, where
tritons do not move before the collision, at the deuteron
scattering angles θd = 15 and 38◦ (Fig. 2,a), and the
triton exit angles θt = 15 and 38◦ (Fig. 2,b)—those
distributions were measured in our experiment—were
described theoretically at Ed = 37 MeV making use of
the formulas of the microscopic diffraction model given
above [20]. As is seen from those figures, the positions,
widths, and heights of maxima in the corresponding
observed differential cross-sections are described well in
the indicated approximation by the following expressions
obtained by us for the cross-sections:

dσ

dΩddE′
d

=
9M

√
EdE′

d

5π2
×

× |A(χ)|2 δ(5E′
d − Ed − 4

√
EdE′

d cos θd), (14)

dσ

dΩtdE′
t

=
33/2M

√
EdE′

t

5
√

2π2
×

× |A(χ)|2 δ(2
√

6EdEt cos θt − 5Et), (15)

where the amplitude A(χ) was taken in the same form
as in formulas (3), (4), and (9); and dΩd and dΩt are the
elements of solid angles in the l.s., where the momenta
of a scattered deuteron and a recoil triton, respectively,
fall within. The quantity χ in A(χ) was expressed in
terms of kinematic variables in the l.s. In particular,
χ = [4M(Ed +E′

d − 2
√

EdE′
d cos θd)]1/2 was substituted

into Eq. (14) and χ =
√

6MEt = 12
5

√
MEd cos θd into

Eq. (15). Here, E′
d and θd are the final energy and the

scattering angle of a deuteron in the l.s., and Et and
θt are their counterparts for recoil tritons. We used the
relations between the scattering angles and the energies
of nuclei in the c.m.s. and l.s. before and after collisions,
which were given in works [19, 25, 26]. We also took
advantage of the fact that the cross-section differential
dσ is invariant, if changing over from the c.m.s. to the
l.s. When calculating the cross-sections by formulas (14)
and (15), the corresponding delta-functions δ(E) were
replaced by a finite function of the Breit–Wigner type,
δΓ(E), whose acute peaks were characterized by a finite
width Γ:

δΓ(E) =
Γ
2π

1
E2 + 1

4Γ2
, lim δΓ(E) = δ(E), Γ → 0. (16)

The application of the Gaussian dependence instead of
expression (16) for δΓ(E) brings about similar results.

The results of energy distribution calculations, which
were fulfilled in the framework of the microscopic
diffraction model, agree satisfactorily with experimental
data at the values Γ = 0.68 ÷ 0.69 MeV (θl.s. = 15 ÷
38◦) for deuterons and Γ = 0.92 ÷ 1.04 MeV (θl.s. =
15 ÷ 38◦) for recoil tritons. An appreciable, although
rather small, value of the cross-section dσ

dΩtdEt
at θt =

15◦ (Fig. 2,b) for practically all possible recoil triton
energies E′

t > 15 MeV and not only near the maximum
at Et ≈ 32 MeV draws attention. This circumstance
is associated with the fact that the absolute value of
the recoil triton momentum, which is equal to the
transferred momentum modulus |kd − k′

d|, where k′
d is

the momentum of the scattered deuteron, is large, as
well as the energy Et, at small angles θt and the energies
Et > 15 MeV. Therefore, the internal degrees of freedom
of the colliding triton and deuteron can be excited with
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an appreciable probability. Both particles transit for
a short time into virtual intermediate quasistationary
states, which were mentioned above. Later on, they
can either return back with a certain probability into
their initial bound states (the corresponding process of
elastic scattering is observed in our experiment) or can
decay to create new particles, which we did not register
experimentally.

5. Conclusions

1. The differential cross-sections for elastic scattering of
deuterons with the energy Ed = 37 MeV by tritons in
the range of scattering angles 25◦ ≤ θc.m. ≤ 150◦ have
been obtained.
2. The elastic scattering of deuterons with energies
of 14.4 [7], 37.0 (our data), and 39.9 MeV [11] by
tritons (helions) has been analyzed in the framework of
the microscopic diffraction nuclear model and making
allowance for NN interactions. The observed angular
distributions of scattered deuterons in the range of the
main maximum (θc.m. ≤ 60◦) are described rather well
at energies of 14.4, 37, and 39.9 MeV.
3. The angular distribution cannot be described
adequately well in the whole region 25◦ ≤ θc.m. ≤
150◦ simultaneously by phenomenological quasiclassical
approximations without a rigorous account of quantum-
mechanical diffraction effects and the real structure of
colliding nuclei. A qualitative description was obtained
in the angular interval 60◦ < θc.m. < 150◦. A
satisfactory quantitative agreement with experiment at
Ed = 37.0 MeV was obtained in the angular interval
50◦ < θ < 90◦ for the depth of the nuclear potential
well U0 = 50 MeV, which is close to the actual value.
4. An explanation has been proposed for the appearance
of a broad secondary maximum in the cross-section
dependence on the deuteron scattering angle in the
interval 70◦ ≤ θ ≤ 130◦ and at the energies of incident
deuterons 6.0 MeV ≤ Ed < 29 MeV. The maximum was
shown to arise owing to the interference between the
quantum and classical isotropic amplitudes of scattering
and as the manifestation of a structure of colliding
nuclei.
5. The analysis of the energy spectra of deuterons
and recoil tritons in the dt reaction at an energy
of 37 MeV has been carried out. The results of
energy distribution calculations in the framework of the
microscopic diffraction nuclear model agree well with
experimental data at Γ = 0.68 ÷ 0.69 MeV (θl.s. =
15 ÷ 38◦) for deuterons and Γ = 0.92 ÷ 1.07 MeV
(θl.s. = 15 ÷ 38◦) for recoil tritons.
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ПРУЖНЕ РОЗСIЯННЯ ДЕЙТРОНIВ НА ТРИТОНАХ

О.О. Белюскiна, В.I. Гранцев, В.В. Давидовський,
К.К. Кiсурiн, С.Є. Омельчук, Г.П. Палкiн,
Ю.С. Рознюк, Б.А. Руденко, Л.С. Салтиков,
В.С. Семенов, Л.I. Слюсаренко, Б.Г. Стружко,
В.К. Тартаковський, В.А Шитюк

Р е з ю м е

Експериментально дослiджено диференцiальнi перерiзи пруж-
ного розсiяння дейтронiв з енергiєю Ed = 37, 0 МеВ на трито-
нах у дiапазонi кутiв розсiяння 25◦ ≤ θц.м. ≤ 150◦. Проведе-
но аналiз кутових розподiлiв пружного розсiяння дейтронiв на
тритонах (гелiонах) при енергiях 14–40 МеВ за мiкроскопiч-

ною дифракцiйною моделлю з урахуванням NN-взаємодiї, що
дозволило задовiльно описати цiєю моделлю кутовi розподi-
ли дейтронiв у дiапазонi основного максимуму (θц.м. ≤ 60◦)
при Ed = 14, 4; 37, 0 i 39, 9 МеВ. Запропоновано пояснення
природи появи широкого вторинного максимуму при низьких
енергiях дейтронiв, проведено розрахунки та показано, що вiн
з’являється завдяки iнтерференцiї квантової та класичної iзо-
тропної амплiтуд розсiяння i прояву структури взаємодiючих
ядер. Характернi особливостi кутової залежностi dt-перерiзiв в
областi кутiв розсiяння 60◦ ≤ θц.м. ≤ 130◦, що виникають при
збiльшеннi енергiї вiд 6 до 40 МеВ, вдалося пояснити лише
якiсно, використовуючи феноменологiчне квазiкласичне наб-
лиження. Проведено аналiз енергетичних спектрiв дейтронiв i
тритонiв вiддачi з реакцiї T(dd)T при Ed = 37, 0 МеВ.
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