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Introduction

The investigation of dd reactions at ultralow energies (~ keV) is very
important both for the physics of nucleon systems [1,2] (the 4He nucleus
mass is the smallest among double magic systems) and for solving some
astrophysics problems (defficiency of light nuclei in the Galaxy, with the
exception of 4He [3,4]). The studies of strong interactions between light
nuclei can allow one to verify fundamental symmetries i.e., charge symmetry,
isotopic invariance [1,2], to estimate electron screening of interacting nuclei
[9,10] and the Oppenheimer-Phillips effect [11,12], to gain information about
contribution of ex change meson currents (EMC) [5-8] and about the character
of the nucleon-nucleon potential [1,2,7].

The classical accelerators cannot be used for the investigation of nuclear
reactions at very low energies [13,14] because the cross sections for such
energies lie in the range (<r « 10~35 - 10~43cm2) and intensities of accelerated
beams are very low.

Fig.l illustrates that, at present, no experimental information on the dd-
reaction is available in the energy region of interest (~ keV).

In papers [4,13,18,19] we proposed a new experimental method of in-
vestigation of strong interactions between light nuclei at very low energies,
using high intensity, radially converging ions beams generated during plasma
liner implosion (Z-pinch). The intensity of the accelerated ion flow can reach
1020 - 1021 [20-25] particles per pulse.

The first experimental investigations of (id-reactions using the high-current
accelerator (I =750 kA, I is the current through the liner), performed at the
Institute of High Current Electronics in Tomsk (Russia) showed that the new
method can be promising for investigation of strong interactions at ultralow
energies.

In this paper we present the results of measuring the S-factors for the
cW-reaction

d + d ->3 He + n{2A6MeV) (a)

0)
d + d -s- t + p + 4.03MeV (6)

at collision energies 1.8, 2.06 and 2.27 keV.
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Fig.l. The dependence of the dd reaction crosss section on the deuteron
collision energy. The curve - calculated dependence according to (2); • - the
experimental data from [15]; • - the dd reaction cross section values found by
(2) using the measured S-factors. The values correspond to deuteron collision
energies,Ecoi: 1.8, 2.06, 2.27 keV, respectively.



Method of Measurement

The astrophysical S-factor can be obtained by measuring the neutron
yield from the reaction (la). The following formula, describing the cross
section as the product of the barrier factor responsible for Coulomb repulsion
and the astrophysical S-factor for deuteron collision energy E, was used [29]:

a(E) = ̂ fe-^ , (2)

where 77 is the Sommerfeid parameter definied by equation:

2«r, = 2nZ2£~2 = 31.29Z2(|)* , (3)

where Z is deuteron charge, ji is the reduced mass of colliding deuterons
(jj, = m.d/2 where rrid is the deuteron mass). Such an extrapolation as-
sumes that Coulomb potential corresponds to the interaction of incident
"bare" deuterons. Taking into account the energy dispersion of deuterons
and Coulomb energy losses, the neutron yield from the reaction (la) can be
written as1:

Nn(x) = Ndnten f f(E)dE / ^{E')^)'1 dE' =
JE J E' dx

NT = NdntenS{E) f°° f(E)dE /°° ^ ,M , (5)
Jo JO hj\ti,x)

where f(E) is the energy distribution function of deuterons hitting the tar-
get, £n is the neutron registration efficiency, E is the average collision energy
of deuterons, Nj. is the neutron beam intensity, nt is the target density,
2TTT]' = 31.29Z2(E,,gzi))

? and Nn(x) is the neutron yield from reaction (la)
corresponding to the target tickness x, NT is the total number of registered
neutrons, and ^ = —^•nie

4L are Coulomb energy losses of deuterons inter-
acting with the target per unit length, E is the liner deuteron energy in the

'S-factor in the ultralow energy region weakly depends on energy, so one can assume
that is constant in the energy range, specified by two factors: energy distribution of
deuterons and their Coulomb energy losses [17].



laboratory system, e is elementary charge and L is the Coulomb logarithm
of plasma deuterons, under conditions of this experiment L=12.8 [30]. In
Eq.(4) the variable E (the deuteron collision energy in the centre of mass
system) corresponds to the energy (in the laboratory system) of deuteron
after passage of the distance x'.

According to formula (5) the experimental S-factor of cW-reaction for the
average deuteron collision energy E can be written as:

yve i p

S{E) =

where N*xp is the number of registered neutrons.
The anylysis of the experimental data can provide us information not

only about the S-factor but also about effective target thickness / introduced
and definied in [17] as:

Nn(l) = 0.9/V^ , (7)

r°° /•' e~2 7 r 7 ! '

Nn(l) = NdntenS{E)jQ f(E)dE^ g > ( g dx' , (8)

where Nn(l) is the registered neutron yield from the reaction (la) correspond-
ing to the target thickness /.

For the porpouse of calculations it was assumed that only collisions with
target deuterons and not with electrons are responsible for Coulomb energy
losses of deuterons as it follows from the theoretical model describing the
deuteron energy losses in fully ionized plasma [30]. Such assumption was
verified by the experiment [31] and other theoretical models describing charge
particle energy losses in plasma [32-33] and gives evidence that the target,
concerning electrons, is transparent for hitting deuterons.

Exper iment

The experiment was performed at the Institute of High Current Elec-
tronics, RAS, Tomsk, using a high current generator [34]. The experimental
set-up is presented in Fig.2. The hollow-cylinder supersonic gaseous deu-
terium jet with Mach number 4 was formed by an electromagnetic valve and
a Laval nozzle. A target of CD2 deposited on Cu rod was placed along the
liner axis. The liner and target parameters are shown in Tab.l.
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Fig.2. The experimental set-up. 1 - high current generator, 2 - load unit.
3 - measuring chamber, 4 - supersonic valve. 5 - electromagnetic valve. 6 -
gasous liner. 7 - CDi solid target, 8 - thermal neutron detectors. 9 - lead
shield.



Table 1. Experimental conditions

Experiment
Liner

Target
E, keV
M, mkg

/, cm
A^.1018

n :, 10" cm"J

d';n, mm
d", mm
dt, mm
t, mm

Kh

FWHM, %

1

D,

CD-i
2.1
6.88
2.5

2.07
8.0
32
36
5.5

0.25
2± 2

80

2

C£»2

2.4

6.88
2.5

2.07
8.0
32
36
5.5
0.25
7± 2

65

3

Ih
CD-i
2.8
6.88
2.5
2.07
8.0
32
36
5.5

0.25
22± 8

65

4

D2

CD2

3.4

6.88
2.5
2.07
8.0
32

36
5.5

0.25
86± 25

55

5

D2

Cu

3.4
6.88
2.5
2.07
8.0
32
36
5.5

0.25
4± 3

55

6

D2

Cu

2.8
6.88
2.5
2.07
8.0
32
36
5.5
0.25
3± 2

65

7

D2

Cu

2.4
6.88
2.5

2.07
8.0
32
36
5.5

0.25
2± 2

65

8

D,

Cu

2.1
6.88
2.5
2.07
8.0
32
36
5.5
0.25
2± 2

80

9

D2

CH2

2.4

6.88
2.5

2.07
8.0
32
36
5.5
0.25
2±2
65

E is the the average energy of the deuterons hitting the target (averaged over all shots);
M is the liner mass; I is the liner length; d)n, dfx are the internal and external Hner
diameters, respectively; dt is the target diameter; t is the thickness of the CD2 layer on
the Cu rod, N^h is the number of the neutrons registered by thermal neutron detectors.

For the background measurements the bare Cu rod or the one coated with
CH2 was used. The liner mass and the compression velocity were estimated
by measuring the current through the liner and compression time [17]2.

The dynamics of the liner compression was investigated using optical
sheak camera with varing axial split positions and the magnetic probes placed
at different distances from the liner axis. The values of FWHM (the width
of the incident deuteron energy distribution at half the height of the distri-
bution) from experiments [28, 36] are presented in Tab.l.

The FWHM values depend on accuracy of the liner speed estimate of
about ±10%, obtained, comparing measured and calculated time of com-
pression (in zero-dimensional model) and also on the energy dispersion of
deuterons due to instabilities making the liner outer border perturbated.
These perturbations appear like bubbles and spines with the characteristic
wavelength of 1 - 2 mm. The compression velocities in the place of bubbles

2The liner mass and its compression time are calculated according to zero-dimensional
model [35]. In this model the liner is treated as an infinitely thin superconductive shell,
imploded under the pressure of the self-magnetic field



and spines can differ by 10%, which leads to a deuteron energy dispersion of
20%.

It should also be mentioned that under constant initial conditions the
deviation of the liner mass from shot to shot can be « 10%.

In this experiment the neutrons from dd-reactions were registered by three
thermal neutron detectors with proportional BFj, counters placed in a paraf-
fin moderator. Each of the detector consisted, on average, of 10 BF3 counters
and was placed at a distance of 0.9m from the target center (Fig.2). The
neutron registration efficiency was measured by the calibrated 252CF source,
placed inside measuring chamber 3 (Fig.2) in the center of the Z-pinch forma-
tion. The overall neutron registration efficiency for the three BF$ detectors
was 5 • 10~3.

The lead shielding, 12 mm thick, surrounded the 6F3 detectors to protect
them against powerfull X-ray bursts, generated during the pulse of the high-
current generator.

Informations about registered events included:
l.The time of generation and the amplitude of a signal, from the BF3

detectors.
2.The time of generation of a signal from the magnetic B-dot probe (the

fundamental parameter describing the liner implosion dynamics).
More details concerning recording electronics can be found in [17, 19, 27].

Experimental Results

The analysis of experimental data was performed under the assumption
in the second section for four average deuteron collision energies: Ecoi =
1.79, 1.8, 2.06, 2.27 keV. The astrophysical S-factor for the above values of
the collision energies was estimated by formula (6) assuming that radially
accelerated deuterons interact with fully ionized plasma.

According to our estimates and to paper [37] under our experimental
conditions the temperature of the target surface reaches 20-30 eV during
liner implosion.

Fig. 3a shows collision energy distribution of the deuterons hitting the
target and 3b shows the calculated differential distributions of (W-reaction
neutron registration probabilities as a function of the deuteron collision en-
ergy. The corresponding distribution P(Ecoi) normalized to unity, can be
written as:
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Fig.3. a) The differential energy distribution of the deuterons hitting the
target for different energies E: 1.05 (1), 1.2 (2), 1.4 (3), 1.7 (4) keV. b) The
calculated differential distributions of neutron registration probabilities for
the deuteron collision energies Ecol: 1.79 (1), 1.8 (2), 2.06 (3), 2.27 (4) keV.
The distributions are normalized to unity.



Table

Exp

Cal.

2. The results of the experiment

Experiment

E, keV
.Ve:EP
• n

Ecoi, keV

&E'eol, keV

lnt, 1018 cm-2

k
S, b-keV

AS, b-keV

Nca,

°2d(Ecoi),cm2

eZd(Ecol + AE'col)

o2d(Ecot - AE'col)

1

1.05
<4

1.79

0.28

1.40
1.9- lO-2

<170

1.2

< 6.1 • l O - 3 3

< 2.7 • l O - 3 2

< 8.9 • l O - 3 "

2

1.2
5±3

1.80

0.27

1.42
3.4 • lO-2

114
68

2.2

4.310-33

1.8-10-32

7.0 • lO-3"

3

1.4
19±9

2.06

0.32

1.96
4.4- lO-2

64
30

14.9

9.8-10"33

3.9 10-32

1.7- lO-3 3

4

1.7
82±25

2.27

0.34

2.42
7.7- lO-2

53

L 1 6

77.4

2.1 • lO-32

7.4 • 10-32

< 4.2- 10-3 3

Ecoi >s the average collision energy of the liner and target deuterons, Ecoi is the average
collision energy of deuterons contributing to the experimentally measured neutron yield
from reaction (la), £\E'col is the root-mean-square dispersion of the probability density
distribution function for registered neutrons of the dd fusion, k is the part of dd collisions
contributing to the registered neutron yield, AS is the mean-square error of the astrophysi-
cal S-factor,N"p and N^aic are experimental and calculated (according to (5)) numbers of
registered neutrons of dd-reactions , tj^d(Ecr>i), cr^d(Ecot + &E'cot) and o-dd(Ecoi - AE'col)
are the'cross sections calculated according to (2) using experimental values of the S-factor
for different values of collision energy (shown in brackets)

P(Ecol) =
rex

JO £'(£,*')'

Jo00 f{E)dEf?
(9)

E'{E,x')

The average deuteron collision energy Ecoi, the root-mean-square dispersion
&E'col corresponding to P(Ecoi) distribution and the results of the analysis
of the experimental data are shown in Tab.2.

The experimental values of astrophysical S-factors found by (6) for the
deuteron collision energies 2.27, 2.06. 1.8 keV are presented in Fig.4

For comparison, other values of S-factors for cW-reaction in the collision
energy range 6.9 - 160 keV [15.38] are also shown. As it is seen from Fig.4,
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Fig.4 The dependence of the astrophysical S-factor on the deuteron colli-
sion energy. • and Jk - the values from [15] and [29], • - the values measured
in this experiment.

10



our measured S-factors within the statistical errror, are in agreement with
the S-values measured for the deuteron collision energy range 7 - 4 5 keV.

The dd reaction cross sections were calculated by (2) using the measured
S-factors for deuteron collision energies Ecoi — £\E'coh Ecoi, Ecot + A£^o|.
The results are presented in Fig.l. The agreement between calculated cross
section (the curve) and experimental within statistical error is observed.

The experimental values of the astrophysical S-factors for the ultralow
collision energies 1.8 - 2.3 keV do not differ from the expected, extrapolated
(from the energies 7-45 keV) values within error.

To check the sensitivity of obtained results, the Coulomb energy losses
were calculated taking into account the interaction between liner and target
electrons as well as target deuterons, according to the model [30]. In this
case the S-factor was one order of magnitude larger then the previous one
for the given energy range.

Such an increase of S-factor can be explained by the existance of narrow
resonances in dd cross section (due to large dispersion of the acccelerated
liner deuterons) or by instabilities giving rise to an additional neutron yield,
but this contradicts the results of the background measurements.

The obtained results fully confirm that the new method of the investiga-
tion of strong interactions between light nuclei, using Z-pinch [13,14,18,19]
can be very promising for further investigation in the ultra-low energy range.

The authors are grateful to Profs. P.W.Baksht (HCEI RAS) and A. Toor
(LLNL USA) for helpful discussions and to B.F.Boreiko and S.W.Shlahtun
for their help during installation of the experiment.
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Bystritsky V.M. et al. D15-99-163
The Astrophysical S-Factor for the cW-Reaction at Ultralow Energies

The experimental results for measurements of the astrophysical S-factor for
<W-reaction at very low deuteron collision energies using liner plasma technique
are presented. The experiment was fulfilled at the high current generator of the
High-Current Electronics Institute, Tomsk, Russia. The measured values of S-fac-
tor for the deuteron collision energies: 2.27, 2.06, and 1.8 keV are: Sdd = (53 ± 16),
(64 ± 30), (114 ± 68)b • keV, respectively.

The corresponding dd cross sections described as a product of the barrier fac-
tor and measured astrophysical S-factor are:

сУ;„(£со| = 1.8 keV) = (4.3 ± 2.6) • 10-33cm2;
c£, (£col = 2.06 keV) = (9.8 ± 4.6) • 1 0 " cm2;
ст̂  (£col = 2.27 keV) = (2.1 ± 0.6) • 10-32cm2.

The investigation has been performed at the Laboratory of Nuclear Problems,
JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 1999

Быстрицкий В.М. и др. Д15-99-163
Астрофизический 5-фактор в ^-взаимодействиях
при ультранизких энергиях

Приведены результаты экспериментов по измерению значений астрофи-
зического S-фактора в cW-реакции при ультранизких энергиях столкновения
дейтронов с использованием лайнерной плазмы.

Эксперимент выполнялся на сильноточном ускорителе Института силь-
ноточной электроники РАН (Томск).

Измеренные значения S-фактора при энергиях столкновения дейтронов
2,27; 2,06; 1,8 кэВ составили, соответственно:

Sdd = (53 + 16), (64 ± 30), (114 ± 68) б кэВ.
Вычислены сечения «^-реакции при указанных средних энергиях столк-

новения дейтронов с использованием измеренных значений S-фактора и из-
вестной параметризации сечения реакции в виде произведения барьерного
множителя и астрофизического фактора:

а"м(Есо1 = 13 кэВ) = (4,3 ± 2,6) • Ю"33 см2;
<,(£ с о 1 = 2,06 кэВ) = (9,8 ± 4,6) • 10"33 см2;
о*, (£„, = 2,27 кэВ) = (2,1 ± 0,6) • 10"32 см2.
Работа выполнена в Лаборатории ядерных проблем ОИЯИ.

Препринт Объединенного института ядерных исследований. Дубна, 1999
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