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Investigation of the pd and dd reactions in the ultralow energy (∼ keV) range is of great interest in
the aspect of nuclear physics and astrophysics for developing correct models of burning and evolution
of stars. This report presents compendium of experimental results obtained at the plasma pulsed Hall
accelerator (TPU, Tomsk). Most of those results are new, such as: temperature dependence of the
neutron yield in the D(d, n)3He reaction in ZrD2, Ta2D, TiD2; potentials of electron screening and
respective dependence of astrophysical S factors in the dd reaction for the deuteron collision energy in
the range of 3Ä6 keV, with ZrD2, Ta2D and TiD2 temperature in the range of 20−200◦C; characteristics
of the D(p, γ)3He reaction in the ultralow collision protonÄdeuterons energy range of 4Ä13 keV in ZrD2,
Ta2D, and TiD2; observation of the neutron yield enhancement in the D(d, n)3He reaction at the ultralow
deuteron collision energy due to channeling of deuterons in microscopic TiD2 with a face-centered cubic
lattice type TiD1.73, oriented in the [100] direction.

The report includes discussion and comparison of the collected experimental results with the global
data and calculations.

�·¥¤¸É ¢²¥´  ¸μ¢μ±Ê¶´μ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¶μ ¨§ÊÎ¥´¨Õ pd- ¨ dd-·¥ ±Í¨°,
¶·μÉ¥± ÕÐ¨Ì ¢ ¤¥°É¥·¨¤ Ì TiD2, ZrD2 ¨ Ta2D ¢ μ¡² ¸É¨ Ê²ÓÉ· ´¨§±¨Ì Ô´¥·£¨°, ¶μ²ÊÎ¥´´ÒÌ ¸
¨¸¶μ²Ó§μ¢ ´¨¥³ ¶² §³¥´´μ£μ ¨³¶Ê²Ó¸´μ£μ Ê¸±μ·¨É¥²Ö •μ²²  (’�“, ’μ³¸±). 	μ²ÓÏ¨´¸É¢μ ¨§ ÔÉ¨Ì
·¥§Ê²ÓÉ Éμ¢ Ö¢²ÖÕÉ¸Ö ¶¨μ´¥·¸±¨³¨: ¨¸¸²¥¤μ¢ ´Ò É¥³¶¥· ÉÊ·´Ò¥ § ¢¨¸¨³μ¸É¨ ¢ÒÌμ¤μ¢ ´¥°É·μ´μ¢
¨§ ·¥ ±Í¨¨ D(d, n)3He, ¶·μÉ¥± ÕÐ¥° ¢ ¤¥°É¥·¨¤ Ì É¨É ´ , Í¨·±μ´¨Ö ¨ É ´É ² ; ¨§³¥·¥´Ò ¶μÉ¥´-
Í¨ ²Ò Ô²¥±É·μ´´μ£μ Ô±· ´¨·μ¢ ´¨Ö ·¥ ±Í¨¨,   É ±¦¥ § ¢¨¸¨³μ¸É¨  ¸É·μË¨§¨Î¥¸±¨Ì S-Ë ±Éμ·μ¢
μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¤¥°É·μ´μ¢ ¢ ¨´É¥·¢ ²¥ 3Ä6 ±Ô‚ ¢ Ê¸Éμ°Î¨¢ÒÌ Ë §μ¢ÒÌ ¸μ¸ÉμÖ´¨ÖÌ
ZrD2, Ta2D ¨ TiD2 ¢ ¤¨ ¶ §μ´¥ É¥³¶¥· ÉÊ· 20−200 ◦C; ¨§³¥·¥´Ò Ì · ±É¥·¨¸É¨±¨ ·¥ ±Í¨¨
D(p, γ)3He, ¶·μÉ¥± ÕÐ¥° ¢ ¤¥°É¥·¨¤ Ì É¨É ´ , Í¨·±μ´¨Ö ¨ É ´É ²  ¢ μ¡² ¸É¨ Ê²ÓÉ· ´¨§±¨Ì
Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ 4Ä13 ±Ô‚; ¨¸¸²¥¤μ¢ ´ ÔËË¥±É Ê¢¥²¨Î¥´¨Ö ¢Ò-
Ìμ¤  ´¥°É·μ´μ¢ ¢ D(d, n)3He-·¥ ±Í¨¨ ¶·¨ Ê²ÓÉ· ´¨§±¨Ì Ô´¥·£¨ÖÌ §  ¸Î¥É ± ´ ²¨·μ¢ ´¨Ö ¤¥°É·μ´μ¢
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¢ ³¨±·μ±·¨¸É ²² Ì ¤¥°É¥·¨¤  É¨É ´  ¸ ±Ê¡¨Î¥¸±μ° £· ´¥Í¥´É·¨·μ¢ ´´μ° ·¥Ï¥É±μ° É¨¶  TiD1,73,
μ·¨¥´É¨·μ¢ ´´ÒÌ ¢ ´ ¶· ¢²¥´¨¨ [100].

�·¨¢μ¤¨É¸Ö μ¡¸Ê¦¤¥´¨¥ ¨ ¸· ¢´¥´¨¥ ¶μ²ÊÎ¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¸ ³¨·μ¢Ò³¨
¤ ´´Ò³¨ ¨ · ¸Î¥É ³¨.

PACS: 25.45.-z; 25.10.+s; 95.30.Cq

INTRODUCTION

Study of reactions between light nuclei in ultralow energy region (∼ keV)

dd → 3He(0.8 MeV) + n(2.5 MeV), (1a)

dd → p (3.0 MeV) + t(1.03 MeV), (1b)

pd → 3He + γ(5.5 MeV), (2)

d3He → p (14.7 MeV) + 4He(3.7 MeV), (3)

d3He → 5Li + γ(16.4 MeV), (4)

d6Li → 2α(22.4 MeV) (5)

is of a great interest due to the possibility of: veriˇcation of fundamental symmetries in strong
interaction (charge and isotopic invariance of nuclear forces) [1, 2]; acquisition of information
on contribution and structure of exchange meson currents [3, 4], whose contribution into
interaction in the ultralow energy region becomes signiˇcant (e.g., in case of radiative capture
of protons by deuterons and tritons: p + d → 3He + γ; p + t → 4He + γ); acquisition of
information for microscopic description of nucleonÄnucleon interaction; testing of theoretical
articles, dedicated to three-body tasks solution based on modern representation of nucleonÄ
nucleon interaction potential within the bounds of realistic two-body, two-body plus three-body
forces [5]. Concerning astrophysics, there is a need for the reliable experimental information
on parameters of all general processes, included in hydrogen and carbon cycles, that occur in
the stars with ultralow energy of nuclear interaction [6Ä8]. It is assumed in the modern star
models that at high level of the star matter density reached in the process of the star evolution,
the rate of nuclear reactions increases due to the screening of positively charged nuclei by
negatively charged electrons (electron screening (ES) results in the effective decrease of the
Coulomb barrier and thus in the increase of the nuclear reaction rate [9Ä11]).

In the recent time, there has been an increase in the interest in the study of the mechanism
of reactions between light nuclei (pd, dd) in metals saturated by hydrogen isotopes in the range
of ultralow energies [12Ä18]. The obtained results of the studied reactions D(d, n)3He and
D(d, p)t in the last decade [12Ä18] show the existence of an enhancement effect in the reaction
of the dd synthesis in deuteride metals, resulting from the presence of electron screening of
deuterium nuclei. To verify the existence of this effect, we have conducted experiments with
beams of deuterons accelerated by a pulse Hall accelerator and using targets with deuterides
of titanium, zirconium, and tantalum [19Ä21]. As a result, the electron screening potential
of deuterons interacting in the deuterides of metals has been obtained. Notwithstanding the
above, as an alternative to the electron screening mechanism, the presence of a channeling
mechanism of the beam's deuterons during the dd reaction in TiD2 was considered [22Ä24].
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There is still no clear conclusion concerning the contribution of these two mechanisms into the
effect of the dd-reaction enhancement. To obtain an answer to this question, it is necessary to
perform a study of the dd reaction in varied metallic targets and for varied levels of saturation
by deuterium. An analogous research has been performed in order to study the enhancement
effect in the D(p, γ)3He, (H(d, γ)3He) reactions [25Ä29], which occur in metallic targets
saturated by deuterium (reaction (2)) or by hydrogen (reaction (H(d, γ)3He)).

From the standpoint of nuclear physics, it is particularly interesting to study the pd reaction
in the region of ultralow protonÄdeuteron collision energies as a mirror reaction with respect
to the reaction of radiative neutron capture by a deuteron [3, 4].

The purpose of this work is the presentation of the fresh results obtained recently by us
and devoted to the investigation of the pd and dd reactions undergoing in different substances
in the ultralow energy region.

1. MEASUREMENT METHOD

The experimental determination of the astrophysical S factors and electron screening
potentials Ue for the pd and dd reactions is based on the measuring of the yield of 5.5 MeV
gamma quanta from the pd reaction N exp

γ and 2.5 MeV neutron from the dd reaction N exp
n

using parameterization [19Ä21, 25Ä29]:

N exp
γ(n) = Np(d)εγ(n)

∞∫
0

Fp(d)(E) dE

E∫
0

Sb
pd(dd)(E

′)

(E′ + Ue)
×

× exp (−2πη(E′ + Ue))nd(x)
(

dE

dx

)−1

dE′, (6)

σb
pd(dd)(E) =

Sb
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E
exp (−2πη(E)), 2πη = 31.29 Z1Z2
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)1/2

, (7)

σscr
pd(dd)(E) =

Sb
pd(dd)(E)

E + Ue
exp (−2πη(E + Ue)) = σb

pd(dd)fpd(dd), (8)

Sscr
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E
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(
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)
, at Ue � E, (11)
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∞∫
0

EPpd(dd)(E) dE, (12)
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Sscr
pd(dd)(E) =

∞∫
0

Sscr
pd(dd)(E)Ppd(dd)(E) dE = Sscr

pd(dd)(Ē) = Sscr
pd(dd)(Ecol) =

=
N exp

γ(n)

Np(d)εγ(n)
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0
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0
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, (13)

Ppd(dd)(E) =
e−2πηD(E)

∞∫
E

nd(x(E, E′))Fp(d)(E′) dE′

∞∫
0

e−2πη(E+Ue)D(E)
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E

nd(x(E, E′))Fp(d)(E′) dE′
, (14)

D(E) = − 1
E

dx

dE
, (15)

where Sb
pd(dd) is the astrophysical S factor for the pd(dd) reaction that assumes interaction

of ©bareª protons (deuterons) with deuterons (protons); σb
pd(dd) is the cross section of the

pd(dd) reaction that assumes interaction of ©bareª protons (deuterons) with deuterons (pro-
tons); σscr

pd(dd) is the cross section of the pd(dd) reaction taking into account the electron
screening (ES) of nuclear charges of interacting particles in the entrance channel of reaction;
μ is the reduced mass of interacting particles in the entrance channel of the reaction in a.m.u.;
η is the Sommerfeld parameter; E is the center-of-mass protonÄdeuteron (deuteronÄdeuteron)
collision energy; Sscr

pd(dd)(E) is the astrophysical S factor for the pd(dd) reaction taking into

account the electron screening (ES); N exp
γ(n) is the total number of recorded gamma rays (neu-

trons) formed in the pd(dd) reaction; dE/dx is the speciˇc proton (deuteron) energy loss in
the target; nd(x) is the target deuteron density at depth x; Fp(d)(E) is the energy distribution
function for the incident protons (deuterons) with average energy Ep(Ed); εγ(n) is the de-
tection efˇciency for the gamma rays (neutrons) from the pd and dd reactions, respectively;
E′(E, x) is the protonÄdeuteron (deuteronÄdeuteron) collision energy in the c.m.s.; Np(d) is
the number of protons (deuterons) arriving at the target; Ppd(dd)(E) is the distribution func-
tion for the probability of the protonÄdeuteron (deuteronÄdeuteron) collision with subsequent
recording of the gamma ray (neutron) yield from the pd(dd) reaction for the c.m.s. energy E,
normalized to unity; Ecol is the protonÄdeuteron (deuteronÄproton) collision energy averaged
over the distribution function P (E); f is the enhancement factor of the pd(dd) reaction.
At deep subbarrier energies, when the function P (E) is a narrow peak, the expression for the
gamma ray (neutron) yield from the pd(dd) reaction Nγ(n) can be written in a simple form
in terms of the effective reaction cross section σ̃pd(dd)(Ecol) [30].

Calculated gamma quanta (neutron) yield from the pd(dd) reaction is

N exp
γ(n) = Np(d)εγ(n)ntσ̃pd(dd)(Em) leff(Em)Keff(Em), (16)

where leff Å effective range of protons (deuterons) in the target; Keff(Em) Å fraction of
the initial proton (deuteron) 
ux; nt Å target deuteron density; Em Å energy of the pd(dd)
collisions at maximum of the function Ppd(dd)(E).
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The effective cross section for the pd(dd) reaction is deˇned as

σ̃pd(dd)(E) =
N exp

γ(n)

Np(d)εγ(n)nt leff(Em)K(Em)
(17)

at the assumption that Ue = 0.

2. EXPERIMENTAL SETUP

The High-Current Hall Accelerator. Detection Systems. Targets. The D(d, n)3He reac-
tion in the deuterated metals Ti, Zr, and Ta was experimentally studied using the plasma high-
current Hall ion accelerator [22, 31Ä35] at the National Scientiˇc Research Tomsk Polytechnic
University (Tomsk, Russia).

The experimental setup (Fig. 1) comprised the plasma pulsed Hall accelerator (PHA) with
closed electron current that allowed acceleration of H+, D+, and 3He+ plasma ions in the
energy range of 2Ä15 keV; scintillation detection systems to detect 2.5 MeV neutrons from the
dd reaction and to detect 5.5 MeV gamma quanta from the pd reaction; three types of solid
targets from deuterides of zirconium, titanium, and tantalum with a system of their warming
within the range of 20 to 300◦C; diagnostics equipment to monitor parameters of the deuteron
(proton) beam incident on the target; and the system for monitoring the state of the target in
the course of measurements.

A distinctive feature of the acceleration process in the Hall accelerator (HA) designed
and built by us is conservation of quasineutrality of the accelerating ion layer due to sharply
limited transverse mobility of magnetized electrons in the magnetic ˇeld [36]. Under these
conditions, ion current density limitations by the space charge are removed and the limiting
values of the ion current are governed by induction of the external magnetic ˇeld. This
method for production of intensive ion beams is characterized by stability of the acceleration
process, because the necessary level and zero lag of ion emission are provided by the external
induction plasma source with pulsed gas bleeding. The design of the PHA provides the
possibility of measuring parameters of the ion 
ow incident on the target (including energy
distribution of ions) during the experiments [34, 35]. The main characteristics and advantages

Fig. 1. Experimental setup: 1 Å deuterium target; 2 Å electrostatic multigrid spectrometer; 3 Å plastic

scintillation detectors; 4 Å PHA; 5 Å mesh
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of the HA are the following: the plasma density is (1−2) · 1013 cm−3, which corresponds
to the ion saturation current ∼ 1−3 A/cm2; electrode less inductive discharge in the gas
provides a low level of impurities; the HA provides control in a wide range of plasma
parameters with respective ion current density up to � 1 A/cm2; the type of the ˇlling gas
could be easily changed for generating plasma of different ion species. The targets were
shaped as discs 97 mm in diameter and 2 mm thick, made of stainless steel with surface
layers of Zr, Ti, and Ta deuterides of average thickness 1.2Ä1.5 μm deposited by reactive
direct current (DC) magnetron sputtering (ALCATEL SCM650) of zirconium, titanium, and
tantalum in the deuterium environment. The ultimate vacuum was less than 5 · 10−7 Torr
with liquid nitrogen shielding. The discharge gas was a mixture of D2 and Ar (D2/Ar
ratio was 1:1) at the total pressure of 1.5 · 10−2 Torr. The duration of the pulse of the
accelerated deuteron 
ow generated by the Hall ion source was ∼ 10 μs, the pulse repetition
rate was ∼ 7 · 10−2 Hz, and the integral number of deuterons in the pulse was ∼ 5 ×
1014. To determine the actual 
ow of the accelerated deuterons (protons) which hit the
target, it is necessary to have information about the secondary electron emission from the
target under the action of deuterons (protons) and neutrals formed via charge exchange of
D+(H+) ions on the residual gas in the measuring chamber of the accelerator during their
transport from the PHA to the target. To suppress the emission of electrons from the
target, a mesh with transparency of 93% was placed in front of the target at the distance of
1 cm and held at the potential Um = −100 V. We developed methods for measuring the
coefˇcient of secondary electron emission and determining the total number of accelerated
particles (ions and neutrals) incident on the target. In addition to these measurements, the
knowledge of the composition of accelerated particles is necessary for correct interpretation of
the experimental data. These measurements were carried out in experiments with the time-of-

ight technique. In those experiments, a number of important parameters of the accelerated

ow of particles impinging on the target were measured: the efˇciency of transporting
the 
ow of accelerated particles from the exit of the PHA to the location of the target
(base ∼ 105 mm) in the angular span of 0−20◦; the energy distribution function of the
deuterons (protons) in the 
ow [22, 35, 37]. The experimental results indicate that the fraction
of the molecular D+

2 (H+
2 ) ions in the accelerated 
ow is negligible (� 1%), while the

neutrals produced in the charge exchange on the residual gas in the measuring chamber
of the accelerator during their transport to the target make up 10Ä15%, depending on the
experimental conditions (the composition of the plasma source in the PHA, the partial pressure
of the residual gas in the measuring chamber of the accelerator, where the ZrD2, TiD2,
and Ta2D targets were located). The DC at the exit of the PHA was measured using the
Rogowski coil with a passive RC integrator. The current density distribution of the ions
incident on the surface of the deuterium (hydrogen) target was measured by a linear set
of the collimated Faraday cups placed along the target radius. This diagnostics provided
information in each pulse of the PHA on the radial distribution of the DC density over
the target surface. The area of the D+(H+) beam cross section in the target plane was
∼ 73.9 cm2. The energy distribution of the D+(H+) ions incident on the target was measured
with the multigrid electrostatic energy spectrometer located behind the target in line with
the ion 
ow [37]. Figure 2 illustrates the integral and differential energy spectra of the
deuterons which hit the ZrD2 target in the experiment on the study of the dd reaction. The
energy spread of the D+ beam in the energy range of 4Ä15 keV amounted to 14Ä16%.
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Fig. 2. Energy spectra of deuterons incident on the target: 1 Å integral spectrum; 2 Å differential

spectrum

Neutrons with energy of 2.5 MeV from the D(d, n)3He reaction were detected by eight
counters based on plastic scintillators, 100×100×375 mm in size, placed around the measuring
chamber of the accelerator (see Fig. 1). The neutron detection efˇciency was calculated by
the Monte Carlo simulation using the results of calibration of the detectors with the standard
sources of neutrons (252Cf, 239Pu) and gamma rays (137Cs, 60Co, 228Th). The relative
neutron detection efˇciency at the experimental energy threshold of recoil proton detection
(160 ± 6) keV was found to be 0.230 ± 0.013. The given estimate of the efˇciency is a
summation of the statistical deviation: the geometry error in deˇning the distance and the
location of the neutron detectors with respect to the target; the error in the measurement of
the radial distribution of the impinging beam deuterons over the target; the error in deˇning
the threshold amplitude of the neutron detection system; the errors in the cross-section values
of the interactions of neutrons with the energy of 2.5 MeV with different substances located
between the target and the neutron detectors, and also with the plastic scintillator.

Gamma rays with the energy Eγ = 5.5 MeV from the pd reaction were recorded by
eight NaI(Tl)-based detectors (100× 100× 400 mm) placed around the target. The detection
efˇciency for gamma rays from reaction (2) was determined by the Monte Carlo method. At
the detector energy threshold of 3 MeV, it was εγ = 0.300±0.006. This threshold was chosen
to suppress the background caused by neutrons from the dd fusion reaction d + d → 3He + n
(2.5 MeV), which is quite probable to occur due to the deuterium impurity of the proton
beam (the relative concentration of deuterium in hydrogen is ∼ 10−4 and the dd-reaction
cross section in the energy region under study is three to four orders of magnitude larger than
the pd-reaction cross section).

The background from cosmic radiation and natural radioactivity was continuously moni-
tored during the experiments. To this end, in the intervals between the working pulses of the
accelerator, background events were recorded for a period of time as long as 10 μs, which
was equal to the duration of those pulses, during which the accelerated proton beam was
impinging on the TiD2(ZrD2, Ta2D) target. The energy resolution average over all eight
gamma detectors, measured for the 2.5 MeV total absorption peak line of the 60Co source,
was 4.3%.



138 Bystritsky V. M. et al.

The in-depth distributions of the concentrations of the base elements and impurities in
the targets of zirconium, titanium, and tantalum deuterides were measured by the Elastic
Recoil Detection (ERD) and Rutherford Backscattering Spectrometry (RBS) methods using
the helium ion beam with the energy of 2.297 MeV [38Ä40] and by the method of level-by-
level analysis of ZrD2, TiD2, and Ta2D targets using the Auger electron spectroscopy [41].

3. EXPERIMENTAL RESULTS

3.1. The dd Experiment. Table 1 presents the compilation of the electronic screening
potentials (ESP) values measured before starting our experiments.

Table 1. Electron screening potentials Ue(ZrD2), Ue(TiD2), and Ue(Ta2D)

Target Temperature, ◦C Stoichiometry Experimental Ue, eV Theoretical Ue, eV

ZrD

20 ZrD1.1 � 40 [42]

200 ZrD0.13 205 ± 70 [14]

20 ZrD2 297 ± 8 [13] 112 [13]

20 ZrD2 319 ± 3 [16]

TiD

Ä88 TiD3.76 66 ± 15 [12]

20 TiD1.3 � 30 [42] 100 [13]

50 TiD1.1 � 50 [14]

100 TiD0.26 250 ± 40 [14]

150 TiD0.23 295 ± 40 [14]

TaD

20 TaD0.13 340 ± 14 [43]

20 TaD 322 ± 15 [44]

20 TaD 302 ± 13 [45] 136 [12]

Ä10 TaD0.13 309 ± 12 [46]

20 TaD0.13 270 ± 30 [42]

To clarify the nature of the discrepancy between the results of the experiments [12Ä
14, 16, 42Ä46] (see Table 1) on measurement of the ES potentials for reaction (1b) in TiD2

and ZrD2, we experimentally studied the D(d, n)3He reaction in the ultralow deuterons energy
region (7Ä12 keV) using the TiD2 and ZrD2 targets in the temperature range of 20Ä200◦C
and the plasma pulsed Hall accelerator [20]. The replacement of the D(d, p)t reaction with
D(d, n)3He (1a) is well grounded according to [47, 48], the ratio of cross sections in chan-
nels (1a) and (1b) of the dd reaction in the ultralow region of collision energy is near unit
within the measurement errors.

In addition to the experiments on measurement of Ue(TiD2) and Ue(ZrD2), we measured
the electron screening potential for the dd reaction in the deuterated tantalum target at the
temperature of 60◦C [21].

We have measured the dependence of the neutron yields from the D(d, n)3He reaction
on the average deuteron collision energy E in the range of 3.3Ä5.4 keV using the ZrD2 and
TiD2 targets in the temperature range of 20Ä200◦‘ [20]. By way of example, Fig. 3 shows
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Fig. 3. Neutron yields as a function of the average deuteron collision energy at the temperatures 20, 60,

and 200◦C: a) TiD2 target; b) ZrD2 target

dependences of the neutron yields from the dd reaction on the deuteron collision energy
measured in the TiD2 and ZrD2 targets at the temperatures 20, 60, and 200◦‘ [20].

As is evident, the experimental results shown in Fig. 3 indicate within the statistical
experimental errors that the neutron yield from the dd reaction in titanium and zirconium
deuterides does not depend on the temperature in the range of average deuteron collision
energies from 3.3 to 5.4 keV. Considering Eq. (13), the obtained results allow the conclusion
that the values of the astrophysical Sdd(E) factors corresponding to the same average deuteron
collision energies in the range of 3.3Ä5.4 keV do not depend on the temperature of titanium
and zirconium deuterides. Thus, according to (9), the dd-reaction enhancement factor fdd is
also independent of the TiD2 and ZrD2 temperature, and so is (according to (10)) the ESP.
Figure 4 shows dependence of the astrophysical Sdd factor on the average deuteron collision
energy at the temperatures 20, 60, and 200◦C for the TiD2 and ZrD2 targets and the ESPs
for the dd reaction obtained by ˇtting the experimentally-measured neutron yields for the
dd reaction by expression (6) using Eqs. (9) and (10), and taking into account the equation
for calculation of the astrophysical factor for interaction of bare deuterons Sb(E) [47]. The
values of Sb(E) are found from the R-matrix cross sections for the D(d, n)3He reaction by
Eq. (7), using the approximation by the polynomial [47]:

Sb(E) = A1 + E(A2 + E(A3 + E(A4 + EA5))), (18)

where A1, . . . , A5 are parameters.
The values of electron screening potentials for the dd reaction undergoing in the ZrD2

and TiD2 targets at room temperature (20◦C) and in the target from TaD0.5 at T = 60◦C are
the following:

Ue(ZrD2) = (205 ± 35) eV,

Ue(TiD2) = (125 ± 34) eV,

Ue(TaD0.5) = (313 ± 58) eV.

As to comparison of our results from the experiments on the dd reactions in the ZrD2 and
TiD2 targets with other published experimental data (ZrD2 [13, 16, 42]; TiD2 [12, 14, 42]),
there is a signiˇcant difference, the nature of which is still unclear. Some differences in the
experiments on determination of potential electron screening energy for the dd reaction should
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Fig. 4. Dependence of the experimental value for astrophysical S factors on the average deuteron

collision energies in the c.m.s. at the target temperatures 20, 60, and 200◦C. The dashed line is the
calculated S-factor dependences for the dd reaction in the case of interaction of bare deuterons. Solid

curves are the calculated dependence of the S factors for the dd reaction on the deuteron collision

energy at the target temperatures 20, 60, and 200◦C obtained with the corresponding ESPs Ue (shown
directly in the plots)

be noted. We prepared the target for our experiments with predetermined stoichiometry by
magnetron sputtering of zirconium and titanium in the ambient atmosphere of deuterium, in
contrast to other laboratories, where the titanium and zirconium targets were implanted by
a deuterium beam. One important circumstance should be mentioned. The value of the
electronic screening potential averaged over the temperature interval of 20Ä200◦C measured
by us for the dd reaction in zirconium deuteride is 1.6 times higher than the corresponding
value for titanium deuteride. An important result of this work is the conclusion that the ESP
does not depend on temperature in the interval of 20Ä200◦C. As regards the comparison of
the results from this experiment on measurement of the ESP with the results of calculations,
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there is quite good agreement for TiD2 and a difference of about a factor of 1.6 for ZrD2.
The nature of this disagreement is not clear yet.

To elucidate the reasons for the existing discrepancies between the values of Ue(ZrD2) and
Ue(TiD2) obtained by us and the corresponding values published in other works (ZrD2 [13,
16, 42]; TiD2 [12, 14, 42]), it is necessary to study thoroughly the dd-reaction mechanisms
in a variety of target materials and wide ranges of temperature and collision energy. In this
regard, we plan to continue studying the D(d, n)3He and D(d, p)t reactions for determining
the astrophysical Sdd factors and electron screening energies of interacting deuterons, using
the PHA and a wide range of targets made of dielectrics and metals saturated with deuterium.

Situation with the study of the dd reaction in TaD0.5 at the target temperature of 60◦C
is the following [21]. The measured value of Ue(TaD0.5) agrees in the range of statistical
errors with the results of [13, 44Ä46] obtained at the temperature of 20◦C, as well as with the
results obtained at T = 10◦C [46]. Note that total errors of the measured values of Ue(TiD2),
Ue(ZrD2), and Ue(TaD0.5) include both statistical and systematic ones.

Summing up, we have the following:
• ESP does not depend on temperature in the interval of 20Ä200◦C.
• ESP averaged on temperature interval of 20Ä200◦C measured in zirconium deuteride is

1.6 times higher than the corresponding value for titanium deuteride.
• Measured value of ESP for TiD2 is in quite good agreement with calculation.
• Measured value of ESP for the ZrD2 deuteride is not agreed of 1.6 factor in comparison

with calculation.
• To elucidate the reasons for the existing discrepancies between the values of Ue(ZrD2)

and Ue(TiD2) existing in the literature, it is necessary to study the dd-reaction mechanisms
in a variety of target materials and wide ranges of temperature and collision energy.

• Found value of Ue(TaD0.5) is in agreement with the values of the corresponding quantity
in the literature.

3.2. Channeling Enhancement Effect of dd Nuclear Reactions. In recent years, as noted in
Subsec. 3.1, in a number of experiments [12Ä21, 42Ä46], an increase of the (1a) and (1b) reac-
tion cross sections at the deuteron ultralow collision energies below 10 keV has been observed.
This phenomenon is very similar to an increase in the nuclear reaction rate in the central re-
gion of the Sun caused by the Debye screening of the nuclear Coulomb potential [9, 49] and
to the effect of screening of interacting nuclei by atomic electrons [50]. Within the screening
model, the nuclear reaction cross section σ(E) for screened nuclei is determined by reaction
cross section for bare nuclei σb(E) with energy shifted by the value of the screening potential
Ue [9]: σ(E) = σb(E + Ue). Considering weak energy dependence of the astrophysical S
factor, this increase expressed by the fdd factor is determined by the Coulomb penetration
factor [9]: σ(E) = σb(E + Ue) = σb(E)f(E), f(E)dd ≈ exp (πη(E)Ue/E), which can
be considerably large in the deep-subbarrier energy region (2πη(E) � 1). Naturally, this
enhancement also applies to the S factor: Sdd(E) = Sb(E)f . The upper scale boundary of
the screening potential 40.8 eV is dictated by the adiabatic limit [9], i.e., by the difference
of the helium ion and hydrogen atoms binding energies. It is easy to make sure that the
Coulomb interaction of the incident deuteron with the electron and deuterium nucleus average
over the hydrogen atom wave functions determines the screening potential Ue = 27.2 eV.
This value is very close to the experimental screening potential value (27±5) eV obtained for
the D(d, p)t reaction in a gas target [48]. The screening within the ThomasÄFermi model [50]
in the theory of metals yields ion screening potentials within the range from 17 to 30 eV that
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Fig. 5. TiD2 lattice: a) [111] direction; b) [100] direction. Small black circles are positions of deuterium
atoms, and large grey circles are positions of titanium atoms

is below the above-mentioned adiabatic limit. Nevertheless, a lot of experimental screening
potential values (see, for example, [42]) for nuclear reactions in solids are well above this
limit. There are no adequate theoretical models that could describe both anomalously large
screening potentials of hundreds of electron-volts and their behavior with increasing target
temperature [20]. Note that a number of experiments yield screening potential values within
the adiabatic limit in some targets and well above the adiabatic limit in others [51]. This
experimental and theoretical uncertainty requires other models to be devised to explain the
increase in the yield of nuclear reaction products at ultralow energies.

In 2012, it was assumed that allowance for channeling of particles incident on a solid
target could help one to explain enhancement of nuclear reactions in deuterium-saturated
metals [44]. As the channeling angle increases with decreasing of incident energy, more and
more particles participate in nuclear reactions, passing the regions with the minimum electron
density, which, in turn, leads to an increase in the yield of nuclear reaction products [44].

To determine quantitatively the contribution from the channeling to the enhancement of
nuclear reactions at ultralow energies, we need information on orientation of the target lattice
relative to direction of the incident accelerated particle beam, because there are orientations
of crystals such that deuterium atoms are completely shadowed by metal atoms. Figure 5
shows by way of example arrangement of atoms in the face-centered cubic lattice of titanium
deuteride under two orientations. As an example, under orientation 5, a) of the face-centered
cubic lattice of titanium with the Miller index [111], incident deuterons hit target deuterons
only after passing through the electron density maxima in titanium atoms. Under orienta-
tion 5, b) with the Miller index [100], the reverse is true: all target deuterons are in the places
of possible channeling of the incident particles in the electron density minimum. This simple
example indicates explicit dependence of nuclear reaction product yields on the structure of
a metal deuteride target. This situation can explain the above-mentioned uncertainty about
screening potential in various works. This work deals with investigation of the increase in
the neutron yield from the D(d, n)3He reaction at ultralow energies due to the channeling of
incident particles in titanium deuteride microcrystals with a face-centered cubic lattice like
TiD2 with orientation [100].

3.3. Method for Measuring the dd-Reaction Enhancement Factor in the Channeling
Mode. According to [53], there is a channeling for fast and slow particles. Classiˇcation of
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particles as fast and slow is dictated by energy E [52]:

Ec = 2Z1Z2e
2d/a2, (19)

here Z1 is the charge of the incident particle; Z2 is the charge of the target nucleus; e is the
electron charge; d is the spacing between the atoms in the chain, in our case, it is the lattice
period, a = a0 · 0.8853 Z2

−1/3, where a0 is the Bohr radius.
When E � Ec, particles are considered to be fast, and the channeling angle ψ is determined

by the relation [53]:

ψ < ψ1 =

√
E1

E
; E1 = 2Z1Z2e

2/d, (20)

when E � Ec, particles are considered to be slow, and the expression for the channeling
angle [53]:

ψ < ψ2 =

√√
3
2

a

d
ψ1 (21)

re
exes its weaker dependence on energy. For titanium deuteride d = 0.442 nm, and ac-
cordingly the threshold energy is Ec ≈ 100 keV. Therefore, we will further speak about
channeling angles determined by relation (21).

The total yield of the dd neutrons from the dx layer due to the channeling effect is
determined as

dN = InPσ(Ech(x)) dx + In(1 − P )σ(Eunch(x)) dx + I
srest

s
nrestPσ(Eunch(x)) dx, (22)

where I is the deuteron 
ux hitting the deuterium target from deuterides of metal; P is the
angular fraction of deuterons for which the channeling conditions are fulˇlled; nrest is the
local density of target deuterons for particles incident at small angles on a target ©columnª
with no deuterons at all, i.e., for normally incident particles we have nrest = 0; n is by
deˇnition the density of deuterons in the target average over the layer dx; ©chª and ©unchª
are the subscripts for energies of channeling and nonchanneling particles at the depth x used to
discriminate between the stopping powers of particles in the channel and outside the channel;
s is the total area of the target surface hit by the deuteron 
ux; sch is the area of channels in
which channeling is possible; srest is the target area without channels, i.e., sch + srest = s;
σ(Ech(x)), σ(Eunch(x)) are the cross sections of the studied nuclear reaction undergoing
in the channels and outside at the energy of channeling and nonchanneling particles at the
depth x equal to E.

Using (21), we obtain an estimate of the incident deuteron part with the energies of 7Ä
12 keV: (srest/s) < (1/6). It is evident from the angular distributions of incident deuterons
that the maximum P at the lowest deuteron energy is no larger than (1−P ). Since nrest/n ≈
srest/s, the third term is no larger than 3% of the second term. The last term in (21) is
therefore set to zero within the model under consideration.

Considering the aforesaid, the neutron yield per unit time from an inˇnitely thick target
is written as

N = IP

∞∫
0

nσ(Ech(x)) dx + I(1 − P )

∞∫
0

nσ(Eunch(x)) dx. (23)
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This expression does not involve such quantities as the local density of deuterons in the target
and the area of channels. The ˇrst term in (23) describes the contribution from the channeling
particles and the second term describes the contribution from the particles moving outside
the channel.

As is pointed out above, channeling particles move in the region of lower electron density.
This agrees with the experimental observation that the stopping power of the fast channeling
particles is about half the crystal-average one [52]. Therefore, nonchanneling particles that
move through the oriented crystal at small angles pass through the region where the electron
density is higher than the density average over the crystal. Nevertheless, the stopping power
of slow particles in the crystal is actually not known. Within the model in question, we
used the simplest dependence (dEch/dx) = β−1(dE/dx) and (dEunch/dx) = γ−1(dE/dx),
where (dE/dx) is the speciˇc stopping power for particles moving in an amorphous medium.
The parameters β and γ are determined from the experiment. Thus, we have a two-parameter
model for the yield of nuclear reaction products from the crystalline medium

N = (βP + γ(1 − P ))I

∞∫
0

nσ(E(x)) dx. (24)

It follows that the parameter β should be larger than 1 and γ no larger than 1. Calculation of
integrals in (24) involves speciˇc energy losses suffered by particles moving in an amorphous
medium, which are determined using the SRIM code [53].

If the stopping power for the target does not differ from that for the amorphous medium,
β = γ = 1, the factor β P + γ (1 − P ) in (12) becomes unity. If β �= γ, there arises energy
dependence of the neutron yield in addition to that determined by the integral in (24). In what
follows, we will refer to reaction product yields from an amorphous target as calculated yields,
and the difference between the neutron yield and the calculated yield will be determined by
the enhancement factor in the channeling model

fch(E0) = βP (E0) + γ(1 − P (E0)). (25)

Here E0 is the energy of the incident particles.
The angular fraction of the channeling beam particles depends on the angular distribution

of the incident particles relative to the target and the angular distribution of the target crystals.
In the next subsection, we will give data on the angular distribution of incident ions and

the structure of the solid target, which allow the function P (E) to be calculated.
3.4. Experimental Procedure. In this experiment, we have used the same setup as

in [19Ä21]. The detailed description of the setup is given in Sec. 2.
We measured the angular distribution of deuterons in the beam [54] in special additional

experiments. The titanium deuteride coating was produced by magnetron sputtering of tita-
nium in a gaseous medium consisting of argon and deuterium in a volume proportion of 4:1.
Figure 6 shows an electron microscope image of the titanium deuteride coating applied to
a single-crystal silicon backing. It is seen that the transverse size of the crystallites that
make up the surface is from 30 to 40 nm. Figure 7 shows an electron microscope image of
the cleavage of the titanium deuteride coating applied to a single-crystal silicon backing by
magnetron sputtering. It is seen that the coating is 1520 nm thick and consists of columnar
crystallites arranged parallel to one another. The crystallites ˇrst grow at a slant. At a distance
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Fig. 6. Electron microscope image of the sur-
face of the titanium deuteride coating applied to a

single-crystal silicon backing by magnetron sput-

tering. Magniˇcation 40,000

Fig. 7. Electron microscope image of a cleav-
age of the titanium deuteride coating applied to a

single-crystal silicon backing by magnetron sput-

tering. Magniˇcation 35,000

of 1 μm from the backing, the direction of their growth changes, becoming orthogonal to the
backing and the target surface. Thus, we succeeded in making deuterated titanium target with
all microcrystals oriented in the [100] direction. Distribution deuterium concentration over the
depth of the titanium deuteride layer was measured by the elastic recoil detection technique
using a beam of α particles with the energy of 2.3 MeV from the Van de Graaff accelerator
at the Frank Laboratory of Neutron Physics, JINR [38]. It turned out that the deuterium
concentration is constant over the depth of this target, but the real stoichiometry corresponds
to the formula TiD1.73. Titanium deuteride with this stoichiometry has a crystalline structure
of TiD2 and is stable to a temperature of 300◦C [55].

To obtain uniform coating, backings of stainless steel and single-crystal silicon are rotated,
crossing the sputtered titanium 
ux many times.

3.5. Analysis and Discussion of the Results. As is mentioned above, the incident ion beam
is distributed in energy with the full width at half-maximum from 14 to 16% of the average
beam ion energy. The energy distribution of the beam is well described by the Gaussian
function [19Ä21]. Designating the beam energy distribution function by F (E), we write the
calculated neutron yield as

Y calc
0 = Nd εn

∞∫
0

F (E) dE

E∫
0

σb(E′)
(
−dE′

dx

)−1

dE′, (26)

where Nd is the total number of deuterons that hit the target, and ε is the neutron detection
efˇciency.

It is convenient to change the integration order and recast (26) in the form

Y calc
0 = Nd εn

∞∫
0

σb(E)
(
−dE

dx

)−1

dE

∞∫
E

F (E′) dE′. (27)
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The calculated neutron yield in the screening model is then written as

Y calc
scr = Nd εn

∞∫
0

σb(E + Ue)
(
−dE

dx

)−1

dE

∞∫
E

F (E′) dE′, (28)

and in the channeling model with allowance for (25) it is written as

Y calc
ch = Nd εn (βP (E0) + γ(1 − P (E0)))

∞∫
0

σb(E)
(
−dE

dx

)−1

dE

∞∫
E

F (E′) dE′, (29)

where E0 is the incident ion energy average over the distribution F (E), which almost coin-
cides with the energy at the distribution peak because of smoothness of P (E) on the scale
of F (E).

Since the S factor linearly enters the equations for neutron yields (see (6)), it cannot be
explicitly extracted from (29). Therefore, we determine the constants β and γ, assuming that
the astrophysical S factor for the dd reaction is known, for example, from [47],

Sb(E) = A1 + EA2,

A1 = 5.3701 · 101 keV · b, A2 = 3.3027 · 10−1 b.
(30)

Thus, comparing the calculated and experimental yields, we can ˇnd the screening potential Ue

in the screening model and the parameters β and γ in the channeling model.
To see the enhancement factor of the nuclear reaction product yield from the deuterated

titanium, we can use Eq. (8) or (9) for the screening model or (25) for the channeling model.
Unfortunately, this approach does not allow an explicit comparison with experiment.

Therefore, we propose to compare three functions

fexp =
Yexp(Ei)
Y calc

0 (Ei)
, fscr =

Y calc
scr (U0

e ; E)
Y calc

0 (E)
, fch =

Y calc
ch (β0, γ0; E)

Y calc
0 (E)

, (31)

where Yexp(Ei) is the experimental neutron yield at the collision energy Ei, and U0
e , β0,

and γ0 are the screening and channeling model parameters obtained by minimizing the func-
tional

χ2
ch =

6∑
i=1

(Y calc
ch (β, γ; Ei) − Yexp(Ei))2

(ΔYexp(Ei))2
, χ2

scr =
6∑

i=1

(Y calc
scr (Ue; E) − Yexp(Ei))2

(ΔYexp(Ei))2
, (32)

where ΔYexp(Ei) is the error of the experimental neutron yield.
The experiments were carried out at deuteron energies from 7 to 12 keV with a step

of 1 keV. The background from cosmic radiation and natural radioactivity was continuously
monitored for each energy by detecting background events in the gaps between the accelerator
working pulses for a time of 10 ms equal to the duration of these pulses during which the
accelerated deuteron beam is impinging on the TiD1.73 target. The found background was from
5 to 0.5% for the deuteron energy range E0 = 7−12 keV. In addition, a special target unit was
developed, which allowed a target of deuterated metal to be quickly replaced by an identical
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Fig. 8. Experimental yield of neutrons from the TiD1.73 target

deuterium-free target without opening the vacuum chamber and thus to measure the neutron
yield and the background under the identical conditions. The results of the neutron yield
measurement from the 2H(d, n)3He reaction using TiD1.73 target with subtracted background
are shown in Fig. 8. Only statistical errors, with the background taken into account, are
given in Fig. 9. Fitting yielded the following values of the screening and channeling model
parameters that minimize functional (30): U0

e = (131 ± 43) eV, β0 = 2.74 ± 0.76, γ0 =
0.06 ± 0.15.

How well the experimental data are described can be judged by Fig. 9, which shows
enhancement functions (31). It is that both curves describe the experimental data well
and are almost indistinguishable. The screening potential value for the dd reaction in the
titanium deuteride agrees with the data of other our works [19Ä21, 56] and can therefore be
an appropriate parameter for a comparison with the channeling model.

The channeling model parameter β0 = 2.74± 0.76, which shows how much the stopping
power of a particle during channeling differs from the stopping power of a particle in an
amorphous medium, does not contradict the statement [20] that the stopping power of particles

Fig. 9. Experimental and model enhancement factors; ©expª is the experimental points, ©scrª is the

screening model curve, and ©chª is the channeling model curve
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during channeling in the region of high energies is about two times lower due to lower electron
density in the channeling region. The channeling model parameter γ0 = 0.06 ± 0.15, which
shows how much the stopping power of the particles that do not meet the channeling condition
differs from that of the particle in an amorphous medium, can be treated as a statement that in
the chosen energy region from 7 to 12 keV the entire contribution to the neutron yields comes
from channeling particles alone. Fitting of the one-parameter channeling model at γ = 0
equally well describes the experimental data and the curves in Fig. 8.

Thus, we have come to the following conclusions:
• The channeling model does not contradict the experimental data and can explain the

relative increase in the yield of nuclear reaction products at low energies.
• If the channeling model is valid, no exotic phenomena can be expected at ultralow-energy

deuteron channeling in metals.
• Unlike the case in the screening model, in this model the limit in values of the enhance-

ment factor does not tend to inˇnity.
• The limiting values of the increase of the yield in the channeling model are limited by

the possibility for all incident particles to channel, i.e., by the value of the parameter β.
• To clarify the situation and obtain correct information on mechanisms for nuclear

reactions in crystal line targets, a series of experiments with different target orientations
should be conducted.

• The most reliable results can be obtained with amorphous targets or those very similar
to them.

• If the channeling hypothesis is valid, no increase in the nuclear reaction product yields
with decreases of deuteron collision energy should be observed in amorphous targets. Since
it is technologically difˇcult to manufacture these targets, information on the crystal in the
state of the target should be indicated for decreasing the spread of results from experiments
on measurement of the neutron yield from the dd reaction.

3.6. The pd Experiment. From the standpoint of nuclear physics, it is particularly inter-
esting to study the pd reaction in the region of ultralow protonÄdeuteron collision energies as
a mirror reaction with respect to the reaction of radiative neutron capture by a deuteron [3, 4].

As to the role of the pd reaction in nuclear astrophysics, it should be mentioned that
it is an essential reaction of the Big Bang nucleosynthesis as one of the main channels for
production of 4He and it is also an important astrophysical reaction, the second step of the
pp cycle governing the processes of evolution and nucleosynthesis in cold stars (in low-mass
stars like our Sun, the pp cycle is one of the main (∼ 98%) energy sources).

To know the pd-reaction rate in the region of ultralow energies in the order of a few
keV (the position of the Gamow peak for a protostar) is necessary both for calculating
characteristics of evolution of stars and protostars (the pd reaction is the beginning of the
protostar development process) and for verifying stellar evolution models. Deuterium, which
is burnt is this case, is the primordial deuterium that resulted from the Big Bang rather than
weakly generated in the pp interaction [8].

Before the study of the pd reaction by using the Hall accelerator no theoretical and
experimental information has been published about the pd reaction in deuterides (hydrides)
of metals at ultralow protonÄdeuteron collision energies. There are only a limited number of
papers devoted to the study of the pd reaction in targets of gaseous deuterium [57], heavy
water D2O [58Ä60], and deuterated polyethylene [34, 61] (see Table 2).
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Table 2. Experimental and calculated astrophysical Spd factors and linear approximation parameters
for Spd(E) = S0 + S′

0 · E (E is the center-of-mass protonÄdeuteron collision energy)

Reference S0, eV · b S′
0, eV · b · keV−1 Spd(0), eV · b Spd(E), eV · b

Viviani et al. [62] 0.185 ± 0.005

Grifˇths et al. [58] 0.25 ± 0.04

Schmid et al. [59] 0.166 ± 0.005 0.0071 ± 0.0004 0.166 ± 0.014

Casella et al. [57] 0.216 ± 0.006 0.0059 ± 0.0004 0.216 ± 0.010

Bystritsky et al. [60]

0.237 ± 0.061
(E = 8.28 keV)

0.277 ± 0.064
(E = 9.49 keV)

0.298 ± 0.065
(E = 10.10 keV)

The S factor for the pd reaction depends on the protonÄdeuteron collision energy in a
practically linear manner, as should be expected from the analysis of the s- and p-wave
contributions to the cross section for the radiative proton capture by a deuteron [57Ä59].

Considering that the pd-reaction cross section is very small (10−34−10−32 cm2) in the
range of ultralow protonÄdeuteron collision energies (a few keV), quantitative experimental
determination of the contribution of the electron screening effect to the astrophysical S factor
for the given reaction is problematic at the real intensities of the accelerated deuteron (proton)
beams. Nevertheless, it is necessary to perform a number of experiments to determine (or
estimate) the contribution of the pd-reaction enhancement in metals saturated with deuterium
(hydrogen) to the astrophysical S factor. This necessity arises from the studies of the
dd-reaction mechanism in some metals saturated with deuterium. Calculation in the adiabatic
approximation for reactions (1a) and (1b) at deuteron collision energies near the Gamow peak
indicates slight in
uence of the electron screening effect on the behavior of the S factor.
Experiments with metallic deuterium-saturated targets, however, indicated that the electron
screening potential in the dd reaction increases by one order of magnitude, which, in turn,
leads to a signiˇcant increase in the astrophysical S factor in the energy range corresponding
to the position of the Gamow peak [12Ä24, 42Ä46, 60]. It is not excluded that the electron
screening effect can manifest itself in the pd reaction as well.

As is evident from the aforesaid and Table 2, the previous reported results of investigating
the pd reaction in the region of ultralow energies on classical accelerators were ambiguous and
accordingly called for further investigation of this process using radically different methods
for producing higher-intensity 
uxes of accelerated hydrogen ions.

A method worth noting in this respect is the one of conducting the pd experiment using
the high-current pulsed Hall accelerator with the closed electron current designed by us [19Ä
21]. We have experimentally studied for the ˇrst time the pd reaction (reaction (2)) in the
proton energy ranges of 11Ä19 keV and 9Ä19 keV (laboratory system) using the targets of
zirconium [26, 27] and titanium deuterides [25, 28, 29], respectively. Investigations of the
pd reaction in ZrD2 and TiD2 allowed us to extract information about: electron screening
potentials; dependences of the astrophysical factors for the pd reaction on collision protonÄ
deutron energy; enhancement factor of this reaction due to the electron screening effect.
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Below we describe the developed experimental setup and the results of investigating of
the pd reaction using solid-state deuteride targets and the pulsed Hall accelerator.

3.6.1. Experimental Method. Experimental determination of the astrophysical S factors,
electron screening factors and the enhancement factors for the pd reaction in the deu-
terides ZrD2 and TiD2 in the region of astrophysical energies is based on measuring the
yield of 5.5 MeV gamma quanta from reaction (2) and on using the parameterized de-
pendence of the reaction cross sections on the protonÄdeuteron collision energy (7) [19Ä
21, 26, 27, 25, 28, 29, 60].

The detailed description of the algorithm of the obtained experimental data analysis is
given in Sec. 1.

3.6.2. The ZrD2 Target. Analysis of the Experimental Data. The dependences of astro-
physical S factor and effective cross section on protonÄdeuteron collision energy for the pd
reaction occurring in zirconium deuteride at the proton energies Ep = 11−19 keV were mea-
sured. Figure 10 presents an example of the gamma energy spectrum obtained in one of the
exposures with the ZrD2 target at incident proton energy of 19 keV.

Figure 11 shows the dependence of the astrophysical S factor for the pd reaction on the
protonÄdeuteron collision energy in the interval from 6.3 to 10.4 keV measured with the
zirconium deuteride target in comparison with the similar dependences measured in [57, 59].

As is evident from Fig. 10, our values of the astrophysical S factor are in good agreement
with the results from [57] obtained with gaseous deuterium and are greater than the results
from [59] obtained with a target of heavy water (D2O) for reasons that are still obscure.

The increasing linear dependence of the astrophysical S factor on the protonÄdeuteron
collision energy measured in [57, 59] is conˇrmed within the measurement errors by the
measurement in our work [26, 27]. This indicates that the pd-reaction enhancement due to
the electron screening effect, if it ever exists, does not manifest itself in zirconium deuteride
at the observable level. It thus follows that its in
uence on the intensity of the pd reaction
in zirconium deuteride is much weaker than for the dd reaction. The theoretical evaluations
support this conclusion. The statistical errors of measured Spd(E) and the limited energy
interval of its measurements do not allow parameters of the linear functional dependence
Spd(E) = S0 + S′

0 · E to be determined with a high accuracy.

Fig. 10. Overall energy distribution of events recorded by eight NaI(Tl) detectors in exposure with the

ZrD2 target at a proton energy of 19 keV
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Fig. 11. Dependence of the astrophysical S factor for the pd reaction on the protonÄdeuteron collision

energy: the ˇlled circles are the data obtained in our experiment [26, 27]; the ˇlled squares are the
experimental data obtained in [57] (experiment with the gaseous deuterium target); the empty squares

are the experimental data [59] (experiment with the frozen heavy-water target); the lines 1 and 2 are the

results of the experimental data ˇtting obtained in [57] and [59], respectively. The parameters S0 and
S′

0 of linear functional dependence Spd(E) = S0 +S′
0 ·E have been found: S0 = 0.192±0.048 eV · b,

S′
0 = 0.0087 ± 0.0055 eV · b · keV−1

Figure 12 shows the dependence σ̃pd(Em) of the effective pd-reaction cross section on
the protonÄdeuteron collision energy Em.

It is seen that our dependence of the pd-reaction cross section on the protonÄdeuteron

collision energy calculated by formula σpd(E) =
Spd(E)

E
e−2πη is in good agreement with

Fig. 12. Dependence of the effective pd-reaction cross section on the protonÄdeuteron collision

energy. The ˇlled circles are the results of our work obtained using formula (17) Å Nexp
γ =

Npntεγ σ̃pd(Em)leff(Em)K(Em), the solid curve is the calculation of the pd-reaction cross section

by formula (7) Å σpd(E) =
Spd(E)

E
e−2πη using the corresponding measured S-factor values, and the

empty circles are the effective pd-reaction cross-section values measured in [57]
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the dependence of the experimentally-measured effective pd-reaction cross section on the
protonÄdeuteron collision energy obtained using the measured gamma-ray yields and Eq. (17).
Figure 12 also shows the dependence of the pd-reaction cross section on the protonÄdeuteron
collision energy obtained using Eq. (7). It follows from this result that the expression for
the gamma-ray yield from the pd reaction can be represented in a simple analytical form
by introducing the quantities σ̃pd(Em), leff(Em), and K(Em). In addition, Fig. 12 presents
the experimental values of the effective pd-reaction cross section measured with the gaseous
deuterium target [57].

Good agreement between the results of our work and [57] in terms of extracting infor-
mation on the value of the effective pd-reaction cross section indicates that the analytical
approach to determination of σ̃pd(Em) considered by us in [30] is correct.

3.6.3. The TiD2 Target. Analysis of the Experimental Data. The experiment included
several exposures to the 9Ä19 keV proton beam. Figure 13 shows the depth distribution of
relative atomic concentrations of titanium and deuterium in the titanium deuteride target.

The parameters of the pd reaction (2) obtained from the analysis of the experimental data
are shown in Table 3.

The value of the electron screening potential Ue was obtained by ˇtting the measured
yield of gamma quanta from reaction (2) as a function of the pd-collision energy using

Fig. 13. Distribution of the relative atomic concentration of titanium and deuterium inside the titanium

deuteride target. Black circles are the relative concentration on deuterium and black triangles are the

titanium concentration

Table 3. Results of the experimental data analysis

Ep, keV Ecol, keV Em, keV Sscr
pd (Ecol), eV · b Ue, eV fexp

pd (Ecol) σ̃pd(Em), nb

9 5.28 5.63 0.30 ± 0.04

242 ± 64

1.23 ± 0.14 1.20 ± 0.13

11 6.35 6.83 0.29 ± 0.03 1.19 ± 0.11 2.70 ± 0.25

13 7.41 8.03 0.29 ± 0.03 1.10 ± 0.10 4.72 ± 0.42

15 8.45 9.22 0.29 ± 0.02 1.14 ± 0.06 8.12 ± 0.44

17 9.48 10.41 0.29 ± 0.02 1.09 ± 0.06 11.58 ± 0.60

19 10.49 11.59 0.30 ± 0.02 1.07 ± 0.05 15.98 ± 0.77
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expression (6), Sb
pd(E) was replaced by Spd(E) from [57]. The found value of Ue is presented

in Table 3. The experimental values of the enhancement factor f exp
pd (E) are determined using

the expression

f exp
pd (E) =

N exp
γ (E)

N calc
γ (E, Ue = 0)

, (33)

where N exp
γ is the yield of detected 5.5 MeV gamma quanta from reaction (2), N calc

γ (E, Ue =
0) is the calculated yield of gamma quanta from reaction (2), according to (6) on the assump-
tion that Ue = 0.

Figure 14 shows the values of the enhancement factor f exp
pd for the pd reaction as a

function of the average protonÄdeuteron collision energy Ecol in the proton energy range of
9Ä19 keV calculated by (33).

The solid line shows the result of approximating the measured dependence f exp
pd (E) by

the function f theor
pd of the form:

f theor
pd (E) =

Nfit
γ (E)

N calc
γ (E, Ue = 0)

, (34)

where Nfit
γ (E) is the function describing the measured dependence of the gamma quantum

yield from reaction (2) on the protonÄdeuteron collision energy Ecol. As is evident from
Fig. 14, the experimental value of the enhancement factor is in good agreement with its values
calculated by (34). This fact indicates observable manifestation of the pd-reaction enhance-
ment due to electron screening of the interacting protons and deuterons in the TiD2 target in
the ultralow collision energy range Ecol = 5.3−10.5 keV. Figure 15 shows the dependence
of the astrophysical S factor Sscr

pd (Ecol) in the pd reaction on the protonÄdeuteron collision
energy Ecol in the energy interval from 5.3 to 10.5 keV measured with the TiD2 target.

The experimental values of the S factor in the pd reaction in the considered energy
region of a pd collision were obtained using formulae (6)Ä(8). The uncertainties of the
obtained Sscr

pd (Ecol) values were calculated as a superposition of the errors in measurement
of the gamma quantum yield from (6), the number and energy dependence of the incident
protons, the depth distribution of the deuteron concentration in the target, and the errors in

Fig. 14. Dependence of the enhancement factor fexp
pd for the pd reaction on the average protonÄdeuteron

collision energy Ecol. Solid line is the result of approximating the measured dependence fexp
pd (Ecol) by

expression (33)
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Fig. 15. Dependence of the astrophysical S factor Sscr
pd (Ecol) in the pd reaction on the protonÄ

deuteron collision energy Ecol. Empty circles are the results of this work, ˇlled circles are those
from [57]; the solid line is the result of approximating the data from [57] by the expression Spd(Ecol) =

0.216 + 0.0059Ecol

the calculation of the gamma quantum detection efˇciency and the speciˇc ionization losses
of proton energy in TiD2 in the range of ultralow collision energies.

The values of the electron screening potential Ue obtained by our team noticeably exceed
the respective values of the dd reaction occurring in the analogous target and in the identical
deuterium collision energy region [14, 19Ä21]. The result is quite unexpected because theoret-
ical estimations practically exclude observable manifestation of the electron screening effect
in this protonÄdeuteron collision energy range. The nature of this noticeably high effect is
yet to be understood. It is not clear either why the electron screening potential for the pd
reaction is more than two times as high as that for the dd reaction in the same astrophysical
energy region and in the target of the same material. There is an important point related to the
behavior of the dependence of the astrophysical S factor for the pd reaction on the particle
energy collision in the entrance channel that is worth mentioning.

A sort of constancy shown by the function Sscr
pd (Ecol) in the protonÄdeuteron collision

energy range is, in our opinion, due to the fact that the decrease in the S factor with decreasing
collision energy is compensated by the screening effect.

There is another noteworthy result, which has not been explained till now. It is the
experimentally-observed enhancement of the pd reaction at ultralow collision energies in the
titanium deuteride target and its absence in the Zr2D target [26, 27].

Figure 12 shows the dependence of the measured effective cross section for the pd reaction
σ̃pd(Em) on the protonÄdeuteron collision energy Em (Em is the protonÄdeuteron collision
energy at the maximum of the function P (E)). The values of σ̃pd(Em) were determined
from (17) using the experimentally-measured yield of gamma quanta from the pd reaction,
calculated values of effective proton range in the target leff(Em), and the value of K(Em).
The experimentally-obtained values of the effective cross section σ̃pd(Em) are given in Ta-
ble 3. In Fig. 12, cross sections for the pd reaction that are measured in [57] and correspond
to particular values of the effective protonÄdeuteron collision energy Em under the conditions
of the given experiment are also shown for comparison. As seen in Fig. 12, the calculated
dependence σ̃pd(Em) corresponding to the conditions of the experiment [57] lies a little lower
than the dependence σ̃pd(Em) measured experimentally by us. The discrepancy between these
dependences supports the existence of the electron screening effect of interacting protons and
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deuterons, which results in an increase in the pd-reaction cross section as compared with the
interaction of ©bareª protons and deuterons (see Eqs. (8) and (9)).

To conclude, the experimental data obtained by our team from studying the pd reaction
in the ultralow energy region indicate that:

• the phenomenon of electron screening in the pd reaction in titanium deuteride is exper-
imentally observed for the ˇrst time at a high conˇdence level;

• no electron screening effect is found in the pd reaction occurring in zirconium deuteride,
heavy water D2O, and polyethylene deuteride;

• to explain the nature of the existing differences between the mechanisms of the pd
reaction in various substances, it is necessary to conduct further research in a wider protonÄ
deuteron collision energy range using targets of various materials: deuterated metals from
various groups and periods in the table of chemical elements, semiconductors with different
types of conductivity, and insulators.
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