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Using noiseless solid-state CR-39 plastic track and Al2O3:C thermo-luminescent

detectors, the yields of 3.0 MeV protons from DD-reaction and soft x-ray photons
emitted from the cathode were studied in the periodic pulsing deuterium glow

discharge with titanium cathodes at low discharge voltages (in the range 0.8–2.5
kV) and high current density (300–600 mA/cm2). The analysis of DD-proton

yield versus accelerating voltages allowed us to estimate the deuteron screening
potential value US in the deuteron energy range of 0.8 < Ed < 2.45 keV. A

strong DD-reaction enhancement was found in the glow discharge (the effective
screening potential Ue = 610± 150 eV was found) compared to that for accelerator

experiments at higher deuteron energies (Elab ≥ 2.5 keV) and lower beam current
density (50–500 µA/cm2). X-ray measurements showed an intense (Ix = 1013 −
1014 s−1cm−2 ) soft x-ray emission (with a mean energy Ex = 1.2 − 1.5 keV)
directly from the titanium cathode. The x-ray yield is strongly dependent on the

deuterium diffusivity in the near the surface layer of cathode.

1. Introduction

Accelerator experiments performed recently1-9 at relatively low projectile energies
(Epr)lab ≤5.0 keV show the presence of non-negligible screening effects in the major-
ity of metallic targets, in particular under bombardment with deuterons. It should
be noted that experimental studies of fusion reactions in metal targets using light
nuclei indicate an exponential enhancement of the reaction probability (or astro-
physical S-factor) with a decrease in the projectile energy. Even for gaseous D2

target bombarded with low-energy deuterons down to (Ed)lab = 3.0 keV, the de-
duced screening potential Ue = 25± 5 eV was, remarkably, found to be higher than
the adiabatic limit of the DD-reaction in deuterium molecule (Uad. = 14.0 eV).1
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For most metals and some metal oxides6-9 the experimental DD-reaction en-
hancement and deduced screening potential Ue are rather larger than those mea-
sured for gaseous targets and predicted from the standard approximation of DD-
reaction cross-section at low energies.10 In Ref. [8], the experimental yield of the
D(d,p)T reaction for PdO target bombardment with low-energy deuterons down
to Elab = 2.5 keV was found to be 50 times higher than that predicted from the
standard DD-reaction cross-section deduced from the Bosch and Hale approxima-
tion for the DD-reaction yield at a deuteron energy Ed = 2.5 keV,10 corresponding
to a screening potential of Ue = 600 eV. In the works of Raiola and co-workers6,7

the yields of D(d,p)T reaction and screening potentials deduced from the astro-
physical factor were studied systematically for about 30 simple elements of periodic
table, including both metallic and some non-metallic elements. It was found that
majority of studied metals posses a “large” screening potential of Ue >100 eV, ex-
cluding, mainly, metals of group 4 (Ti, Zr, Hf) and group 11 (Cu, Ag, Au). The
authors6 ,7 did not find any specific experimental conditions or properties of bom-
barded targets (including accelerator deuteron current density, crystal and electron
structure of metals, Z, as well as deuterium diffusivity in the target) that affected
the DD-reaction enhancement and increased screening potential. At the same time,
it should be noted that the accelerator used in [6,7] allows only a weak deuteron
beam current, ranging from 1 to 54 µA, allowing measurements of the deuteron
yield only at relatively high deuteron energies (Elab > 5.0keV).

Kasagi et al.8,9 recently measured D(d,p)T yields in several metal and metal
oxide targets down to Ed = 2.5 keV using a low-energy accelerator that operated
with a higher beam current (a D+ beam current in the range 60–400µA), and found
that the screening potential value Ue at such beam intensity is strongly effected by
diffusivity of deuterium in metals. In the case of metals possessing a low deuterium
diffusivity and a high activation energy for deuteron diffusion (Ti and Au), the
screening potentials were found to be low: 65 ± 15 eV and 70 ± 10 eV, respectively.
These screening potentials are only two times above that for D2 gaseous targets. On
the other hand, in Pd and PdO targets with high deuterium diffusivity, the screening
potentials were found to be Ue = 310 and 600 eV, respectively;9 sufficiently high so
as to be referred to as “gaseous”–like valence electron screening.

So far, the DD-reaction yields in metal targets were studied using only accelera-
tors with relatively low beam currents (Jd ≤400 µA) and deuteron energies Ed ≥ 2.5
keV. A further decrease in accelerating voltage leads to problems with the beam
current that makes it impossible to detect DD-reaction products within a reason-
able experimental time, due to the vanishingly small yield. At the same time, the
study of DD-reaction yield and cross-section behavior at lower deuteron energies
(below the 1.0 keV range) is of a great interest for astrophysical and thermonuclear
studies.

An alternative opportunity exists to study DD-reaction yield in the Ed ≤ 1.0
keV projectile deuteron energy range using a high-current pulsed glow discharge in
deuterium. Earlier, it was shown11 that this type of glow discharge can generate
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Figure 1. (a) Schematic diagram of glow discharge set up; 1: Ti cathode; 2: Mo anode with
holes; 3: insulators; 4–15: µm thick Be-foil; 5: scintillator; 6: PEM power supply; 7: oscilloscope;

8: preamp; 9: PEM. (b) Schematic representation of an “open cathode” experiment. (a) thermo-
luminescent detectors and absorbing Be screens of various thickness. 1: cathode; 2: anode; 3: Be

foil screens; 4: thermoluminescent detectors or obscure camera; 5: metallic cassette to hold the
detectors; 6: absorbing Be foil screens with thickness ranging 15–300µm.

deuterons with energies ranging from 0.8 to 2.5 keV, and current densities ranging
from 300–600 mA/cm2, at a deuterium pressure in the range of 2 to 10 mm Hg. The
current density achieved on a glow discharge deuteron bombardment of the cathode
is about three orders of magnitude above that for the best low-energy accelerators.
A preliminary estimate shows that high current glow discharge deuteron bombard-
ment of a cathode target could allow detection of the reaction products down to
Ed ≤ 1.0 keV (for about several tens hours of glow discharge operation), assuming
that the exponential enhancement of the DD-reaction persists at lower deuteron en-
ergy. Moreover, the high-current glow discharge cathode-target bombardment may
induce a measurable level of x-ray emission that was predicted for DD-reaction in
the lattice environment,12 and simple x-ray diagnostics may be used to detect it.

In this paper, we show results from a systematic study of DD-reaction and x-
ray emission yields during very low-energy deuteron bombardment (in the energy
range 0.8 < Ed < 2.45 keV) of titanium cathodes in a high-current pulsed glow
discharge. The results of thick target yield measurements with titanium cathodes
allowed us to obtain an unusually high DD-reaction enhancement (about nine orders
of magnitude larger compared to the standard Bosch and Hale approximation of
DD-reaction cross-section to lower energies) at very low deuteron energies, described
by the screening potential Ue = 610 ± 150 eV.

2. Experimental Technique

The in-situ detection of charged particles from DD-reaction and x-rays was carried
out in a glow discharge vacuum chamber during discharge operation at different
voltages and currents.
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Figure 2. Current and voltage characteristics of glow discharge with a titanium cathode at two

deuterium pressures: p = 4.2 and 6.0 mm Hg.

2.1. Glow discharge facility

A schematic of the glow discharge facility with appropriate detectors is shown in
Figures 1(a) and 1(b). The distance between the massive movable Mo anode, and
the removable cathode (thickness h = 0.01 cm, area S = 0.64 cm2) was varied
over 4.0-5.0 mm. During discharge operation, the glow was spread over the entire
cathode area, so that the discharge regime used can be considered as an “anomalous”
one.13,14 The current and voltage repetitive pulses have approximately a square
shape, a duration of ∆τ ≈200-400 µs, a repetition frequency of 5 kHz and a short
rise time (less than 1.0 µs). The pulse parameters were continuously monitored
during discharge operation by a 2-channel (divided by U and I channels ) 100 MHz
memory oscilloscope. The power supply used allowed us to obtain a stable glow
discharge regime in the pressure range for deuterium (hydrogen) of P = 2.0−9.0 mm
Hg. During the discharge operation, the high current (voltage) fast pulsation has
not been typically observed within a 10 ns time resolution. It was found that a strict
continuous deuterium pressure stabilization during discharge operation resulted in
the stabilization of discharge voltage and current. At the conditions of the quasi-
stable glow discharge, the D+ energy in laboratory system would be exactly equal
to the voltage applied, because the very low degree of ionization in this type of glow
discharge (αi < 10−5), rules out completely the thermalization of the deuterium
plasma.13 In this established glow discharge regime, the uncertainty of the mean
deuteron energy was found to be ±10% of the nominal voltage, and is determined
primarily by small residual instabilities in the discharge voltage and current.

The current and voltage characteristics of the discharge measured at constant
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Figure 3. Proton calibration curve (track diameter versus proton energy) obtained by Van de

Graaf accelerator bombardment of Fukuvi CR-39 track detectors.

deuterium pressure show a good proportionality between the discharge current and
voltages in the ranges 100-300 mA and 800-2000 V, respectively as shown in Figure
2. To obtain the largest DD-reaction yield, maximal currents were chosen at appro-
priate deuterium pressure to correspond with the voltages employed, in accordance
with V –I characteristics presented in Fig. 2.

2.2. Thermistors

A temperature measurement done with thermistors attached to the back-side of
the cathode showed a 50-100 K temperature increase during discharge operation.15

However, this temperature reading was found to be not correct because experiments
show traces of melting over the whole cathode surface, under conditions when a
minimal input electric power density P ≥ 100 W/cm2 was used. Thus, we would
consider the maximum effective temperature of the titanium cathode subsurface
(comparable with the deuteron stopping range) under deuteron bombardment to
be melting point of titanium.

2.3. Emulsion detectors

To detect DD-reaction products during the operation of the discharge, several holes
were drilled out of the anode body. CR-39 track detectors were placed in the
discharge chamber space behind the anode (Fig. 1(a)) at a distance of R = 3.0
cm from the cathode surface. Measurements with the similar electrodes, but in
hydrogen glow discharge, were used as background experiments.

For charged particle detection (of 3.0 MeV protons from d(d,p)t reactions),
purified Fukuvi Chemical plastic CR-39 track detectors were used. These detectors
were calibrated (see Figure 3) using standard alpha sources (2.0–7.7 MeV), using a
beam of alphas from the cyclotron (in the range of 8.0–30.0 MeV), and using proton
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beams in the range of 0.5 to 3.0 MeV from a Van de Graaf accelerator. For the
identification of charged particle tracks (E > 100 keV/nucleon) the CR-39 detectors
were etched in 6N solution of NaOH at t = 70◦C for 7 h. Visualization of tracks
and measurement of their diameters were carried out with a microscope equipped
with a digital camera. In accordance with the proton calibration, 3.0MeV protons
expected from DD-reaction are located near a track diameter of 5.2 µm. To prevent
the electrode material sputtering, and also to avoid the effect of the deuterium
plasma on the CR-39 surface, the detectors were covered by an Al foil 11 µm thick,
which is transparent for 3.0MeV protons and high-energy alpha particles. Using the
calibration data, we carried out an estimation of the CR-39 detector efficiency with
respect to 3.0 MeV protons. Measurements showed that at a cathode to detector
distance of R = 3.0 cm, the CR-39 efficiency is determined only by the geometrical
factor (at normal incidence of protons on the detector16). Taking into account also
the total area of the holes drilled in the anode body, the efficiency of 3.0MeV proton
detection was found to be εp = 5.6× 10−3 in 4π-steradian.

2.4. Thermal Luminescent Detectors

To estimate the mean energy and intensity of soft x-rays emitted during the glow
discharge operation, sensitive Al2O3-based thermoluminescent detectors with a set
of 15-300 µm thick (2.8-55.5mg/cm2) Be-foils were employed. The thermolumines-
cent detectors register the absorbed radiation dose quantitatively in absolute units
while avoiding electrical noise pickup. Seven thermoluminescent detectors, each 5
mm diameter, were located 70 mm from the back side of the anode, outside of the
discharge zone. In special experiments to obtain the exact position of the x-ray
source in the glow discharge, the molybdenum anode was shifted 20 mm with re-
spect to cathode. In this case, thermoluminescent detectors were exposed directly
to the cathode surface. Thermoluminescent detector calibration has been carried
out using a standard Cs137 gamma source. To read out thermoluminescent detector
and analyze the TL-glow-curves, a 2080 TL-Picoprocessor device of Harshow Co.
was used.

2.5. Plastic scintillator detector

Time correlation of x-ray emission with the glow discharge current pulses was stud-
ied with a photoelectron multiplier and plastic scintillator (17 mm diameter). These
experiments were carried out in a hydrogen atmosphere with a titanium cathode
at a pressure of P = 4.0 torr and a current of I = 100 mA. Detection methods
included also a camera obscura designed to image the soft x-rays onto an x-ray
film. The camera obscura provides spatial resolution of the x-ray emission, while
the scintillation detectors provide temporal resolution of the x-ray emission.
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2.6. Proton track detection

Charged particle detection experiments were carried out at voltages ranging from
0.8 to 2.45 kV, and currents ranging from 240 to 450 mA. The duration of each
experiment with fixed discharge voltage was t = 7.0h. Preliminary measurements
with CR-39 track detectors covered with Al-foils showed statistically significant
numbers of 3.0MeV proton tracks, that depended on the glow discharge voltage
and current. Typical distributions of charged particle tracks as a function of the
track diameters, dependent on the shielding thickness, for deuterium and hydrogen
glow discharges with U = 1.25 kV and I = 240 mA are shown in Figures 4(a)-4(c).
As seen from Fig. 4(a), the track diameter depends strongly on the Al or (Al+PE)
shielding thickness in accordance with expected energy losses for 3.0MeV protons17

that were generated during deuterium bombardment of titanium cathode. At an
Al shielding thickness of 11 µm, the position of the peak as a function of of track
diameters occurs at d = 5.2µm (Ep = 2.85 MeV). This peak tends to shift to larger
diameters with increasing of shielding thickness, reaching the d = 6.9µm which
corresponds to Ep = 0.5 MeV for the shielding 33 µm Al + 60µm PE [see Fig.4(c)].
In the case of glow discharge experiments in hydrogen under the same conditions
(voltage, current and pressure), no tracks were observed in the range corresponded
to 3.0MeV protons at any shielding thickness [Fig. 4(a)-(c), Ti/H2].

To calculate a thick target yield of 3 MeV protons from the cathode bombarded
with deuterons having energy Ed, we used the following formula:3

Yt(Ed) =

Ed∫
0

ND(x)σlab(E)(dE/dx)−1dE, (1)

where ND(x), σlab(E) and dE/dx are the density of target deuterons in the titanium
cathode, the reaction cross section and the stopping power of deuterons in Ti,
respectively. The parametrization of Bosch and Hale was used to describe the cross
section, with an extrapolation to lower energies that gives good agreement with
the gas target experiment.10 The stopping power of deuterons in the Ti target is
assumed to be proportional to the projectile velocity at low deuteron energies.17

The yields of 3.0 MeV protons obtained at different deuteron energies ranging
from 0.8 to 2.45 keV were normalized to those at maximum voltage U = 2.45
kV, taking into account the power of discharge or effective temperature at the
target surface that both affect the change of effective deuteron concentration in
the Ti ND(x). In this case, the yield should be corrected for the power (effective
temperature) applied to the target, reflecting the change in deuterium concentration
in the Ti-target: ND(eff) = k(W, T)ND(x), where T and W are the temperature
and power at the target surface, respectively that are corresponded to the applied
discharge voltage U and current I. The coefficient k can be derived as:15

k(W, T ) = exp
[
− εd∆T

kBTmT0

](
Wm

Wx

)
, (2)

where εd = 0.04 eV is the activation energy of deuterons that escape from the Ti
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Figure 4. Distributions of track diameters in glow discharge with deuterium and hydrogen at

p = 6.0mm Hg; U = 1.25kV; J = 240mA (exposure time τ = 7.0h); the distance between the
detectors and cathode R = 3.0 cm: (a) CR-39 detector covered with 11µm thick Al foil. Position

of peak at d = 5.2µm corresponds to 3.0MeV protons, taking into account the energy loss in
11 µm Al is ∆Ep = 0.2 ± 0.1MeV); (b): CR-39 detector covered with [22µm Al foil + 60µm PE

film] coating. Position of peak at d = 6.4µm closely corresponds to 3.0MeV protons taking (total
energy loss in coating is ∆Ep = 1.1 ± 0.2MeV); (c): CR-39 detector covered with [33µm Al foil

+ 60µm PE film] coating. Position of d = 6.9µm peak closely corresponds to 3.0MeV protons
(total energy loss in coating is ∆Ep = 2.5 ± 0.2MeV).

surface during bombardment; Tm = 1941 K is the Ti melting point, T0 = 290 K is
the initial target temperature, ∆T = Tm−T0 , Wm = 906.5 W is a maximum power
at Ed = eUm = 2.45 keV and Im = 370 mA; Wx is the power corresponding to
other (lower) voltages and currents in the glow discharge with the titanium target.
The value of εd was determined from accelerator data8, by Arrhenius plotting18

of 3.0 MeV proton yields for Ti target in the temperature range of 180-195 K, at
Ed = 10.0 keV (with no enhancement) (see Fig. 5).
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Figure 5. Normalized proton yield in Ti target versus temperature under accelerator deuteron

bombardment at Ed = 10.0keV and J = 60–100µA. Solid line marks an Arrehnius plot.

3. Experimental Results

Measurements with CR-39 track detectors covered with 11 µm Al-foils showed
statistically significant numbers of 3.0 MeV proton tracks, depending on the glow
discharge voltage and current. Typical distributions of charged particle tracks as a
function of their diameters for a deuterium glow discharge, at two different voltages
U = 2175 V and U = 805 V at the same current I = 250 mA are presented in Fig.
6. The position of the 3.0 MeV proton tracks at d = 5.2µm is in good agreement
with the calibration data (Fig. 3) and previous measurements at U = 1.25 kV
(Fig. 4). The results, including the number of counts obtained for different deuteron
energies and currents, taking into account the temperature correction coefficient k

determined according to Eq. (2), are presented in Table 1. As shown in this table,
the yield of DD-fusion protons in the energy range of 2.45-0.8 keV decreases about
3 orders of magnitude, taking into account the power and temperature-dependent

Table 1. Specific 3.0 MeV proton yield at different glow discharge voltages 〈U 〉

〈U 〉 〈I〉 Wm N(5.2µm) k(W,T) 〈Np〉 [〈n/ε〉 ± σ] (p/s) Yp

V mA W cm−2 (cps) in 4π steradian (p/C)

805 250 201.3 30 0.0022 2.6 × 10−6 (4.7 ± 1.4) × 10−4 0.0019

850 225 191.3 28 0.0016 1.8 × 10−6 (3.3 ± 1.1) × 10−4 0.0015
1000 370 370 35 0.036 5.0 × 10−5 (9.0 ± 1.9) × 10−4 0.0025

1145 370 420 54 0.053 1.1 × 10−4 (2.0 ± 0.3) × 10−2 0.053
1190 240 286 30 0.013 1.6 × 10−5 (3.0 ± 0.5) × 10−3 0.013

1435 250 359 50 0.033 7.0 × 10−5 (1.3 ± 0.2) × 10−2 0.052
1500 450 675 71 0.16 4.5 × 10−4 (8.1 ± 0.5) × 10−2 0.18

1647 300 495 62 0.083 2.1 × 10−4 (4.0 ± 0.5) × 10−2 0.13
2000 370 740 159 0.19 1.2 × 10−3 0.21 ± 0.02 0.57

2175 250 544 252 0.11 1.1 × 10−3 0.20 ± 0.02 0.80
2450 370 906.5 317 0.27 3.4 × 10−3 0.61 ± 0.04 1.65

Here 〈U 〉, 〈I〉 and Wm are the mean discharge voltage, current and amplitude power during

discharge operation (t = 7.0h); N is a 3.0MeV proton track density in CR-39 detectors; 〈Np〉 is a
mean count rate of 3.0MeV protons; 〈n/ε〉 is the proton yield in 4π-solid angle, taking into account

efficiency ε = 5.6 × 10−3 of proton detection and Yp is the specific proton yield per Coulomb of
deuteron charge transmitted through titanium cathode.
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Figure 6. The 3.0MeV proton yield detected by 11µm Al covered CR-39 detectors in deuterium

glow discharge at the same current and different accelerating voltages: U1 = 805V and U2 =
2175V.

coefficient k. If the coefficient k were neglected, the yield would be decreased
only by one order of magnitude [see column N(5.2µm)], because the deuterium
concentration in the Ti at lower voltage in accordance with Eq. (2) is rather higher
than that at U = 2.45 kV.

3.1. Enhancement factor at low energy

In Fig. 7 the results of normalization of DD-proton yields Yx at lower energies to
those at Ed = 2.45keV are presented and compared to the standard DD-reaction
yield behavior (solid line) calculated in accordance with Bosch and Hale DD-cross-
section approximation, similarly to Refs. 8 and 9. Even with the total error of
measurements, involving as systematic errors of detection and instabilities of the
glow discharge (±10% for current and voltage) as well, the experimental Yp/Y (2.45)
dependence as a function of deuteron energy is well above the standard Bosch and
Hale bare approximation curve. This fact definitely indicates presence of a large
enhancement of the DD-reaction at the Ti-cathode surface at very low deuteron en-
ergy. To estimate the possible enhancement factor f(E) of for the DD-reaction, and
the electron screening potential Us during glow discharge operation for deuterons
with energies ranging from 0.8 to 2.45 keV, the following formula3 was applied:

f(E) =
Yp(E)
Yb(E)

= exp
[
πη(E)Ue

E

]
, (3)

where Yp(E) is the experimental yield of DD-protons in glow discharge, Yb(E) is
the bare yield at the same energy determined by Bosch and Hale approximation;
2πη = 31.29Z2(µ/E)1/2 is the Sommerfeld parameter (here Z is the charge number
of deuteron in the case of D+ projectile and target, µ the reduced mass and E is the
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Figure 7. Experimental yield of 3.0MeV protons at 0.8 < Ed < 2.45 keV, normalized to that

at Ed = 2.45keV. The bare cross-section corresponded to Bosch and Hale approximation to
Ed ≤ 2.45keV is marked by a solid line. The dashed line is a DD-reaction yield in accordance

with a screening potential value Ue = 610 eV.

center of mass deuteron energy). The data obtained in accelerator9 (curve 1) and
glow discharge experiments with a titanium target cathode (curve 2) are shown in
Fig. 8. In the case of the accelerator measurement with a titanium target at 2.5 <

Ed < 10.0 keV, the deduced screening potential was found to be Ue = 65 ± 10eV.9

However, for the glow discharge experiment, the screening potential estimated via
enhancement data (curve 2) was found to be as large as Us = 620 ± 140 eV. For
instance, this experimental enhancement for glow discharge in terms of DD-proton
yield even at Ed = 1.0 keV is about nine orders of magnitude larger than that
predicted with bare (Bosch and Hale) cross-section (Fig. 8, curve 2).

The glow discharge yields in the range of 0.8-2.45 keV, normalized to that for
the accelerator measurement at Ed = 10.0 keV (taking into account power and
temperature corrections of the glow discharge yield with respect to accelerator), are
shown in Figure 9; along with accelerator yields obtained during bombardment of a
cooled Ti target.8 As in the Fig. 8, the glow discharge yields are much larger than
lower energy results deduced from the accelerator data at Us = 65 eV.

Thus, the glow discharge low-energy yields, being treated the same way as ac-
celerator data,8,9 exhibit larger enhancement at very low D-energy (Ed < 2.45 keV)
than was expected from the accelerator bombardment. This strong enhancement in-
dicates that at very low-energy range of high-current projectile deuterons, the yields
of DD-reaction can be significantly larger than that predicted from the standard
(Bosch and Hale) cross-section behavior.
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Figure 9. Thick target yields for the glow discharge experiments in D2 with Ti cathode (0.8

< Ed < 2.45 keV) and for accelerator bombardment (2.5 < Ed < 10.0 keV) of Ti and Au targets.
Both glow discharge and accelerator yields are normalized to that for Ed = 10 keV obtained for

accelerator bombardment.
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discharge (U = 1.25 kV, J = 200 mA, p = 4.4 mm Hg) using the method of x-ray absorption in
Be-foils of different thickness. The thermoluminescent detector spectrometer shown in Fig. 1(b)

was employed. Ix and I0 are the transmitted through the Be-foil and incident x-ray radiation,
respectively.

3.2. Soft x-ray emission

Experiments showed that deuteron bombardment of the titanium cathode in the
pulsed-periodic glow discharge is always accompanied by intense soft x-ray emission.
In the glow discharge experiments involving thermoluminescent detectors with a Ti
cathode at I = 200 mA and U = 1.25 kV, high intensity [Ix ≥ 1013 photon/s
in 4π-steradian] soft x-ray emission with energy Ex = 1.1 − 1.4 keV was detected
(Fig. 10). It is important that the mean energy of x-ray photons emitted during
glow discharge operation is close to the bombarding deuteron energy.

To establish the source of the x-ray in our glow discharge a special movable
design of the anode was employed, allowing change the anode position with respect
to cathode [Fig. 1(b)]. Using the cathode-anode geometry with “plasma”- anode,
(i.e. when the anode is 20mm shifted aside with respect to cathode) causing the
cathode area is fully opened toward the window of the camera obscura with x-ray
film, we found that the main fraction of x-ray quanta detected by thermoluminescent
detector (>90%) is emitted directly from the Ti-cathode surface. The positive image
of x-ray emission from the open cathode taken by the camera obscura (Fig. 11),
showed a bright spot comparable with diameter of the cathode area.

The x-ray pulses are strongly correlated with the current pulses in the stationary
glow discharge regime. The rise of current and voltage in glow discharge resulted in
an essentially nonlinear yield of the x-ray emission (see Fig. 12). The onset of the
x-ray signal recorded by the plastic scintillator detector usually coincided with the
current pulse start. The x-ray signal reaches its maximum within the time of few
µs, and then drops slowly within 200 µs duration.

It was found that the energy of x-ray quanta estimated with Be-shielded thermo-
luminescent detector depended weakly on the discharge voltage (deuteron energy)
in the range of 1.2-1.8 kV (Fig. 13). These experiments were carried out at constant
discharge current J = 200 mA. To change discharge voltage within 1.2-1.8 kV at
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dcathode

Figure 11. Image of x-ray emission from the titanium cathode using the camera obscura. The

0.3mm diameter objective is narrowed by the use of a 15 µm Be shield in front of the camera.
Conditions of the discharge: J = 150mA, U = 1250V, p = 5.3mm Hg; exposure time: 1000 s.

The image shown is a positive imprint.

constant current, the deuterium pressure was varied in the range of 2.0-9.0 mm Hg.
We found that at U ≤ 1.6 kV, the x-ray quanta energy is about Ex = 1.22 ± 0.15
keV, and does not depende significantly on the applied voltage; while at U > 1.6
kV the energy tends to increase with voltage reaching Ex = 1.43± 0.15 keV.

Glow Discharge Current
400 µs

X-Ray Emission (PEM)

Figure 12. Synchronized time-dependent measurements of the x-ray emission (using the plastic

scintillator detector) and the glow discharge pulsed current (pulse duration ∆τ = 400µs), in a
deuterium glow discharge (U = 1.4 kV, J = 250 mA, p = 4.2 mm Hg).
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Figure 13. Estimation of a mean x-ray quanta energy, emitted from the Ti-cathode using thermo-

luminescent detector spectrometer (Fig. 1(b)) in D2 glow discharge operating at constant current
J = 200mA and voltages ranging 1.2–1.8kV.

3.3. Dependence of soft x-ray emission on discharge power

Measurements of the x-ray dosage absorbed by the thermoluminescent detector, at
different currents varying within the range 100-270 mA, and corresponding voltages
ranging from 1.0 to 1.8 kV, at constant D2 pressures p = 6.0 and 4.2 mm Hg, showed
an exponential increase of yield Ix with increase in effective discharge electric power
P *=UJQ (where Q = 0.15 is the constant pulse period-to-pulse duration ratio).
This is illustrated in Figure 14. The soft x-ray yield at constant deuterium pressures
was found to be in good agreement with a law:

Ix = I0 exp
[

ε

kTm

] (
P ∗x

P ∗0

)
, (4)
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Figure 14. The total doses of soft x-ray quanta emitted by Ti-cathode absorbed by thermolu-

minescent detector placed at the distance of r = 7.0 cm from the cathode for t = 6000s (taking
into account the geometry of measurements) versus the discharge effective power P∗ = UJQ

(Q = 0.15 is a pulse on-to-off time ratio) at two different constant pressures: p1 = 6.0mm Hg and
p2 = 4.2mm Hg.
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Figure 15. x-ray yield from the Ti cathode at p = 4.2mm Hg per bombarding deuteron versus

effective power P*.

where I0 = 0.98 Gy for p = 6.0 mm Hg and I0 = 0.725 Gy for p = 4.2 mm Hg,
ε = 0.04 eV [the activation energy of deuteron escape from Ti surface (Fig. 5)
used for 3.0 MeV proton yield correction to the loss of deuterium concentration via
diffusion from Eq. (21)]; Tm = 1941 K (Ti melting point) and minimum effective
power P ∗

0
∼= 6.0W for both pressures.

The efficiency of x-ray production per deuteron (representing, in fact, the num-
ber of emitted x-ray quanta as a function of discharge current) as a function of the
effective power also obeys to the similar exponential law with the same parameters
ε, Tm and P ∗

0 as shown in Figure 15. We note that the x-ray yield in Ti targets
will depend strongly on the deuterium concentration at the titanium surface at the
melting point, and tends to increase with the effective temperature of the target
(Teff ∼ P ∗).

4. Discussion of Results

So, our study of nuclear and x-ray emission from a titanium cathode in a high-
current D-glow discharge, at voltages in the range 0.8-2.45 kV, showed strong
DD-reaction enhancement in the Ti cathode accompanied by intense soft x-ray
emission. Unlike the accelerator experiments at much lower D+ beam current and
higher deuteron energies,6–9 where a low enhancement (Ue ≤60 eV) was found for
titanium, in the present work involving the glow discharge measurement at very
low deuteron energies we obtained a remarkably higher screening potential for the
titanium cathode.

4.1. Potential sources of error

Let us now consider possible sources of error during low-energy glow discharge
experiments that could lead to an overestimation of the screening potential and
enhancement in titanium. As was shown in earlier works with accelerators,1,3 the
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application of the standard procedure of screening potential estimation via thick
target yield at different deuteron energies, and comparison of these yields with a
Bosch-Hale parametrization, might actually exclude the enhancement errors result-
ing in the uncertainty of deuterium concentration. The stopping power of deuterons
in Ti in our measurements is assumed to be proportional to the projectile velocity
vd, at least down to Ed = 1.0 keV, in accordance with existing results for some
metals and semiconductors.19,20 At the same time, additional measurements of the
stopping power at low deuteron energies Ed ≤ 1.0 keV that can show deviations
from the dE/dx ∼ vd law are highly desirable.

The possibility that deuteron channeling might effect the enhancement was con-
sidered in Refs. 6 and 7. It was concluded that the channeling phenomenon is not
a primary cause of the large observed cross section enhancement due to random
orientation of the polycrystalline target as well as radiation damage of the crys-
talline structure; especially in the case of an intense deuteron flux that leads to
large dechanneling of deuterons. We can also exclude the effect of molecular ion
component (D+

2 /D+
3 ) of the glow discharge as a cause of enhancement overestima-

tion in Ti target because the recent works using both D+ and D+
3 projectile ions

showed almost the same screening effects.6

On the other hand, non-negligible instabilities of both discharge voltage and
current, and the high cathode temperature (compared to accelerator experiments)
should be considered as a main source of the error in the enhancement estimation
during experiments on this glow discharge deuteron bombardment of metal cathode.

Indeed, voltage and current instabilities in our experiments reached about 10%
at a stable deuterium pressure. These instabilities lead to increase of experimental
errors of the thick target yield and enhancement factor, such that resulting screen-
ing potential derived from Eq. (3) was found to be Ue = 610 ± 150 eV, where the
deviation δUe = ±150 eV constitutes about 25% of total Ue and includes correc-
tions from the voltage and current instabilities. Meanwhile, in absence of essential
deuteron energy spread in accelerator experiments the uncertainties of screening
potential calculation do not exceed of 10%. It should be emphasized that at low
deuteron energy Ed < 5 keV the screening error in accelerator experiments is mainly
determined by the systematic error of detection; due to the relatively low operating
beam current, the count rate of DD-reaction products becomes very rare. Contrary,
in glow discharge experiment the count rate of DD-reaction 3.0 MeV protons even
at Ed ≤ 1.0 keV is still well above the statistic error due to high deuteron current
applied to the target. In any event, our experimental yields of DD-fusion protons
from the titanium cathode remains considerably above the standard yield. With
decreasing deuteron energy, the difference between experimental and standard yield
has tend to increase, significantly exceeding all experimental uncertainties, including
errors of detection (Table 1) as well as instabilities of the voltage and current.

In order to use the voltage to control the deuteron energy, the experiments on
glow discharge deuteron bombardment were carried out at different deuteron cur-
rents (deuterium pressure) and therefore at different discharge power, corresponded
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to selected deuteron energies shown in Figs. 7-9. To exclude the effects of discharge
power caused by the heating of a subsurface layer (that is comparable in size to the
stopping range of the deuterons) which results in a deuteron concentration change
during bombardment, we introduced a coefficient k(W, T ) [Equation (2)] that takes
into account the discharge electric power normalization to the maximal power used
at a melting point temperature. Note, that the constant k(T ) = εd∆T/kBTmTo is
about 0.3 and cannot be strongly increased. The reason is that this assumption is
based on the fact that the activation energy of deuteron escape from the titanium
surface (Fig. 5) has been determined from accelerator data for the low temperature
range (170–190K), and could be considered as a minimal one because activation en-
ergy of hydrogen migration at high temperatures has tend only to decrease.21 Thus,
the correction of the deuteron concentration as a function of the applied discharge
electric power that defines the change in deuterium concentration in Ti subsurface
layer due to D-diffusion can be considered as a reasonable one. In the absence of
this correction, the experimental yields of DD-reaction at lower deuteron energies
would be unrealistically increased.

Another possibility exists, which might provide an enhancement of DD-reaction
rate due to projectile energy spread by itself, as well as thermal and vibrational
motion of target atoms.22 However, using the results of Fiorentini et al.23 it is easy to
show that, for instance at Ed = 1.0keV in the case of glow discharge with deuteron
energy spread ∆E ≈ 100 eV and target atom thermal (Eth ∼ 7.0 kT ) and vibrational
(Evib ∼ 0.1 eV20) motion energies, the corresponding total enhancement correction
does not exceed about ∆f ≈ +10%. This correction of the enhancement factor
f(E), that would increase experimental value could be considered as a marginal
one because at Ed = 1.0keV the f(E) number is about 109 in accordance with
formula Eq. (3). Hence, both a large energy spread and high target temperature
compared to accelerator experiments that are observed in the high-current glow
discharge experiments cannot explain enhancement deduced from Eq. (3), in terms
of a beam width and thermal motion of target atoms.

Therefore, in-spite of additional experimental uncertainties due to peculiarities
of glow discharge cathode bombardment compared to accelerator metal target im-
plantation, the data on DD-reaction yields and screening potential obtained in this
work plotted in Figs. 7-9 can be considered as reasonable, taking into account
possible error analysis.

4.2. Connection between soft x-ray emission and screening

The large enhancement of the DD-reaction with a Ti cathode detected in glow
discharge experiments is accompanied by unusually intense x-ray emission from the
cathode surface underwent by deuteron bombardment. Such emission was never
been observed earlier in low-energy accelerator experiments, perhaps due to small
deuteron beam currents and significantly lower specific power applied to subsurface
layer of metal target, compared to the glow discharge.

The proof that only x-rays are detected by the thermoluminescent detector
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shielded by Be-foils with different thickness can be obtained from the next con-
sideration. In general case, the thermoluminescent detector activation could be
carried out either by x-ray, or by electrons with energy in the range of several tens-
several hundreds keV. Taking into account the discharge voltage, it is difficult to
imagine the possibility of electron acceleration by the energy E > 10 keV. On the
other hand, electrons possessing an energy E < 10 keV should be completely ab-
sorbed by the Be foil with thickness h < 15 µm. In our case, the radiation detected
by thermoluminescent detector decreases essentially (1 order of magnitude) only at
an absorber thickness h > 100 µm (Fig. 10). Thus, it can be consolidated that
radiation detected by thermoluminescent detector shielded by Be-foils is made up
of soft x-rays attenuated by the Be foil in accordance with the x-ray absorption low.

Let us consider possible mechanisms that could involve simultaneous DD-
reaction enhancement and soft x-ray emission from the surface of the Ti-target
subjected by low-energy deuteron bombardment. Note that so far the screening
mechanism of DD-reaction in metals remains a mystery because there is no devel-
oped approach to explain Ue > 100 eV (strongly above adiabatic limit) by normal
valence electron screening.24 Here we note that metal host inner electron shells may
somehow to take part in the screening.6

In Table 2, the screening potential values for some metal targets, taken mainly
from accelerator data obtained by different experimental groups,6-9 including our
glow discharge result, are presented and compared to the energies of the closest inner
electron shells of corresponding metals. As seen, the screening potential values for
these metal targets deduced from the data of different experimental groups are in
satisfactorily agreement (within the 1–2 standard deviations) with the energies of
electron inner shell of target host atoms.

The proximity of obtained deuteron screening potentials Us and the energy levels
of inner shells of the metal-host targets (in particular, the LII electron shell energy in
Ti-atom is consistent with Es = 610±140 eV) allows us to assume some correlation
between the mechanism of deuteron screening and the mechanism of x-ray gener-
ation by the Ti-cathode under conditions of dynamical loading with deuterium by

Table 2. Deuteron-deuteron Screening potentials for metal targets.

Target/Ref. ∆Ed(lab) ∆J (mA) T (K) Ue (eV) Closest E(level)

(keV) metal-host (eV)
level

Ti7 5–30 0.054 263 ≤30 Ti (MII/MIII) 32.6
Ti9 2.5–10.0 0.06–0.25 186 65 ± 15 Ti (MI) 58.3

Ti* 0.8–2.45 225–450 1941 610 ± 150 Ti (LII) 461
Au7 5–30 0.054 263 61 ± 20 Au (OII) 71

Au9 2.5–10.0 0.06–0.25 180 70 ± 10 Au (OII) 71
Pd 7 5–30 0.054 263 800 ± 70 Pd (MI) 670

Pd9 2.5–10.0 0.06–0.30 313 310 ± 30 Pd (MV) 334
PdO9 2.5-10.0 0.06-0.30 193 600 ± 20 Pd (MII) 560

*Glow discharge measurement.
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high-current glow discharge. In this connection, one possible approach to the large
deuteron screening in Ti assumes that bombarding deuterons would interact coher-
ently with deuterium flux being massively diffused out of the target (“deuterium
fluid”) in the subsurface layer of the Ti-cathode.18,25 High diffusivity of deuterium
in the glow discharge condition is caused by a high current and temperature in the
target layer comparable to the deuteron stopping range. The deuterons diffused in
d-metals with high hydrogen affinity should be dynamically bound to the d-valence
orbital of metal-host relating in sd-hybridization of valence electrons of deuterium
and Ti in the metal outer electron shells.24 We also assume for simplicity that the
interaction of the deuteron projectile with the valence shell of Ti bound to another
deuteron has an absolutely inelastic character, such that the total projectile energy
would be transferred to a wave packet consisting of mixture of D+ and e- wave func-
tions referenced to a diffusing deuteron bound to sd-hybridized valence orbital of
Ti. The projectile deuteron that lost its energy in an inelastic recoil will be stopped,
and replace the diffused deuteron near the outer valence orbital of Ti. In that case,
the sd-hybridized valence orbital of Ti with attached deuteron would move inside
the inner Ti-shell for a short time defined by Heisenberg uncertainty. In fact by
this way whole projectile energy at Ed < 2.0 keV would be transferred to the inner
(LII) Ti shell resulting in a short time LII-electron escape (∼ 10−18 s) from its inner
level to low-energy state. When this electron returns to its place, it dumps energy
gained from the recoiled wave packet in the form of an x-ray quantum.26 Further,
the mechanism of such attosecond x-ray emission under the glow discharge deuteron
cathode bombardment could be similar to that for the intense laser beam induced
attosecond x-ray generation.27,28 Under the considered case the energy of emitted
x-ray quanta would be equal to projectile energy, assuming absolutely inelastic en-
ergy transfer from D+-projectile to wave packet formed by Ti atom and deuteron
diffused near it.

On the other hand, a strong screening conditions between two deuterons briefly
occupying the outer (valence) and the inner-shell orbital would be fulfilled because
the barrier reduction between them is exactly the same as the inner LII-shell energy.
Moreover, the short time of the process will be enough to allow a DD-reaction. The
proposed scheme of processes in the electron shells of Ti-host atom with participa-
tion of projectile deuteron D+ with energy Ed and deuteron diffusing near Ti atom
and bound with its d-orbital D0(sd) can be represented as

D+(Ed) + [D0(sd)Ti] →
[D+e−Ti] ∗ +D0(sd) + LII(e−) →

Ue(DD) + Ti ∗ +LII(e−) →
X(Ed) + Ti,

where [D0(sd)Ti] is the hybridized state of electron between diffusing deuteron D0

and Ti atom; [D+e−Ti]* is the excited state of diffusing deuteron mixed with Ti
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d-orbital after projectile strike; {LII[D++e−]+Ti*D0(sd)} is the wave packet of
mixed D-Ti valence orbital in the inner LII-shell of Ti atom (Ti* is the excited
atom); Ue(DD) is the screening of two deuterons due to one of them is virtually
populated the LII- inner shell of Ti-atom; X(Ed) is the x-ray quantum with energy
of projectile deuteron Ed.

Under glow discharge deuteron bombardment, the D-diffusion rate in Ti is much
faster than in accelerator experiment, due to higher pulsed deuteron current (3-4
orders of magnitude above that for accelerator). The high probability to find a
diffusing deuteron near a Ti valence orbital (quasi-liquid flow of deuterium through
the Ti lattice) in the glow discharge case would provide much higher probability
of quasi-inelastic recoil of a bound deuteron state allowing penetration of deuteron
inside the inner L Ti shell. In the accelerator case, the lower concentration and
fluidity of deuterons in Ti target causes the elastic projectile to recoil directly on
the Ti atom, or a decrease of energy transferred to deuteron bound with Ti valence
orbital. Lower residual kinetic energy of the recoiled deuteron does not allow it
to reach the L-shell. That is why penetration only into the M-shell would occur,
resulting in the low (Ue ∼ 30-60 eV) screening potential (Table 2).

The proposed model of deuteron screening and x-ray emission under glow dis-
charge bombardment connected to energy transfer from projectile deuteron to
deuterons diffused through Ti lattice and sd-bound to valence orbital of Ti atoms,
is partially confirmed by the dependence of x-ray yield from the cathode on glow
discharge effective power P * for different deuterium pressures (Fig. 14). The yields
of 1.25 ±0.25 keV x-ray quanta per deuteron for the voltages ranging from 900
to 1700 V also has an exponential dependence on the effective power. Since the
temperature over the subsurface layer of Ti-cathode is proportional to the effective
power applied to the cathode, the diffusivity of deuterium in this layer should be
also proportional to the discharge power. Thus, we conclude that the x-ray emission
intensity would increase with the diffusivity of deuterium in the subsurface layer of
the cathode.

Regardless of the real mechanism of strong DD-reaction enhancement effect in
Ti target accompanying by a high intensity soft x-ray production, the high current
pulsed glow discharge could serve as a unique opportunity to study DD-screening at
lowest deuteron energies as well as atomic processes in the solids under conditions
of high energy density applied.
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