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Abstract. Spectra of low energy, high current pinch discharges in pure hydrogen, oxygen, nitrogen, and
helium were recorded in the EUV region, and continuum radiation was only observed from hydrogen
[www.blacklightpower.com/pdf/GEN3_Harvard.pdf; Int. J. Hydrogen Energy 35, 8446 (2010); Cent. Eur.
J. Phys. 8, 318 (2010)]. The continuum radiation bands at 10.1 and 22.8 nm and going to longer wave-
lengths for theoretically predicted transitions of hydrogen to lower-energy, so called “hydrino” states, was
observed first at blacklight power, Inc. (BLP) and reproduced at the Harvard center for astrophysics (CfA).
Considering the low energy of 5.2 J per pulse, the observed radiation in the energy range of about 120 eV
to 40 eV and reference experiments, no conventional explanation was found to be plausible, including
electrode metal emission, Bremsstrahlung radiation, ion recombination, molecular or molecular ion band
radiation, and instrument artifacts involving radicals and energetic ions reacting at the CCD and Hs re-
radiation at the detector chamber. To further study these continuum bands assigned to hydrinos, time
resolved spectra were performed that showed a unique delay of the continuum radiation of about 0.1 us
and a duration of < 2 us following the high-voltage pulse consistent with the mechanism of recombination
to form the optimal high-density atomic hydrogen in the pinch that permits the H-H interactions to cause
the hydrino transitions and corresponding emission.

1 Introduction

Classical physical laws predict that atomic hydrogen may
undergo a catalytic reaction with certain species, includ-
ing itself, that can accept energy in integer multiples of
the potential energy of atomic hydrogen, m x 27.2 eV,
wherein m is an integer. The predicted reaction involves
a resonant, nonradiative energy transfer from otherwise
stable atomic hydrogen to the catalyst capable of accept-
ing the energy. The product is H (1/p), fractional Rydberg
states of atomic hydrogen called “hydrino atoms”, wherein
n=1/2,1/3,1/4,...,1/p (p < 137 is an integer) replaces
the well-known parameter n integer in the Rydberg
equation for hydrogen excited states. Each hydrino state
also comprises an electron, a proton, and a photon, but the
field contribution from the photon increases the binding
rather than decreasing it corresponding to energy desorp-
tion rather than absorption. Since the potential energy of
atomic hydrogen is 27.2 eV, two H atoms formed from
H, by collision with a third, hot H can act as a catalyst
for this third H by accepting 2 x 27.2 eV from it. By the
same mechanism, the collision of two hot Hs provide 3H
to serve as a catalyst of 3 x 27.2 eV for the fourth. Al-
ternatively, through-space energy transfer by magnetic or
induced electric dipole-dipole coupling can occur in HT,
e~ recombining pinched plasmas having permissively high
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H densities. Following the energy transfer to the catalyst
an intermediate is formed having the radius of the H atom
and a central field of 3 and 4 times the central field of a
proton, respectively, due to the contribution of the photon
of each intermediate. The radius is predicted to decrease
as the electron undergoes radial acceleration to a stable
state having a radius that is 1/3 (m =2) or 1/4 (m = 3)
the radius of the uncatalyzed hydrogen atom with the fur-
ther release of 54.4 eV and 122.4 €V of energy, respectively.
This energy emitted as a characteristic EUV continuum
with a cutoff at 22.8 nm and 10.1 nm, respectively, was
observed only from pulsed pinched hydrogen discharges.
Specifically, Mills predicted that atomic hydrogen
forms fractional Rydberg energy states H(l /p) called “hy-
drino atoms” wherein n = %, 3> 4, (p < 137 is an
integer) replaces the well-known parameter n = integer
in the Rydberg equation for hydrogen excited states [2,3].
The transition of H to H[ _“" ] occurs by a nonradiative
p=m-+1
resonance energy transfer of m x 27.2 eV to m H atoms (m
is an integer) to form an intermediate that decays with the
emission of continuum bands with short wavelength cutoff
and energies E(HHH[p;gH]) given by

_ 2 .
E(H—>H[p:a};11+1]) =m~ x 13.6 eV,
91.2
Aot 5, ]) = e O (1)
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Fig. 1. (Color online) Experimental setup for the high-voltage pulsed discharge cell. The source emits its light spectra through
an entrance aperture passing through a slit, with the spectra dispersed off a grazing-incidence grating onto a CCD detection

system.

and extending to longer wavelengths than the correspond-
ing cutoff. This theory explains the photon energy range
and cutoffs observed in the plasma emission experiments
with molecular hydrogen.

BLP and CfA reported the observation of continuum
radiation from a high-current gas discharge in the presence
of molecular Hy in the discharge chamber [1-3]. Spectra
were measured with a vacuum grazing incidence spectrom-
eter and recorded with a CCD camera. The gas pressure
was varied in the range from 0.1 to 1.3 torr. The spec-
trometer calibrated with O (and He) lines showed reliable
wavelength measurements. In the current study, the tem-
poral resolution of the continuum radiation was elucidated
using a channel electron multiplier detector and a multi-
channel scaling card while measures were taken to avoid
saturation effects that may have been present in a previous
study [4]. The temporal recording of the emission relative
to the initiation of the discharge event was achieved by
gating the timing of the detection electronics off of the
self-triggering event of the plasma discharge having a pe-
riod set by the capacitor time constant for charging to the
threshold followed by breakdown.

2 Experimental method

The experimental set up for recording the EUV spec-
tra of pulsed plasmas is shown in Figure 1. EUV spec-
troscopy was recorded on pure hydrogen, oxygen, nitrogen,
and helium high-voltage pulsed discharge plasmas with a
McPherson grazing incidence EUV spectrometer (model
248/310G) equipped with a grating having 600 lines/mm.
The angle of incidence was 87°. The wavelength region
recorded by the monochromator was 5-75 nm. The wave-
length resolution was about 0.05 nm (FWHM) with an en-

trance slit width of < 1 ym. The EUV light was detected
by a CCD detector (Andor iDus) cooled at —60 °C.

The main discharge cell comprised a Ta hollow anode
(3 mm bore) and a Ta hollow cathode (3 mm bore) sepa-
rated by a 3 mm gap. A negative high voltage DC power
supply was used to apply —10 kV between the cathode
and anode wherein a bank of ten pairs of 5200 pF ca-
pacitors were connected in parallel to this high voltage
source. An electron gun (Clinton Displays, Part # 2-001),
driven by a high voltage pulse generator (DEI, PVX 4140),
provided a pulsed electron beam with a beam voltage of
1-3 kV and a duration of 0.5 ms. The electron beam trig-
gered a high voltage pulsed discharge at a repetition rate
of 5 Hz. The CCD detector was gated synchronously with
the e-beam trigger. It had an exposure time of 100 ms
for each pulse discharge comprising a breakdown time of
about 300 ns. Each spectrum comprised the superposition
of 1000 discharges. The CCD dark count was subtracted
from the accumulated spectrum. Ultra-high purity gases
were flowed at rates between 1 to 10 sccm and pressures
between 100 mtorr and 1300 mtorr were controlled by a
mass flow controller (MKS). On-line mass spectroscopy
and high-resolution visible spectroscopy using the Jobin
Yvon Horiba 1250 M spectrometer ruled out contaminants
in the plasma gases.

Temporal studies were performed on H continuum
spectral wavelengths (15.2, 17.5, 19.35, 20, 25.4 nm) and
well characterized atomic and ionic lines (O VI 15.0 and
17.3 nm, O V 19.3 nm, N V 18.61 and 24.77 nm, He I
53.7 nm and 58.43 nm, He II 24.3, 25.63, and 30.4 nm)
wherein the photon emitting time spectra were acquired
by a multichannel scaling (MCS) card (Ortek MCS-pci).
Rather than use the e-beam trigger, the intrinsic time
cycle due to the capacitor-charging constant from zero
volts to the next breakdown threshold and pulse discharge
comprised a self-trigger used to gate the MCS card to
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Fig. 2. (Color online) Experimental setup for time-resolved studies of the high-voltage pulsed discharge cell emission. The
temporal recording of the emission relative to the initiation of the discharge event was achieved by gating the timing of the
detection electronics off of the self-triggering event of the plasma discharge having a period set by the capacitor time constant

for charging to the threshold followed by breakdown.

record the emission events as shown in Figure 2. At cer-
tain gas pressures in the cathode and anode gap, discharge
(breakdown) of the gas with photon emission occurred
spontaneously at a corresponding high-voltage threshold
and charge time. The light source was found to oper-
ate reproducibly in a self-trigger mode with a discharge
frequency of 5 Hz. The cathode breakdown voltage was
probed using a high-voltage probe (Tektronix P6015), and
this signal was used as the trigger to activate a pulse gen-
erator (HP 8015A) to output a pulse signal to trigger the
MCS to record the photon emitting time spectrum.

The EUV photons emitted during the breakdown were
dispersed by the grazing incidence monochromator and
detected by a channel electron multiplier (CEM) (detec-
tor technology model 206-10-C-SL) wherein the CEM was
required to obtain temporal measurements, and the spec-
trum of the CEM and CCD were confirmed to be the
same. The photon signal from the CEM was amplified by
a preamplifier (stanford research systems model SR445A)
and delayed 400 ns using a long cable to the MCS card so
that the photon signal arrival times were coincident with
the pulse-generator gating of the MCS card to properly
record the arrival times relative to the initiation of the
high-voltage pulse. The spectrometer slit width was set at
a level to avoid MCS card saturation. All MCS spectra
were acquired from 5000 pulses with the minimum MSC
dwell time of 100 ns/channel.

Photon emitting time profiles were also recorded using
an oscilloscope. The cathode voltage signal was used to
trigger the oscilloscope, and the photon signals from the
preamplifier were fed into the oscilloscope directly without
the delay cable. The breakdown time was determined to be
about 300 ns, and the results of the time-resolved emission
recorded with the MCS were confirmed.

3 Results and discussion

The EUV spectra of pinched-pulsed discharges in oxygen,
nitrogen, helium in two spectral ranges, and hydrogen are
shown in Figures 3a—3e, respectively. Ion line emission was
observed for oxygen, nitrogen, and helium in the 5-45 nm
range. Oxygen ion lines were also observed similarly in all
spectra due to the oxide coating on the metal electrodes.
Uniquely, only hydrogen showed continua. The emission
having a cutoff at 22.8 nm and 10.1 nm with the in-
tensity increasing to a maximum at longer wavelengths
matched that predicted from the transitions H*[“}'] —
H[%'] +54.4 eV and H*[*I'] — H["'] + 122.4 eV, respec-
tively. A CfA group reproduced the published continuum
results of BlackLight Power, Inc. as reported in a recent
paper by Bykanov [1]. Continuum radiation was observed
from pure hydrogen over the spectral region ~10 to 30 nm;
whereas, no continuum was observed from helium plasmas
run under essentially identical conditions. Only helium
ion and background oxygen ion emission were observed;
wherein, the latter was common to both plasma sources.
By comparing all hydrogen results involving different elec-
trodes, gratings, spectrometers, and numbers of CCD im-
age superpositions, it was concluded that the same emitter
was common in all cases of hydrogen continuum emission
and that the spectral width varied due to variations in
the spectral intensity or detection sensitivity. The hydro-
gen continuum radiation comprised two profiles, one with
a short wavelength cutoff at about 10 nm and a second was
distinguishable by a reversal of the slope of the intensity
versus wavelength in the region of 22-23 nm.

Plasma physicist Bykanov [1] evaluated specific known
mechanisms using data from the literature and the in-
put of further test data from BLP. Electrode metal
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Fig. 3. Emission spectra of electron-beam-initiated, high-voltage pulsed discharges in oxygen, nitrogen, helium, and hydrogen.
Only known oxygen, nitrogen, and helium ion lines were observed in the absence of a continuum for the corresponding gases in
the 10-45 nm range. Continuum radiation was observed for hydrogen only. (a) Pure oxygen plasma. (b) Pure nitrogen plasma.
(c) and (d) Pure helium plasma in two wavelength ranges to cover ion (10-45 nm) and atom (45-75 nm) lines. (e) Pure hydrogen
plasma.
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emission was eliminated since the spectral features were
the same over any given region where it was intense
enough to be detected, and the intensity was shown to be
proportional to concentration of hydrogen. Recombination
and Bremsstrahlung radiation mechanisms were excluded
because the intensities of these types of continuum spec-
tra scale with Z, as Z2 or Z4, respectively. Thus, a more
intense continuum spectrum should have been observed
in He (Z = 2) than in Hy (Z = 1), but it was not. En-
ergetic electrons from an electron gun as a source of the
continuum band was eliminated due to the observation
that changing the high voltage from —10 kV to —15 kV
had no effect on the spectral profile. Band radiation from
molecular electronic transitions broadened by vibrational
and rotational transitions including hydrogen molecular or
molecular ion emission was excluded as the source due to
the extraordinary energy (>100 eV) of the continuum ra-
diation compared to the energy levels of these species. An-
other reason for excluding this mechanism was the broad
energy width of the continuum band (~60 ¢V) that could
not be explained by the plasma temperature (max 15 eV,
most likely <10 eV). By using spectral-region-cutoff filters
and recording the spectral profile change with changing of
the CCD position, the source of the continuum radiation
was confirmed to be the hydrogen plasma, and the emis-
sion was deemed a true spectrum. Addition of hydrogen
gas to the CCD chamber had no effect on the emission
profile. These results eliminated detection artifacts as pos-
sibilities. In summary, considering the low energy of 5.2 J
per pulse, the observed radiation in the photon energy
range from 40 eV to 120 eV, and reference experiments
with He, oxygen and nitrogen, no conventional explana-
tion was found to be plausible for the continua including
electrode metal emission, Bremsstrahlung radiation, ion
recombination, molecular or molecular ion band radiation,
and instrument artifacts involving radicals and energetic
ions reacting at the CCD and Hj re-radiation at the de-
tector.

Temporal studies were performed on H continuum
spectral wavelengths (15.2, 17.5, and 19.35 nm) and well
characterized atomic and ionic lines (O VI 15.0 and
17.3 nm, O V 19.3 nm, N V 18.61 and 24.77 nm, He I
53.7 nm and 58.43 nm, He IT 24.3, 25.63, and 30.4 nm).
Temporal emission at selected wavelengths of the H con-
tinuum radiation (15.2, 17.5, and 19.35 nm) produced by
a pure 437 mtorr hydrogen high-voltage pulsed plasma rel-
ative to the breakdown event at the zero time point are
shown in Figures 4a—4c. A major portion of the emission
occurred after the first 0.2 us with a 0.1 us delay and a
duration of <2 us. Temporal emission of selected oxygen
ion lines (O VI 15.0 and 17.3 nm, O V 19.3 nm) produced
by the oxygen coating of the Ta electrodes during a pure
437 mtorr hydrogen high-voltage pulsed plasma relative to
the breakdown event at the zero time point are shown in
Figures 5a—5c. A major portion of the emission occurred
before the first 0.2 pus with a 0.1 pus delay and a duration
of <2 ps. The studies were repeated with pure oxygen
plasmas maintained at 90 mtorr, and the same temporal
behavior was observed. Further studies without hydrogen
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Fig. 4. Temporal emission of selected wavelengths of the H
continuum radiation produced by a pure 437 mtorr hydrogen
high-voltage pulsed plasma relative to the breakdown event at
the zero time point. A major portion of the emission occurred
after the first 0.2 ps with a 0.1 ps delay. (a) The selected H
continuum wavelength was 15.2 nm. (b) The selected H con-
tinuum wavelength was 17.5 nm. (c) The selected H continuum
wavelength was 19.35 nm.
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Fig. 5. Temporal emission of selected oxygen ion lines of the
radiation produced by the oxygen coating of the Ta electrodes
during a pure 437 mtorr hydrogen high-voltage pulsed plasma
relative to the breakdown event at the zero time point. A major
portion of the emission occurred before the first 0.2 us with a
0.1 ps delay. (a) The selected line was O VI at 15.0 nm. (b)
The selected line was O VI at 17.3 nm. (c) The selected line
was O V at 19.3 nm.
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Fig. 6. Temporal emission of selected nitrogen ion lines pro-
duced by a pure 156 mtorr nitrogen high-voltage pulsed plasma
relative to the breakdown event at the zero time point. A ma-
jor portion of the emission occurred before the first 0.2 ps with
a 0.1 us delay. (a) The selected line was N V at 18.61 nm. (b)
The selected line was N V at 24.77 nm.

comprised pure nitrogen and helium. Temporal emission
of selected nitrogen ion lines (N V 18.61 and 24.77 nm)
produced by a pure 156 mtorr nitrogen high-voltage pulsed
plasma relative to the breakdown event at the zero time
point are shown in Figures 6a—6b. A major portion of the
emission occurred before the first 0.2 ps with a 0.1 us
delay and a duration of <3 us.

Temporal emission of helium ion and atom lines pro-
duced by a pure 1.36 torr helium high-voltage pulsed
plasma relative to the breakdown event at the zero time
point are shown in Figures 7a—7g. Both He II and He I
emission had an extraordinarily long afterglow of >10 us
compared to an emission duration of about <2 us for O,
N, and H plasmas, and the emission occurred immediately
at breakdown rather than a typical 0.1 us delay. The time
resolved emission of oxygen and nitrogen were as expected
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Fig. 7. Temporal emission of selected helium ion and atom lines produced by a pure 1.36 torr helium high-voltage pulsed plasma
relative to the breakdown event at the zero time point. Both He II and He I emission had an extraordinarily long afterglow of
>10 ps compared to an emission duration of about <2 us for all other gases tested, and the emission occurred immediately at
breakdown rather than a typical 0.1 ps delay. (a) The selected line was He II at 24.3 nm. (b) The selected line was He II at
25.63 nm. (c) The selected line was He IT at 30.4 nm. (d) The selected line was He IT at 30.4 nm with a different scale from that
in (c). (e) The selected line was He I at 53.7 nm. (F) The selected line was He I at 58.43 nm. (g) The selected line was He I at

58.43 nm with a different scale from that in (F).
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for the lifetimes of the corresponding heavy multielectron
ions having longer-lived plasma recombination lifetimes.
H having the lowest mass would not be expected to have
long-lived ionized or excited states; yet, the continuum
radiation was delayed by about 0.1 us following the end
of the high-voltage pulse. In contrast, He?* which also
forms a low mass, one-electron atom upon recombination
showed line emission immediately. The temporal delay for
the continuum emission assigned to hydrino transitions is
consistent with the mechanism of HT, e~ recombination
to form high-density atomic hydrogen in the pinch that
permitted the H-H interactions to cause the hydrino tran-
sitions and corresponding emission. Simplistically, the col-
lisionally induced interactions depend on the H collisional
or interaction frequency per unit volume Zy u given by
the following equation (2) from reference [5]:

SRT 2

1/2
2
2
7 MH] Ci (2)

ZH,H = 7T(2TH)2 |:

where rg, My, and Cy are the interaction radius, the
mass, and number density of H, T is the gas temperature,
and R is the ideal gas constant. In pinched plasmas, the
atom concentration following recombination can easily be
1017 /cm?® [6], and the collision frequency can be very high
(>107/s per H), permissive of multi-body through-space
interactions. The continuum emission delay matched the
time scale of H recombination with a high density in the
pinch creating a transient high density of atomic H. This
condition in turn was permissive of the formation of hydri-
nos wherein 2H or 3H serve as a catalyst for another H to
give rise to the observed 10.1 and 22.8 nm cutoff continua.

Another unexpected result regarding the temporal
He IT and He I plasma emission was the observation of a
long afterglow of >10 us compared to about <2 us for all
other gases tested. The significance of the anomalous He IT
afterglow was previously noted that forced an unlikely ex-
planation involving Hest dissociative recombination [4].
An alternative mechanism involves a hydrino catalytic re-
action. Since the energy for the ionization of He™ to He?*
is 2 x 27.2 €V, it may serve as a catalyst for H to form
hydrinos. He II catalysis of trace hydrogen contamination
to form hydrinos also yields He III ions that would recom-
bine with He II emission and corresponding He I emission.
This process may be the cause of the anomalous afterglow
of He II and I emission that requires an energy source
to maintain the ionization and corresponding emission at
times greater than 10 us from the cessation of the dis-
charge pulse. Another related observation that may be a
consequence of He™ serving as a catalyst is the intensity
of the 30.4 nm He II line is greater intensity than the
He atomic line at 58.43 nm. This is the case even for the
second order of He II as shown in Figure 3d; whereas, the
He I line is typically 100 times more intense than the He II
line!.

! http://physics.nist.gov/cgi-bin/ASD/lines1.pl.

4 Conclusion

Since the potential energy of atomic hydrogen is 27.2 eV,
one or more (m) x H atoms can act as a catalyst for a
given H by accepting m x 27.2 eV from it. Following the
nonradiative energy transfer, further energy seen as char-
acteristic continuum radiation having a short-wavelength
cutoff of m? x 13.6 eV is released as the hydrino transitions
to a final stable radius of 1/(1 + m) that of H. To further
study these continuum bands assigned to hydrinos, time
resolved spectra were performed. The continuum emission
was only observed from hydrogen after a 0.1 us delay fol-
lowing the short high-voltage pulse (<300 ns). Like HT,
He?* forms a low mass, one-electron atom (He™) upon re-
combination. However, in contrast to H emission, helium
ion (He™) showed line emission immediately with a long
afterglow of >10 s compared to about <2 us for all other
gases tested. The delay for the H continuum emission and
the absence of a long afterglow are consistent with the re-
lationship between the plasma dynamics and the hydrino
transition mechanism — the conditions most favorable for
H-H atom interactions to give rise to transitions to form
hydrinos and corresponding emission occurring at the time
period having the highest atom density from recombina-
tion of the plasma in the pinch. A possible explanation
for the anomalous afterglow of He II emission and the in-
tensity inversion of He II (30.4 nm) > He I (58.43 nm)
involves He™ as a hydrino catalyst that forms He?T in
the process. Specifically, He™ reacts with trace H contam-
ination to form hydrinos and He?" ions that recombine
to give He II emission for a prolonged time due to the
catalytic nature of the energetic reaction.
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