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Abstract

Extreme ultraviolet (EUV) spectroscopy was recorded on microwave discharges of helium with 2% hydrogen. Novel
emission lines were observed with energieg of 13.6 eV, wheregy = 1, 2, 3, 4, 6, 7, 8, 9, 11 or these discrete energies less
21.2 eV corresponding to inelastic scattering of these photons by helium atoms due to excitation &j keH#&g1s2pt).

The average hydrogen atom temperature was measured to be 180-210 eVa@edligor pure hydrogen. The electron
temperaturde, for helium—hydrogen was 30,5806% K compared to 7408 5% K for pure helium. Dominant Heemission

and an intensification of the plasma emission observed whenids present with atomic hydrogen demonstrated the role of

He™ as a catalyst. Using water bath calorimetry, excess power was observed from the helium-hydrogen plasma compared to
control krypton plasma. For example, for an input of 8.1 W, the total plasma power of the helium—hydrogen plasma measured
by water bath calorimetry was 30.0 W corresponding to 21.9 W of excess power il Thm excess power density and

energy balance were high, 7.3 W/Rand—2.9 x 10* kJ/mole H, respectively.
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1. Introduction traordinary low field strength of about 1-2 VV/cm from
atomic hydrogen and certain atomized elements or
A new chemically generated or assisted plasma certain gaseous ions which singly or multiply ionize at
source has been developed that is based on a resonarititeger multiples of the potential energy of atomic hy-
energy transfer mechanism (rt-plasma). One such drogen, 27.2 eV. A number of independent experimen-
source operates by incandescently heating a hydrogental observations confirm that the rt-plasma is due to a
dissociator and a catalyst to provide atomic hydro- novel reaction of atomic hydrogen which produces as
gen and gaseous catalyst, respectively, such that thechemical intermediates, hydrogen in fractional quan-
catalyst reacts with the atomic hydrogen to produce a tum states that are at lower energies than the traditional
plasma. It was extraordinary that intense extreme ul- “ground” (» = 1) state. Power is released, and the
traviolet (EUV) emission was observed by Mills et al. final reaction products are novel hydride compounds.
[1-3] at low temperatures (e.g¢v10°K) and an ex- The supporting data include EUV spectroscopy
[1-13,15,16,18,19], characteristic emission from
"+ Corresponding author. Tek+1-609-490-1090: catalysts and the hydride i_on_produc{&?,ll,lZ],
fax: +1-609-490-1066. lower-energy hydrogen emissioj—10,18], chem-
E-mail address: rmills@blacklightpower.com (R.L. Mills). ically formed plasmas[1-3,11,12,15,16], Balmer
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a line broadening[2-5,7,12-14,18,19], population
inversion of H lines[18,19], elevated electron tem-
perature [4,7,13,14], anomalous plasma afterglow
duration[15,16], power generatioj®—8,10,13,17,18],
and analysis of novel chemical compourjd8,21].

The theory given previous22—-24]is based on ap-
plying Maxwell's equations to the Schrédinger equa-
tion. The familiar Rydberg equation (Eq. (1)) arises
for the hydrogen excited states for> 1 of Eq. (2).

&2 13.598 eV

E,= 5 1)

n28mwegan n

n=1,23,... 2

An additional result is that atomic hydrogen may un-
dergo a catalytic reaction with certain atoms and ions
which singly or multiply ionize at integer multiples of
the potential energy of atomic hydrogenx 27.2 eV,
whereinmis an integer. The reaction involves a nonra-
diative energy transfer to form a hydrogen atom that is
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the potential energy of atomic hydrogenx227.2 eV.
Thus, microwave discharges of helium—hydrogen mix-
tures were studied by EUV spectroscopy to search for
line emission from transitions to fractional Rydberg
states of atomic hydrogen. Since the electronic tran-
sitions are very energetic, Balmerline broadening,
electron temperature, and power balances were mea-
sured to determine whether this reaction has sufficient
kinetics to merit its consideration as a practical power
source.

2. Experimental

EUV spectroscopy was recorded on hydro-
gen, xenon, helium, xenon—hydrogen (98/2%), and
helium—hydrogen (98/2%) microwave discharge plas-
mas according to the methods given previougly
The experimental set up comprising a microwave dis-
charge gas cell light source and an EUV spectrometer

lower in energy than unreacted atomic hydrogen that which was differentially pumped is shown Fig. 1.

corresponds to a fractional principal quantum number.
That is
111

==, =, =, — isaninteger< 137
"mrzaoy F g

3)

replaces the well known parameiee= integer in the

A xenon-hydrogen (98/2%) or helium—hydrogen
(98/2%) gas mixture was flowed at an inlet pressure
of 1 or 20 Torr through a half inch diameter quartz
tube fitted with a coaxial Evenson microwave cavity
(Opthos), and each plasma of hydrogen, xenon, and
helium alone was run at 20 Torr. The input power

Rydberg equation for hydrogen excited states. The to the plasma from a microwave generator (Opthos

n = 1 state of hydrogen and the= 1/integer states

model MPG-4M generator, frequency: 2450 MHz)

of hydrogen are nonradiative, but a transition between was set at 85W with forced air cooling of the cell.

two nonradiative states, say= 1 to 1/2, is possible

The spectrometer was a normal incidence 0.2m

via a nonradiative energy transfer. Thus, a catalyst monochromator (McPherson Model 302) equipped
provides a net positive enthalpy of reactionrofx with a 1200 lines/mm holographic grating with a
27.2eV (i.e. it resonantly accepts the nonradiative platinum coating that covered the region 2-560 nm.
energy transfer from hydrogen atoms and releasesThe EUV spectrum was recorded with a CEM. The
the energy to the surroundings to affect electronic wavelength resolution was about 0.2 nm (full-width at
transitions to fractional quantum energy levels). As a half-maximum (FWHM)) with slit widths of 5@m.
consequence of the nonradiative energy transfer, theThe increment was 0.2nm and the dwell time was
hydrogen atom becomes unstable and emits further 500 ms. Peak assignments were based on a calibration
energy until it achieves a lower-energy nonradiative against the known He | and He Il lines.
state having a principal energy level givenbgs. (1) The intensity of the hydrogen Lyman and Balmer
and (3). Processes such as hydrogen molecular bondemission was measured with the addition of 5% he-
formation that occur without photons and that require lium to a hydrogen glow discharge plasma. A diagram
collisions are commoifi25]. Also, some commercial of a discharge cell light source and the experimen-
phosphors are based on resonant nonradiative energytal setup for discharge measurements is illustrated in
transfer involving multipole couplingR6]. Fig. 2. A hollow cathode and EUV spectrograph were
We propose that atomic hydrogen may undergo a aligned on a common optical axis using a laser. The
catalytic reaction with Hé which ionizes attwo times ~ vacuum ultraviolet emission spectrum was obtained
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Fig. 2. The experimental set up of a discharge gas cell light source and a EUV spectrometer which was differentially pumped.
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for hydrogen and helium—hydrogen (5/95%) plasma and the input power to the plasma was set at 40 W. The
with a gas discharge cell that comprised a five-way plasma emission was fiber-optically coupled through a
stainless steel cross that served as the anode with a hol220 F matching fiber adapter positioned 2 cm from the
low stainless steel cathode. The plasma was generatedtell wall to a Jobin Yvon Horiba 1250 M spectrometer
at the hollow cathode (0.5 cm i.d.) inside the discharge with 2400 groves/mm ion-etched holographic diffrac-
cell. The hollow cathode was constructed of a stainless tion grating. The entrance and exit slits were set to
steel rod inserted into a steel tube, and this assembly20m. The spectrometer was scanned between 655.5
was inserted into an Alumina tube. A flange opposite and 657.0 nm using a 0.005nm step size. The signal
the end of the hollow cathode connected the spectrom-was recorded by a photomultiplier tube (PMT) with
eter to the cell. It had a small hole that permitted radi- a stand alone high voltage power supply (950 V) and
ation to pass to the spectrometer. An ac power supply an acquisition controller. The data was obtained in a
(0-1kV, 0-1 A) was connected to the hollow cathode single accumulation with a 1s integration time. The
to generate a discharge. The ac voltage and current atelectron density was determined using a Langmuir
the time the EUV spectrum was recorded were 200V probe according to the method given previougy].

and 40 mA, respectively. A Swagelok adapter at the  To measure the absolute intensity, the high resolu-
very end of the steel cross provided a gas inlet and a tion visible spectrometer and detection system were
connection with the pumping system, and the cell was calibrated[28] with 546.08, 576.96, and 696.54 nm
pumped with a mechanical pump. Valves were located light from a Hg—Ar lamp (Ocean Optics, model
between the cell and the mechanical pump, the celland HG-1) that was calibrated with a NIST certified sili-
the monochromator, and the monochromator and its con photodiode. The population density of the= 3
turbo pump. The five-way cross was pressurized with hydrogen excited state Nwas determined from the
400 mTorr of gas which was maintained by flowing absolute intensity of the Balmer (656.28 nm) line
hydrogen or helium—hydrogen (5/95%) while monitor- measured using the calibrated spectrometer. The
ing the pressure with a 1 Torr absolute pressure gauge.spectrometer response was determined to be approx-
The Lyman and Balmer emission were recorded with imately flat in the 400—-700 nm region by ion etching
the normal incidence EUV spectrometer. and with a tungsten intensity calibrated lamp.

To achieve higher sensitivity at the shorter EUV Te was measured on microwave plasmas of helium
wavelengths, the light emission from microwave plas- alone and helium—hydrogen mixtures (90/10%) from
mas of helium alone was recorded with ag¥azing the ratio of the intensity of the He 501.6 nm (upper
incidence EUV spectrometer equipped with a grating quantum levek = 3) line to that of the He 492.2 nm
having 600 G/mm with a radius of curvaturessfi m (n = 4) line as described previous|§4,29]. In each
that covered the region 5—-65 nm. The monochromator case, the total pressure was 0.1 Torr. The visible spec-
angle of incidence was 87The resolution was about trum (300-560nm) was recorded with the normal
0.4 nm (FWHM) with slit widths of 30@um. A CEM incidence EUV spectrometer with a photomultiplier
was used to detect the EUV light. The increment was tube and a sodium salicylate scintillator. The PMT
0.1nm and the dwell time was 1s. In addition, the in- (Model R1527P, Hamamatsu) used has a spectral
tensity of the emission of the He Il peak at 30.4nm response in the range of 185-680nm with a peak
was compared to that of the He | peak at 58.4 nm with efficiency at about 400 nm. The scan interval was
the addition of 5% hydrogen to a helium microwave 0.4nm. The inlet and outlet slit were 3(8n with a
plasma at 1 Torr. The emission was recorded with the corresponding wavelength resolution of 0.2nm. The
4° grazing incidence EUV spectrometer. spectra were repeated five times per experiment and

The width of the 656.3nm Balmex line emit- were found to be reproducible within less than 5%.
ted from hydrogen alone, xenon—hydrogen mixture  The excess power was measured by water bath
(90/10%), and helium-hydrogen mixture (90/10%) calorimetry on helium-hydrogen (90/10%) plasmas
microwave discharge plasmas was measured with compared to control plasmas with the same input
a high resolution visible spectrometer capable of power. The plasmas were maintained in a microwave
a resolution of+0.006 nm over the spectral range discharge cell shown iRig. 3. Each gas was ultrahigh
190-860 nm[13,14]. The total pressure was 1Torr, pure. Each pure test gas was flowed through a half
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Fig. 3. Schematic of the water bath calorimeter. The Evenson cavity and a plasma-containing section of the quartz tube were fitted with a
water-tight stainless steel housing, and the housing and cell assembly were suspended by four support rods from an acrylic plate which
held the cell vertically from the top of a water bath calorimeter.

inch diameter quartz tube at 500 mTorr maintained o.d. quartz tube was sealed at its penetrations with the
with a noble gas or hydrogen flow rate of 10sccm. rectangular housing by Ultratorr fittings. The hous-
After the calorimeter had reached a steady state, ing and cell assembly was suspended by four support
the pressure of the helium—hydrogen mixture was rods from an 5.1 cm thick acrylic plate which held the
changed to 0.29 Torr. Each gas flow was controlled cell vertically from the top of a water bath calorime-
by a 0-20sccm range mass flow controller (MKS ter shown inFig. 3. The plate contained four sealed
1179A21CS1BB) with a readout (MKS type 246). penetrations comprising (1) the stainless steel thermo-
The cell pressure was monitored by a 0-10 Torr MKS couple well, (2) a 1cm o.d. noble or hydrogen gas
Baratron absolute pressure gauge. The tube was fittedline, (3) a 1 cm o.d. vacuum line, and (4) the 2.54cm
with an Evenson coaxial microwave cavity (Opthos) o.d. coaxial cable housing. The gas inlet connected
having an E-modd30,31]. The microwave genera- to a 0.64cm o.d. flexible stainless steel tube that was
tor shown inFig. 3was an Opthos model MPG-4M  connected by an Ultratorr seal to a welded-in 0.63 cm
generator (frequency: 2450 MHz). 0.d. penetration of the rectangular enclosure. Inside of
The Evenson cavity and a plasma-containing sec- the enclosure, the penetration connected to the quartz
tion of the quartz tube were fitted with a water-tight tube by a 0.63-1.27 cm o.d. mating Ultratorr seal. The
stainless steel housing shownhig. 3. The housing  quartz tube had an elbow at the end opposite to the gas
comprised a 4 cnx 4 cmx 2 cm rectangular enclosure  inlet penetration which attached to a 1 cm o.d. flexible
welded to a set of high vacuum 15.24 cm diameter con- stainless steel tube section of the vacuum line. The mi-
flat flanges. A silver plated copper gasket was placed crowave cavity contained in the rectangular enclosure
between a mating flange and the cell flange. The two was tuned by a threaded tuning stub sealed in an end
flanges were clamped together with 10 circumferen- wall of the enclosure and a sliding tuning stub sealed
tial bolts. The top mating flange contained two pene- with an Ultratorr fitting in the bottom wall. The slid-
trations comprising (1) a stainless steel thermocouple ing stub was tightened after the cell was tuned outside
well (1 cm o.d.) housing a thermocouple probe in the of the water bath, and the cell was immersed.
cell interior that was in contact with the quartz tube The water bath comprised an insulated reservoir
wall adjacent to the Evenson cavity and (2) a cen- filled with 45 L of distilled water. The water was agi-
tered 2.54 cm o.d. coaxial cable housing. The 1.27 cm tated with a paddle driven by a stirring motor. A high
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precision linear response thermistor probe (Omega was clearly very efficient. Given the maximum flow
OL-703) recorded the temperature of the water bath as rate was 10 sccm, this requires a maximum correction
a function of time for the stirrer alone to establish the of less than 10°W, a trivial correction. The stirrer
baseline. The water bath was calibrated by a high pre- and heat exchange terms were found to be the most
cision heater (Watlow 125CA65A2X, with a Xantrex significant correction, but its value was readily deter-
dc power supply 0-120& 0.01 W). The heat capac- mined by measuring the temperature rise with only

ity was determined for several input powers, 30, 40,
and 50 W+ 0.01 W, and was found to be independent
of input power over this power range withtn0.05%.
The temperature rise of the reservoir as a function of
time gave a slope ifC/s. This slope was baseline
corrected for the negligible stirrer power and loss to

the stirrer operating. This correction can be accurately
calculated from the slope of the pre- and post-heating
periods and was found to be constant and of the order
of 1 W for all experiments. Once these relatively triv-
ial corrections are made the ‘effective’ energy balance
becomes

ambient. The constant known input power (J/s), was
divided by this slope to give the heat capacity itCl/
Then, in general, the total power output from the cell
to the reservoir was determined by multiplying the
heat capacity by the rate of temperature rise/¢) to
give J/s.

The power balance for a plasma system consisting
of the contents of the water bath calorimeteflig]

H= Qplasma (5)

The calibration procedure resulted in a linear change
in temperature for constant power inputs. This is

expected given the nearly constant heat capacity of
water over small changes in temperature (<3K in

all cases). Thus, changes in enthalpy can be readily
equated with change in temperature of the bath. In
H= M(I:Iin - I:Iout) + Qplasma+ onwercable short

+ Qstirrer+ Qheatexchange H = CpT = Qplasma (6)
Thus, one must only multiply the calibration constant
by the rate of change of bath temperature to obtain
the plasma’s heating power of the water bath. In the
event that the change in temperature is nearly linear
Eq. (4)that a correction must be considered both for with time, as it was in all cases in this study, the
the gas flow term (first term, right sidefjgpo\,\,ercame rate (W) of heat input from the plasma to the bath
which represents the input of the short section (ap- can be readily determined, and compared with the
proximately 3 cm length) of the coaxial cable housing microwave input power.
that passes through the water bath as it brings power Quantifying the microwave input power to the
to the microwave power coupler, for the work of the plasmas was achieved by maintaining forward and re-
stirrer, and for the heat exchange between the insu- flected powers, as measured with power diodes, iden-
lated water bath and it surroundings. tical in all cases. That is, for both helium-hydrogen
The values onpowercaMeand the heat carried out and control plasmas, the power supply and Evenson
with the gas were small, as determined by appropriate cavity tuning were adjusted such that the forward and
temperature readings. Thermocouples were employedreflected powers indicated by the power reading diodes
to measure the temperature of the input and output gas,(Agilent) of the Opthos generator were identical.
as well as the temperature of the coaxial cable housing In general, the ultimate basis of any microwave
just outside the water bath. Given that the temperature power measurement is a direct absolute calorimetric
of the cable housing was never more than 3K higher determination on an instrument which then serves as a
than the water bat@powercab|ecan readily be shown  primary standard for secondary measurements. In our
to be negligible. The gas temperature change betweenexperiments, that absolute standard was the water bath
input to the plasma and output from the water bath was calorimeter at fixed forward and reflected power diode
never more than 1K. Heat transfer from the quartz settings. For example, with the assumption that kryp-
tube containing the flowing gas to the water in the bath ton plasma does not produce excess heat, the power

(4)

whereH's are enthalpy values (inlet and outlet gases
as indicated by the subscripts in and out, respectively,
and the hat designates per mol&j,the molar flow
rate, and theQ’s heat flow rates. It is clear from
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dissipated in the load is absolutely known at particu- the possibility of excess power is
lar fixed forward and reflected power diode readings Pt Pax— Po =0 )
from the calorimetric measurement. Thus, if the diode ~ " '~ ¢~ "o
values are matched identically for any other plasma wherePj, is the microwave input powelPey the excess
load, the power dissipated in that load must be identi- power generated from the hydrogen catalysis reaction,
cal since the system and the measured power flows areand Poy; the thermal power loss from the cell to the
identical. This was tested by running 40 control plas- water bath. The cell typically reached steady state in
mas of various pure gases and gas mixtures (e.g. He,about 10 min after each experiment was started. At
Ar, Kr, Kr/H2, Xe, Xe/H, N2, No/H2, CO,, CO/H2) this point, the power lost from the cdh,,; was equal
with different pressures and mixture ratids’]. The to the power supplied to the ceRj,, plus any excess
resulting common water bath reading served as the cal- power Pey.
ibration of the input power to helium-hydrogen plas- Pt Poy— P ®)
mas. That is, since presumably the electron density, " @ &~ "o
electron temperature, ionization fraction, hydrogen Since the cell was surrounded by water that was con-
atom density and energy, and gas temperature are dif-tained in an insulated reservoir with negligible thermal
ferent for all plasmas, if these factors impact the power losses as discussed above, the temperature response of
diode readings, then each different control plasma, the thermistofT as a function of timé was modeled
even for constant diode readings, would produce a by a linear curve
different water bath signal. Thus, the nearly identical T() = a 1P 9
heat signals measured for the many control plasmas -4 Tout ©)
g y p
demonstrate the reliability of the power diodes, set at wherea is the heat capacity (IZ) for the least square
constant readings, as a means to create identical netcurve fit of the response to power input for the control
power input from the magnetron to each plasma. It experiments (& = 0). The slope was recorded for
should also be noted that each plasma required uniqueabout 2 h after the cell had reached a thermal steady
‘stub tuning’ to produce the desired forward and re- state, to achieve an accuracy-b1%.
flected power readings. Thus, it is clear that ‘tuning’ The slope of the temperature rise as a function
also does not impact the readings of the power diodes. of time was recorded for each run and baseline cor-
In addition, a six-turn Ni wire coil antennawas sym- rected for the negligible stirrer power and loss to
metrically wrapped around the outside of the plasma ambient, then the output power was calculated from
tube, the Evenson cell was centered on the coil, and thethe corrected slope. After the calorimeter was cal-
power spectrum of the microwave power driving the ibrated, T(t) was recorded with a selected setting
plasmas was analyzed (Advantest R3265 spectrum an-of the forward and reflected power to the control
alyzer). The power spectrum into all plasmas under the plasma. The slope was determined with this constant
identical operating conditions as the calorimetric stud- forward and reflected microwave power, and the mi-
ies was determined to be a single peak at 2455 MHz crowave input power was absolutely determined for
with a full-width at half-maximum of 1 MHz. Therel-  these panel meter readings usikg. (9) with the
ative input power at different diode settings for the T(f) response and the heat capacityThen, identical
forward and reflected power was determined by cali- forward and reflected microwave power settings were
brating the peak height relative to a microwave power replicated for the helium—hydrogen mixture af)
meter. The power diodes were determined to respondwas again recorded. The higher slope produced with
linearly over a broad range of forward and reflected helium-hydrogen mixture, having Fieas a catalyst
powers (+20 W) around the particular absolutely cal- and atomic hydrogen as a reactant, compared with
ibrated diode readings that were matched in each ex-controls with no hydrogen and no catalyst present
periment. Thus, slight mismatches (on the order of was representative of the excess power. In the case
+1 W) were determined to be inconsequential to the of the catalysis run, the total output poweg,; was
results. determined by solving=q. (9) using the measured
Since the cell and water bath system were adiabatic, 7(r) and the heat capacity. The excess powePey
the general form of the power balance equation with was determined froriq. (8).
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3. Results and discussion
3.1. EUV spectroscopy

In the case of the EUV spectrum of hydrogen,

RL. Mills et al./ Thermochimica Acta 406 (2003) 35-53

observed in the short wavelength region (5-50 nm) at
14.15, 13.03, 10.13, and 8.29 nm which do not corre-
spond to helium as shown Fig. 4. Known He I lines

which were used for calibration of the novel peak po-
sitions were observed at 58.4, 53.7, and 52.4nm. It is

xenon, or xenon—hydrogen (98/2%), no peaks were proposed that the 30.4 nm peak showkigs. 4 and 5
observed below 78 nm, and no spurious peaks or ar- was not entirely due to the He Il transition. In the case

tifacts due to the grating or the spectrometer were
observed. Only known He | and He Il peaks were
observed in the EUV spectrum of the control helium
microwave discharge cell emission.

The EUV spectra (17.5-50 nm) of the microwave
cell emission of the helium—hydrogen mixture (98/2%)
(top curve) and the helium control (bottom curve) are
shown inFig. 4. Ordinary hydrogen has no emission

of the helium—hydrogen mixture, the ratio of 30.4nm
(40.8eV) peak to the 25.6 nm (48.3 eV) peak was 10
compared to 5.4 for helium alone as showrFig. 4
which implies only a minor He Il transition contribu-
tion to the 30.4 nm peak.

It is proposed that the majority of the 91.2 nm peak
was also due to a novel transition. At 20 Torr, the
ratio of the Lymanp peak to the 91.2nm peak of

in these regions. Novel peaks were observed at 45.6,the helium—hydrogen plasma was two compared to

37.4, and 20.5 nm which do not correspond to helium.
At the 1 Torr condition, additional novel peaks were

200

eight for each control hydrogen and xenon-hydrogen
plasma which indicates that the majority of the
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Fig. 4. The EUV spectra (17.5-50 nm) of the microwave cell emission of the helium-hydrogen mixture (98/2%) (top curve) recorded at

20 Torr with a normal incidence EUV spectrometer and a CEM, and control helium (bottom curve) recorded at 20 Torr Witazng

incidence EUV spectrometer and a CEM. Only known He | and He Il peaks were observed with the helium control. Reproducible novel

emission lines were observed at 45.6 and 30.4 nm with energigs>ofl3.6 eV, whereg = 2 or 3 Egs. (1) and (3)) and at 37.4 and
20.5nm with energies off x 13.6eV, whereg = 4 or 6 that were inelastically scattered by helium atoms wherein 21.2 eV was absorbed

in the excitation of He (13 to He (142p!) as proposed ifEq. (15).
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Fig. 5. The short wavelength EUV spectra (5-50 nm) of the microwave cell emission of the helium—hydrogen mixture (98/2%) (top curve)
and control hydrogen (bottom curve) recorded at 1 Torr with a normal incidence EUV spectrometer and a CEM. No hydrogen emission
was observed in this region, and no instrument artifacts were observed. Reproducible novel emission lines were observed at 45.6, 30.4,
13.03, 10.13, and 8.29 nm with energiesepk 13.6eV, whereg = 2, 3, 7, 9, or 11 and at 37.4, 20.5, and 14.15nm with energies of

x 13.6eV, whereg = 4, 6 or 8 that were inelastically scattered by helium atoms wherein 21.2eV was absorbed in the excitation of He
(1<% to He (182ph) as proposed itEq. (15). The peak at 13.03nm was observed as a weak shoulder on the 14.15nm peak, and has been
observed in repeated (non-presented) spectra.

91.2nm peak was due to a transition other than the in the oxygen—hydrogen plasma showed no emission
binding of an electron by a proton. in this region. Emission of argon, krypton, and xenon
All known possibilities for the series of novel lines as helium contaminants were eliminated. No emis-
were considered. Known explanations for the novel sion was observed in the regien50 nm for xenon,
series of spectral lines and all possible contaminants xenon—hydrogen, krypton, and krypton—hydrogen,
were ruled out[7]. The only known species in a and argon and neon were eliminated based on spec-
helium—hydrogen plasma, H, ™, Hs*, H=, H, Hy, tral line mismatches and absences. Silicon from the
Hex*, HeH', and remotely possible HeH were elim- quartz tube wall was eliminated since emission due to
inated since the spectra did not match or the speciesSi |, Si ll, or Si lll is not possible below 56 nm based
could not exist under the reaction conditions. Other on the NIST table§34]. No pump contaminants were
exotic possibilities such as ke, HHe;™, HHe,™ possible.
and Heg were eliminated due to the extremely spe-  The novel peaks fit two empirical relationships. In
cialized conditions required for their formation such order of energy, the set comprising the peaks at 91.2,
as extremely low temperatures that were unlike those 45.6, 30.4, 13.03, 10.13, and 8.29 nm correspond to
in the helium—hydrogen microwave plasnig2,33]. energies ofj x 13.6eV, whergy =1, 2, 3, 7, 9, 11.
Air contaminants were also eliminated. Plasmas of In order of energy, the set comprising the peaks at
nitrogen, oxygen, carbon dioxide, or these gases 37.4, 20.5, and 14.15nm correspond to energies of
with 2% hydrogen showed no emission in the region q x 13.6-21.21eV, wherg = 4, 6, 8. These lines
<50 nm for hydrogen mixed with nitrogen, oxygen, can be explained as electronic transitions to fractional
and carbon dioxide. In addition, water vapor present Rydberg states of atomic hydrogen giventbys. (1)
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and (3)wherein the catalytic system involves helium (1s%) — He (132p') dominated the inelastic scatter-
ions because the second ionization energy of helium ing of EUV peaks. The general reaction is

is 54.417 eV, which is equivalent to 2 27.2eV. In

this case, 54.417 eV is transferred nonradiatively from photon(v) + He(18)

atomic hydrogen to He which is resonantly ionized. — He(1s'2pt) + photon(hv — 21.21 eV} (15)
The electron decays to the = 1/3 state with the

further release of 54.417 eV which may be emitted as  The two empirical series may be combined—one

a photon. The catalysis reaction is directly fromEgs. (1) and (3and the other indirectly
with Eq. (15). The energies for the novel lines in or-

54.417 eV+ Het + Hlap] der of energy are 13.6, 27.2, 40.8, 54.4, 81.6, 95.2,
+ - aH 108.8, 122.4 and 149.6 eV. The corresponding peaks
~ He?t e+ H|[ ]+ 1088ev (10) are 91.2, 45.6, 30.4, 37.4, 20.5, 13.03, 14.15, 10.13,
TR n and 8.29 nm, respectively. Thus, the identified novel

He?* +e” — He' +54417eV 11) lines correspond to energies qfx 13.6eV, where
an cally scattered by helium atoms wherein 21.2 eV was

Hlan] — H [?] — 544eV+544eV (12)  absorbed in the excitation of He &go He (1s2ph).

The values ofg observed are consistent with those
Since the products of the catalysis reaction have bind- excepted based dq. (12)and the subsequent auto-
ing energies o x 27.2 eV, they may further serve as  catalyzed reactions as discussed previo(g]y The
catalysts. Thus, further catalytic transitions may occur satellite peak at 44.2 nm shown figs. 4 and Smay

n=1_,1 1.1 be due to excimer emission with multipole coupling
T e 47w as discussed elsewheffd. The broad line width of
and so on. the H (1/p) lines is consistent with the mechanism in-

Electronic transitions to Rydberg states given by Vvolving a nonradiative energy transfer to a species that
Egs. (1) and (3¢atalyzed by the resonant nonradiative Satisfies the catalyst criterion—a chemical or physical
transfer ofm x 27.2eV would give rise to a series Process with an enthalpy change equal to an integer
of emission lines of energia};x 13.6eV, Whereq is multlple of 27.2 eV. The observation I'I_:lg 4that the
an integer. It is further proposed that the photons that 30.4 nm is broader than that of the control further sup-
arise from hydrogen transitions may undergo inelastic Ports the assignment to fractional Rydberg state hy-

helium scattering. That is, the catalytic reaction drogen. There is remarkable agreement between the
et ra data and the proposed transitions to fractional Ryd-
H[an] S H [?H] + 54.4eV+ 54.4eV (13) berg states and these lines inelastically scattered by

helium according t&q. (15). All other peaks could be
yields 54.4eV byEq. (11)and a photon of 54.4eV  assigned to He I, He Il, second order lines, or atomic
(22.8nm). Once emitted, the photon may be ab- or molecular hydrogen emission. No known lines of
sorbed or scattered. When this photon strikes He helium or hydrogen explain thge x 13.6 eV related
(1), 21.2eV may be absorbed in the excitation to set of peaks.
He (1d2p!). This leaves a 33.19eV (37.4nm) pho-
ton peak and a 21.2eV (58.4nm) photon from He 3.2. Line broadening and T, measurements
(1s'2pt). Thus, for helium the inelastic scattered peak
of 54.4 eV photons fronkg. (10)is given by The Doppler-broadened line shape for atomic hy-
E =544eV—21.21eV=33.19eV(37.4nm (14) drogen has been studied on many sources such as
hollow cathode[35,36] and rf [37,38] discharges.

A novel peak shown iirigs. 4 and Svas observed  The method of Mills et al. and Videnovic et al.
at 37.4nm. Furthermore, the intensity of the 58.4nm [14,35] was used to calculate the energetic hydrogen
peak corresponding to the spectra shownFig. 4 atom densities and energies from the intensities and
was about 60,000 photons/s. Thus, the transition He widths of the 656.3 nm Balmer lines. The 656.3 nm
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Balmer o line width recorded with a high resolu- Whereas, the corresponding temperature of helium
tion (£0.006 nm) visible spectrometer on microwave alone was only 740& 5% K, and hydrogen alone
discharge plasmas of hydrogen compared with eachwas 6700t 5% K. No high electric field was present
of xenon—hydrogen (90/10%) and helium—hydrogen in our experiments (e.g. >1 kV/cm in glow discharge
(90/10%) are shown irFigs. 6 and 7, respectively. plasmas).

The average helium—hydrogen Doppler half-width We have assumed that Doppler broadening due to
was not appreciably changed with pressure. The cor- thermal motion was the dominant source to the extent
responding energy of 180-210eV and the number that other sources may be neglected. This assumption
density of 5x 10 + 20% atoms/crhy, depending was confirmed when each source was considered. In
on the pressure, were significant compared to only general, the experimental profile is a convolution of
~3eV and 7x 10'%atoms/cm for pure hydrogen, a Doppler profile, an instrumental profile, the nat-
even though 10 times more hydrogen was present. ural (lifetime) profile, Stark profiles, van der Waals
Only ~3eV broadening was observed with con- profiles, a resonance profile, and fine structure. The
trol xenon—hydrogen (90/10%) ruling out collisional contribution from each source was determined to be
broadening. The xenon-hydrogen plasma number below the limit of detectiorj13,14].

density of 3x 103 atoms/cm was much lower than Furthermore, no hydrogen species) Hi,*, Hat,

that of the helium—hydrogen plasma. Furthermore, H™, H, or Hyp, responds to the microwave field; rather,
only the hydrogen lines of the helium—hydrogen only the electrons respond. But, the measured elec-
plasma, were broadened. The addition of hydrogen to tron temperature was about 1 eV, whereas, the mea-
helium had no effect on the helium lines as shown for sured H temperature was 180-210eV. This requires

the 667.816 nm He I line if¥ig. 8. that T4 >> Te. This result cannot be explained by
Similarly, the average electron temperature for electron or external Stark broadening or electric field
helium-hydrogen plasma was 30,50 5% K. acceleration of charged species. The electron density

Intensity/ Arb. Units

655.8 656.0 656.2 656.4 656.6 656.8

Wavelength/nm

Fig. 6. The 656.3 nm Balmer line width recorded with a high resolutioa-0.006 nm) visible spectrometer on a xenon—hydrogen (90/10%)
and a hydrogen microwave discharge plasma. No line excessive broadening was observed corresponding to an average hydrogen atom
temperature of 3—4eV.
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Fig. 7. The 656.3nm Balmes line width recorded with a high resolutiont0.006 nm) visible spectrometer on a helium—hydrogen
(90/10%) and a hydrogen microwave discharge plasma. Significant broadening was observed corresponding to an average hydrogen ator

temperature of 180-210eV.
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Fig. 8. The 667.816 nm He | line width recorded with a high resolutit0.006 nm) visible spectrometer on helium-hydrogen (90/10%)
and helium microwave discharge plasmas. No broadening was observed in either case.
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was five orders of magnitude too loj&3,14]. And,

in microwave driven plasmas, there is no high elec-
tric field in a cathode fall region (>1kV/cm) to ac-
celerate positive ions as proposed previolSh-38]

47

energetic plasma. However, the catalysis rate was not
sufficiently high enough to produce detectable emis-
sion of the novel series of lines observed with the
Evenson microwave cell. We had shown previously

to explain significant broadening in hydrogen con- that the conditions of the particular discharge may
taining plasmas driven at high voltage electrodes. It be a major parameter in the observation of excessive
is impossible for H or any H-containing ion which  Doppler Balmer line broadening with plasmas of hy-

may give rise to H to have a higher temperature than drogen and a noble ion having an ionization potential
the electrons in a microwave plasma. The observation of an integer multiple of 27.2 e{2-5,7,12-14,18,19]

of excessive Balmer line broadening in a microwave as well as population inversion with oxygen as the

driven plasma requires a source of energy other than catalyst[18,19]. We proposed that the Evenson mi-

that provided by the electric field. We propose that crowave cavity with appropriate tuning discussed in

the source is the hydrogen catalysis reaction given by Section 3.4provides favorable conditions for the cat-

Egs. (10)—(12)followed by subsequent reactions to
further lower-energy states given Bygs. (1) and (3).
The formation of fast H can be explained by a reso-
nant energy transfer from hydrogen atoms to"Htens
of two times the potential energy of atomic hydrogen,
2 x 27.2 eV, followed by a collisional energy transfer
to yield fast H (n= 1) as well as the emission of
x 13.6 eV photons discussed 8ection 3.1. For ex-
ample, the exothermic chemical reaction ofHHH to
form H, does not occur with the emission of a photon.
Rather, the reaction requires a collision with a third
body, M, to remove the bond energy—HH + M —
H2 + M* [25]. The third body distributes the energy
from the exothermic reaction, and the end result is
the H, molecule and an increase in the temperature
of the system. In the case of the catalytic reaction
(Egs. (10)—(12)) with the formation of states given by

alytic reaction of H& with atomic hydrogen.

3.4. Comparison of the intensity of He | and He
Il peaks with the addition of hydrogen to a helium
microwave plasma

The results of the addition of 5% hydrogen to a
helium microwave plasma maintained in the Evenson
cavity with a forward power of 100 W and a reflected
power of 30 W is shown irFig. 11. The broad peaks
with a separation of 1.18eV in the 27—-65nm region
that were observed with the addition of hydrogen to
the helium plasma corresponding to a vibrational se-
ries of a molecular ion, pi(1/4)", and were discussed
previously[8,9]. Due to the different pressure and flow
rate conditions this molecular ion preferably formed
and dominated the emission. The He | emission dom-

Egs. (1) and (3), the temperature of H becomes very inated for pure helium; whereas, He 1l emission dom-

high.

3.3. Helium-hydrogen glow discharge emission
spectrum

It was reported previouslyl 3] that a substantial in-

inated with the addition of hydrogen as shown by the
comparison of the intensity of the emission of the He
Il peak at 30.4 nm to that of the He | peak at 58.4 nm.
The catalysis reaction of He(Eqs. (10)—(12)) would
give rise to increase in He Il emission according to
the reaction given b¥eq. (11); however, the effect of

crease in the Lyman and Balmer line emission inten- the addition of hydrogen on the intensity of the He I

sities was observed with the addition of 5% argon to peak before the addition of hydrogen as well as after
a hydrogen microwave discharge plasma whereih Ar depended on the tuning of the cavity. The microwave
served as the catalyst. The EUV spectra (90-130 nm) electric field of the Evenson cavity can be increased

and (400-520 nm) of the cell emission from the hy-
drogen glow discharge plasma (dotted line) and the
hydrogen glow discharge plasma to which 5% helium
was added (solid line) are shown Higs. 9 and 10,
respectively. Upon the addition of 5% helium, the hy-
drogen Lyman and Balmer line emission intensities
approximately doubled which is indicative of a more

with appropriate tuning30,31]. This condition corre-
sponded to a high forward as well as a high reflected
power. The intensity of thg x 13.6eV related set

of peaks, the Balmer line broadening, the elevaigd
and the excess power measured on helium—hydrogen
microwave plasmas given Bections 3.1, 3.2 and 3.5,
respectively, showed the same dependency.
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Fig. 9. The EUV spectra (90-130 nm) of the glow discharge light source emission from the hydrogen plasma (dotted line) and the hydrogen
plasma to which 5% helium was added (solid line) which shows the increase in hydrggemiksion.
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Fig. 10. The EUV spectra (400-520 nm) of the glow discharge light source emission from the hydrogen plasma (dotted line) and the
hydrogen plasma to which 5% helium was added (solid line) which shows the increase in hydipgenl B, emission.
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Fig. 11. The EUV spectra (20—-60 nm) of the microwave cell plasma emission of the helium (dotted curve) and the helium—hydrogen mixture
(95/5%) (solid curve) recorded at 1 Torr with & grazing incidence EUV spectrometer and a CEM. The plasmas were maintained in the
Evenson cavity with a forward power of 100W and a reflected power of 30 W. The He | emission dominated for pure helium; whereas,
He Il emission dominated with the addition of hydrogen as shown by the comparison of the intensity of the He Il peak at 30.4 nm to that
of the He | peak at 58.4 nm.

3.5. Power balance of the hydrogen microwave ple, theT(t) water bath response to stirring and then
plasma with selected panel meter readings of the constant for-
ward and reflected microwave input power to krypton
The thermogramT(t) response of the cell, with stir-  was recorded as shown Fig. 13. Using the corre-
ring only and with a constant input power to the high sponding?'(s) in Eq. (16), the microwave input power
precision heater of 50 W is shownhiig. 12. The base-  was determined to be 84 1 W. A helium—hydrogen
line corrected least squares fit of the slopé€r), was (90/10%) mixture was run at the same microwave in-
2.622 x 10~4°C/s, and the heat capacity determined put power readings as the control which corresponded
from Egs. (8) and (9yvith Pex = 0, andPjn = Poyt = to Pn = 8.1+ 1 W in Eq. (8). TheT(t) response was
50 W was 1.90% 10° JPC. Then the temperature re-  significantly increased for helium—hydrogen (90/10%)
sponse of the calorimeter for any case (Eq. (9)) was as shown inFig. 13. At 350min, the pressure was
determined to be changed from 0.5 to 0.29 Torr. A slight increase in
o 1 T(r) was observed at the lower pressure, possibly
T() = (19075 10°) ™ x Pou (16) due to an increase in atomic hydrogen and Hghe
The water bath calorimetry is an absolute standard excess power was determined to be 2£.9W from
and indicatedP, = 8.1+ 1W input power at the  the corresponding'(s) usingEq. (16) and (8).
selected diode settings for all control plasmas. From  The sources of error were the error in the calibration
these results, power input to the helium-hydrogen curve (£0.05W) and the measured microwave input
plasma was confidently known as the diode readings power (£1 W). The propagated error of the calibration
identically matched those of the controls. For exam- and power measurements wad W.
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26.4 4 Heater Calibration of the Water Bath Calorimeter
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Fig. 12. The thermogranT,(t) response of the cell, with stirring only and with a constant input power to the high precision heater of 50 W.
The baseline corrected least squares fit of the slbp®, was 2622x 10~ °C/s, and the heat capacity was determined t0.B87k 10° JPC.
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Fig. 13. TheT(t) water bath response to stirring and then with selected panel meter readings of the constant forward and reflected microwave
input power to krypton was recorded. The microwave input power was determined td #el 8V. A helium—hydrogen (90/10%) mixture

was run at identical microwave input power readings as the control, and the excess power was determinedtér b&\2ftom theT(t)

response.
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Given a helium-hydrogen (90/10%) flow rate of to control krypton plasma. For a 8.1W input, the
10.0 sccm and an excess power of 21.9 W, energy bal-thermal output power of the helium-hydrogen plasma
ances of over-2.9 x 10* kJ/mole H (150 eV/H atom) was measured to be 30.0 W corresponding to 21.9W
were measured. The reaction of hydrogen to form of excess power in 3cfn The excess power den-
water which releases-241.8 kJ/mole H (1.48 eV/H sity and energy balance were high, 7.3 Wfcand
atom) is about 100 times less than that observed. The—2.9 x 10* kJ/mole b, respectively. The results in-
results indicate that once an atom given bys. (1) dicate that a new power source based on the catalysis
and (3)is formed by a catalyst, further catalytic tran- of atomic hydrogen is not only possible, but is it com-

sitions: petitive with gas turbine combustion.
1 1 1 1 The reaction has applications as a new light source,
n=—=——-, - — = a new field of hydrogen chemistry, and a new source

3 4 4 5 . -
of energy. Since the power is in the form of a plasma,
and so on occur to a substantial extent. This is con- direct high-efficiency, low cost energy conversion may
sistent with the series of lower-energy hydrogen lines be possible, thus, avoiding a heat engine such as a tur-

with energies ofg x 13.6eV, wherey = 1, 2, 3, 4, bine or a reformer-fuel cell system. Plasmadynamic
6, 7, 8, 9, or 11 given irBection 3.1and elsewhere  and photovoltaic power conversion are two promis-
[4-7], the previously given theorjl—6,22], and pre-  ing options[19,39]. Conversion of plasma emission
vious studies which show very large energy balances to electricity using a photovoltaic cell irradiation up
[5,7,10,13,17,18]. to 1000 W cnm2 (7300 suns equivalent) is currently

feasible at high-efficienc§19]. Plasmadynamic con-
version of microwave plasma power to electricity has

4. Conclusion been achieved at about 3.6 WRmith about 42%
efficiency [39]. The lower-energy atomic hydrogen

We report that novel emission lines were observed may react to form the corresponding molec{16].

with energies ofg-13.6eV, whereg = 1, 2, 3, 4, This nonpollutant product has recently been isolated

6, 7, 8, 9, 11 or these lines inelastically scattered [40].

by helium wherein 21.2eV was absorbed in the

excitation of He (1%) to He (1$2p!). These lines

were identified as transitions to fractional Rydberg Acknowledgements

states of atomic hydrogen. An extremely high hydro-

gen atom temperature of 180-210eV was observed  Special thanks to Y. Lu and T. Onuma for recording

with the presence of helium ion catalyst only with  some spectra.

hydrogen present. Similarly, the average electron

temperature for helium—hydrogen plasma was high,
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