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Muons are conventionally measured by a plastic scintillator—photomultiplier detector. Muons from
processes in ultra-dense hydrogen H(0) are detected here by a novel type of converter in front of a
photomultiplier. The muon detection yield can be increased relative to that observed with a plastic
scintillator by at least a factor of 100, using a converter of metal, semiconductor (Ge), or glass for
interaction with the muons penetrating through the metal housing of the detector. This detection
process is due to transient formation of excited nuclei by the well-known process of muon capture,
giving beta decay. The main experimental results shown here are in the form of beta electron energy
spectra detected directly by the photomultiplier. Events which give a high-energy tail in the energy
spectra are probably due to gamma photons from the muons. Sharp and intense x-ray peaks from a
muonic aluminium converter or housing material are observed. The detection conversion in glass and
Ge converters has a time constant of the order of many minutes to reach the final conversion level,
while the process in metal converters is stabilized faster. The time constants are not due to lifetimes
of the excited nuclei or neutrons but are due to internal charging in the insulating converter material.
Interaction of this charging with the high voltage in the photomultiplier is observed. © 2015 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4928109]
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. INTRODUCTION

Both positive and negative muons are formed naturally in
the upper atmosphere' from impact of particles with cosmic
origin. They move down to the surface of Earth and into
the ground despite their short lifetime."> Muons are the final
unstable particles formed by meson decay® and decay them-
selves (at 2.2 us, thus, slower than any mesons) to electrons or
positrons plus neutrinos. Muons can be produced at large flux
densities by high-energy (hundreds of GeV) protons impacting
targets at so called muon factories, for example, at CERN-
SPS (Super Proton Synchrotron).* The research on muons
is also coupled to the production of neutrinos at so called
neutrino factories.’ Here, muons formed by nuclear processes
in ultra-dense hydrogen H(0)®7 are studied by their interaction
with solid converter materials. These interactions give both
electrons and x-ray photons which are detectable by photo-
multipliers (PMTs). The electrons and x-ray photons are here
studied by pulse-height energy analysis giving characteristic
energy spectra. The practical instrumental goal is to measure
the intensity and energy of muons with a small device, to be
able to assess the risks of small-scale fusion devices which
may emit large fluxes of muons.?

Ultra-dense hydrogen has been studied mainly in our
group for several years.® It is normally indicated as H(0) and
has been studied in the two forms of ultra-dense deuterium
D(0)° and ultra-dense protium p(0).'° Due to the extremely
high density of this material with interatomic distances nor-
mally of 2.3 pm,” it is expected that it will be an excellent
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fuel for laser-induced nuclear fusion.!'~!3 The density of this
fuel is so high that further compression is not needed to reach
fusion conditions, but only an igniting laser pulse. Laser-
induced fusion processes have, indeed, been reported.g’”’12
Such fusion processes have been observed by mass spec-
trometry to give both *He and “He.'* The fast particles at
>10 MeV u! observed from the laser-induced processes in
H(0) also indicate nuclear processes.'>!>~!7 The particle en-
ergy is high enough to give electron-positron pair produc-
tion.'® These MeV u~! particles decay in a few ns to other
particles.'” The lifetimes of the MeV u~! particles agree with
those for kaons and pions® which all decay forming muons.
In our thermal (calorimetric) laser-induced fusion experiments
in D(0) (in press), a substantial fraction of the total particle
energy from the fusion process was not measurable. It was
leaking out in an unidentified way, apparently as penetrating
particles but not as neutrons. A search was then initiated to
identify gamma radiation or other high-energy particles. This
resulted in detection of very intense beta-like energy spectra
and line spectra due to muons. It appears likely that many
small-scale fusion test systems emit muons, and it is thus
important to understand how to selectively detect muons with
high sensitivity. Progress in this direction is now reported.
Muons are often observed by detectors composed of a
plastic scintillator (PS) and a PMT.?*3® The muon signal is
here detected with much higher signal yield after converting
the muons more effectively into electrons with energy distri-
butions similar to beta distributions. This conversion method
for muon detection has not been reported previously. The beta
electrons are observed directly by the PMT. The detection
mechanism responds to muons entering the detector through a
thick metal enclosure. The muons fall with a large probability

©2015 AIP Publishing LLC
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into low-energy levels around the nuclei in the materials close
to the PMT cathode, forming muonic atoms.2' The subsequent
capture into the nucleus normally transfers a proton in the
nucleus to a neutron, giving an excited nucleus with atomic
number decreased one step. This excited nucleus decays rela-
tively rapidly by beta decay. In reality, the processes are more
complex varying also with the energy of the captured muons,
so other nuclei and other particles than electrons may also be
formed by the nuclear decay. The general principles of the
muon capture are well known,? but for each different nucleus,
several different outcomes are possible.

Il. THEORETICAL BACKGROUND

Ultra-dense hydrogen H(0) is a quantum material at room
temperature. It is described in several publications, with de-
tailed studies of the structure of the two isotope forms D(0)7-22
and the protium analog p(0).2* H(0) is a spin-based Rydberg
matter’ with angular momentum / = O for the electrons. It is
shown to be both superfluid>* and superconductive (Meissner
effect observed) at room temperature.”> H(0) may involve
formation of vortices in a Cooper pair electron fluid as sug-
gested by Winterberg.’®?” Due to the measured very short
H-H distances of 2.3 pm,?>?3 the density of H(0) is very high,
in fact higher than the density of hydrogen fuel for fusion
believed possible by any compression method. Thus, it should
be possible to initiate nuclear fusion by relatively weak laser
pulses in the ultra-dense deuterium D(0) material.>!""1? It is
likely that the main process initiated by the laser pulse is a
transition from level s = 2 with D-D distance of 2.3 pm to level
s = 1 with distance 0.56 pm”-!® from where fusion is sponta-
neous. If this transition to level s = 1 can take place sponta-
neously, a spontaneous fusion process is possible similar to
the ones named LENR (Low Energy Nuclear Reactions).?%"
Several studies have proved the formation of MeV particles
from D(0) during laser impact under conditions useful for
ICF (Inertial Confinement Fusion).”!!1215-17 Particle energies
up to 20 MeV u~! have been observed.!>!7 Recent studies
(submitted) show that most high-MeV particles are neutral,
probably cluster fragments Hy(0) of ultra-dense matter H(0)*
with a typical size of only a few pm. They seem to convert
rapidly to several types of mesons.'”

Muons interact with matter by first forming a muonic
atom, with the muon in a low orbit close to the nucleus. This
process gives gamma radiation, for example, similar to Ko
radiation.2! The muon is then often captured into the nucleus,
giving an excited nucleus with a proton replaced by a neutron
as, for example,’

T NNT*
W +"™M - "N* +v,

where atomic number Zy = Zy — 1 and n is the mass number.
This may be followed by many different processes of which
beta decay is most interesting here due to the measured energy
distributions,

"N*—> "™ +¢.
The energy of the emitted electron will vary with the isotopes

formed and the excess energy in the excited nucleus. Another
common process from the excited nucleus is neutron ejection.”
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The kinetic energy of the neutrons will often be relatively low,
peaking towards low energy of a few MeV.? The neutrons will
decay with a lifetime of 15 min as

nop+e +v,

giving electrons with maximum energy Q = 782 keV.?! The
decay of free muons with lifetime 2.2 us is also possible as
part of the signal detected. This takes place as

W = e +Ve+ Vv,
- et +ve +Vy,

but the electrons and positrons formed do not have the typical
beta-like energy distribution but peak at higher energy closer

to Q.2

lll. EXPERIMENTAL

Two different sources for producing H(0) have been used
for this study. They are similar to a source described in a
previous publication.”® Potassium-doped iron oxide catalyst
samples (cylindric pellets)*>3? in the sources produce the ultra-
dense H(0) from hydrogen or deuterium gas flow at pressures
of 107-100 mbars. The sources give a slowly decaying muon
signal for several hours and days after being used for producing
H(0). They can be triggered to increase the muon production
by laser irradiation inside the chambers or sometimes even by
turning on the fluorescent lamps in the laboratory for a short
time.

The PMT detector part is used in several different forms.
Its light-tight enclosure is built from high-vacuum metal KF
(klein-flansch) components of 40 mm inner diameter. The
components inside the housing are scintillators, converters of
metal, glass or other materials, metal foils, and a PMT. The PS
is of type BC408 (Saint-Gobin)*” and has 40 mm diameter and
length 50 mm. The PS gives mainly blue photons (maximum
emission at 423 nm). The metal converters are plates, discs,
lumps, or pieces of metals like Cu, Mn, steel, Pb, Al, or Au. The
glass converter with diameter 25 mm and thickness 3 mm is
normally a metal-ion containing blue-green glass filter (Schott
BG3, 3 mm thick) but also other types from Schott are used.
Also, clear glass filters (thickness up to 6 mm) and milky glass
filters have been used. The semiconductor converter used is a
germanium (Ge) window (Janos Technology) with thickness
2 mm and diameter 25 mm. An Al foil of thickness 20 um
is sometimes used, cut to 25 mm diameter. The PMT used is
Electron Tubes 9128B with single electron rise time of 2.5 ns,
electron transit time 30 ns, end-window cathode, and linear
focused dynode structure. The cathode is at negative high
voltage (HV) of 1600 V. Its diameter is 29 mm. The converters
are mounted on the PMT window with black plastic tape
winding. The final detector part is shown in the photo in Fig. 1.
A preamplifier (Ortec VT120) with bandwidth 10-350 MHz
and gain 200 and a pulse-shaping amplifier (Ortec 440A) with
shaping time 0.5 us were normally used. Also, other amplifiers
like Ortec VT120 with nominal gain 20 and pulse-shaping
amplifier Ortec 575A were employed. The signal from the
PMT was analyzed by a 2048 channel multi-channel analyzer
(MCA) (Ortec EASY-MCA -2k with Maestro software) for the
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FIG. 1. Detector part from vacuum components. The PMT part and the PS
part are indicated. Without the PS part, a metal blind flange is used to close
the tube.

MCA spectra of 500 s duration. When the converter is to be
changed, the PMT enclosure is opened and closed in darkness,
with the HV off, with no other change in position of the detec-
tor. Another MCA was also used, giving the same beta-like
distributions. Most experiments were run in darkness, even
with black cloth covering the detector parts to avoid any light
leakage.

The electron energy scale of the PS is calibrated by
measuring the beta emission from a '3’Cs probe (37 kBq,
Gammadata, Uppsala, Sweden). Measurements are made in
air with and without a 20 um thick Al foil in front of the
scintillator. The shifting of the beta signal with a blue-filter
in front of the PMT is verified, proving that the beta particles
interact with the PS. A plot of the square root of the number of
counts (signal-background) (Kurie-like plot) gives zero signal
due to '3’Cs at 765 channels with gain = 1 in the amplifier
Ortec 440 A and gain 200 in the preamplifier. Q = 512 keV
gives the approximate calibration of 0.67 keV/channel. A
similar calibration of only the PMT in Fig. 2 without the PS
gives zero intercept signal due to '*’Cs at 170 channels with
the same electronics. This gives an approximate calibration
of 3.0 keV/channel. A tentative linear scale is used to tag the
various features relative to these calibrations.

The time variation of the total signal was measured by
a multi-channel scaler (MCS) with 1 s dwell time per chan-
nel (EG&G Ortec Turbo-MCS). The pulse signal from the
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FIG. 2. A '37Cs probe at the PMT with no metal flange. The approximate
Kurie plot shows the zero signal intercept at 170 channels corresponding to
Q=512keV.

PMT was analyzed after recording by a fast digital oscil-
loscope (Tektronix TDS 3032, 300 MHz). A GM detector
(Rados RDS-80) gives slightly higher signal where the PMT
indicates enhanced external signal. The gamma signal was
measured with Mirion Technologies PDS-100G without any
higher signal detected at the apparatus. In Table I, some ranges
of interest for electrons and muons in Fe, Al, and in the
scintillator material are collected.

The place of origin of the beta-type signal must also be
known. From tests with a '3’Cs beta emitter, it is apparent that
beta electrons even with relatively high energy (Q = 512 keV)
cannot penetrate the thick metal walls used here for the PMT
enclosure without large energy loss. Thus, the electrons

TABLE I. Ranges for a few energies of electrons and negative muons in the
materials used. Data from the electron database at NIST,36 from muon ranges
in Ref. 39 and from manufacturer’s data.?’

Energy  Rangein  Rangein Rangein plastic Range in

Particle (MeV)  steel (mm) Al scintillator (um)  air (m)
e” 0.03 9 um 10 0.018
e” 0.1 69 pum 150 0.143
e 0.3 410 um 700 1.1

e 1 0.77 2.0 mm 4000 4.4

e” 10 7.6 26 mm 46

U 10 1.3 3.4 mm 7.1

W 20 4.3 11.4 mm 24
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observed in the low-energy beta-like distributions in the muon
experiments are definitely formed inside the PMT enclosure by
penetrating particles. These low-energy distributions observed
in the experiments are typical for beta-decay. They have the
correct type of energy spectrum and give linear Kurie-like
plots.>! They do not agree with the electron energy distribu-
tions from muon decay.” The same shape giving linear Kurie-
like plots is found by using a beta emitter '3’Cs without a
scintillator, thus with the beta electrons with Q = 512 keV
penetrating into the PMT. (The same shape is also found with
a PS, but with higher pulse energies giving another calibration
as described above.) These results are used to calibrate the beta
energy scale. This means that the beta-like distribution is due
to electrons from beta decay of either unstable nuclei or free
neutrons in the converter.

IV. RESULTS
A. Muon signal

The PS was combined with only a PMT for standard muon
measurements in the present experiments. Such a detector
gives a signal consisting of a low-energy beta-type distribution
similar to those from the other converters, and a high-energy
tail which is caused by pulses of several blue photons from
the PS (emission maximum at 423 nm). This property of the
tail is demonstrated by inserting a grey filter with OD2 (1%
transmission) between the PS and the PMT, which removes
the tail as shown in Fig. 3 since the photons are absorbed by
the filter. This signal from the PS is normally used for muon
detection. Note that the beta distribution does no change with
the grey filter; thus, it is not due to visible photons. A blue-
filter shifts the tail towards lower energies, since the number
of photons in each multi-photon pulse is decreased by the
filter. Thus, the tail is due to high-energy particles like muons
entering the PS through the 2 mm thick steel enclosure. The
beta distribution intensity is increased more than a factor of
10 by the blue-filter.

In experiments using the PS, a crude division of the en-
ergy spectrum into the low-energy beta distribution and the

10000 -
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high-energy tail was made. The low-energy count (which is
much larger than the tail) varied from 1.3 x 10° at start on one
day with cold source in one apparatus to 2.6-3.2 x 10° with the
source in operation. With the standard deviation ¢ of 360-566
of these numbers according to Poisson statistics, the increase
is 260 times larger than o and thus statistically ascertained.
With the source turned off at the end of the experiments, the
count was 1.6 x 10’ thus a certain change due to the source.
In another experiment, the count was 1.08 x 10° at another
source, sinking to 0.91 x 10° 2 m away. The standard deviation
is around 300 while the difference is 17 000, thus >50 times
larger. Thus, a clear shift with detector position is found. The
high-energy tail in these experiments (which is due to the
particles giving photons in the PS, not electrons in the beta
distribution) was close to 7000, thus with a standard deviation
o = 80. With water and lead shielding, the count was 7300
while without the shielding, the count was >8300, thus a
difference 12 times larger than 0. A position close to one source
which was not operating gave a count of 6915, while directly
moving the detector a 3 m long distance from that position
gave a count of 7873, thus a change 12 times larger than o.
A higher signal far from the source indicates a decay of the
emitted particles. It is concluded that a signal due to decaying
particles and muons exists in the laboratory.

B. Metal converters

The most interesting results from a detection point of view
are found with converters of metal. In Fig. 4, the behavior

—— PS

Beta PS + bluefilter

1000 1 distribution PS + gray filter
§2)
c

3 1004
(@)
A bluefilter
10 - ! [ shift

e

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Channel (gain 1)

FIG. 3. Demonstration of visible light photons from the PS to the PMT in
the tail of the distribution due to particle interaction with the PS, and of
penetrating particles to the PMT in the low-energy distribution. Conversion
by the colored glass filter is clearly observed.
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FIG. 4. A Pb metal converter with relatively low conversion relative to the
case with no converter shown in the lower panel. The Pb plate (with no
opening) converter removes both the high-energy tail and the x-ray peak due
to the outer Al flange.
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of Pb is compared to that without converter with a similar
high particle production in the source 1 h later. In both cases,
a flange of 3 mm thick Al encloses the cathode end of the
detector part in which the PMT is contained. The signal with
the 2 mm thick Pb plate increases the signal around a factor
of five at low energy, with a broad maximum around 150 keV.
The high-energy tail at up to 5 MeV energy without a converter
(thus from the Al flange) is not observed with the Pb converter.
This kind of difference for different parts of the spectrum gives
further information, in this case, that the tail is probably due to
photons which are not transmitted by the Pb plate. Thus, they
may be soft x-ray photons. With other metals like Al and Cu,
both a large low-energy signal and a large high-energy tail are
found as shown in Fig. 5. Other metals like Mn do not give
a high-energy tail at all and a low maximum signal. These
details are certainly related to the properties of the excited
nuclei formed for each metal but the explanation is probably
quite complex.

Kurie-like plots invariably show a linear behavior, as in
Fig. 5. The zero-signal cutoff normally falls between 150 and
200 channels at gain = 1 with some systematic variation for
different metals. This means a Q value for the beta processes
of 450-600 keV according to the calibration of the PMT.

In many experiments, a sharp peak is observed in the
energy spectra as in Fig. 6, close to 75 keV from the PMT beta
calibration. Its origin is here Al, either from an Al converter
or from the Al flange used in the PMT enclosure. Electrons
are not likely to give such a sharp peak, but its skewed shape
suggests that scattering losses exist. It is probably due to x-ray

100000
10000 - Converter Al
[2] 1000 +
)
c
>3
[}
O 100
10 A
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Channel (gain 1)
200 ‘
150 - ’
X
@
= Al x-ray
S 100 A K
=1 pea
o
O
=
50*’
oH . . : . .
0 50 100 150 200 250 300

Channel (gain 1)

FIG. 5. Typical energy spectra using the best tested converter metals Al and
Cu. The high-energy tail is very pronounced, even showing a maximum at
1450 channels or 4.35 MeV for the Al converter. The Kurie-like plots in the
lower panel show a linear behavior.
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FIG. 6. X-ray peak due to Al in the outer flange, of this large size for just
a few minutes. This line is suggested to be the muonic Al atom transition
2p—1 s which is at 346.8 keV.3*

photons from the formation of the muonic Al atom. The line
shape for such processes is very similar to the one found here.?!
The most prominent line for Al is the 2p—1 s, at 347 ke V.** This
may give a calibration of other x-ray signals entering the PMT.
Small peaks of a similar type are sometimes detected.

C. Semiconductor converter

The only semiconductor converter tested is Ge. It gives
a relatively high and constant amplification. The insertion of
a non-metal converter gives an increase in the signal level
which has a time constant up to 2 h (Fig. 7). Often there is
no change at all for a considerable time (to the left in the
figure) after which a rapid switch in the signal generation takes
place. Normally, the low-energy distribution increases first,
with the high-energy tail increasing rapidly somewhat later.
If the converter is removed, the fall of the signal to typical
background level is immediate. Also an interaction with the
HV exists, such that a time delay from low to high signal exists
after the HV for the PMT is connected. It is also possible to
observe a signal fall with a similar time constant by using two
converters and removing one of them.

Ge ;i‘
15000 - /
/
/
n I /
' 10000 Ge + Al-foil /
=] /
Q y /
o s
/
5000 M C A
MCA
04
0 1 060 20‘00 30‘00 4060 5000
Time (s)

FIG. 7. Time variation of the total pulse signal in counts/s from the PMT
using Ge as converter with the MCS. The first part also includes an Al foil
between the Ge and the PMT, giving a lower signal. Time constants are a few
minutes. During the periods marked MCA, the signal was redirected to the
MCA.
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D. Insulator converters

Many different types of glass filters have been tested
for the muon detection. Insulators show time constants in
the detection in the same way as semiconductors. The time
variation of the signal has been studied and the relevant time
constants have been found. For glass converters, they are in
the range 5-140 min and vary mainly with the thickness of the
glass. This indicates that the time delay is due to an interaction
between the HV and the charges set free by the external par-
ticle radiation in the insulating material. How this effect can
influence the electrons released in the converter is not fully
understood.

E. Enclosure

The metal enclosure of the converter and PMT detector
has a direct influence on the signal observed. In Fig. 8, four
consecutive experiments are shown of the low-energy distribu-
tion (gain = 16). Without an Al flange at the converter-cathode
end of the enclosure (here, in darkness and with several layers
of black cloth coverage), the signal is much lower, down a
factor of 10-50. (That the cloth would give such a strong
signal reduction is unlikely due to its low mass relative to the
metal flange.) Also, the shape of the low-energy distribution
is different, with a Kurie-like linear part having zero signal
cutoff at 300/16 channels thus at approximately Q = 56 keV.
The influence of the Al converter is directly seen in Fig. 8. Note
that the Al flange runs were done before and after the other
runs to control that the muon source intensity did not change
significantly.

V. DISCUSSION
A. Expected particles

The mechanism giving the particles from the sources used
is not fully understood but involves nuclear processes in the

1000000

—— Al flange, steel converter
100000 4 no flange, no converter
no flange, Al converter

—— Al flange and converter \

10000 | \

Ty
1000 -

Counts

10 4 Al x-ray
peak

T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600

Channel (gain 16)

FIG. 8. Combined influence of the converter and of the flange capping the
detector part. No flange means that thick black cloth is used to stop any light
(in darkness) from reaching the PMT cathode. The same cloth with a flange
in place did not change the signal appreciably. The Al gamma peak is not
always visible, which may indicate the presence of other exciting particles
than negative muons.
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ultra-dense hydrogen H(0). Since it seems that kaons and pions
are formed from H(0),>> both positive and negative muons
should exist in the particle flux to the detector, being formed
by decay from these mesons. Only negative muons can give
muonic atoms and muon capture, and thus the two main fea-
tures observed, the beta distributions and the sharp x-ray peaks
are due to negative muons. It may be considered that the high-
energy tail in the spectra from the converters is due to positive
muons, but no clear evidence exists. However, since a large
low-energy signal and a high-energy tail often appear suddenly
and almost simultaneously in experiments with glass con-
verters, the particle flux under such conditions may be charge
compensated and contain both negative and positive muons
at similar flux densities, thus removing the charge barriers
that seem to exist in the glass converters. This would then
give the apparent low-energy and the high-energy parts of the
spectra from these two particle fluxes of negative and positive
muons.

B. Energy distributions

In the Kurie-like plots, the zero signal cutoff (intercept)
is close to 170 channels or 510 keV according to the en-
ergy calibration of the PMT. The actual value varies with the
combination of converter materials used. However, the zero-
signal cutoff does not vary with the momentary conversion
gain in the converter. That this value is the same independent
of the size of the actual signal means that it is of fundamental
origin.

Even if the shape of the Kurie-plot is constant independent
of many parameters like the intensity of the muon signal, this is
not the case for the shape of the maximum of the low-energy
distribution, at energies lower than the Kurie-slope. It often
becomes more flat at low conversion yield and with a clear
maximum at high conversion. The energy distribution at high
conversion normally also displays a long high-energy tail, up
to energies corresponding to at least 5 MeV. It often displays
a maximum at high energy as in Fig. 5. The high-energy tail
is not transient but can exist almost unchanged during a whole
day of experiments.

The intrinsic background in the PMT does not have an
extended Kurie-like shape and does not give a well-defined
constant zero signal cutoff. The intrinsic background neither
has a high-energy tail. This means that the signal of interest
here is characterized both by the Kurie-like plots and by the
high-energy tail observed at high conversion gains.

C. Time constants

It might be tempting to identify the time constants of
the signal, for example, in Fig. 7 as due to neutron decay
giving the beta-type energy distributions with Q = 782 keV.
The decay time of free neutrons is around 15 min or 900 s,
and the observed time constants in Fig. 7 are close to this
value. The calibration of the PMT response with '3’Cs gives
approximately 3 keV per channel at gain = 1. This would give
a Q of 260 channels in the spectra, which is considerably
higher than any observed value of Q. It is possible that the



083306-7 L. Holmlid and S. Olafsson

energy scale in the PMT is not linear. If that is the case, neutron
decay may be part of the signal observed using semiconductors
and insulators as converters.

Tests with glass converters tend to give longer time con-
stants for thicker glass. Thus, the time constants are more
likely due to charging effects in the insulating materials. The
signals are not smooth in time but vary with spikes and other
features that indicate charging and discharging phenomena in
the materials. Also, the influence of the high voltage of the
PMT indicates that this is a plausible explanation.

D. Muon intensity

The muons may of course have high enough energy to
pass through the converters used. This implies that not all
muons are detected even at the highest measured signal levels.
However, the total detected signal can be calculated from the
number of total counts in each run, or from the number of
pulses per second, for example, at the high counting rate of
15 kilocounts/s in Fig. 7. The converter was in this case a 3 mm
thick glass filter with diameter 25 mm. At 2 m from the source,
the total angular coverage of the converter was 107> sr. This
means a total intensity of 1.5 x 10° s™' sr™!. Assuming this
value to be slightly too high due to multiple peaks from single
events in the high-energy tail is realistic. Thus, a reasonable
(conservative) value is approximately 10° s=! sr~!. If each
such initial particle carries the energy observed by the MeV
TOF studies'”'® of 20 MeV u™!, the total energy ejected as
kinetic energy of the muons is 3 mW sr~l. If this is due to
spontaneous fusion of D(0) to “He in the source, each pair
of 20 MeV u~! particles requires the fusion of approximately
6 D atoms (giving 43 MeV). This means a total number of
D atoms required for this energy release of 6 x 10? s™! sr~!
or 1 x 107"*mol s™! sr™!. During one year, this means a fusion
consumption of close to 7 ug of deuterium. If the initial ejected
particles are lighter than one mass unit u, the final numbers
are reduced in proportion. In this discussion, it is excluded
that the muons are formed from the fusion energy, but it is
clear that they are formed from nuclear and decay processes
starting in the D(0). So the total number of D atoms lost from
the system has to be increased by approximately 1/6 or 17%.
These numbers appear quite realistic and the muon generation
does not imply a large energy release which might be observed
by other methods.

E. Particle penetration

In Table I, a few values of the tabulated ranges of the
different particles are collected. Muons with >20 MeV energy
will move many meters in air as seen in the table. They move
>400 m during their lifetime of 2.2 us. They also penetrate
into the detector housing with its wall of a few mm steel or
Al On the other hand, they probably do not pass through the
PS at several cm length if they do not have more than 20 MeV
energy. So the low-energy signal observed with the PS is prob-
ably caused by muons which move directly into the converter
through the steel wall. Electrons from beta processes outside
the detector housing with energies of below 1 MeV will not
penetrate without energy loss into the housing, as concluded
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above from direct measurements. They will however move into
the PMT from the converter, as also seen directly in the exper-
iments. Such electrons should also be able to pass through
the air from the wall of the detector housing, even if the wall
(flange) is at several cm distance from the PMT and converter.
That a large signal is not observed by such arrangements is
probably due to loss in intensity of the randomly directed
electron flux by the increased distance between the end flange
and the PMT.

VI. CONCLUSIONS

More efficient detection of muons is shown to be possible
by the use of solid converters utilizing muon capture, com-
bined with a photomultiplier. Since muons appear to be formed
in small-scale nuclear fusion devices, it is important to find
methods to measure muon fluxes efficiently. Muons may also
become useful for atomic analysis by the x-rays emitted during
the formation of muonic atoms.
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