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Abstract

On May 20, 2017, we started a series of experiments with the goal of observing vibrationally induced excitation transfer of the
14.4 keV nuclear state from excited Fe-57 to ground state Fe-57 nuclei. A steel plate with a Co-57 substrate on the front surface
was vibrated by a piezoelectric transducer near 2.21 MHz; and emission in the X-ray region was recorded with an Amptek X-123
detector on the front side, a scintillator/photomultiplier detector on the back side, and a Geiger counter on the back side. The
experiments provided a negative result for the originally sought ultrasonically induced excitation transfer effect, but instead showed
non-exponential time histories for photon counts on all three detectors. Specifically, increased emission of the 14.4 keV gamma,
Fe Ko and Kg X-rays was observed at early time. This enhancement was present at the start of the experiments at about 19%
above expected levels for the 14.4 keV gamma, and about 17% for the Fe K-alpha, with the enhancement decaying away with a
time constant of about 2.5 days. Emission on the Sn Ko was consistent with the expected exponential decay of Co-57 at the 1%
level. Non-exponential decay with an enhancement at early time was also seen for the weak Fe K, escape peak, and in the back-
side Geiger counter data; and a reduction at early times was seen on the higher energy channels of the scintillator/photomultiplier
detector counter both looking at the back side. The observed non-exponential decay is connected with the tightening of bolts
on wooden clamps on the corners of the steel plate, which apply mechanical stress to the sample. Candidate interpretations are
considered, in which the stress induced in the steel results in scattering and generation of THz phonons by dislocations, and in
which phonon—nuclear coupling mediated by THz phonons leads to the transfer of nuclear excitation to other nuclei ("excitation
transfer"), which can cause spatial delocalization of the source and angular anisotropy of the photon emission.

(© 2018 ISCMNS. All rights reserved. ISSN  2227-3123

Keywords: Anomaly, Co-57, Excitation transfer, Non-exponential decay, Phonon—nuclear coupling

1. Introduction

The announcement of the excess heat effect in an electrochemical experiment with Pd in heavy water by Fleischmann
and Pons in 1989 [1,2] was met with great skepticism, especially among physicists, in part because the effect was
unexpected and seemingly impossible to reconcile with known nuclear physics and solid state physics. The many
subsequent observations of the effect [3] support the contention that the excess heat effect is real, but more than 28
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years later, there is no accepted explanation as to why it might occur. Under normal conditions when a nuclear reaction
produces energy, the resulting energy is carried off as energetic nuclear radiation. The absence of energetic nuclear
radiation commensurate with the energy produced in the Fleischmann—Pons experiment provides reason for skepticism,
and also provides a barrier to understanding the reaction mechanism [4]. For example, in an incoherent deuteron-
deuteron fusion reaction it is possible to observe p+t and n+3He to confirm the existence of the two dominant reaction
pathways, and to measure the particle momenta and energies in order to shed light on the reaction kinematics. With no
energetic reaction products associated with energy production in the Fleischmann—Pons experiment, a similar approach
cannot be used to study the reaction mechanism. Because of this, it has been impossible to clarify unambiguously what
nuclei are involved in Fleischmann—Pons experiments and derivative experiments, or how the reaction works (other
than to say that it does not work like a conventional incoherent nuclear reaction).

Over the years there have been several hundred papers published describing a wide range of theoretical ideas
as to how an excess heat effect might occur. Some of the proposals are in conflict with experiment as they predict
energetic radiation. For those proposals which do not predict energetic radiation it is difficult to make an unambigu-
ous connection with the Fleischmann—Pons experiment since they tend to involve mechanisms which have not been
experimentally tested. Without independent experimental confirmation of at least some of the intermediate parts it
is difficult to develop much confidence that any such model is correct. For example, we are currently interested in
models based on a relativistic phonon—nuclear interaction [5], in which the absence of energetic nuclear radiation in
Fleischmann—Pons type experiments is accounted for through the subdivision of 24 MeV quanta (the mass difference
between D5 and “He) to lower nuclear transitions, and eventually to down-conversion of the nuclear excitation into a
commensurate number of phonons [6,7]. While the theoretical arguments seem strong, an unambiguous experimental
confirmation of the underlying phonon—nuclear interaction and the resulting down-conversion effect is required.

Based on experience gained from the interaction of theory and experiment over the years since 1989, it seems
clear that there will not be agreement on mechanism based on interpretations of results from Fleischmann—Pons type
experiments alone. What is needed are different but related experiments, in which the same mechanisms are involved,
but which permit an unambiguous interpretation [8]. We have previously advocated for up-conversion experiments, in
which vibrations are up-converted to produce nuclear excitation, and we have interpreted collimated X-ray emission
in the experiments of Karabut [9-17], and of Kornilova and coworkers [18-22], as due to the up-conversion of a
commensurate number of vibrational quanta i.e. phonons.

Theory suggests that for phonon—nuclear coupling to be strong enough to show observable effects, the frequency
of a vibrational mode ought to be as high as possible. However, suitable commercial sources for THz vibration
excitation have not been available to us at the time of the reported experiments. Collimated X-ray emission in the
Karabut experiment and in the Kornilova experiment suggest that observable effects may also occur at lower frequency
vibrations. Cardone and coworkers have reported a variety of anomalies in experiments in which a steel bar is subject
to vibrations at 20 kHz; including neutron emission [24—29] alpha emission [25,26,30-32], and elemental and isotopic
anomalies [33-35] (see the reviews [36,37]). We interpret the observations of Cardone and coworkers as possibly
resulting from up-conversion mechanisms at play. All of this suggested the possibility of observing effects from up-
conversion in experiments with vibrations well below the THz regime.

Over recent years, we have been working toward experiments to experimentally investigate phonon—nuclear cou-
pling and expected mechanisms and effects resulting from it. We tried earlier to make use of MHz vibrations to drive
up-conversion in steel plates and excite ground state iron nuclei. In these up-conversion experiments, we sought — but
did not find — collimated X-ray emission [38,39]. We have been able to drive metal plates up to 10 MHz. One set
of up-conversion experiments involved high power piezoelectric transducers that have resonances near 2.2 MHz and
could deliver over 100 W of vibrational energy to the plate [40]. We have also acquired and developed radiation detec-
tors as diagnostics for changes in photon emission resulting from up-conversion and excitation transfer experiments.
Moreover, in many of these experiments, compressional wooden clamps were applied to the edges of the sample plates,
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so0 as to provide damping to the vibrations. This measure was motivated by the theoretical models suggesting that the
presence of such damping could facilitate observable effects [61]. None of our conducted up-conversion experiments
showed effects indicative of phonon—nuclear coupling at play. Consequently, we explored ways of increasing the
chances of generating observable effects if they exist.

We have recently proposed an excitation transfer experiment, where phonon exchange with a highly excited vi-
brational mode transfers the excitation from excited nuclei to identical ground state nuclei located elsewhere [23].
Nuclear excited states in such an experiment originate from the decay of radioactive nuclei. Whereas an up-conversion
experiment would require a high phonon—nuclear coupling strength to show observable effects, the newly proposed
excitation transfer experiment would require a comparatively lower phonon—nuclear coupling strength and relatively
minimal energy exchange with vibrations. Consequently, conditions for an excitation transfer experiment with ob-
servable effects are expected to be more easily and more likely created compared to conditions for an up-conversion
experiment with observable effects.

In the Spring of 2017, we began the first set of excitation transfer experiments. In practice, these experiments
differed from the earlier up-conversion experiments in that now the experimental setup included a constant source
of short-lived iron nuclei in excited states. This was the case because of the presence, on the surface of the steel
plate, of radioactive Co-57 which decays into excited Fe-57. The goal then was to look for effects resulting from
the transfer of such given excitation to other nuclei (originally in ground state) during vibrational stimulation. The
first series of experiments employed the above mentioned 2.2 MHz piezoelectric transducer for inducing vibrations.
Each experiment lasted several hours. Compressional wooden clamps had been applied to the sample plate once at the
beginning of the series of experiments and left in place. When considering the data of each of these experiments, the
results appeared negative: We did not notice changes in photon emission correlated with vibrational stimulation.

However, when analyzing the entirety of acquired data across the full series of these early experiments, i.e. across
several days, we did notice something unexpected: from the beginning of the series onward, the photon emission from
the Fe-57 nuclear transition at 14.4 keV showed a non-exponential time history, as did the Fe K, and Kz X-rays. We
initially suspected a problem with the Amptek X-123 X-ray detector, but after further analysis we gained confidence
that the X-123 detector functioned properly during the experiment (for example, the Sn K, time history was consistent
with normal exponential decay of the Co-57 at the percent level, and different detectors reported non-exponential time
histories simultaneously).

After becoming aware of the unexpected observations across the series of shorter experiments from May 20-31,
we began to consider the data across this period as representing a single exploratory experiment which we now refer
to as the May 20 experiment. No physical change was made to the experimental setup of said May 20 experiment after
applying the compressional clamps and placing the sample in front of detectors on May 20, 2017.

As a result of the unexpected observations, we were faced with an array of issues. Foremost among them: Is the
effect real, or an artifact of the detectors or of the experiment? Also important is the interpretation of the observed
effect: Why should there be a non-exponential time history, and what is the associated physical effect? Another
question concerns the cause of the anomaly: The anomaly was present at the beginning of the experiment, which
suggests that the cause was something that happened prior. This needed to be clarified, and many runs have since been
carried out which help shed light on the experiment and effects observed. In such subsequent runs, the effect has been
consistently observed (albeit comparatively weaker than in the first experiment) and these runs will be described in
more detail in future reports.

In this initial paper, our focus will be primarily on the first observation of the anomaly, in part because it represents
a critical milestone in this experimental campaign, and in part because much effort has gone into the analysis of the
data. What follows is a detailed description of the experimental setup and resulting observations. At the end of this
paper, we consider possible interpretations as well.
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Figure 1. Simplified version of the nuclear decay scheme for Co-57; energy levels and half-life times are from the NUDAT? online database of
Brookhaven National Lab.

2. Beta Decay of Co-57, and Fe-57 Nuclear Levels

In the excitation transfer experiments introduced above, we use Co-57 to produce excited nuclear states of Fe-57.
Excitation transfer effects are considered to affect the lowest two excited states of Fe-57 which are described in the
following section. A brief review of some of the theoretical ideas associated with phonon—nuclear coupling, excitation
transfer, and other mechanisms which motivate these experimental design choices is provided in Appendix A.

2.1. Co-57 beta decay scheme

A simplified version of the nuclear decay scheme of Co-57 [41-44] is illustrated in Fig. 1. Co-57 beta decays through
electron capture, resulting 99.80% of the time [45] in the excited state of Fe-57 at 136.47 keV . A small fraction of the
time, there is decay to higher energy Fe-57 states [46,47], which we will not concern ourselves with in what follows.
The dominant gammas that result are the 14.4129 keV transition (which is widely used in Mossbauer studies), and two
harder gamma transitions at 122.0614 keV and at 136.4743 keV.

2.2. Phonon exchange effects under consideration

We were most interested in the possibility of an excitation transfer effect involving the Fe-57 14.4 keV state, since
the half-life is reasonably long (98.3 ns) and the transition energy reasonably low. An excitation transfer effect might
manifest as delocalization through a decrease in the 14.4 keV gamma emission measured in the vicinity of the Co-57
source coinciding with an increase of such gamma emission elsewhere, or perhaps through collimation of the 14.4 keV
gamma. Also possible might be an excitation transfer effect for the 136.5 keV state, but excitation transfer involving
this state should be weaker compared to the lower state since the half-life is shorter (8.7 ns) and the transition energy
is higher.
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Figure 2. An idealized schematic of the experiment. The transducer is on top of the steel plate, with the Co-57 underneath. Wood blocks are
clamped onto opposite corners (here idealized as sides) of the steel plate to add loss. The Amptek X-123 X-ray detector views the Co-57 from
below; the scintillator/PMT detector views the sample from above, and the Geiger counter views the top side of the steel plate near a corner away
from the Co-57.

3. Experimental Details, May 20 Experiment

As mentioned above, the initial goal of the experiment was to look for evidence of excitation transfer induced by
vibrations near 2.21 MHz, generated with a piezoelectric transducer. The plan was to create a sample with excited
state Fe-57 resulting from from the decay of Co-57, apply vibrations, and to look for a loss of the strength of the 14.4
keV nuclear transition at the site of the Co-57 when vibrations are present.

3.1. Experimental setup

A simplified schematic of the experiment is shown in Fig. 2, indicating the primary elements of the experimental
configuration (details concerning individual elements follow below). Four pieces of plywood were bolted down on
opposite corners of the steel plate to provide loss [40]. Three holes were drilled in each piece of plywood for bolts,
and nuts were screwed on with a torque wrench, resulting in compressional stress on the plate of approximately 2000
Ibsf. As described below, Co-57 was placed on the front side of the steel plate through evaporation of an acid solution,
with the front side facing down in the figure, above a coarse aluminum protective mesh (not shown in the schematic),
with the Amptek X-123 X-ray detector below. The scintillator/PMT detector looks down on the back side, off to the
side of the transducer. The Geiger counter also views the back side of the steel from above, oriented over a free corner
away from the Co-57. A side-view photograph of the steel plate, wood clamps, and detectors is shown in Fig. 3.
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Figure 3. Experimental setup. Four plywood clamps are tightly bolted onto the steel plate, which rests on a rigid rack for support. Below is a
protective coarse aluminum mesh which rests on an aluminum frame. Below the aluminum mesh is the Amptek X-123 X-ray detector, which rests
on foam (not shown) to minimize vibrational coupling. Above the steel plate on top of the corner of the steel plate is the Geiger counter in a holder
with foam. Behind the Geiger counter is a scintillator/PMT X-ray detector.

3.2. Steel plate

We used a 3" x6"x5/32" steel plate made of low-carbon steel (McMaster-Carr part number 1388K546) shown in Fig. 4.
The uppermost peak of the n = 3 fundamental resonance for this (loaded) plate is observed around 2.22 MHz (Fig. 5),
slightly below the transducer resonance (the resonance of this transducer is a bit higher than for the one discussed in
Ref. [40]). The corresponding longitudinal sound speed of steel estimated from this frequency is 5.870x 10° cm/s with
an uncertainly on the order of 1% due to variations present in the thickness of the plate.

Figure 4. Steel plate sample with 200 p.Ci of evaporated Co-57.
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3.3. Co-57

We obtained 1000 pCi of 57CoCly from Eckert & Ziegler, in 0.1 M HCI, which came as 0.15 ml of solution in a 0.3 ml
vial in November 2016. Roughly 1/3 was evaporated onto the steel (which involved using a micropipette to move some
of the solution from the vial to the steel plate, and then waiting on the order of an hour for evaporation in air). The
half-life of Co-57 is 271.74 days, so by the time of the May 20 experiment there was roughly 200 p.Ci remaining on the
plate. The evaporated solution was covered by epoxy (J-B Weld 50112 Clear 25 ml ClearWeld Quick-Setting Epoxy
Syringe) in order to prevent flaking off or physical loss of Co-57 activity. A ring-shaped residue is present at the end
of the evaporation. The size of the evaporated region can be seen in Fig. 4 as the small whitish region approximately
1 cm in diameter, and the epoxy covering can be seen as the clear layer approximately 3 cm in diameter over and
surrounding the evaporated region.

3.4. Transducer and gel

Ultrasonic vibrations were driven by a high-power 1"x6.5" piezoelectric transducer rated for 1.95-2.07 MHz from
PCT Systems Inc. For unloaded low power operation at room temperature on Styrofoam, and for operation on steel,
the transducer’s resonance was found to be slightly higher than rated (approximately 2.26 MHz). For mechanical
coupling of the transducer to the steel we used VersaSonic multipurpose high temperature ultrasonic couplant from
ECHO Ultrasonics. The piezo crystal was driven by an E&I A150 Broadband Power Amplifier through an Amplifier
Research DC2600A dual directional coupler. When the transducer was driven we made use of a 20% duty cycle to
avoid high temperature in the piezo crystal. The electrical power reported in Fig. 5, and later on in the paper, refers to
the peak (and not average) power.
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Figure 5. Electrical power to the transducer as a function of frequency for one of the transducer drive periods for the May 20 experiment.
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Figure 6. Steel plate (light gray); plywood clamps (brown); locations of bolts (black); there was one location for the evaporated Co-57, with four
positions possible indicated by the red circles.

3.5. Clamps on steel plate

An effort was made after the May 20 experiment to determine the arrangement of the plywood clamps on the steel
plate. From this reconstruction a layout was drawn to provide an approximate indication (see Fig. 6). The position of
the plywood clamps on the steel could be determined from the residual indentations in the wood, and the locations of
the bolt holes are available from photographs; these are indicated in the figure. The Co-57 evaporation is off-center,
and the closest distance between the Co-57 and the nearest clamp edge is 1.22 in.

3.6. Aluminum mesh

There was a coarse aluminum mesh between the steel plate and the Amptek X-123 detector which we installed in
order to provide protection for the thin Be window of the detector. This mesh is sold by McMaster-Carr (part number
9232T191) as Aluminum Perforated Sheet, 0.063" thick with 0.1875" diameter holes and 51% open area. It is made
out of 3003 aluminum.

3.7. X-123 X-ray detector

For X-ray and gamma detection on the front side of the plate (facing the radioactive source) we used a 500 pm Amptek
X-123 Si-PIN detector with a 0.5 mil Be window and 6 mm? area. For the data discussed in this paper we used spectra
recorded every minute and logged with a time stamp. We used 2048 bins up to a maximum energy near 28 keV.

For data analysis, the energy band time history data presented later in the paper consists of summed up counts over
40 bins (525 eV) for the Fe K, and Fe K3 lines, and 60 bins (788 eV) for the Fe-57 14.4 keV line. For the Sn K,, line
69 bins (906 eV) were used, and for the Sb K, line 43 bins (564 eV) were used.

3.8. Scintillator/PMT X-ray detector

On the back side of the plate (not facing the radioactive source) we used a scintillator/photomultiplier detector for
X-ray and gamma detection. This detector uses a 250 um ZnS scintillator (normally used for alpha detection) and
a Hamamatsu 3" photomultiplier tube (PMT), model R6233, with a thin radfilm cover to block visible light. This
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detector was built by iRad Inc in Florida. The PMT was operated with a GS-2000-PRO driver from Bee Research.
The analog output went into a Focusrite 192 kHz low-noise USB audio interface and was analyzed with open source
Theremino MCA software. The 2048 channel spectrum was recorded once every minute with a time and date stamp.

3.9. Geiger counter

We made use of a Ludlum Geiger counter with a Model 44-88 Alpha Beta Gamma detector probe, and with a Ludlum
2350-1 Data Logger, to detect radiation on the back side. The Ludlum system develops an estimate for the count rate
per minute roughly each half second, and the rate was logged roughly once each second with a time and date stamp.

3.10. Neutron detector

A Wendi-2 neutron detector from Thermo Fisher was placed next to the experimental assembly to monitor for possible
neutron emission during the experiment.

4. Experimental results: shorter runs with MHz Vibrations

As mentioned in the introduction, the goal of the experiment was to test whether vibrations induced by the piezoelectric
transducer could cause excitation transfer of the Fe-57 14.4 keV excited state population. We began with runs driving
the transducer at high power (approximately 150 Watt); however, we were concerned that the detectors might be seeing
noise due to the high current level used to power the transducer, so in later runs we reduced the transducer power and
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Figure 7. Time-integrated spectrum for first part of the experiment (20-23 May); raw counts per channel (grey histogram); averaged spectrum
(blue line).
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increased the duty cycle at which the transducer was driven (to 25% and 30%). Results from the low power run are
considered in this section. Results for the entire period covering all runs, i.e. what we now refer to collectively as the
May 20 experiment, are discussed from Section 5 onward.

4.1. Time-integrated X-ray spectrum

The primary diagnostic in this experiment is the Amptek X-123 detector, so we begin by considering the X-ray and
gamma lines from this detector. The X-123 spectrum integrated over the first few days (5/20/17 14:48 to 5/23/17 06:50)
of the experiment is shown in Fig. 7. A discussion of the calibration of the X-123 spectrum is given in Appendix B,
along with line identifications in the spectra.

The 14.4 keV gamma line shows up clearly in the middle of the spectrum; and at lower energy, the lines resulting
from the Fe K, and Fe K3 transitions are very strong. There is the possibility of Fe K, or Fe Kz radiative decay
following the initial electron capture by Co-57; subsequently, there is a substantial probability of Fe K, or Fe Kg
radiative decay following the nonradiative decay of the 14.4 keV state by internal conversion [48-50].

4.2. Excitation transfer test with moderate transducer power

The test for excitation transfer — as initially envisioned — involved the prediction of a prompt reduction in the 14.4
keV gamma line while ultrasonic vibrations were generated via the piezoelectric transducer. In Fig. 8 we show the
time history of counts per hour for the 14.4 keV line along with the peak transducer power. To construct this plot we
summed the counts taken and logged each minute to develop one hour totals, which are plotted at the time of the last
minute of the accumulation, relative to the start of the first day of the May 20 experiment. In this plot, as well as in
other plots in this paper, no background subtraction is applied.

The figure suggests that there is no significant dip in the emission when the transducer is driven, as had been
considered. If there is a more general response of the emission strength to the vibrations, it is not particularly obvious
from this data set; however, we will revisit this question in connection with higher power operation later on in Section
7.

5. Experimental results: entire May 20 experiment, Amptek X-123 data

When considering the entirety of the May 20-31 period — as opposed to the shorter runs considered in the previous
section — we observed non-exponential decay for the principal emission lines most clearly in the Amptek data. Before
we examine time histories for lines with non-exponential time dependence below, we first consider observations of
some weaker high energy lines that are consistent with exponential decay.

5.1. Weaker lines in the spectrum

In Fig. 7 we focused on the strong lines normally seen from the beta decay of Co-57, and now we are interested in the
weaker lines in the spectrum. A logarithmic version of the time-integrated spectrum is shown in Fig. 9 in which we
can see several weaker lines. We have marked the Fe K, escape peak at 4.51 keV, as well as the Sn K, at 25.2 keV.
Above the Sn K,, there is a line (unmarked) at 26.3 keV which is the Sb K. Just below the 14.4 keV gamma is an
escape peak for the 14.4 keV gamma.

5.2. Decay of the Sn K, X-ray line

The steel plate contains a small amount of Sn, as we verified by X-ray fluorescence (XRF) measurements of an
equivalent steel plate ordered from the same supplier. This line is relevant since it is present as a result of ionization



56 F. Metzler et al. / Journal of Condensed Matter Nuclear Science 27 (2018) 46-96

40

6.9x10*

6.8x10*
—
>
2
L
I ® ’. o® q T
S 6.7x10% - =
8 20 %
> ad 48 hwn /] )
g
< 6.6x10* 1
<
<~
10
6.5x10*
6.4x10¢ ' ' , 0
8.8x10° 9.2x108 9.6x108 106

t (sec)

Figure 8. Counts on the Fe-57 nuclear transition at 14.4 keV as a function of time (blue); global empirical model (described in the following
section) fit to the data (black); =10 region determined by the square root of counts based on empirical model (green area); transducer power (red).
Time in seconds indicated at the bottom; days between 5/29 and 5/31 indicated by the yellow and white background (each color band marks one

day).

due to the harder 122.1 and 136.5 keV gammas of the 136.5 keV state initially populated by the decay of Co-57.
Because of this, we can learn something frm the Sn K,, line about the dynamics of the 136.5 keV state indirectly, since
in this experiment we do not have direct measurements of the harder gammas. The results are shown in Fig. 10. We
see that the time history is consistent with the 271.74 day half-life exponential decay at the level of about 1%.

The arrival of counts during an accumulation time is governed by Poisson statistics, so that the standard deviation
is the square root of the number of counts. While we have available spectra taken once per minute, the scatter of the
resulting time history is sufficiently large as to be uninteresting. We have summed over 6 h of these one minute spectra
(with the total plotted at the end of the 6-hour period in each case) in order to reduce the scatter.

5.3. Decay of the Sb K, X-ray line

As mentioned above, there is a weak X-ray line above the Sn K,, that we identify as the Sb K, (see Appendix B). From
the same steel XRF measurements mentioned in Section 5.2 for Sn, we found also that Sb is present. We would expect
to see a similar decay on this line as for the Sn K, since both the Sn and Sb K, lines result from photoionization due
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Figure 9. Time-integrated spectrum for first part (20-23 May) part of the run; raw counts (blue histogram).

to the harder gammas. In Fig. 11 is shown the time history, and we see that the decay on this line is consistent with
271.74 day half-life exponential decay at the level of about 1.5%. Note that in this case, there are more counts due to
the “background” than due to Sb K, X-rays (see Fig. 9); however, since the “background” in this case is due to the
detector response to the harder gammas, we would expect a similar time history for both contributions. The spread is
a bit larger compared to the Sn K,, since the signal is weaker.

5.4. Non-exponential decay of the 14.4 keV gamma line

The 14.4 keV gamma line in this experiment shows a non-exponential decay (see Fig. 12). This result was not ex-
pected, and has been the source of astonishment and much discussion. We interpret the faster-than-exponential decay
observation to be due to an enhancement of the signal at early time, instead of due to accelerated decay of Co-57
(which would be inconsistent with the Sn K, and Sb K, time histories present in the sections above).

For this plot, and for those that follow, we made use of an empirical model given by

t
mI(t) = - +a+be /™ (1)

with 7 = 271.74/ In 2 days from the NUDAT?2 database. From this model we can estimate the intensity expected if no
anomaly were present from

b)) = - L +a )

From a least squares fitting of the model parameters to the data we find

0 = 2.18 x 10° s, 3)
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Figure 10. Time history of the of the Sn K transition (blue circles); exponential decay with 271.74 days half-life (black); +1o error bars
determined by the square root of the average number of counts (light green solid region). The bottom time axis is in seconds; the alternating yellow
and white background show the duration of each day between 5/20 and 5/31.

which is a time constant associated with the physical configuration of the experiment, and not with any fundamental
nuclear process. We see in Fig. 12 that this empirical model provides a good fit to the data.

5.5. Spectrum near the 14.4 keV gamma line as a function of time

If the enhancement of 14.4 keV excited states of Fe-57 were created through some new process, there might be the
possibility of a modification in the line shape. Note that since the line is instrument broadened (FWHM of 220 eV for
this line with the Amptek X-123 detector), such an effect would need to be very large in order to be seen with this
kind of measurement. This provides us with the motivation to examine the spectrum in the vicinity of the 14.4 keV
line up close. The spectrum as a function of time is shown in Fig. 13. We summed 30 min of data for each data point
used in this plot. We see some data loss near 300 000 s, and we can see clearly that the line is brighter at early times
in the experiment. There seems to be a minor drift in the relative channel average (on the order of a few tenths of a
channel, or 2-3 eV at 14.4 keV), which may be due in part to a small drift in the detector gain (since the dynamics
of the average relative channel is similar for the 14.4 keV X-ray and Fe K, gamma). There does not appear to be a
significant change in the line shape observed with the X-123 at early time in this data.
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5.6. Non-exponential decay of the Fe K, X-ray line

A similar non-exponential decay history is observed also for the Fe K, X-ray, as shown in Fig. 14. We would expect
internal conversion of the 14.4 keV nuclear state to lead to Fe K, emission, so it does not come as a surprise that
we should see a qualitatively similar anomaly in the Fe K, emission (note that there is also a contribution to the Fe
K., emission following the initial Co-57 capture). We again fit to the empirical model above, with a time constant
parameter of

0 = 2.16 x 10° s, 4)

which is within about 1% of what was found for the 14.4 keV gamma transition above.

5.7. Non-exponential decay of the Fe Kg X-ray

We observe similar dynamics on the Fe K transition as shown in Fig. 15 (as expected since the mechanism of Fe Kg
emission is very similar to that for Fe K,,). The time constant parameter in this case is similar to the previous cases
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Figure 12. Time history of the of the Fe-57 nuclear transition at 14.4129 keV (blue circles); empirical model (red); exponential decay with 271.74
day half life consistent with empirical model (black); the =10 error bars determined by the square root of the average number of counts (light green
solid region) is sufficiently narrow to be obscured by the red line of the empirical model. The bottom time axis is in seconds; the alternating yellow
and white background show the duration of each day between 5/20 and 5/31.

0 = 2.23 % 10%s. (5)

5.8. Non-exponential decay for the Fe K, escape peak

We would expect to see the same non-exponential decay time history in the Fe K, escape peak as in the Fe K,, X-ray;
however, since the escape peak is much weaker, the competing contribution from the “background” due to the harder
gammas (which decay exponentially) leads to a dilution of the effect. We analyzed the dynamics of the emission from
this line (see Fig. 16) with the result that there is a non-exponential component that is less pronounced than for Fe K.
For the model used in Fig. 16 we used 79 = 2.16 X 105 s value from the Fe K, fit. As mentioned above, no background
subtraction was done for this line. There again is more relative spread in the data since the count rate is much lower.

The decay of the signal is compatible with the time constant 7 of the Fe-57 14.4 keV gamma and Fe K., and Kz
X-ray lines. Due to the weakness of the line, the spread is large, so that the Fe K, escape data does not provide a
strong constraint on 7.
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Figure 13. Time history (counts per 30 min) of the spectrum of the Fe-57 nuclear transition at 14.4129 keV; the time axis (botfom) is in seconds;
the channel number is on the left and the energy is on the right.

6. Experimental results: entire May 20 experiment, data from other detectors

In this section, we are interested in results from the Geiger counter, from the scintillator/PMT detector, and also from
the neutron detector. The neutron detector did not exhibit an unexpected dynamical time history, but unexpected
non-exponential decays were recorded on the other detectors.

6.1. Non-exponential decay of the Geiger counter signal

The Geiger counter was pointed at the back side of the steel plate, and the plate is sufficiently thick that there is no
possibility of the 14.4 keV gamma or the Fe K, Kg X-rays from the Co-57 making it through the plate without being
absorbed. Consequently, only the harder 122.1 and 136.5 keV gammas (and the much weaker gammas at even higher
energy) from the Co-57 make it to the back side. In this experiment the Geiger counter is relatively distant from the
Co-57 source, so that the signal strength due to the Co-57 is reduced by a factor of about 50 from what is measured in
close proximity. Now, we know from the Sn K, signal that the time history of the 122.1 and 136.5 keV gammas as
determined by the Sn K,, proxy does not show a strong early time enhancement. Consequently, the non-exponential
decay of the Geiger counter signal shown in Fig. 17 is providing new information not available from the front side
X-123 data.
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Figure 14. Time history of the of the Fe K, X-ray (blue circles); empirical model (red); exponential decay with 271.74 days half-life consistent
with empirical model (black); the 1o error bars determined by the square root of the average number of counts (light green solid region) is
sufficiently narrow to be obscured by the black line of the empirical model. The bottom time axis is in seconds; the alternating yellow and white
background show the duration of each day between 5/20 and 5/31.

Because the May 20 experiment was not originally conceived as a single experiment but rather as a series of shorter
runs, Geiger counter data was not taken throughout the entire May 20-31 period, resulting in a significant gap and fewer
data points to work with. Nevertheless, it is clear that the decay in this case is very much non-exponential. We have
fit the available data points, accumulated as above, to the empirical model once again. The optimization of the model
leads to a value for 7y of

0 = 2.930 x 10° s, (6)

We note that the fluctuations in this case are larger than what would be expected from the total counts per 30 min. One
contributing reason for this is that an estimate for the counts per second determined by the Geiger counter system was
stored only approximately once per second, instead of twice per second as the system records internally.



F. Metzler et al. / Journal of Condensed Matter Nuclear Science 27 (2018) 46-96 63

2.1x105
2.0x10°
(7]
—
>
S]
e
% 1.9x10°
C
=)
o]
(&)
[=%
x
©  1.8x10°
[T
1.7x10%

T T

0 2x108 4x108 6x105 8x105 108
t (sec)

Figure 15. Time history of the of the Fe Kg X-ray (blue circles); empirical model (red); exponential decay with 271.74 days half-life consistent
with empirical model (black); the 10 error bars determined by the square root of the average number of counts (light green solid region). The
bottom time axis is in seconds; the alternating yellow and white background show the duration of each day between 5/20 and 5/31.

6.2. Results for the scintillator/PMT detector

We recall that the scintillator/PMT detector is also located on the back side (not facing the Co-57 substrate). At the time
of the May 20 experiment, the driver of the scintillator/PMT detector was still occasionally plagued by interruptions
(with a sudden on and later sudden off time characteristic) during which noise in the form of pulses with a very
long decay time was added to the signal. Nevertheless, much of the data from this detector is intact, and in some
of the channels there appears to be a distinct non-exponential signal. Here we have chosen to display the data sets
(analyzed using accumulation based on the same approach as for the other data) including periods containing obvious
interruptions since a unique systematic retrospective separation of the data and interruption noise is not possible.

The most straightforward data set is the summed channels corresponding roughly to the 1-2 keV range. The time
history is seen to be consistent with exponential (aside from interruptions) for the 271.74 day beta decay half-life of
Co-57, as shown in Fig. 18. The sharp excursions up to the vicinity of 5000 counts per 30 min are interruption noise,
as are the excursions down below 4000 counts/30 min. For these channels the aluminum in the radfilm covering the
scintillator in strongly absorptive, so that few soft X-rays get through and register. In the presence of lower energy
sources this detector gives a spectrum with a shape consistent with Al X-ray fluorescence, where the aluminum in the
radfilm may be radiating inefficiently. There may be contributions to the signal also from the harder gammas incident
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Figure 16. Time history of the of the Fe K. escape peak (blue circles); empirical model (red); exponential decay with 271.74 days half-life
consistent with empirical model (black); the +10 error bars determined by the square root of the average number of counts (light green solid
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in other parts of the detector.

In Fig. 19 we show the time history of the summed channels between 2 and 4 keV, along with a parabolic model
curve to guide the eye. Due to the poor energy resolution of the scintillator/PMT detector, we would expect minor
contributions from the Fe K, to appear in these channels. Once again the fast excursions above 140 000 counts/30
min are interruption noise, as are the excursions below 130 000 counts/30 min. We see a non-exponential decay with
a qualitatively different dynamics than what was seen on the front side by the Amptek X-123 and on the edge of the
back plate by the Geiger counter.

The time history for the summed scintillator/PMT channels between 4 and 10 keV are shown in Fig. 20. These
channels were selected to capture the bulk of the Fe K, and K lines, should such emission occur keeping in mind that
all Fe K, and K emission originating from the front side is absorbed by the plate, but there is some XRF due to the
harder gammas. We see again a roughly parabolic signal with interruption noise present. The early fast excursions up
to 1.1 x 10° counts/30 min and the later excursions down below 9.8 x 10 counts/30 min are due to the interruption
noise.

The time history for the summed channels between 10 and 20 keV is shown in Fig. 21, also with a parabolic curve
that approximates the signal in the absence of the interruptions. The intent of this set of channels was to capture what
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Figure 17. Time history of the of the Geiger counter signal (blue circles); empirical model (red); exponential decay with 271.74 days half-life
consistent with empirical model (black); the 10 error bars determined by the square root of the average number of counts (light green solid region).
The bottom time axis is in seconds; the alternating yellow and white background show the duration of each day between 5/20 and 5/31.

was going on in the general vicinity of the 14.4 keV gamma ray (as yet we have not seen 14.4 keV emission on the back
side in other experiments with good spectral resolution). A roughly parabolic response is evident, and the occasional
large downward excursions are due to the interruption noise. We note that there are fluctuations present in the data
well beyond what would be expected from Poisson statistics.

Finally, the time history for the uppermost channels above 20 keV is shown in Fig. 22, which shows a similar trend
to the other channels. We see a parabolic signal with a few sharp downward excursions due to interruption noise.

At the time of writing this text, the occasional interruptions and resulting noise exhibited by this detector have been
addressed. Despite the less than ideal condition of the data taken with this detector during the May 20 experiment, we
chose to report the data here with the caveats mentioned above.

6.3. Neutron counts

Data from the neutron detector is shown in Fig. 23. We see that the total number of counts per six hours is low, so
that the statistical fluctuations are relatively large compared to the average count rate. The average count rate is 64.9
counts per 6 hours which is equivalent to 3.00 x 10~3 counts/s. Given the listed efficiency of the detector which is
0.84 cps/uSv/h, the average background count rate is then 3.6 nSv/h. This data set is consistent with no incremental
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Figure 18. Time history of the of the 1-2 keV channel of the scintillator/PMT detector (blue circles); empirical model (red); exponential decay
with 271.74 days half-life consistent with empirical model (black); the £1o error bars determined by the square root of the average number of
counts (light green solid region). The bottom time axis is in seconds; the alternating yellow and white background show the duration of each day
between 5/20 and 5/31.

neutron emission during the experiment with a 1 o upper limit of 0.44 nSv/h.

7. Basic Considerations

Non-exponential decay observed for the 14.4 keV gamma line, and for the Fe K, and Kz X-ray lines, by the front-side
Amptek X-123 detector, appears to us to be anomalous. Some support for such an assertion is provided by a similar
time history for the back-side Geiger counter away from the Co-57, even though the origin of the back side Geiger
counter signal must be different. The scintillator/PMT detector on the back side near the Co-57 reports a different
(early reduction instead of enhancement) and slower non-exponential decay.

It could be argued that any interpretation is premature: since the May 20 experiment was the first of its kind; since
the effects seen in subsequent experiments were weaker; and since some colleagues may view the results presented in
this paper as artifacts. The thought here is that it is appropriate to discuss both possible sources of problems (which
should be addressed in subsequent experiments), and also to discuss possible interpretations (which might point to
future experiments that might provide clarification and confirmation). In this section we focus on some basic issues.
With respect to interpretation, one hypothesis based on delocalization of the nuclear excitation as a result of excitation
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Figure 19. Time history of the of the 24 keV channel of the scintillator/PMT detector (blue circles); simple parabolic model (red); the 1o error
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transfer is discussed in Appendix C for the early time non-exponential decay effect observed in the X-123 data.

7.1. Epoxy seal

A reduction of the 14.4 keV gamma and Fe K,, and Kz X-ray intensity would occur if there were a continuous loss of
Co-57 from the evaporated region. The epoxy seal was examined following the experiment, and showed no obvious
signs of degradation; however, some discoloration is evident (see Fig. 24). No radioactivity was found on collection
paper at the bottom of the experiment after the run.

7.2. Amptek X-123 detector operation

The first hypothesis considered was the possibility that the X-123 detector was functioning improperly in some way,
perhaps losing counts over time. The Co-57 source strength used is well within the operating range of the detector, so
we do not expect to see saturation effects. Measurements made in subsequent experiments with the X-123 detector,
and also with other detectors, have shown similar non-exponential decay effects, and control experiments have shown
exponential decay as expected.
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Figure 20. Time history of the of the 4-10 keV channel of the scintillator/PMT detector (blue circles); simple parabolic model (red); the 10 error
bars determined by the square root of the average number of counts (light green solid region). The bottom time axis is in seconds; the alternating
yellow and white background show the duration of each day between 5/20 and 5/31.

The Sn K,, in this experiment provides for a control — albeit an imperfect one — in that the time history is consistent
with exponential decay with the known half-life of 271.74 days to within 1% or so over the length of the experiment.
This suggests that during the experiment the detector is able to see time histories which are both exponential at the 1%
level, and also non-exponential with enhanced emission at the 17% and 19% level.

Note that in the future we would like to have in the data a time history for a control line, where there is no question
as to what the time history should be. One possibility is to field a radioactive source other than Co-57 that would
provide a line within the Amptek X-123 detector window. One possibility for this is Sm-151 (90 years half-life),
which decays to an excited state in Eu-151 at 21.541 keV that emits a corresponding 21.5 keV gamma that we can see.
Another possibility is to make use of another, untreated Co-57 source to photoionize a K-shell (for example in Mo or
Pd) to produce a characteristic X-ray in our window. We would want to block such a secondary Co-57 source from the
detector to prevent overlap with the treated Co-57 source. The advantage of this approach is that we would then have
a control line with a 271.74 day half-life.

It might be that the observed non-exponential decay is associated with lines that have a high count rate. Arguing
against this is the non-exponential decay seen in the much weaker Fe K, escape peak. In future experiments it would
make sense to include a proxy for the Fe K,, (such as Ti) and for the 14.4 keV gamma (such as Br), where the K,, would
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Figure 21. Time history of the of the 10-20 keV channel of the scintillator/PMT detector (blue circles); simple parabolic model (red); the 10
error bars determined by the square root of the average number of counts (light green solid region). The bottom time axis is in seconds; the
alternating yellow and white background show the duration of each day between 5/20 and 5/31.

be produced following photoionization from the strong lines resulting in an independent witness to non-exponential
decay.

7.3. Relative motion

Since we are using a protective mesh between the sample and X-123 detector, it is possible for relative motion to pro-
duce a change in the absorption (which might lead to either an increase or a decrease in the observed X-ray emission).

Arguing against this is the fact that the X-123 was secured by a sample holder, and the sample and wood blocks
rested on a stable rack. A substantial force (not present in the experiment) would be required to move the detector, and
a significant force (also not present in the experiment) would have been needed to move the sample. It may be that
the steel plate moves some when the transducer is powered. Nevertheless one would not expect a smooth exponential
relaxation to appear in the signal as was observed in the experiment. Note that the Geiger counter is on the back side
with no partial blocking by the aluminum mesh, and we see a similar non-exponential decay effect.

In future experiments it would seem to be prudent to pay direct attention to the relative motion, and also to monitor
it with a camera and a microscope to measure whether significant motion occurs.
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Figure 22. Time history of the of the channels above 20 keV channel of the scintillator/PMT detector (blue circles); simple parabolic model (red);
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7.4. Co-57 decay is not accelerated

Other researchers have put forth claims previously for the anomalous accelerated loss of radioactivity in other kinds
of experiments (see [51-56]; note that these references represent only a subset of such papers and that there are
additional papers in the literature that suggest the existence of such an effect). In part because of this, we entertained
the possibility that a loss of activity might be occurring in the May 20 experiment.

Arguing against this is the observed Sn K, signal with a time history consistent with exponential decay at the 1%
level, given the radioactivity present at the beginning of the experiment. This line is produced following photoioniza-
tion of a K-shell electron by the harder 122.1 and 136.5 keV gammas, so it acts as a proxy in this experiment for the
angle-averaged time history of the harder gammas. Since the Fe-57 136.5 keV state is fed from the decay of Co-57
following electron capture, we conclude that the beta decay of Co-57 is consistent with the expected exponential decay
(with a 271.74 days half-life) at roughly a level of 1% during the time of the experiment.

An independent argument can be made based on the fact that we would expect the ratio of the intensity of the
14.4 keV gamma line to the Fe K,, line to be constant if produced by a varying beta decay rate. In Fig. 25 we show
the ratio of 14.4 keV gamma counts to Fe K, X-ray counts as a function of time, where a minor decrease in the ratio
during the course of the experiment can be seen. This is inconsistent with a loss of Co-57 activity as an explanation
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Figure 23. Time history of the neutron counts (blue circles); average count rate (black); 1o error bars determined by the square root of the

average number of counts (light green solid region). The bottom time axis is in seconds; the days are marked on top, with the alternating yellow and
white background giving the duration of each day.

for the effect.

We interpret the anomalous time-dependence of the emission of the 14.4 keV gamma, and Fe K., and K5 X-rays
as due to an increase in emission at early times, and not due to accelerated decay of Co-57. In subsequent experiments
we have observed the emission to increase (weakly) in response to vibrational stimulation, and also in experiments
with in situ mechanical stress generated via heat pulses.

7.5. Possibility of up-conversion of 2.21 MHz vibrations

One of the original goals of this experimental effort was to determine whether MHz vibrations can be up-converted to
produce nuclear excitation. As discussed briefly above, our results from the May 20 experiments do not support this
initial prediction as an explanation for the anomalous observations made (see Fig. 8). In subsequent experiments we
have also not seen a prompt response of the X-ray or gamma emission in the Amptek X-123 spectra due to changes in
the transducer power.
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Figure 24. Photograph of the epoxy covering the HCL and Co-57 taken after the May 20 experiment.

7.6. Impact of 2.21 MHz vibrations on the anomaly

The enhanced gamma and X-ray signals were present from the start of the experiment, which from later experimen-
tation we attribute to having been a result of the tightening of the bolts on the wooden clamps and the resulting
mechanical stress. However, it could be asked whether the 2.21 MHz vibrations we imposed had any effect, even if
not prompt. To shed light on this, we show in Fig. 26 the Fe K, signal plotted along with the peak transducer power
(with a 20% duty cycle the average power is less by a factor of 5). The emission strength does not seem to increase or
decrease much while the transducer is run. During the experiment we noticed a weak response (increase) of the photon
emission registered by the detector following some of the transducer pulses, which led us to adopt a lower power drive
protocol in case the transducer current was impacting the detectors.

7.7. Cause and effect

In the May 20 experiment, the front-side enhancement of photon emission is present from the start of the experiment,
and we only observed the subsequent decay (but not the increase preceding it). It was not obvious at the time of
the experiment what caused such an enhancement. We assumed initially that something in the protocol used prior
to data collection was responsible, with a focus on tightening the bolts on the wood and sample as perhaps key. In
later experiments we found that the enhancement can be produced by tightening clamps, or by applying stress in other
configurations, as will be described in future publications. Also, triggering the enhancement and the following decay
is evident in experiments in which thermal pulses were used to create mechanical stress in situ, as will be discussed in
a following paper.
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8. Discussion and Conclusions

The original goal of the runs that now make up the May 20 experiment was to test for excitation transfer of the
Fe-57 14.4 keV excited state mediated by strong, piezoelectrically induced vibrations near 2.21 MHz through a (time-
correlated) reduction in the 14.4 keV gamma near the source, or an increase from elsewhere in the sample. As discussed
above, we saw no evidence for this kind of excitation transfer effect under the conditions of the experiment.

Instead, we saw a different effect. The data shows an enhancement early in the experiment of the 14.4 keV gamma
emission, and in the Fe K, and Kg X-ray emission. This effect can be seen clearly in the data presented above (see
Figs. 12, 14 and 15), and was observed with good signal to noise ratio.

Since exponential decay would normally be expected from a radioactive source, the non-exponential decay effect
that we saw is anomalous in the sense of being unexpected. As such, the May 20 experiment is in our view potentially
an important one.

The May 20 experiment was our first attempt at this kind of excitation transfer experiment. Because of this, we
are motivated to consider reproducibility and the possibility of an artifact as issues. The enhancement at early time of
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Figure 26. Time history of the Fe K, signal (blue circles); empirical model (solid green line); peak transducer power (solid red line).

the strong gamma and X-ray lines is reproducible in our experiments, but subsequent observations so far have shown
a weaker version of the effect. This indicates that there have been elements of the experiment not under our control
(otherwise we would be able to see a large version of the signal each time), and not everything that is important
experimentally was fully understood.

The interpretation of the data presents its own set of issues. During the long delay associated with the review
process of this paper, there have been many subsequent experiments; and from these experiments some degree of
understanding has begun to emerge.

For the early time enhancement of the Fe-57 14.4 keV gamma, and the Fe K, and Kg X-ray emission, one candi-
date interpretation involves a small degree of delocalization of the excitation among the Fe-57 nuclei in the substrate
evaporated with the Co-57. With the Amptek detector being partially blocked by the protective mesh, it may be that
even a small amount of delocalization of the excitation across the substrate provides for a substantial increase (or de-
crease) of the signal registered by the detector when excitation transfer occurs. This interpretation is discussed further
in Appendix C.

Delocalization in connection with this hypothesis would require phonon exchange, and theory indicates that the
rate for excitation transfer is much higher for THz phonons. So, this motivates us to think about what the source of
these THz phonons might be. The enhancement in the Amptek signal appears (from subsequent experiments) to be
correlated to the tightening of the bolts which apply stress to the steel plate through the wood clamps. The long (several
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days) duration of the effect motivates us to consider creep, which is the (plastic) deformation/relaxation of a stressed
viscoelastic medium. In the case of steel, creep occurs in part through the movement of dislocations, and we expect
a substantial population of dislocations in the rolled steel used in the plate on which the Co-57 is deposited. Linear
dislocations experience a force in a shear stress field, which in the presence of friction results in an average dislocation
velocity (with constant stress). Part of the friction is due to phonon scattering and phonon radiation, which provides a
possible mechanism for THz phonon generation and for a non-isotropic THz phonon distribution. This hypothesis is
the subject of Appendix D.

The interpretation of the Geiger counter signal involves different spectral lines and a different mechanism. The
Geiger counter responds more strongly to the harder 122 and 136 keV gammas than to the 14.4 keV gamma or Fe K,
and Kz X-rays (and we have observed this in subsequent experiments). The Geiger counter looks at the back side of
the sample (the Co-57 is on the front side), so that there is no contribution from the 14.4 keV line (which is absorbed
completely by the steel plate). There are weak Fe K., and Kz signals on the back side as a result of photoionization by
the harder gammas. Consequently, the Geiger counter time history is dominated by the 122 keV and 136 keV signals
in the general vicinity of the Geiger counter, which is over a corner of the plate far from the Co-57 source. In this case,
the intensity of these harder gammas at the Geiger counter position is enhanced at early time, and one interpretation
for this is an anisotropic distribution of the harder gammas as a result of excitation transfer. This is consistent with
early time non-exponential decay seen in later experiments with a Nal detector.

The reduction at early time in the higher channels of the scintillator/PMT detector is thought to be a result of an
anisotropy of the harder gammas as well. Instead of being more intense at early time, one interpretation is that the
harder gammas in the vicinity of the scintillator/PMT detector, which the detector probably responds to indirectly, is
reduced at early time. The time history of the lowest channel is not consistent with this and remains not understood at
present.

Our results are generally supportive of the observation of collimated X-ray emission reported previously by
Karabut; and also by Kornilova and coworkers.

Our results are also (weakly) supportive of the observations of neutrons and alphas in the experiments of Cardone
and coworkers, which we might expect to show up in our experiments if higher stress levels are achieved (assuming
that greater stress produces a transfer of higher energy quanta). In a similar way our results are (weakly) supportive of
the observations of neutron and alpha emission in the fracture experiments of Carpinteri and coworkers [57-59].

A modification of the time history of a gamma line produced by applying stress to a metal has deep and important
theoretical implications. Our candidate interpretations at present involve excitation transfer, mediated by phonon—
nuclear coupling. If the experimental results are not artifactual, one is tempted to conclude that phonon—nuclear
coupling occurs and can be studied experimentally.

One goal of our research is to develop a well defined and well characterized version of the experiment, which
would be appropriate to share with others. The May 20 experiment described here is the first version of an excitation
transfer test and is followed by subsequent experiments which we will report on in future publications.

Appendix A. Review of Phonon Exchange and Related Mechanisms

The May 20 experiment was carried out in order to provide experimental feedback on a theoretical proposal for an
excitation transfer effect. This motivates us to provide here a brief review of phonon—nuclear coupling and excitation
transfer. These mechanisms constitute building blocks for proposed up-conversion, down-conversion and subdivision
mechanisms, which have been the focus of theoretical work aimed at shedding light on various anomalies in Condensed
Matter Nuclear Science. Some discussion of these mechanisms follows in this Appendix.
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Appendix A.l. phonon—nuclear interaction

We can write the phonon—nuclear interaction for a single nucleus in the form [5]

Hine = a-cP, (A.1)

where a operates on the internal nuclear degrees of freedom, and where P is the momentum of the nuclear center of
mass which depends on the vibrations. We can think of the a operator as causing an internal nuclear transition, and the
momentum operator P as either creating or destroying a phonon. If dealing with two specific nuclear states and one
highly excited phonon mode it is possible to reduce the interaction to

e %(é*+e>(|¢><¢|+|¢><¢ |>7 (A2)

where ¢ and ¢ are phonon creation and annihilation operators, and where | 1)(]. | raises the internal nuclear state
| J)(1 | lowers it. For dynamics governed by this kind of interaction, a single phonon exchange (absorption or
emission) is coupled with a nuclear transition (raising or lowering).

The coupling of atoms and nuclei with the electromagnetic field is mediated by a similar interaction Hamiltonian,
so it would be natural for us to think of a nuclear transition decay associated with phonon emission in connection with
this Hamiltonian. While people do study single phonon exchange in connection with nuclear spin splitting in a strong
magnetic field, here we are interested in internal nuclear states with energies that differ by keV or more, in which case
there is no possibility of nuclear excitation or decay through the exchange of a single phonon. Instead we need to
consider higher-order processes in which two or more phonons are exchanged.

Appendix A.2. Excitation transfer

The simplest higher-order process relevant to the discussion is excitation transfer. In the simplest case where two
identical nuclei interact with a common excited vibration mode, it is possible to transfer nuclear excitation from
one nucleus to the other. Suppose that nucleus A is excited while nucleus B is in the ground state initially. Then the
exchange of one phonon can cause nucleus A to de-excite to the ground state, resulting in an (off-resonant) intermediate
state where both nuclei are in the ground state. And then the exchange of a second phonon can cause nucleus B undergo
a transition to the excited state. If the number of phonons is the same afterward as before, then this excitation transfer
process can be resonant. The different pathways possible at lowest order are shown in Fig. 27.

This kind of excitation transfer process is the lowest-order effect that we might hope to see in the experiment
(since it involves the exchange of only two phonons). Resonant excitation transfer can produce phase coherence if
order is present, which can result in the angular anisotropy thought to be responsible for non-exponential decay effects
associated with the harder gammas in the May 20 experiment.

Collimated gamma emission is possible in the case that phase coherence is present over a larger area of the surface,
and where the lattice planes are aligned [60]. We had previously considered the presence of collimated X-rays to
signify the presence of phonon up-conversion with a uniform vibrational mode. This should be updated to include (as
more likely) the presence of resonant excitation transfer at the surface.

Resonant excitation transfer can move excitation from one location to another. In the event that the phonon mode
is delocalized, such as for piezoelectrically induced MHz vibrations corresponding to plate resonances, the excitation
has the possibility of being transferred from the vicinity of the radioactive source to pretty much anywhere in the plate.
This is the effect predicted in the original design of the experiment. In contrast, a single excitation transfer event
mediated by high frequency vibrations in the GHz or THz regime will only move the excitation a small distance, since
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Figure 27. Simplified schematic of excitation transfer between two nuclei with single phonon exchange. The 71 represents a nucleus in an excited
state, and the | represents a nucleus in the ground state.

these modes are very lossy and hence localized. However, many sequential excitation transfers with high frequency
vibrations has the potential to lead to an overall transfer to a remote location.

The phonon—nuclear coupling interaction within the discussion above involves E1 symmetry (with only a single
phonon exchange associated with each nuclear transition), while the transition from the Fe-57 ground state to the
14.4 keV excited state has M1+E2 symmetry. Consequently, excitation or de-excitation would involve two-phonon
exchange and transitions to intermediate states, with excitation transfer involving the exchange of 0,£2,4-4 phonons.

Appendix A.3. Up-conversion

As discussed above our interest in up-conversion comes from an interest in the down-conversion mechanism con-
jectured to be the explanation for the absence of commensurate nuclear radiation associated with excess heat in the
Fleischmann—Pons experiment. Models that we have studied for down-conversion also describe up-conversion on
equal footing [61-64].

From the simplest perspective in the up-conversion process under consideration a great many phonons are ex-
changed to produce nuclear excitation (Fig. 28). These models indicate that up-conversion places more constraints on
the requirements for the physical system than excitation transfer, with the most severe requirements coming when the
number of quanta up-converted An

AFE

An = s (A.3)
is large. Here A F is the up-converted energy and Awy is the phonon energy. This consideration favors high frequency
phonons in the THz regime. Up-conversion with 2.2 MHz phonons is particularly difficult since the associated phonon
energy is very small (9.1 neV). The highest frequency phonons for BCC crystalline iron are near 38 meV [65], which
according to the models makes up-conversion to the keV regime much more accessible. Our preference in all cases is to
work with higher frequency THz phonons. However, in our initial experimental work, we focused on MHz vibrations
in part since the experiments were much easier to be implemented, and since previous experimental work suggested
that positive results could be obtained with lower frequency stimulation.
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Figure 28. Simplified schematic of up-conversion for nuclear excitation by the conversion of a large number of phonons.

Up-conversion in the models occurs through the energy exchange of a great many single-phonon exchange interac-
tions taking place rapidly before decoherence occurs. Excitation transfer effects might be observable under conditions
where only a few phonon exchange interactions occur; however if up-conversion is observed then we know that a very
large number of phonon exchange interactions must have occurred.
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Figure 29. Simplified schematic of subdivision, where a single highly excited nuclear state is exchanged for many nuclear excitations at lower
energy.
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Appendix A.4. Subdivision

A problem was found when we made use of down-conversion models to reduce the large 24 MeV A E value associated
with the Do/*He transition for excess heat in the Fleischmann—Pons experiment, where An is very large (on the
order of 10° or greater), and it seemed difficult to connect theory with experiment. However, if the large 24 MeV
quanta is instead exchanged for many lower energy (keV-level) nuclear excitations, then the resulting down-conversion
problem becomes much more attractive. This conversion of a high energy nuclear excitation into many smaller nuclear
excitations was termed “subdivision” (see Fig. 29), and it requires a modest number of phonon exchange interactions
to occur. Typically there will not be a precise resonance available, so the energy mismatch J E will need to be taken up
through down-conversion

AFE, = ANAEy +0E

A hindrance of the reaction rate can come from either too many excitations AN, or more likely from too many up-
converted phonons An.

Appendix B. X-123 Calibration

The analysis of the data for the May 20 experiment depends in an important way on the calibration of the X-123, which
motivates us to consider the calibration briefly in this appendix.

Appendix B.1. Calibration

For calibration, we chose the three strongest lines which result directly from the Co-57 source (the Fe-57 14.4 keV
gamma, and the Fe K, and Kz X-rays), along with two much weaker but clear X-ray lines (the Sn K,, and the Sb K,,).
These are listed in Table 1. For the May 20 data set, we summed all available spectral data for the 11 days of the run
to a single cumulative spectrum, and used a local Gaussian fit with a sloped baseline

._ . 2
f@@) = Aexp{%}JrBwLCi (B.1)

over channels in the vicinity of the lines, where 4 is the channel number, and where the other parameters (A, ig, Ai,
B, C) are determined by least squares fitting.
The Amptek X-123 detector settings were not changed after the experiment, and we might expect a minor drift

over the following months. Channel averages are given in Table 1 for the May 20 spectra, and also for a spectrum taken
subsequently starting on August 6, 2017. There are only minor differences in the average channel values; however, the

Table 1. Major lines chosen for determination of the calibration parameters.

Line Energy Average channel ~ Average channel FWHM

V) May 20, 2017 Aug 6, 2017 €eV)
Fe Ko, 6399.5 490.931 490.795 173.4
Fe Kg 7058.0 540.569 540.405 182.7
Fe-57 v 144219 1099.713 1099.394 222.1
Sn Ky 25192.6  1919.218 1918.422 408.9

SbKn.  26272.0  2002.277 2000.738 381.1
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spectra are sufficiently close that it is possible to make use of calibration spectra taken subsequently to help with the
line identifications.

Appendix B.2. Linear calibration

We used least squares fitting for the May 20 data set to develop a linear calibration of the form

E(eV) = ag+ a1, (B.2)

where F is the energy in eV, and where ¢ is the channel number; with fitting parameters given by

ap = —50.2842,  a; = 13.1504. (B.3)

The standard deviation associated with this fit is

o = 8.937eV. (B.4)

Appendix B.3. Cubic calibration

Least squares fitting was also used to develop a cubic calibration for the May 20 data set with a lower standard deviation
based on

E(eV) = ao + ayi + azi® (B.5)
with fitting parameters
ag = — 75.413, ap = 13.1943, az = —8.39972 x 107°. (B.6)
The standard deviation in this case is
o = 4.801eV. B.7)

This cubic calibration does a little better than a quadratic calibration, for which the standard deviation is 5.122.

Appendix B.4. Peak identifications

Results for the May 20 spectra augmented with calibration runs carried out in August are summarized in Table 2. We
see good agreement between known line positions and estimates for the two calibrations. During the runs in August
we took XRF calibration spectra in place with Ti, Zn and Sn samples, which confirmed earlier identifications in the
case of Zn and Sn. The Ca K,, and Kz lines were much stronger in the August spectra.

‘We were not expecting to see escape peaks with a Si-PIN detector since the fluorescence yield of the Si K, is low;
however, there are clear escape peaks present associated with the strong Fe-57 gamma and Fe K, and Kz lines at an
energy of

Elescape] = Eg— E[SiK,| = Eg—1739.8¢€V. (B.8)

Identifications for the weaker lines in the summed spectra for the May 20 experiment listed in Table 2 are shown
in Fig. 30.
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Table 2. Average channel numbers for identified and also for unidentified lines from
the May 20 data; average channel numbers for lines observed in August runs are in
brackets; known energies for the different X-ray transitions and gamma transition are
listed, along with energy values from the linear and cubic fits.

Line Average channel ~ Energy Linear energy ~ Cubic energy
V) V) V)
CaKq [284.999] 3690.5 3697.6 3684.8
CaKg [309.090] 4012.7 4014.4 4002.6
Ti Ko [347.324] 4508.8 4517.2 4506.9
TiKg [378.609] 4931.8 4928.6 4919.6
Fe Ko escape  358.040 4659.5 4658.1 46438.3
Fe Kz escape 408.683 5318.0 5324.1 5316.3
Fe Ko 490.931 6399.5 6405.7 6401.1
Fe Kg 540.569 7058.0 7058.4 7055.7
Zn K, [660.381] 8631.1 8634.0 8635.4
? 688.133 8998.9 9001.3
ZnKg [732.641] 9572.0 9584.2 9588.0
? 740.924 9693.2 9697.1
Fe-57 v escape  967.691 126819 126752 12685.0
Fe-57 ~ 1099.713 144219 144114 14423.4
Zr Ko 1198.711 157463  15713.2 15726.3
AgKa 1683.961 22103.1  22094.5 22103.2
Sn K, 1919.218 25192.6  25188.2 25187.9
Sb Kq 2002.277 26272.0  26280.5 26275.8

Appendix B.5. Unidentified peaks at 9.00 and 9.69 keV

There are two weak lines present in the May 20 spectra with energies of 8998.9 and 9693.2 eV based on the linear
calibration which have been frustrating to identify. We had initially (prior to the research leading to an accurate
calibration) thought that they were Zn K, and Kz lines; however, in the August spectra we can see the 8998.9 eV
line offset from the Zn K, and K. Certainly there are X-ray transitions known near 9.00 keV; in the NIST data base
there are Cu KM and KN lines between 8.977 and 8.980 keV, and Hg and Hf LM lines between 9.019 and 9.023 keV,
none of which are attractive candidates. Around 9.69 keV there are also lines known; there is a W LM line near 9.673
keV, Tl and Au LM lines listed between 9.701 and 9.713 keV, and Ta and W LN lines predicted between 9.708 and
9.717 keV, none of which are compelling candidates. In all cases one would expect to see other lines with appropriate
relative intensities; however, and these other lines are not present in the spectra. We took data with a Ta foil irradiated
by Co-57, and the emission pattern looks nothing like the unidentified spectral features.
We considered the possibility that the unidentified lines might be summation peaks according to

E[FeK, + C1K,] = E[FeK,]+ E[C1K,] = 6399.47 + 2621.87 = 9021.33 eV, (B.9)

E[Fe Kg + Cl1K,] = E[Fe Kg] + E[C1K,] = 7057.98 + 2621.87 = 9679.85 eV. (B.10)

Since the HCl volatilizes during the evaporation of the °”CoCly in 0.1 M HCI solution on the surface of the steel, we
would not expect much chlorine to be present on the surface in amounts more than twice the Co-57. In spectroscopy
measurements we do not see a clear CI K, line in the Amptek X-123 spectrum, due in part to the high background in
the low energy channels, and in part to the weakness of the signal.



82 F. Metzler et al. / Journal of Condensed Matter Nuclear Science 27 (2018) 46-96

10°
FeK,| ||| Fe K, Fe-57 14.4 keV
g
8 g
2 I
(%]
2 © @
€ v °
3 | e g
) - =
=
<
3
N~
1 g P
104 | % w
o
n
o
&
(o)
T
5000 10000 15000 20000 25000

E (eV)

Figure 30. Weak lines in the smoothed time-integrated spectrum for all data from the May 20 experiment including identifications.

We carried out an experiment with graphite sheets to block the low energy lines while passing the Fe K,, in order
to clarify the issue. The result was that the 9.00 keV line was not eliminated, which rules out the possibility of the
unidentified lines being summation peaks.

One speculative possibility for the 9.00 keV line identification is that it might be an escape peak associated with
the 14.4 keV gamma due to a low-level impurity in the Si. We can compute for a Cr impurity

E[*"Fe 14.4219 keV] — E[Cr K,] = 9.007 keV. (B.11)

This is in good agreement with the observed linear near 9.00 keV.

Appendix B.6. Time-history of the 9.00 keV line

The time history of the 9.00 keV line is non-exponential (see Fig. 31), but shows only a modest version of the early
time enhancement (a roughly 2% increase, where we might have expected to see a roughly 20%). This is explainable if
only the weak line itself is showing a strong non-exponential decay, with the background decaying much more slowly
consistent with the 271.74 day half life. To clarify this it would be useful to separate out the time dependence of the
local background from the line itself, which is problematic since the line is weak which leads to statistical issues.
Perhaps the most straightforward way to see the relative contributions in this case is to look at the contour plot of
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Figure 31. Time history of the of the unidentified 9.00 keV peak (blue circles); empirical model (red); exponential decay with 271.74 days half-
life consistent with empirical model (black); the 1o error bars determined by the square root of the average number of counts (light green solid
region). The bottom time axis is in seconds; the alternating yellow and white background show the duration of each day between 5/20 and 5/31.

counts per 6 h as a function of time and energy (shown in Fig. 32). We see that the background away from the line is
reasonably constant in time, while the line itself shows a noticeable decrease over the duration of the experiment.

Appendix C. Possibility of a Delocalization Effect

Although the May 20 experiment shows an unexpected non-exponential decay effect, the experiment itself does not
provide direct information as to how such an effect is produced. In Appendix A, we reviewed briefly some of the
effects that we might have predicted to see, but in retrospect our focus has to be on such excitation transfer effects
which require the least amount of new physics to give effects in an experiment. As a weak effect, excitation transfer
would be expected to be dominated by a resonant version of the effect (in which no net energy is exchanged with
phonons), which would produce phase coherence. Phase coherence is potentially observable via dynamic angular
anisotropy, which in the May 20 experiment is most likely the reason that we see non-exponential time histories in the
Geiger counter (which responds most strongly to the 122 and 136 keV gammas), and perhaps in the scintillator/PMT
detector as well.

If the indirect coupling matrix element associated with excitation transfer is strong, then we would expect many
excitation transfers to be possible before dephasing occurs, and also that non-resonant excitation transfer events would
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Figure 32. Time history (counts per 6 h) of the spectrum of the unidentified 9.00 keV peak; the time axis (bottom) is in seconds; the energy is on
the left.

dominate. Due to this latter effect we would not expect phase coherence, which would suggest a lack of angular
anisotropy associated with the 14.4 keV gamma. Since the Fe K, X-ray results from incoherent decay processes,
we would not expect to see angular anisotropy effects associated with the strong X-ray transitions. These various
theoretical statements appear to be consistent generally with results from the May 20 experiment, and also from
subsequent experiments. One might have argued that the non-exponential decay effect in the 14.4 keV gamma was
due to angular anisotropy, but in such a scenario the explanation of a very similar non-exponential decay effect in the
Fe K, and Kz X-rays becomes problematic.

The notion of multiple excitation transfers occurring prior to the decay of the 14.4 keV excited state is conceptually
straightforward. In an abstract sense we understand that multiple excitation transfers will produce a larger delocaliza-
tion of excitation in the strong coupling regime compared to the weak coupling regime. We then run into issues
associated with the suggestion that enough excitation transfers can occur within the 98.3 ns half-life of the 14.4 keV
state to produce delocalization at the hundred micron to millimeter scale, which is what would be required to account
for non-exponential time histories observed by the X-123 detector with the coarse aluminum mesh. For example, if
excitation transfer were mediated by THz phonon exchange, then we would expect the separation between nuclei for
a single excitation transfer to be restricted to on the order of 100 A. Unless this fast excitation transfer effect were
directional, it is hard to imagine that enough isotropic excitation transfer events could move an excitation more than
100 pm across the plate surface.
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There are other issues as well. We had evaporated the Co-57 onto a steel plate, in part because the steel has Fe-57
as a constituent at the level of 2.11%. If excitation transfer can delocalize excitation more than 100 pm, then we might
expect the excitation to go into the steel, where the emitted low energy radiation would be absorbed. On the face of
it, excitation transfer consistent with this picture can lead to a non-exponential effect in which the emission registered
above the plate surface is reduced instead of increased.

At this point we take advantage of many subsequent months of thought and contributions from colleagues in order
to devise a relevant picture.

The evaporation of a sessile droplet on a flat surface has recently become a topic of interest, as reviewed in Ref.
[66]. We are familiar with rings left following the evaporation of coffee, which itself has been studied in some detail
(see e.g. [67]. One would expect a similar model to apply for a non-colloidal liquid. Salt crystal formation on various
flat insulators was studied in Ref. [68], while the evaporation of various salts on a metal surface was studied in Ref.
[69]. We have so far not found studies of the evaporation of CoCl; in aqueous HCl on steel, but we would expect (and
by now have observed) a ring resulting from our evaporation. The ring formed during the evaporation of the solution
is a bit larger than 1 cm in diameter, with a width of roughly 0.5 mm.

The amount of radioactive chloride that corresponds to the initial activity is small, and by itself would not constitute
enough material to be observable as a ring (as observed by Malcolm Fowler/L.os Alamos). Consequently, we know
that there must be something else in the residue, and the only question is what. An elemental or isotopic analysis of
the solution would have been appropriate to settle this, but we were not able to arrange for such an analysis due to the
radioactivity, and the remainder of the solution had already been used for a second evaporation before we understood
that this was important. From e-mail exchanges with Eckert & Ziegler we understand that probably there is little other
than Co-57 present in the stock which they buy from their suppliers. If the stock was made a long time ago, then it is
possible that Fe-57 will have accumulated. Since according to Eckert & Ziegler such stock can be several years old, in
the picture we are working with at present it is presumed that most of the residue is daughter Fe-57 from earlier Co-57
decays.

If so, then the residue itself will be preferred for receiving excitation transfer (in comparison to the Fe-57 in the steel
plate) due to the ready availability of ground state Fe-57, and we might expect excitation transfer to result in excitation
moved from one part of the residue to another. We know that the residue is strongly inhomogeneous (because we can
see the ring), and we might expect that excitation would go preferentially to where there is more Fe-57.

Suppose now that the coarse aluminum mesh between the plate and the Amptek X-123 detector blocks emission
from where the excitation is originally coming from, and passes emission from where the excitation is transferred to.
In this picture we might expect a non-exponential enhancement of registered emission. The enhancement can lead to
a non-exponential decay effect, as observed, assuming that more phonons are present early on due to relaxation (of
moving dislocations, or viscoelasticity in the epoxy, or rearrangement at interfaces — see section below for details). If
so, then we might equally well have seen a non-exponential increase (as has been observed in later experiments) if the
mesh were to pass emission from where excitation comes from. It would also have been possible to see a small effect
(as has been observed), if on average emission is passed equally from regions where excitation originates from and
where excitation ends up. This general picture is consistent as far as we know from much later experiments focusing
in localized regions within the substrate.

What is left then is to think about the spatial scale and implications. To account for the magnitude of the non-
exponential component, excitation transfer on a spatial scale of a few hundred microns to the millimeter scale is
needed. How this happens is not understood at present. There are some candidate hypotheses available. One is
that the excitation transfer is sufficiently fast that many small 100 A steps produce effects at the larger scale. Another
hypothesis is that the excitation transfer is directional, perhaps as a result of non-resonant phonon exchange, or perhaps
as a consequence of the inhomogeneity of the Fe-57. Another possibility is that in the strong coupling limit highly
off-resonant states are occupied which have no decay channels open, resulting in a reduction in the overall decay rate.
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Appendix C.1. Al mesh

The mesh is thick (absorbing) for the 14 keV gamma (97%) and Fe K, and Kz X-rays (100%), so that transmission
only occurs through the holes. The sensitive part of the Si PIN detector is a square 6 mm? in area. We assume for this
discussion that the 6 mm? area of the detector is located 10 cm below the source. In between the source and detector
is the mesh. We know the size of the holes in the mesh (0.47625 cm diameter), and the average transmission (51%).

Suppose we define r to be the radius of the hole, and b to be the distance between the center of a hole and the nearest
neighbor. In this case, the average transmission ¢ is the ratio of the area of the holes in one triangle with neighboring
hole centers as vertices divided by the area of the triangle

2
2
-2 (C.1)
V3b2 /4
From this we can write the distance between the holes to be
2 2
b= /222 — 0.635 cm. (C2)

V3t

Appendix C.2. Detector alignment

The Amptek X-123 detector area (6 mm?) is small compared to the hole area (17.8 mm?), so that whether the X-ray
and gamma ray signals make it through the mesh is dependent on whether there is a hole above the detector or not. In
the May 20 experiment there was no attempt at optimization of the signal relative to the local mesh position, so that
the position of the detector relative to the hole is unknown. This was an uncontrolled random variable in the early
experiments.

Appendix C.3. Count rate and mesh transmission

We can make a rough estimate for the mesh transmission from the observed count rate of the Fe-57 14.4 keV gamma.
The expected count rate R can be estimated in terms of the source strength .S according to

R= AQ X Thesh xn xS
6 mm?
47d?

) X Trnesh X 1 X (0.091 x 200 uCi x 3.7 x 10*° Bq>

) (C3)

t
(4.77 X 1077) X Tipesn X 7 X (6.73 x 105) o=

where AQ is the acceptance angle, where Tiyesn is the (unknown) transmission of the mesh, and where 7 is the efficiency
of the detector. According to [45] there are 9.1 14.4 keV gammas produced per 100 Co-57 disintegrations. From the
Amptek website the intrinsic efficiency (Be window and Si absorption) of the detector is about

n = 0.725. (C4)

The expected count rate is then
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t
R = 23.3 Tpeg 2% (C.5)
S

The observed count rate in the May 20 experiment for the 14.4 keV gammas is about

counts — 199 counts. (C.6)
S

R = 415 x 10°

These estimates are consistent with a mesh transmission of

Tmesh = 0.82 (C7

with substantial uncertainties at this point in the Co-57 activity, and in the distance d between source and detector. The
relatively good agreement between source strength and count rate in this estimate is encouraging; however, it is not
possible to develop an accurate estimate for the mesh transmission in this case.

A similar computation for the Fe K,, is not so consistent. The source efficiency is more than 5 times higher, so
one might expect to see a much higher count rate. Amptek does not report an absolute efficiency for the X-123 Si PIN
detector, but lists an intrinsic efficiency near 95%. Including photoabsorption in air helps to a minor degree to explain
why we do not see a 4-5 x higher count rate. It is likely that the X-123 has a low absolute efficiency near 6.4 keV. This
conclusion is supported by the study of Ref. [70].

Appendix C.4. Discussion

The relative position of the source, mesh and detector are critical parameters which were uncontrolled in the May 20
experiment due to the exploratory nature of this experiment, and which have a big impact on reproducibility. We were
not aware of this in the early runs, and as a result there was much variation in the magnitude and sign of the non-
exponential decay effect. A consequence of this is that this kind of experiment would be expected to be very sensitive
to the relative positions, and changes during the experiment would produce artifacts similar to the effects reported.

The large magnitude of the non-exponential component of the signal in the May 20 experiment indicates delocal-
ization occurring on a spatial scale no less than hundreds of microns, and perhaps more than 1 mm, given the picture
outlined above. If so, this would be stunning, and would be an effect well worth studying in detail much further.

Experiments in which Fe-57 (free of Co-57) is placed near the residue are of interest, as we will want to see
excitation going into the Fe-57 from regions containing the Co-57 to have confidence that we are seeing this kind of
excitation transfer.

Appendix D. Possibility of THz Phonon Generation from Creep

Given the experimental results described above, it is not yet possible to draw any firm conclusions about what is going
on in detail in the sample from the data presented. On the other hand, if the enhanced early time emission is real, then
it needs an explanation, and we are going to need hypotheses that can be addressed in future experiments and in future
theoretical work.

The experiment was set up and run in order to see whether we could induce delocalization of the Fe-57 14.4 keV
excited state through phonon exchange by vibrating the steel plate strongly at 2.21 MHz. This did not seem to work as
discussed above. The rate for excitation transfer in a molecule in the absence of loss scales as the phonon frequency
squared [23], which draws attention to the low 2.21 MHz phonon frequency as an issue, and also focuses attention
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on the possibility that THz phonons might be present in the experiment. If so, then we are interested in mechanisms
present in the experiment which might generate THz phonons.

Since the early time enhancement was present when we began taking data, our attention is focused on what hap-
pened to the sample prior to the experiment. Before the May 20 experiment, the steel plate had been resting on a rack
with no wood blocks attached, but with piezoelectric transducer and ultrasonic coupling gel on top, and with earlier
sets of transducer pulses applied. In preparation for the experiment the sample was picked up, then one corner was
placed between two pieces of wood and bolts tightened, at the equivalent force of about 2000 Ibs. This was followed
by a similar procedure for the other two pieces of wood. Then the steel plate with wood blocks was placed on the rack
as in the photograph (Fig. 3), and data was collected.

Appendix D.1. Ultrasound absorption issues

The stress in the steel is greatest near the wood clamps, with compressional stress between, and shear stress near the
edge outside of the steel-wood interface. Phonons generated near the clamps could propagate to the vicinity of the
Co-57 substrate only at “low” frequency, since ultrasonic attenuation in steel leads to an absorption length on the order
of 1 cm near 10 MHz [71-73]. There is little reason to believe that this will make a difference given that driving the
steel plate with over 100 watts near 2.21 MHz does not produce an observable response that can be correlated with the
period when the plate is driven.

THz phonons are strongly absorbed in all solids, and we would expect an absorption length on the order of 10 nm
or less. This focuses our attention on dislocations, which have a long lifetime, which are present in rolled steel, and
which scatter and generate THz phonons locally when they move. THz phonons scattered or radiated then by moving
dislocations very close to the nuclear excitation have the potential to produce excitation transfer.

Appendix D.2. Creep and dislocation movement

The early time enhancement of the gamma and X-ray emission seen in the experiment appears to decay away with a
relaxation time of about two and a half days. This relaxation time is not connected to the nuclear levels of Fe-57 in an
obvious way; however, it may be consistent with creep, since there is the possibility of plastic deformation in the steel
[74—77] and wood [78-80]. The plastic deformation associated with creep occurs through the flow of dislocations.
Dislocations experience a force in the presence of stress [81], and plastic deformation in iron is dominated by screw
dislocations [82]. The dislocation velocity v(7") increases with temperature [83], in one model according to [84,85]

b L AG
o(T) = Z/Dl—l—aexp{ kB(;)}, (D.1)

where vp is the Debye frequency, b the distance between two rows of atoms in a slip plane, /. the critical length for
kink nucleation, L the length of the linear dislocation, where « is the slip distance for a single activation, and where
AG is the free energy of activation which is a function of stress o (edge and screw dislocations experience a force
under shear stress).

The rate of plastic deformation is given by what is often referred to as Orowan’s equation [86—88]

1o} _
&6 = abpv, (D.2)

where € is the strain, b the Burgers vector, p the density of dislocations, v the average dislocation velocity, and « is a
geometrical factor. It would follow from these arguments that we would might expect the temperature dependence of
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creep to obey an Arrhenius law. Consistent with this, Cuddy reported that the observed rate of creep in steel could be
fit by a model of the form [75]

9. _ apm _Q
ae—Aerxp{ RT}’ (D.3)

where @ is an activation energy, o 4 the applied stress, n a fitting parameter (5.8 for the measurements fitted), and A is
a proportionality constant. If THz phonons from plastic deformation are responsible for the effects observed, then we
might expect a version of the experiment run with steel at elevated temperature to show a faster decay.

In future experiments we would like to see whether the anomaly is sensitive exclusively to shear stress, or whether
tensile or compressional stresses also can produce anomalies. Such tests would be useful for shedding light on how
best to design new experiments, as well as being helpful for theory. Late in the writing of this paper an early paper
came to our attention describing the observation of gamma radiation emitted as a result of various materials subjected
to very high levels of shear stress [89].

Appendix D.3. Time-dependence and creep

The empirical fitting model that we made use for the intensity of the gamma and X-ray emission is consistent with

It) = Iy e /7 exp{b e*t/m} — Iy e /7 {1 +b eft/f"} (D4

for small fitting parameter b (the exponential empirical model was used since it produced a lower error). The expo-
nential decay of the anomaly be ~*/7° is consistent generally with the exponential decay associated with solutions for
simple viscoelastic models for initial value problems [90,91], under the assumption that the non-exponential part of
the emission is proportional to the (creep) strain rate.

Appendix D.4. Phonon emission by moving dislocations

At high velocity dislocations radiate THz phonons efficiently [92], which perhaps might provide the beginning of a
connection with up-conversion models discussed in the Introduction. However, the level of stress present in the May
20 experiment is insufficient to produce dislocation velocities sufficiently fast as to get to the stress regime where high
rates of phonon emission occur. At lower dislocation velocity part of the friction is due to interaction with phonons,
so that while THz phonon emission is inefficient, there is substantial coupling to and scattering with high-frequency
phonon modes [93-95].

Appendix D.5. Creep in steel, and in other materials

Once our focus turned to creep in the experiment, we immediately presumed that creep in the steel in the vicinity of
the Co-57 was most important. However, we might expect creep to be present in the wood clamps, epoxy, or ultrasonic
coupling gel, where creep can be induced much more readily. THz phonons generated in the epoxy in general are more
distant (and less likely to be important), except for the surface layer in contact with the Co-57 residue and steel. Creep
in the wood or gel is sufficiently distant that one might expect it to impact the region of the Co-57 only indirectly.

Friction effects generally between the steel, residue and epoxy are likely important in generating very high fre-
quency vibrations that could produce the effects observed.
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Appendix E. Possibilities for Future Experimentation

The non-exponential decay observed at early time in the Fe-57 14.4 keV line, and in the Fe K, and Kz X-rays, if real
and if connected with phonon—nuclear coupling, potentially opens the door to a wide range of new experiments. In
this appendix we consider some possibilities.

Appendix E.1. Studying excitation transfer

If we are able to delocalize nuclear excitation perhaps at the millimeter scale through excitation transfer with only
modest levels of THz phonons from creep, then perhaps delocalization over larger distances is possible with more THz
phonons. This could be studied with an energy dispersive X-ray camera.

Over what range can excitation transfer work? For example, suppose we put in a barrier layer of iron that is
depleted in Fe-57, could we reduce excitation transfer through it, or stop it completely? The same approach could be
used with a barrier layer made of a different material.

Would we get a much stronger version of the effect if we worked with a sample made of Fe-57?

Can the effect be seen using other low energy transitions? One candidate is the 6.237 keV El transition in Ta-181,
which is longer lived, which should be helpful for the development of coherent effects. Another is the 1.565 keV
MI1+E2 transition in Hg-201, which has the advantage of a lower energy nuclear transition.

We would expect larger Dicke factors to be associated with excitation transfer in the event that most of the partici-
pating nuclei are initialized in the same ground state. This suggests that we might want to work with a strong magnetic
field and low temperature, or perhaps a magnetized sample at low temperature.

Excitation transfer can be resonant, or non-resonant, which would make a difference in terms of angular anisotropy
or beam formation in a material with aligned crystal planes. Is it possible to control the THz phonons in such a way as
to maximize resonant excitation transfer and hence maximize the anisotropy?

Appendix E.2. Possibility of observing subdivision

Excitation transfer requires the least amount of phonon exchange of the relevant mechanisms reviewed in Section 2,
which is why we have focused on excitation transfer mechanisms in connection with the May 20 experiment. Sub-
division in the models requires coherent energy exchange, which makes it more challenging than excitation transfer,
but the amount of energy exchange is less than for up-conversion. The demonstration of a subdivision effect would be
extremely important, in that it would show that coherent energy exchange is possible.

Finding good resonances can minimize the energy mismatch and is a key issue for subdivision. A list of candidates
relevant to experiments involving a Co-57 source is given in Table 3.

Table 3. Candidates for subdivision driven by a Co-57 source

Initial Energy Final Energy AN  Mismatch

isotope  (keV) isotope  (keV) (keV)
Fe-57 136.4743  Sc-45 12.40 11 0.07
Fe-57 136.4743  Ta-181 136.262 1 0.212
Fe-57 14.4129 Hg-201  1.565 9 0.328
Fe-57 136.4743  Hg-201  1.565 87 0.340
Fe-57 136.4743  Os-186  137.159 1 -0.685
Fe-57 136.4743  Ta-181 6.237 22 -0.74

The lowest mismatch among the candidates is for
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57Fe(136.47) + 11 4°Sc(0) <> °7Fe(0) + 11 *°Sc(12.40) + 0.07 ke V.

An experiment to demonstrate subdivision might involve the evaporation of radioactive Co-57 solution onto a steel
plate, while at the same time evaporating scandium chloride in solution.

Non-resonant excitation transfer from the 136.47 keV state of Fe-57 might be possible to the 136.262 keV of
Ta-181 according to

5TFe(136.47) + 81Ta(0) + °"Fe(0) + '®'Hg(136.262) + 0.212 ke V.

The energy mismatch is 212 eV, which is one of the lower mismatches among the candidates in Table 3. There is also
a subdivision possible from the 136.47 keV state of Fe-57 to the 6.237 keV state of Ta-181

5TFe(136.47) + 22 181Ta(0) <> 57Fe(0) + 22 81Hg(6.237) - 0.74 keV.

These two could be distinguished since non-resonant excitation transfer would result in Ta K,, X-ray emission; but no
Ta K, emission would be associated with subdivision — instead we would expect to see M-shell emission lines.

Another interesting possibility is to attempt the subdivision of the Fe 14.4 keV state to produce excitation of the
1565 eV state in 2°'Hg according to

5TFe(14.41) + 9 201Hg(0) <+ 5"Fe(0) + 9 2°'Hg(1.565) + 0.33 keV.

The energy mismatch is about 330 eV, which is again one of the lower mismatches in the table.
We had entertained the possibility that subdivision might account for the enhanced emission at early time in the
May 20 experiment. Subdivision of the 136.5 keV state to the 14.4 keV state would be described by

5TFe(136.47) + 9 °"Fe(0) « °"Fe(0) + 9 °"Fe(14.421) + 6.76 ke V.

The relatively large energy mismatch, combined with the short (8.7 ns) half-life of the 136.5 keV state, suggests that
this process would not be favored in the May 20 experiment. If this process were dominant, we would have seen a
reduction in the Sn-K,, proxy for the harder 122 keV and 136 keV along with increased 14.4 keV and Fe K,, emission.
Due to the relative absence of a decrease in the Sn K, signal at early time in the data we consider this subdivision
mechanism as unlikely to account for the observations reported in this paper.

Appendix E.3. Issues associated with up-conversion experiments

Our interest in up-conversion and down-conversion come from our interpretation of several anomalies in Condensed
Matter Nuclear Science. The excess heat effect in the Fleischmann—Pons experiment would not be anomalous if there
were a down-conversion mechanism established consistent with the models we have developed. Collimated X-ray
emission in the Karabut experiment would not be anomalous if there were an up-conversion mechanism accepted. As
mentioned above, up-conversion and down-conversion are described by the same basic models, so a demonstration
of up-conversion implies down-conversion can occur, and vice versa. We are interested in whether the predicted
up-conversion and down-conversion mechanisms can be demonstrated experimentally. Note that the experimental
demonstration of a subdivision effect would strongly support the notion that up-conversion and down-conversion can
work.

One candidate hypothesis for the early time enhancement in the May 20 experiment is up-conversion, which we
have considered seriously in connection with the May 20 experiment. According to theory up-conversion would occur
as a result of a great many non-resonant excitation transfer events before the transition decoheres. If so, then we
would like to see unambiguous evidence for excitation transfer first, which is why our interest focuses on candidate
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hypotheses involving excitation transfer first. Arguing against an up-conversion mechanism is that similar experiments
carried out with no Co-57 do not show reproducible emission in the scintillator/PMT detector.

For future up-conversion experiments we consider working with a low-energy transition (such as the 1.565 keV
transition in Hg-201 or the 6.237 keV transition in Ta-181) [4], and then follow the model which points to the impor-
tance of: the number of identical nuclei involved in the ground state; maximization of the number of optical phonons
in a mode that is spatially uniform; maximization of the half-life of the upper and lower states; ensuring that loss is
present (which is thought to be dealt with in the low-Q resonator modes of optical phonons). These same issues should
be relevant for similar reasons for subdivision and for excitation transfer.
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