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ABSTRACT

During the past three decades, there were approximately 25 different anomalies in
the field of condensed matter nuclear science reported by researchers. One example
involves collimated X-rays coming from metal samples with vibrations without a clear
explanation or understanding of the underlying physics involved. Another example
involves unexpected non-exponential decay of radioactive sources.

These anomalies have motivated a research effort by my Ph.D. advisor at MIT,
Professor Peter Hagelstein, to investigate the physical phenomena involved. Hagelstein
came up with a theory predicting coupling between phonons and internal nuclear states,
leading to excitation transfer between nuclei. The aim of this Ph.D. thesis is to
experimentally test Hagelstein’s theory.

In this research, we used Co-57 as the sample to investigate the nuclear excited states.
Unexpected non-exponential decay was seen in the first attempt to look for excitation
transfer effect. Heat pulse can trigger X-ray signal increments. We performed angular
anisotropy experiments which appears to support the conjecture that slow resonant
excitation transfer occurs for the 136 keV excited state of Co-57. We also performed
delocalization experiments which appears to support the conjecture that fast excitation
transfer occurs for the 14.4 keV excited state of Co-57. Our conclusion is that the
experimental data are not inconsistent with Hagelstein’s theory.

Thesis Supervisor: Peter L. Hagelstein
Title: Associate Professor of Electrical Engineering and Computer Science
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1. Introduction

There have always been various experiments, theoretical ideas, and even entire fields which
exist outside of the scientific mainstream, and which are pursued by those who are interested
and sufficiently brave. From time to time the borders of science are expanded to include research
results from outside of science: for example, the revolutionary notion of Semmelweis® that a
reduction of the mortality rate associated with birth might be accomplished by doctors washing
their hands; another example is the radical idea put forth by Wegener® that continents can move
over time. Similarly, mainstream notions can be thrown out as well: for example, the notion of
the aether® was dispensed with following the Michelson and Morley experiment;4 and alchemy’

was set aside finally with the advent of modern nuclear physics.

The notion of an anomaly has had a particularly interesting history in science. In earlier times
the notion of an anomaly (such as the observed precession of mercury,® which disagreed with
predictions from Newton's laws) was accepted, in part since science generally was immature and
emerging. A survey of the use of the word anomaly in current mainstream journals indicates an
effect that generally would be considered to be unusual, but which lies within the realm of science

and is understood. Examples of this include the Kohn anomal,” the dielectric anomaly,? the chiral

9,10 11,12

anomaly,””" the quantum anomaly, the gravitational anomaly,*® and the hyperfine anomaly™*
(none of which at present involves a lack of theoretical or experimental understanding). One of
the few modern anomalies in mainstream science which remains truly anomalous is the Pioneer
anomaly,” which is an unaccounted for acceleration of the Pioneer spacecraft in the outer

reaches of the solar system.

There have been reported a large number of anomalies in the (new) field of Condensed
Matter Nuclear Science (a research area considered at this time to lie outside of the well
demarcated boundary of mainstream science) that have been the focus of a committed group of

researchers for nearly three decades. One of the anomalies involves the production of excess heat



in a heavy water electrochemical experiment with a palladium cathode, which was first reported
by Fleischmann and Pons in 1989.° Much attention was focused on the announcement, and much
controversy followed, resulting ultimately in a rejection of the claim and the determination that
this experiment lies outside of mainstream science.!’ However, the focus at the time on a
misunderstanding of the experiment and its significance has detracted from the much more
substantial set of anomalies seen in hundreds of experiments, some of which are much earlier,
some of which were reported around the time of the controversy, and many of which have been

observed subsequently.

At this point we recognize the anomalies to include excess heat generation in PdD and in NiH
electrochemical experiments, and also in electrochemical experiments with other metal hydrides

18-21

and deuterides. Claims for thermal effects have been made also for glow discharge

experiments;”? simpler experiments in which hydrogen or deuterium is desorbed from a loaded

23
l,

metal,”* or even flowed through a metal foil;** experiments where nano materials loaded with

hydrogen or deuterium are simply heated;” and where a current is passed through a loaded nano

material.*®

There have been numerous reports of *He generated in connection with the energy in PdD
experiments, in amounts that may be consistent with the mass difference between D, and *He.?”
?® The relative absence of energetic radiation from the experiments when thermal effects are seen
allow for an interpretation that the *He nucleus is born very nearly sta'cionary,‘c‘0 and that the
energy produced is communicated to the surroundings via unconventional channels. There have
also been many observations of tritium generation in PdD experiments,®! with a similar absence
of associated energetic radiation, which allows for an interpretation that the tritium is also born

essentially stationary.®

There are more than 100 reports of observations of low-level nuclear radiation from metal

deuterides in a variety of experiments (electrochemical, glow discharge, low energy ion



implantation, and desorption), which include d+d fusion reaction products (p+t, n+3He), and also
unconventional products including energetic alphas and neutrons with energies above 10 MeV.>>

3 Neutron and alpha emission have been reported from fracture experiments with granite,***

and from steel samples following intensive mechanical stimulation.*”*

Many claims have been made for observations of new elements at this point in
electrochemical, gas loading, and deuterium flow experiments. In some cases, there have been

50,51

reported macroscopic amounts of lower mass elements, suggestive of unconventional fission

(but without energetic products). Much harder to understand are reported observations where

higher mass products are claimed.*”>*

The response of the mainstream scientific community has largely been one of a blanket
rejection of all such claims. From the experience of 1989 some understanding is possible of why
this might be. In earlier times the observation of an anomaly could be accepted since it was
understood that science was immature, and that an anomaly might hold the promise of new
science. However, in the 20th century the large strides in experimental and theoretical physics
has resulted in a new maturity of the hard sciences. With the advent of quantum electrodynamics
by about 1950, quantum chromodynamics around 1965, and electro-weak field theory in the early
1970s, the basic laws of physics that apply to electrons, light, and nuclei have become understood
in a fundamental way. In the clear light of understanding that has emerged from these advances,
modern physics understands how the world works under conventional laboratory conditions (the
clear light of understanding has not yet extended to the fundamentals of gravity combined with
guantum mechanics), and there is no longer any room in physics for anomalies which seem not
to work in well understood ways. This point of view came through clearly in the controversy in
1989, with the rejection of the Fleischmann-Pons experiment based much more on the absence
of a theoretical understanding of how the effect might work, than on any compelling identification

of a problem with the experiment in the case of the excess heat claim.>



The only possible resolution of this situation (which has gone on now for nearly three decades
since the 1989 controversy, and much longer if one adopts a more generalized view) is to sort

things out theoretically, and to provide a fundamental understanding of how the anomalies work.

On the face of it the associated theoretical problem is much bigger, and also much harder,
than the experimental one. For example, it is possible to do new experiments which are
something like previous experiments, and from experience we know now that some of these new
experiments work. However, the development of a new theory in the seeming absence of relevant

earlier work is a different story. This was the task faced by the theorists back in 1989.

Quite a few theorists put forth proposals of one sort or another following the initial
announcement of Fleischmann and Pons in 1989. In retrospect the majority of these were naive,
and focused on specific issues that seemed to be important in the early PdD experiments. The
biggest problem was that there was insufficient information available from the early experiments
to have much chance of déveloping an appropriate theoretical response. Few theorists have
managed a sustained effort as the field has evolved.

One theoretical approach which seems promising is based on phonon-nuclear coupling,

660 The foundation of this

following the ideas of Hagelstein,” and Hagelstein and Chaudhary.
approach is quite general, and started decades ago from the presumption that there exists a
coupling between the internal nuclear degrees of freedom and vibrations in the local condensed
matter system. Although the research focused initially on accounting for excess heat effect in the

Fleischmann-Pons experiment, the approach is sufficiently general that it has benefitted from the

inclusion of a consideration of the larger set of anomalies.

According to this model, phonon-nuclear coupling in its most basic form allows for the
exchange of a single vibrational quantum coupled to a single nuclear transition. in Chapter 3 we
will review a derivation of this coupling directly from a relativistic model for nucleons in a nucleus

that was found initially around 2011. The interaction is similar to photon-nuclear coupling, which



in its most basic form allows for the exchange of a single photon coupled to a single nuclear
transition. This photon-nuclear coupling makes possible the radiative decay of excited nuclear
states by single photon emission. An analogous channel for the decay of a nuclear excited state
by single phonon emission is not available due to a mismatch between the nuclear excitation
energy (keV or higher) and the available phonon mode energies (typically less than 100 meV).
Consequently, interactions between the internal nuclear states and the vibrational modes work
differently, and we cannot make use of our intuition based on photon-nuclear coupling. Since
first-order processes do not contribute, we need to focus on second-order and higher-order

processes.

At second-order there are a variety of two-phonon interactions that might be considered.
We might consider two-phonon decay, but once again there is the problem of a mismatch
between the nuclear transition energy and the phonon energies. A more subtle second-order
effect is excitation transfer, in which the nuclear excitation at one site is transferred to another
site, with the exchange of at least one phonon from a common vibrational mode at each site.
This relatively simple nuclear excitation transfer effect is the lowest-order process within the
theory generally, and as such becomes important primarily in providing a mechanism that can be

tested to see whether the predicted phonon-nuclear effect is real.

The most astonishing feature associated with the excess heat effect in the Fleischmann-Pons
experiment is the absence of commensurate energetic nuclear radiation. In a conventional
incoherent nuclear reaction, the simultaneous conservation of energy and momentum dictates
that in the case of an energy-producing nuclear reaction, the mass energy converted must be
carried away by energetic particles in the exit channel of the final state. Since there are no
commensurate energetic particles observed in the Fleischmann-Pons experiment, since there is
quite a bit of energy observed, and a commensurate amount of “He observed, it can be concluded

that a conventional incoherent reaction is not involved. Within the framework of the phonon



theory, the nuclear energy ends up ultimately as a large number of phonons within a quantum

mechanical picture involving coherent processes.

The thought initially was to try down-converting the nuclear energy to vibrations all at once
in a high-order coherent process. However, models for this ran immediately into difficulty for a
variety of reasons. In the most recent coherent reaction scheme, the excitation of the D, viewed
as an excited state of the mass 4 system is transferred and subdivided to produce many excited
nuclei in long-lived states which subsequently de-excite through the coherent sequential emission
of many phonons. This kind of scheme leads to the weakest requirements on the various
components of the model. There are reports of gamma emission from long-lived excited nuclear

states from Fleischmann-Pons cells,”® consistent with the coherent reaction picture.

Incoherent excitation transfer from the D,/*He system to the host lattice nuclei can account

for low-level emission of alpha particles and other unconventional nuclear products.

There are many more specific connections between the phonon theory and experiment;
however, our purpose here is not to convince, but instead to draw attention to the existence of a
rich theoretical foundation, formalism, and set of reaction schemes that have the potential to
account for a majority of the claimed anomalies systematically. What has not been established in
earlier work is any direct verification that the predicted relativistic phonon-nuclear interaction

exists, and that the lowest-order excitation transfer process actually occurs.

An effort to address this was initiated in 2013 when vibrating plate experiments were
subcontracted to SRI. The basic idea at the time was as follows. The same models that predicted
down-conversion in the Fleischmann-Pons experiment also predict up-conversion. A number of
experiments had been reported by other groups which could be interpreted as being due to an
up-conversion of vibrational energy to nuclear energy, so the plan was to attempt a controlled
experiment in which vibrations were applied to a plate, and evidence for up-conversion was

looked for. In the experiments at SRI in 2013, signals were observed that seemed to be consistent



with up-conversion to x-rays, and with charge emission from the plate. Analysis of the x-ray data

indicated a problem, and eventually it was concluded that the x-ray signals at SRl were an artifact.

An effort was initiated at MIT in 2014 by Clarice Aiello to seek confirmation of the charge
emission effect. A vibrating plate experiment was developed, and detection similar to what was
used at SRI was carried out. In some experiments a similar charge emission effect was observed,
which when studied further was found to be an artifact. SRI carried out similar tests with their

version of the experiment and confirmed that the charge emission was an artifact at SRI.

Subsequently, new tests were carried out. In one set of experiments the author carried out a
set of waterjet experiments (discussed in the Appendix D), looking for collimated x-ray emission
as had been claimed by Kornilova and coworkers (discussed further below), which could be
interpreted as being due to the up-conversion of phonons to produce nuclear excitation.

Although film exposures were found, in most cases these could be attributed to artifacts.

In another set of experiments, steel plates were vibrated with a transducer, and detectors
were fielded looking for x-ray emission and also charge emission. Although counts were registered
in some of the experiments, these counts were found to be due to artifacts. The lowest energy
accessible nuclear transition from the ground state among the stable nuclei is the 1565 eV

transition in 2%

Hg, which was a primary candidate nuclear transition for an up-conversion
experiment. We were interested in developing an experiment in which a plate with mercury on
the surface was subject to vibrational stimulation and x-ray emission monitored. The author was
involved in a research project aimed at developing suitable samples for testing, where mercury

was deposited on copper plates (discussed further in the Appendix F). A steel plate with a copper

coating was developed, on which mercury can be deposited.

An effort was made to connect with up-conversion in the Karabut experiment, which was a
glow discharge experiment (discussed below in Chapter 2) in which collimated x-ray emission near

1.5 keV was claimed. The idea was that the steel resonator was involved in the up-conversion, so
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for this we worked with a smaller steel resonator, and made use of an ultrasonic transducer to
vibrate it. The idea was to field a sample with mercury on the surface connected to the resonator,
and drive it strongly with a transducer. Some of this work is discussed in the Appendix E. Before
this experiment was completed, Metzler had some success with a different kind of experiment,

which changed the focus and direction of subsequent research in our group.

Our goal of this early research was the development of a controlled experiment which showed
up-conversion; however, as is often the case the development of a new experiment where an
anomaly is involved is problematic. The many failures in this early part of the experimental effort
serves as a testimony to the difficulties involved. A decision was made in early 2017 to develop a
new kind of experiment which based on theory was "easier" in the sense of requiring less phonon
exchange. For an up-conversion experiment to succeed, a great many phonon exchange events
are needed; however, in an excitation transfer experiment one only needs a few phonon exchange
events to occur. The idea was to place a radioactive source on a plate in order to produce a
daughter in an excited state, then see whether excitation transfer could be observed upon

stimulation with vibrations.

In May 2017 one of the new excitation transfer experiments was run, and gave a positive
result (this is discussed below in Chapter 5), although not in response to the strong MHz vibrations
used. In this experiment a high power MHz transducer was used to drive the plate, and x-ray
detectors were positioned around the plate to monitor for excitation transfer. We had hoped to
see a prompt response with a decrease in signal from the detector in front of the radioactive
sample, and an increase in the other detectors. When the experiment was done no prompt
response was seen. However, there was an obvious decay of the signal two orders of magnitude
faster than would have been expected given the half-life of the Co-57 used. In this experiment,
we saw our first anomaly. Instead of being stimulated by MHz vibrations, this effect was probably

induced by much higher frequency vibrations, perhaps in the THz regime.



Subsequent experimentation in our lab largely became focused on following up on this
important observation. A weak version of the effect was seen in subsequent experiments during
the following months, with little understanding of what made the effect big or small. In an
experiment in July a response was noticed when transducers were run at high power for a long
time, but it was suspected that the response was due to the temperature increase and not as a
result of MHz vibrations. In August an experiment was done that showed a strong response to
thermal pulses (discussed below in Chapter 6). This opened the door for a more controlled set of

experiments.

Following the May 2017 experiment, | was involved initially in some up-conversion
experiments, where we sought to make use of what was learned from the excitation transfer

experiment and apply it to the up-conversion experiments.

In late 2017 the thesis committee required new experimentation, and in response it was
decided to pursue the development of a bent crystal spectrometer. This was a long range
experiment, with the ultimate goal of detecting net energy exchange between the nuclei and
vibrations through measurements of the 14.4 keV line shape during stimulation. From an initial
review of the experiment, it became clear that the measurement would be difficult, and we
thought that much could be learned by first focusing on the Fe K-alpha at 6.4 keV. A crystal was
ordered, and a bent crystal experiment was developed. It was decided to work with a 1 meter
focal length in order to get good resolution; however, air absorption for a 2 meter path length is
problematic. | needed to make use of a helium path in order to get the signal up to the point of
taking measurements. Line shape measurements were made on the Fe K-alpha showing the bent
crystal instrument worked, and a measurement on a live sample was planned. However, the
committee provided encouragement to take on new experiments that would have a better chance
of showing a positive result, so this live measurement was deferred (and not completed). Some
exploratory work was done with the bent crystal looking at emission on the 14.4 keV line, which

was plagued by signal to noise problems. In the end, it is likely that we got a weak version of the



14.4 keV signal, and from the experience we are in a much better position to specify an
experiment capable of looking at the 14.4 keV line shape under live conditions. A brief summary

of this work appears in the Appendix K.

In January 2018 Hagelstein proposed a scenario in which excitation transfer of the excited
nuclei occurred on the surface of the plate was responsible for the unexpected dynamical effects
seen in the various 2017 experiments. This scenario could be tested, and in the first set of
experiments intended to clarify the situation | developed a pinhole imaging experiment on film
(described in Chapter 10). This was used to image the low energy (6-14 keV) emission in the
vicinity of the Co-57, and then to check whether a change in the spatial distribution of the
emission could be seen comparing a cold plate to a hot one. While there were subtle differences

seen in the images, subtlety was not going to clarify the situation unambiguously.

We next moved to new pinhole/SDD experiments (discussed below in Chapter 11) in which
the time history from a localized region of the radioactive sample could be obtained. The idea is
that if there was an excitation transfer effect that could move excitation from one place to
another on the surface of the sample, then we should be able to see the emission change in a
localized region. If the excitation left to go elsewhere, then the local emission should decrease;
if the excitation was coming from other regions then the local emission should increase. There
are lots of reasons that this experiment might not have been able to work, including signal to
noise issues, absence of any such effect, thermal problems and alignment issues. In the end, we
saw changes in the emission in response to thermal pulses, an effect which is consistent with a

large excitation transfer effect.

In the Spring 2018 Hagelstein proposed that | work on an angular anisotropy experiment, in
addition to the other experiments already under way. The motivation for this was that the thesis
committee was insistent that there be some strong positive experimental results to report, and it

was thought that an angular anisotropy experiment would have low associated risk. The idea in



this case is that weak excitation transfer should be dominated by resonant excitation transfer,
which could produce phase coherence among the excited nuclei. Evidence for this effect appeared
in the time histories of the harder gammas in previous experiments with the first sample, so there
was confidence that the effect could be seen. The only question was whether the second sample
that was made could show the effect (this new sample had not be showing convincing signs of life

in earlier experiments).

In what follows, we first consider some of the up-conversion experiments reported by other
groups which motivated the early experimental research of our group. Next we review basic
theoretical issues associated with phonon-nuclear exchange and with excitation transfer. The
important excitation transfer experiments discussed above are reviewed. Following this we give
a brief discussion of angular anisotropy, followed by results from experiments | did that focused
on this effect. Next appears a discussion of delocalization, followed by chapters on the
pinhole/film and pinhole/SDD experiments. The following chapter considers possible
interpretations consistent with the experimental results so far. We conclude with a discussion of

what was learned, and avenues for further research.

Much input to this chapter was provided by Hagelstein.
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2. Claims for Collimated X-ray and Gamma Emission

Anomalies are so called because they are not expected. The observed anomalies do not follow
our expectations but clearly the anomalies are manifestations of the laws of physics. Working with
anomalies is difficult. When doing research with anomalies, we can not work with established
equations or theories. If we could, they are not anomalies. If we could find explanations for
anomalies, we would switch them from anomalies to examples following new physical laws or

new understandings of existing physical laws.

There are a variety of anomalies that might be considered in the first place; however, our
attention will be focused on one which we consider to be fundamental. In this section we focus
on examples of anomalies involving collimated X-ray emission. In 1966, it was reported in the
Gorazdovskii experiment that when applying strong shear force to a solid sample, radiation signals
were detected on a nearby photographic film'. The Gorazdovskii experiment might be considered

as one of the earliest example of the kind of anomaly discussed in this chapter.
2.1 The Karabut Experiment

Collimated X-ray emission of energy around 1.5 keV was reported in a high-current density
glow discharge experiment by Karabut in 2002;%* subsequently, he studied the effect with
different cathode materials, gasses, and diagnostics over the following decade.* Figure 2.1 shows
the scheme of the Karabut experiment. The experiment was conducted inside a vacuum chamber
made of steel. A high current density glow discharge was generated inside the chamber with
cathode, anode, and gas. Karabut detected collimated X-rays using in different experiments a
scintillator, a thermal luminescent detector, an X-ray film with a pinhole camera, and a bent mica

crystal spectrometer.
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X-ray detector

————___ Collimated X-ray
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Long tube____\_

Cathode (Al, V, Fe,

Anode

Zn, Mo, Pd, W,
others)
Gas (H,, D,, Vacuum Chamber
Ar, Kr and Xe Iy W made of steel

Figure 2.1: Scheme of a version of the Karabut experiment4

Figure 2.2 shows the pinhole camera image of cathode in his experiment. Very bright

collimated X-rays originate from the cathode surface.

"’ dcathode “f

Figure 2.2: Pinhole camera image of the cathode”

With the discharge running in steady state mode, collimated X-ray emission was detected
with a diffused spectrum around 1.5 keV from the bent mica spectrometer. Figure 2.3 shows the
scheme of the bent mica spectrometer. Karabut repeated the same experiment with many

different cathode metals (Al, V, Fe, Zn, Mo, Pd, W, others) and different gases (H,, D,, He, Ar, Kr,
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and Xe). The collimated X-ray emission effect is reproducible with different cathode and gas
combinations. Figure 2.4 shows X-ray spectra taken with a tungsten cathode in He gas, and Figure

2.5 shows a densitometer scan of the spectrum from an experiment with Pd cathode in D, gas.

X-ray spectrometer:

1- cathode holder,

2- cathode sample,

3 — vacuum discharge chamber,
4 — anode,

5-15u Be screen,

6 — input slit of spectrometer,

7 — crystals holder,

8 — curved mica crystal,

9 — x-ray film,

10 — area of reflection spectra,
11 — input and output cooling water.

200 mm

oo ! Coo L b BGGREDE

0.7 075 08 09 1 2 3 46810
EX-rays kCV

Figure 2.4: Diffuse emission near 1.5 keV for a W cathode in He gas; top spectrum taken with a

discharge voltage of 1850 V; bottom spectrum also for a W cathode in He gas at 4000 i
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Figure 2.5: Densitometer scan of a spectrum with a Pd cathode and D, gas"
2.2 The Kornilova Experiment

Collimated X-ray emission was also reported in the Kornilova experiment.® Collimated x-ray
emission in the Karabut experiment is a stronger experimental result, but the Kornilova
experiment appears to give a similar effect and is more accessible. One version of the experiment
is shown in Figure 2.6. High-pressure water flow is generated from the water jet through the
narrow nozzle made of steel. An X-ray detector placed near the water jet nozzle detected X-rays
with an energy spectrum that peaks near 1.7 keV. Figure 2.7 shows the X-ray spectrum in their

publication.”
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Figure 2.6: Scheme of the version of Kornilova experiment with an X-ray detector’
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Figure 2.7: X-ray spectrum near nozzle surface in Kornilova experiment

X-ray films were also used to detect X-rays in this version of the experiment. Figure 2.8 shows
the scheme of the 1st version of Kornilova experiment with X-ray film. Two pieces of X-ray film in
a light protective envelope were rolled in the form of a cylindrical surface and were fitted over

the entire length of the steel nozzle. Figure 2.9 shows the X-ray film results in their experiment
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after 15 minutes of exposure at 600 atm pressure. The left darker film was closer to the water jet
nozzle compared to the right film. It was claimed that the energy of X-ray signals on the films

corresponded to about 2 keV based on film absorption.

X-ray films

narrow nozzle
made of steel

high pressure water flow

Figure 2.8: Scheme of the 1st version of Kornilova experiment with X-ray films®

Q

\JU"-

(a) (b)

Figure 2.9: Images of X-ray films in the 1st version of Kornilova experiment with X-ray films®

Figure 2.10 shows a 2nd version of the Kornilova experiment with X-ray films. A steel plate
was placed near the water jet away from the nozzle. The distance between the plate and water

jet was 3 cm. A pack of two X-ray films was put 1 cm behind the steel plate. On the other side of
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the water flow, another pack of two films was placed without a steel plate in front of it. The

distance between this pack of films and the plate was 6 cm.

steel plate

m X-Ray films

~ 6cm { lcm ‘

v

X-Ray films

high pressure water flow

Figure 2.10: Scheme of the 2nd version of Kornilova experiment’

Figure 2.11 shows the X-ray films results in their experiment after 30 minutes of exposure at
600 atm pressure. Signals were detected on the two X-ray films 1 cm behind the steel plate.
Nothing showed up on the two films 6 cm from the steel plate. The film (a) with much darker
spots was placed closer to the plate than film (b) was. The position and size of those spots on both

films were almost identical.

According to their publication, there was a thin layer of paint on the back side of the steel
plate. However, due to unforeseen reasons, a few places on the back side of the steel plate were
free of paint. Those places free of paint correlated to the positions of dark spots on the X-ray films.
Also, there was no paint at all on the bottom part of the steel plate, which correlated to the dark

bottom band on the X-ray films.

33



L D R

Figure 2.11: Images of X-ray films in the 2nd version of Kornilova experiment with X-ray films®

It was claimed that the energy of X-ray signals on the films corresponded to about 2 keV based
on film absorption®. A separate analysis of X-ray transmission in the air for 1 cm and 6 cm is shown
in Figure 2.12. The data is from the Center for X-ray Optics website.® For the X-ray to reach 1 cm
distance but not to reach 6 cm distance, the energy should be at least 1 keV but at most 2 keV.

The claim of the X-ray energy detected in their experiment matches this analysis.

X-ray Air Transmission Rate for 1cm & 6cm Distance

09
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Figure 2.12: X-ray air transmission for 1 cm and 6 cm distance®
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2.3 The Ivlev Experiment

Unexpected X-ray was also reported in the Ivlev experiment.’ Figure 2.13 shows the scheme
of the Ivlev experiment. A piezoelectric bow| which can generate shock waves was attached on
the bottom of a water tank full of water. The shock waves hit the lead foil sample positioned inside
the water with the help of an XYZ positioner. X-ray film was put on top of the water tank. Figure
2.14 shows one of the X-ray film results in the Ivlev experiment. There were X-ray signals detected

on the X-ray film.’

XYZ positioner

water

level !l ~ Lead

. by
5
2

f ~
, Y
£ .
.

piezoelectric bowl

Figure 2.13: Scheme of the Ivlev experiment’

Figure 2.14: One of the X-ray film results in the Ivlev experiment’
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X-ray emissions were reported in all the three above experiments without reasonable
explanations with existing physical laws. Hagelstein is of the opinion that collimated X-ray
emission in these experiments maybe due to up-conversion of phonons to produce nuclear

excitation.®™?

In each case the different groups have proposed alternate explanations. We were
interested initially in the possibilities of seeing this effect at MIT (see Appendix D for our efforts

to replicate a waterjet experiment}).
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3 Phonon-Nuclear Coupling Mechanism

After three decades of efforts, Hagelstein believes that the only plausible interpretation of
the anomalies is that lattice vibrations are causing transitions inside nuclei. The question is how
this can be true. We start our discussion of theory by looking at the coupling between vibrations
and internal nuclear states. In early efforts at modeling it was thought that (indirect) electric or
magnetic coupling between the lattice and internal nuclear transitions might provide a basis for
the anomalies; however, both appear to be too weak to account quantitatively for the anomalies.
A few years ago a relativistic coupling was identified by Professor Hagelstein which appears more

promising.

Consider a many-particle Dirac model for the nucleus given by the following Hamiltonian,

where for simplicity protons and neutrons are modeled with equal mass*?
A 9 R N
H = E Bime” + E a; - cp; + E Vik(rj — r&) (1)
J J i<k
Center of mass variables and relative variables can be defined by

1 ~ R
R=‘N”2j:rj P=;p

(2)

The many-particle Dirac model in the center of mass and relative variables is'*

A

. | S ~
H = ZﬂijZJrZaj‘c N T + ) Vin(§5 — &) (3)
J J

j<k
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It is possible to develop a model in which the nuclear motion is nonrelativistic, while the
nucleon dynamics are treated relativistically. To accomplish this, we work with a partial Foldy-

Wouthuysen rotation according to?
H = eHe™ (4)
based on

A

1 5
= '"Z"'""—QM&Z Bjaj - cP (5)
J

The resulting transformed Hamiltonian can be written as'?

N D |2 -
H = %%Zﬁj+26jm02+zaj'Cﬁj+Z‘/}k
J 3 J

i<k (6)

1 ~ 1 A
+M;ﬁjp-ﬁj+m§ ]:(ﬁjaj+ﬂkak)-P,ij] +---

The first term is the kinetic energy term for the nucleus as a whole. The following three terms
describe the relative Hamiltonian for the internal degrees of freedom of nuclear states. The last
two terms explicitly couple the center of mass motion with the internal degrees of freedom. The

rotation also generates a large number of higher order terms not written explicitly.

With this process, we can describe the nucleus as a quantum composite particle, which can

be written as'?
) ~ ~ ~ N
H = HC’M + Hrel + Hint + Hhighe'r—order (7)

with
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By treating the center of mass dynamics non-relativistically, we get coupling between the
center of mass motion and the internal degrees of freedom which emerges naturally.l’3 This
coupling effect is similar to the effect that the motion of a whole atom can cause changes to the
internal magnetic field due to electron spin. Nuclear forces work similarly to magnetic forces in

this respect.

Hagelstein’s relativistic quantum mechanics predicts a coupling between the center of mass
motion and the internal nuclear states. He conjectures that this coupling is involved in the

anomalies.'”
All the results reviewed in this chapter are directly from or based on Hagelstein’s papers.
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4 Resonant Phonon-Nuclear Excitation Transfer Mechanism

We discussed above a model that describes the coupling between phonon vibrations and
internal nuclear degrees of freedom. Now we consider some examples,showing how this model
can be used for applications. Phonon-nuclear interaction is algebraically very similar to photon-

nuclear interaction. The photon-nuclear interaction can be expressed as

- A
while the phonon-nuclear interaction can be expressed as
a-cP

The terms ] and g make internal nuclear transitions. The terms A and P

create and destroy photons and phonons respectively

However, there are also differences between these two interactions. One excited nucleus can
decay by emitting one single photon, but it cannot decay by emitting one single phonon. That is
because the energy for a single phonon is much smaller than the nuclear transition energy except

in the case of nuclear Zeeman splitting of degenerate states by a magnetic field.

This fact motivates us to look for the two-phonon process as the lowest order. It turns out
that the most interesting of the two-phonon process is excitation transfer. Generally speaking,
excitation transfer means the process that one nucleus originally in excited state transitions to
ground state while a nearby nucleus originally in ground state transitions to excited state. Several

examples of excitation transfer are introduced in the following paragraphs. 13
4.1 Example 1 (No phonon exchange or loss)

A simple model for excitation transfer with no phonon exchange or loss is shown in Figure 4.1.
States 1-4 represent different states for a diatomic molecule with two identical nuclei. AE is the
transition energy for the nucleus; the V terms describe direct coupling terms between different

states.
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For state 0, both nuclei are in ground state.

For state 1, the first nucleus is in excited state, while the second nucleus is in ground state.

For state 2, the first nucleus is in ground state, while the second nucleus is in excited state.

For state 3, both nuclei are in excited state.

Excitation transfer in this example means that occupation in state 1 is switched to state 2. We

calculate the indirect coupling term V.

2AE - 3t
Vis V3, Vax Vas
AE
1 2t
Vio\\Vo1 Voz/ V2o
0
oy

Figure 4.1: The 1st example for excitation transfer without phonon or loss

The wave function based on finite basis expansion can be written as'™

W(1)=Zc,()P; = co (NP, +¢, (D, + ¢, ()P, +¢,(1)D,
J

The finite basis equations for the coefficients can be written as*?

Ec; =0¢, +V5,6 ¥ Y0y
Ec, = AEc, +V,,c, + V5,
Ec; =AEc, + V¢4 + Vascs
B, =2AE¢. 4V, 6+ Ve,

44

are interested in whether there is indirect coupling between state 1 and state 2. We would like to

(9)

(10)



As we are interested in the indirect coupling term between state 1 and state 2, we can

eliminate ¢y and c3 to get the following two-level system

E G _ H, V, ¢ (11)
€ Vo Hy G
The indirect coupling term Vi, is?
V.=V, = ! wv.v,-V.V.)=0 (12)
12 21 AE 10702 13V 32

Due to the symmetry of the system, Vo, = V13 (the second nucleus is excited) and Vi = V3, (the
first nucleus transitions to the ground state). There is no net indirect coupling due to destructive
interference. The two paths cancel with each other, and the indirect coupling term V;, is zero.
There is no indirect coupling between state 1 and state 2, and hence no excitation transfer for this

example.
4.2 Example 2 (Adding phonon exchange but no loss)

Figure 4.2 shows the second example for excitation transfer where phonon exchange is
included, but there is still no loss. States 1-6 represent 6 different states for the same molecule
with two identical nuclei inside. As before, AE is the transition energy for the nuclear transition.
The V terms are the direct coupling terms between different states, and n is the number of

phonons in different states.

® For state 1, the first nucleus is excited state while the second nucleus is in ground state; state

1 has n phonons.

® For state 2 and state 3, both nuclei are in ground state; state 2 has n-1 phonons, and state 3

has n+1 phonons.

® For state 4 and state 5, both nuclei are in excited state; state 4 has n-1 phonons, and state 5

has n+1 phonons.
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® For state 6, the first nucleus is in ground state while the second nucleus is in excited state;

state 6 has n phonons.

® For state 7, the first nucleus is in ground state while the second nucleus is in excited state;

state 7 has n+2 phonons.

® For state 8, the first nucleus is in ground state while the second nucleus is in excited state;

state 8 has n-2 phonons.

The excitation transfer we are interested in this example is the process that initial occupation
of state 1 can be transferred to state 6. We call the excitation transfer between state 1 and state
6 resonant excitation transfer as they have the same number of phonons. There are also
possibilities that initial occupation of state 1 can be transferred to state 7 or state 8. We call these

process non-resonant excitation transfer as they have the different number of phonons.

For this example, we focus on resonant excitation transfer between state 1 and state 6. We
are interested in whether there is coupling between state 1 and state 6; to investigate this, we

calculate the indirect coupling term V. >

n+2
n+1

N
n-1
n-2

Figure 4.2: The 2nd example for excitation transfer with phonon but without loss
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The approach is similar to that in the previous example. The wave function based on finite

basis expansion can be written as'>

Y(r)= Zilcj(t)CD =, (P, +¢,(ND, + ¢;(ND, + ¢, (D, + (NP5 + ¢, (NP, (13
The finite basis equations for the coefficients can be written as'?

1
Ec,=(AE+(n+ -i)hwn)c, +V,c, + V50 + Ve + Ve
1
Ec,=(n—-1+ E)hwoc2 + V¢, + Ve

1
Ec,=(n+1+ 5)}310)0c3 + V0, + Ve
1 (14)
Ec,=QAE+(n—-1+ E)ha)())c4 + VetV

466
1
Ec = (2AE+(n+1+5)hw0)c5 + V516 + Vi

|
Ec,=(AE+(n+ E)ha)0 Yoo + V0, + Vo + Ve, +Vises

As we are interested in the indirect coupling term between state 1 and state 6, we can

eliminate c,, c3, ¢ and cs to get the following two-level system

c H V, c
E b 1 16 i (15)
(&% Voo Heg Cs

0 O

The expression for the indirect coupling term V¢ is'?

¥ V12V26 — V15V56 + V|3V36 - V]4V46

Vie =V,
T AE+ ho, AE - ho, (16)

To get Vi, we need to calculate the direct coupling terms in the above equation. We can get Vi,

from the following equation’>
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Vo= (L afviga+a (000 +0:)ol), (00l +lo.)a ), | T 1)
=V <n‘a+a+|n— 1><T‘LI((l¢l><¢2|+|¢z><¢l|)l +(I¢l><¢2| +|¢’2><¢1|)2) TT> 17)
= V()\/;
We can get other direct coupling terms from the similar approach
Viy=Vy =V = Vo\/’; (18)
Vis=Vis =V =V =VVn+l1
Plugging back to the expression for V16, we have'?
_ Voz(n—(n+1))+ ‘/02((f’l+])—l’l)
' AE+hwo, AE - hao,
= — VOZ + V02 (19)
AE+hw, AE-ho,
2 2 2
~ _V_O(] _h_wﬂ)_l_v_O(l + hwﬂ )= 2V0 hzwﬂ
AE AE AE AE AE
_ 2V02hw0 (20)

Vie=Vy = AE>

We see that the indirect coupling term is non-zero with phonon exchange, which means it is
possible for excitation transfer to happen between state 1 and state 6. We also notice that the

coupling term is stronger when the phonon energy is higher, and the transition energy is smaller.

Though the indirect coupling term is non-zero, it is a small value due to destructive
interference. There is strong cancelation between the four paths which cancels the term n. The
above analysis is for the E1 transition. Recent M1 transition analysis by Hagelstein shows much
less destructive interference (no cancelations for n) for excitation transfer example 2 (adding

phonon exchange but no loss). '

There is another example for excitation transfer keeping phonon exchange and adding loss.
The destructive interference for E1 transition can be reduced with the existence of loss. The

details about this example are introduced in Appendix A.

48



Excitation transfer is the lowest order process that we have any chance of seeing in an
experiment. From the above analysis, we know that to increase the chance of seeing excitation
transfer effect, we would like low nuclear transition energy, high phonon energy and lots of

energetic phonons.

All the materials reviewed in this chapter are directly from or based on Hagelstein’s work.
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5 Observation of Unexpected Non-Exponential Decay from Co-57

Before May 20, 2017, we carried out several experiments in our lab. Some of them were to
replicate previous experiments by other people at MIT. Some of them were newly designed
experiments in order to test Hagelstein’s theory. However, there were no significant results in all

of these experiments.

On May 20, 2017, an experiment was done in our lab by my colleague Florian Metzler to look
for excitation transfer with excited nucleus produced from the radioactive decay of Co-57." We
added strong MHz vibrations to Co-57 hoping to see excitation transfer effects. There was no
prompt response from MHz vibrations. However, an unexpected non-exponential decay effect

was seen.’

Figure 5.1 shows the nuclear levels in Co-57. Co-57 decays to Fe-57 second excited state at
136 keV with a half-life of 271.74 days. It further decays to Fe-57 first excited state at 14.4 keV
with a half-life of 8.7 ns. It finally decays to Fe-57 ground state with a half-life of 98.3 ns. The

energy levels and half-life values are from the NUDAT2 website.’

Co-57
271.74 days

8.7 NS b 136.4743 keV

98.3 NS = 14.4129 keV

stable 0 keV

Fe-57

Figure 5.1: Nuclear levels of Co-57
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Figure 5.2 shows the scheme of the May 20 experiment by my colleague Florian Metzler." Co-
57 was deposited onto the surface of a steel plate. The steel plate was tightened by wood blocks.
A transducer was attached to the other surface of the steel plate to generate MHz vibrations. An
Amptek X-123 detector was used to detect signals from Co-57. An aluminum mesh was put in the

middle of the plate and detector to protect the detector.”

Figure 5.3 shows the spectrum from the Amptek X-123 detector. We see the 14.4 keV gamma
line from the Fe-57 first excited state. We see the Fe K-alpha (6.40 keV) and Fe K-beta (7.06 keV)
lines from internal conversion. We see a weak Sn K-alpha line due to the photoionization of higher

gammas. The Amptek X-123 detector is not sensitive to higher gammas of 122 keV and 136 keV."

wood blocks wood blocks

Transducer

Amptek X-123
x-ray detector

Figure 5.2: Scheme of the May 20 Experimentl
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Figure 5.3: Spectrum from the Amptek X-123 detector’

Figure 5.4 shows the time history of the Sn K-alpha line. The black line represents the expected
271-day half-life exponential decay. Each yellow or white shaded block represents 1-day of time.
We see that the Sn K-alpha line follows the expected 271-day half-life exponential decay. As Sn K-
alpha line is photoionized by higher gammas of 122 keV and 136 keV, that means Co-57 is decaying

normally following the expected half-life.!

If everything is normal, we should also expect both the 14.4 keV line and Fe K-alpha line follow
the expected 271-day half-life exponential decay. However, that is not what we see. Figure 5.5
shows the time history of the 14.4 keV gamma. Figure 5.6 shows the time history of the Fe K-alpha
line. We see that both the 14.4 keV line and Fe K-alpha line do not follow the expected half-life
exponential decay. Instead, both lines show unexpected non-exponential decays for several days
after the experiment starts. There are around 19% signal enhancements at the beginning of the
experiments for the 14.4 keV gamma. There are around 17% signal enhancements at the

beginning of the experiments for Fe K-alpha X-ray.
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Figure 5.4: Time history of Sn K-alpha line in May 20 experiment1
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Figure 5.5: Time history of 14.4 keV line in May 20 experiment1
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Figure 5.6: Time history of Fe K-alpha line in May 20 experiment’

The original goal of the May 20 experiment was to detect excitation transfer effects caused
by MHz vibrations induced by the transducer. However, there was no prompt response for the
MHz vibrations. Instead, we saw unexpected non-exponential decays for both 14.4 keV gamma
and Fe K-alpha X-ray. Exponential decay for Sn K-alpha (25.27 keV) by higher gammas (122 keV

and 136 keV) indicates that Co-57 decays normally.’

Figure 5.7 shows the time history of Fe K-alpha line with discrete MHz vibrations (red pulses)
induced by the transducer. There is little or no impact of the MHz vibrations on the Fe K-alpha
time history data, which indicates that the driven transducer is not contributing to the unexpected

non-exponential decay anomaly.!
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Figure 5.7: Time history of Fe K-alpha with MHz vibrations (red pulses) induced by the transducer’

From subsequent experiments, we realize that initial clamping of the wood is ultimately
responsible for the unexpected non-exponential decay." We suspect that excitation transfer is
involved for the 14.4 keV excited state of Co-57.' There is an important question here how
excitation transfer result in a deviation from expected half-life exponential decay. We will

consider this question in detail in a chapter 10.

The experiment introduced in this chapter is done by my colleague Florian Metzler. All data
shown in this chapter is taken by Metzler and analyzed by Hagelstein. All materials reviewed in

this chapter have been accepted for publication in the Journal of Condensed Matter Nuclear

Science (JCMNS).!
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6 Heat Pulse Experiment

We did several subsequent runs after the May 20 experiment. The results are reproducible,
but the effects are smaller. We would like a more reproducible experiment. On Aug 10, 2017, my
colleague Florian Metzler did a heat pulse experiment using temperature increase to induce
pressure increase by wood clamps. Figure 6.1 shows the scheme of this experiment. The set up is
similar to the May 20 experiment except there is an extra heating pad on the surface of steel plate.
When the heating pad heats everything, the wood blocks expand which leads to a pressure
increase.

Heating Pad

Al Mesh

wood blocks wood blocks

Amptek X-123
x-ray detector

Figure 6.1: Scheme of the Aug 10 heat pulse Experiment

Figure 6.2 shows the time history of Sn K-alpha line. Again, the black line represents the
expected 271-day half-life expor;ential decay. Each yellow or white shaded block represents 1-day
of time. The red pulses represent the temperature history of the steel plate caused by the heating
pad. We see that the Sn K-alpha line follows the expected half-life exponential decay. There is

little or no impact of the temperature increase on the Sn K-alpha signals.

Figure 6.3 shows the time history of 14.4 keV line. Figure 6.4 shows the time history of Fe K-
alpha line. Both lines do not follow the expected half-life exponential decay. There is a signal

reduction instead of signal enhancement at the beginning of the experiment due to wood
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clamping. Moreover, there are strong correlations between temperature pulses and signal counts
for both 14.4 keV gamma and Fe K-alpha X-ray. Heat pulse triggers increments in the signal counts

for both lines.

The Aug 10 heat pulse effects are reproducible. The heat pulse provides a powerful tool for
us to enable other experiments. The critical question remains of how excitation could make

unexpected non-exponential decay. We will start to address this question in the following section.

The experiment introduced in this chapter is done by my colleague Florian Metzler. All data

shown in this chapter is taken by Metzler and analyzed by Hagelstein.
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Figure 6.2: Time history of Sn K-alpha line in Aug 10 experiment
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7 Theory: Angular Anisotropy

Resonant excitation transfer can produce phase coherence. Phase coherence can impact the
angular distribution of emitted gammas. To observe phase coherence, experiments sensitive to

angular anisotropy are needed.

Figure 7.1 shows the scheme of the incoherent radiation without excitation transfer. In this
example, suppose there is one nucleus in the excited state (red color on the left side), and there
are several nearby nuclei in ground state. When there is no excitation transfer, only one single
dipole radiates. The emission pattern for this single dipole is shown on the right side of Figure 6.1.

The overall emission will be isotropic by averaging over random single dipole polarizations.

®
@ = (U
© ©

Figure 7.1: Scheme of incoherent radiation without excitation transfer

Figure 7.2 shows the scheme of the phase coherent radiation with resonant excitation
transfer. When resonant excitation transfer occurs, the excited nucleus in Figure 7.1 can go to the
ground state while one of the nearby nuclei originally in the ground state goes to the excited state.
The plus signs in Figure 7.2 represent the quantum superposition in quantum mechanics. In this
situation, the overall emission is from averaging over the multipole radiation pattern instead of
the single dipole radiation pattern. Figure 7.3 shows an example of the multipole radiation pattern.
With the local order, the overall emission pattern can be anisotropic. We would like to do

experiments sensitive to angular anisotropy.

All the materials reviewed in this chapter are directly from or based on Hagelstein’s theory.
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Figure 7.2: Scheme of phase coherent radiation with excitation transfer

Figure 7.3: An example of multipole radiation pattern
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8 Experiment: Angular Anisotropy

In the May 20 experiment, in addition to the Amptek X-123 detector on the front side of the
plate, there was also a Geiger counter placed at a shallow angle on the back side of the plate. The
back side Geiger saw an unexpected non-exponential decay. The Geiger counter responds only to
harder gammas (122 keV and 136 keV). We interpret this effect as angular anisotropy of harder
gammas. Last year we made 2 different samples for experiments. Sample 1 was used in the May
20 experiment. The angular anisotropy effects were reproduced in subsequent experiments with
Sample 1. We would like to know whether Sample 2 was also active. We did experiments to look

for angular anisotropy in Sample 2.

Figure 8.1 shows the scheme of the angular anisotropy experiment with Sample 2. Co-57 was
deposited on the surface of a steel plate. The steel plate was tightened by wood blocks and was
put in front of the Ortec high purity Germanium X-ray detector at a shallow angle. Figure 8.2
shows a picture of the experimental setup. The steel plate with Co-57 tightened by wood blocks
was standing in front of the Ortec detector at a shallow angle. The Ortec detector was surrounded
by lead bricks to reduce noise. Figure 8.3 shows the spectrum from the Ortec detector. We see all
the relevant lines from Co-57 including Fe K-alpha, Fe K-beta, 14.4 keV, 122 keV and 136 keV. We

also see the Pb K-alpha lines due to the lead bricks.
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Figure 8.1: Scheme of the angular anisotropy experiment with Sample 2
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Figure 8.2: Picture of the angular anisotropy experiment setup with Sample 2
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Figure 8.3: Spectrum from the Ortec detector

Figure 8.4 shows the time history of 122 keV line in an angular anisotropy control test. In this
control test, the plate had been tightened by wood blocks for a long time, and Sample 2 had been
in equilibrium status. Before the starting of the experiment, a lead plate with a quarter inch
thickness was held in air between the sample and the detector to block the harder gammas. At
the starting of the experiment, the lead plate was moved away so that the detector started
acquiring signals. We see from Figure 8.4 that the 122 keV line follows the expected 271-day half-

life line (the black line) in the control test.

Figure 8.5 shows the time history of 122 keV line in the angular anisotropy wide angle test
with the wood blocks just having been tightened. In this test, the plate was put in front of the
Ortec detector at a wide angle immediately after the wood blocks were tightened. Before

tightening the wood blocks, the plate had rested for a long time, and Sample 2 had been in
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equilibrium. We see fast transients in Figure 8.5 during the first 2 hours of the experiment. There
is around 7% signal reduction at the beginning of the experiment. There are two different decay
curves for the fast transients. The faster decay has a 7-minute time constant, and the slower decay

has a 76-minute decay time.
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Figure 8.4: Time history of 122 keV line in the angular anisotropy control test
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Figure 8.5: Time history of 122 keV line in the wide angle test with wood blocks just being tightened.

Figure 8.6 shows the scheme of the angular anisotropy wide angle test with the wood blocks
just being loosened. In this test, the plate was put in front of the Ortec detector at a wide angle
immediately after the wood blocks being loosened. Before loosening the wood blocks, the plate
had been tightened by wood blocks for 24 hours, and Sample 2 had been in an equilibrium status.
Figure 8.7 shows the time history of 122 keV line in this test. We see similar fast transients in this
wide angle loosening test as we see in the wide angle tightening test (Figure 8.5). There is around

5% signal reduction at the beginning of the wide angle loosening test.

Ortec X-ray detector

Co-57

steel plate

Figure 8.6: Scheme of the wide angle test with wood blocks just being loosened
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Figure 8.7: Time history of 122 keV line in the wide angle test with wood blocks just being loosened

Figure 8.8 shows the scheme of the angular anisotropy normal angle test with the wood
blocks just being tightened. In this test, the plate was put in front of the Ortec detector at the
normal angle immediately after the wood blocks being tightened. Before tightening the wood
blocks, the plate had been rested for a long time, and Sample 2 had been in equilibrium status.
Figure 8.9 shows the time history of 122 keV line in this test. The early transients in the normal
angle test are much smaller than those in the wide angle tests. There is around 1% signal increase

at the beginning of the normal angle test.
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Figure 8.8: Scheme of the normal angle test with wood blocks just being tightened
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Figure 8.9: Time history of 122 keV line in normal angle test with wood blocks just being tightened

The result shown in Figure 8.5 is our first observation of fast early transients for harder
gammas, which is also a confirmation that Sample 2 is active. This effect is observed with

reasonable reproducibility. There are big differences in the amplitude change seen at the
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beginning of the experiment, with the largest reduction near 7% and the smallest a few tenths of

a percent.

Figure 8.10 shows an interpretation of angular anisotropy experimental results. If nothing
happens to the steel plate and the sample has been in equilibrium status for a long time, the
emission patterns for harder gammas of Co-57 will be isotropic (blue color). When the sample just
gets tightened by the wood blocks, there will be THz vibrations around Co-57 which will cause
resonant excitation transfer for Co-57 136 keV state, leading to phase coherent radiations for
harder gammas (122 keV and 136 keV). In this situation, the emission patterns for harder gammas
of Co-57 will first become anisotropic (red color), and then slightly change back to isotropic (blue
color) when time passes by and sample relaxes. This is why in the wide angle tests we see fast
transients and signal reductions for 122 keV line at the beginning of the experiments, and then
the 122 keV line slowly changes back to expected half-life exponential decay after several hours

when the sample gets fully relaxed.

Angular isotropy emission Angular anisotropy emission

Co-57

steel plate

wood blocks wood blocks

Figure 8.10: Interpretation of angular anisotropy experimental results

In the above experiments, the harder gammas of Co-57 (122 keV and 136 keV) respond to
initial clamping of wood blocks, which is similar to the effect seen in the May 20 experiment

(unexpected non-exponential decay of 14.4 keV gamma). The harder gamma effects are
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interpreted as due to angular anisotropy. The angular anisotropy experimental results support
our conjecture that excitation transfer occurs for Co-57 136 keV excited state. There is no clear
evidence for strong angular anisotropy for 14.4 keV gamma in the experimental results. We will
consider the reason for the absence of significant angular anisotropy for the 14.4 keV gamma in
the following chapters. In subsequent angular anisotropy experiments we noticed that the harder
gammas not only responded to wood clamping but also to some other stimulation. These

experiments are talked about in Appendix J.

The experiment introduced in this chapter is done by me. All data shown in this chapter is

taken by me and analyzed by Hagelstein.
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9 Theory: Delocalization

Angular anisotropy implies phase coherence which implies excitation transfer for 136 keV
state. Hagelstein’s theory suggests that there should be a faster excitation transfer effect for the
14.4 keV excited state than for the 136 keV excited state due to a much smaller nuclear transition
energy. We would like to observe this faster excitation transfer effect, but there is no strong
angular anisotropy effect for 14.4 keV in the experimental results. We interpret the faster

excitation transfer effect for 14.4 keV excited state to be due to the delocalization of excitation.

Figure 9.1- 9.3 show the schemes of the delocalization effect. Similar as the angular anisotropy
effect discussed in chapter 7, the initial excited nucleus (Figure 9.1 red color) can go to the ground
state while one of the nearby nucleus originally in ground state goes to the excited state (Figure
9.2). However, instead of stopping after 1 step for angular anisotropy effect (Figure 7.2), the fast

excitation transfer can go further and further, leading to the delocalization effect.

The ideas reviewed in this chapter are directly from or based on Hagelstein’s theory.

@@@@
©©©

Figure 9.1: Schematic 1 of the delocalization effect
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10 Experiment: Pinhole/Film

To interpret experiments looking for delocalization, we first need to know where the signals
start at the beginning. Figure 10.1 shows a picture of Sample 1 used in the May 20 experiment.
There was around 200 [tCi Co-57 on the surface of the steel plate at the beginning of the May 20
experiment. The Co-57 is a circular source with about 10 mm diameter. There is a ring area on the

edge of the circle.

In order to know the distribution of Co-57 low energy emissions (14.4 keV, Fe K-alpha and Fe
K-beta), we did the pinhole/film X-ray imaging experiment. Figure 10.2 shows the scheme of this
experiment. A 0.5 mm pinhole is 6 mm away from the Co-57 source. A photographic film (liford
1SO 3200 B&W Film) is 6 mm away from the pinhole. The photographic film is sensitive to Co-57
low energy radiations (14.4 keV, Fe K-alpha and Fe K-beta)."” We can get a 1 to 1 image for the
distribution of Co-57 low energy emissions since the distance of the pinhole to source is matched

to the distance from pinhole to film.

Figure 10.3 shows a high-resolution optical picture of the Co-57 ring taken with a Canon digital
single-lens reflex camera. Figure 10.4 shows the pinhole/film image of Co-57 with 23-hour
exposure. We see that the two pictures match with each other quite well. Moreover, with the
help of the pinhole/film image, it is the first time that we understood the Co-57 radioactive
materials are predominantly on the edge of the circle area. Most of the Co-57 radiations come
from the ring area on the edge of the circle. We also learn that there is a “hot spot” on the up-

right corner of the ring with lots of radiation.
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Figure 10.1: Picture of Sample 1 used in the May 20 experiment
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Figure 10.2: Scheme of the pinhole/film X-ray imaging experiment
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Figure 10.3: High-resolution optical picture of Co-57 by DSLR

Figure 10.4: Pinhole/film picture of Co-57 with a 23-hour exposure time

Delocalization could account for the unexpected 14.4 keV non-exponential decay in the May
20 experiment. Figure 10.5 helps explain how this could work. In the May 20 experiment, there

was an aluminum mesh between the Co-57 source and the Amptek X-123 detector. The original
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purpose of the aluminum mesh is to protect the detector. We understood much later that the
aluminum mesh plays an important role in the unexpected non-exponential decay for the 14.4
keV line. As shown in Figure 10.5, some areas of the Co-57 ring are blocked by aluminum mesh. If
everything is normal, the radiation coming from these areas should not go to the detector.
However, the delocalization effect could make some of the 14.4 keV excitation move from areas
blocked by mesh to areas not blocked by mesh, resulting in the signal increase for 14.4 keV in the

detector at the beginning of the experiment.

We did not control where we put the aluminum mesh when we did the May 20 experiment.
It should be possible that if we slightly changed the position of the mesh, delocalization effect
could make some of the 14.4 keV excitation move from areas not blocked by mesh to areas
blocked by mesh. In this situation, we would see signal decrease instead of signal increase at the
beginning of the experiment. In the Aug 10 heat pulse experiment, we did see a signal decrease

for 14.4 keV and Fe K-alpha (Figure 6.3 and Figure 6.4) at the beginning of the experiment.

We also did an experiment without the aluminum mesh expecting to see expected half-life
exponential decay for the 14.4 keV signals. In this experiment, we saw a tiny signal decrease (less
than 0.5%) at the beginning of the experiment for Sample 2, which was probably because a small

fraction of delocalization moved from Co-57 to the steel plate.
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Figure 10.5: Scheme of how delocalization could account for the May 20 experiment anomaly
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Except for observing the distribution of Co-57 source, another purpose of the pinhole/film
experiment is to attempt to see the delocalization effect with a heat pulse. As shown in Figure
10.2, there is a heating pad on the surface of steel plate which can heat the sample. We did several
experiments with the same kind of film (lIford ISO 3200 B&W Film) and the same exposure time
(23-hour) but with different plate temperatures. We used insulators and thermoelectric cooling
to make sure the temperature around the film was always the same. We expected to see

differences among films in different experiments with different plate temperatures.

Figure 10.6 shows two film images in two different experiments. For the left image, the plate
is at room temperature. For the right image, the plate is at a temperature higher than 100C.
Comparing these two images with eyeballs, we can already see some differences. Figure 10.7
shows the x channel density scan for the two images. There are differences between the hot
image scan (red color) and the cold image scan (blue color). However, the differences are too

subtle to prove delocalization. We need a more sensitive method.

The experiment introduced in this chapter is done by me. All data shown in this chapter is

taken by me and analyzed by Hagelstein.

Figure 10.6: Film images in two experiments (Left: T=25C for plate, Right: T>100C for plate)
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Figure 10.7: X-channel density scan for two film images
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11 Experiment: Pinhole/SDD

The differences seen in pinhole/film experiment are at a level less than 10%. A subtle effect
on the film is not impressive. We need a better way to clarify the delocalization. We need a more
sensitive tool to analyze every point on the Co-57 source. The idea behind the pinhole/SDD
experiment is that we can look at the time history from a localized region with the sensitive SDD

(silicon drift detector) for X-rays.

Figure 11.1 shows the scheme of the pinhole/SDD experiment. The 1 mm pinhole is touching
the Co-57 source. The silicon drift detector is about 10 cm away from the pinhole. In this
experiment, the pinhole is no longer used as a pinhole camera. It is simply used as a hole to select
a particular region. Figure 11.2 shows an example selecting the “hot spot” area. In this case, only

radiation from near the “hot spot” not covered by pinhole can go the SDD.

Figure 11.3 shows the first experiment we did with the pinhole/SDD method. We looked at
an area near the “hot spot.” We aligned the pinhole with the red laser point to analyze that area.
Figure 11.4 shows the time history of 14.4 keV for this area. This result is important as it is our
first demonstration of localized time history with the pinhole/SDD method. We see that the
emissions from the local spot respond to the heat pulse. The 14.4 keV signals increase when the
temperature increases. We also see a transient due to mechanical stress at the beginning of the

experiment.
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Figure 11.1: Scheme of the pinhole/SDD experiment

Figure 11.2: An example of looking at the “hot spot” area
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Figure 11.3: First pinhole/SDD experiment
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Figure 11.4: Time history of 14.4 keV for the first pinhole/SDD experiment

Figure 11.5 shows another pinhole/SDD experiment looking at an area on the ring away from

the “hot spot.” We aligned the pinhole with the red laser point to analyze that area. Figure 11.6
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shows the time history of 14.4 keV for this area. The signals slightly decrease when the

temperature increases. Again there is a transient due to stress at the beginning of the experiment.

Laser pointer

Hot spot

Figure 11.5: Pinhole/SDD experiment looking at an area on the ring sway from “hot spot”
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Figure 11.6: Time history of 14.4 keV for an area on the ring far from “hot spot”

At this point, we realized that only relying on laser point for alignment was not accurate. In

the following experiments, we used laser pointer for rough alignment. For fine alignment, we
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scanned the pinhole to get localized maximum signal counts in the SDD to make sure we were
hitting at the target point. With this new method, we experimented again looking at the same
area in Figure 11.5. Figure 11.7 shows the time history of Fe K-alpha and 14.4 keV for this
experiment. Both signals increase when the temperature increases. There is a weaker transient

due to stress at the beginning of the experiment for both lines.
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Figure 11.7: Time history of Fe K-alpha and 14.4 keV for ring area in Figure 11.5 with fine alignment

Figure 11.8 shows another pinhole/SDD experiment with fine alignment looking at another
ring area away from the “hot spot” in the opposite direction. Figure 11.9 shows the time history
of Fe K-alpha and 14.4 keV for this experiment. There is a minor increase in the intensity in

response to the thermal pulse, but with weak statistical significance.
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Figure 11.9: Time history of Fe K-alpha and 14.4 keV for ring area in figure 11.8

From above experiments, we see that the Pinhole/SDD experiment enables us to analyze the
time history for all locations on the Co-57 source. With the new alignment method, we located

the “hot spot” by signal optimization and looked at the “hot spot” again.

Figure 11.10 shows the time history of Fe K-alpha and 14.4 keV in an experiment on the “hot
spot” when the temperature reached around 78 C. Both lines increase about 1-2% when the

temperature increases. Figure 11.11 shows the time history of 122 keV and Sn K-alpha in this
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experiment. There is no or little response to the heat pulse for both 122 keV and Sn K-alpha. The
results of this experiment are consistent with the conjecture that delocalization occurs at Co-57
14.4 keV excited state but does not occur at Co-57 136 excited state. We will talk more about this

conjecture in the following chapter.
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Figure 11.11: Time history of Fe 122 keV and Sn K-alpha for “hot spot” with heat pulse reaching 78C

To make sure the “hot spot” result is reproducible, we did more than one pinhole/SDD
experiment on the “hot spot.” Figure 11.12 shows the time history of Fe K-alpha and 14.4 keV in

another experiment on the “hot spot” when the temperature reached around 44 C. In this
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experiment we turned on the heat pulse for two times. We lost temperature data during the first
heat pulse period. In Figure 11.12, we use the temperature data during the second heat pulse
period to represent the temperature data for the first heat pulse. There is a significant signal
increase in response to heat pulse for both the Fe K-alpha and 14.4 keV line in this experiment,
which is the biggest unit response per unit temperature so far (3-4% signal increase with 20 C
temperature increase). The decay rate after the second heat pulse is slower than that after the
first heat pulse. The second heat pulse was turned on before the sample fully relaxed after the

first heat pulse.

As discussed before, the signal increase is around 3-4% with temperature increased to 44 C
in this experiment. While in the previous run the signal increase is around 1-2% with temperature
increased to 78 C. We did not get the same unit per temperature result in these two runs. This
was in part because we were not looking at the same locations on the “hot spot.” We tried to
maximize the SDD signal by scanning the pinhole before we started both the experiments.

However, the signal counts for the 78 C run was 12% less than the signal counts for the 44 C run.
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Figure 11.12: Time history of Fe K-alpha and 14.4 keV for “hot spot” with heat pulse reaching 44C

We also did a SDD experiment looking at the whole Co-57 source without any pinhole. For

Sample 2 we saw a reduction in the emission for this kind of test, which suggested excitation
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transfer into the steel; we are interested in what we might see for sample Sample 1. We know
that Sample 1 and Sample 2 behave differently, perhaps due to the hot spot, perhaps for other

reasons.

Figure 11.13 shows the time history of Fe K-alpha and 14.4 keV in this experiment without
any pinhole when the temperature reached around 44 C. There is around 1% increase in the Fe K-
alpha line and a smaller 0.3% increase in the 14.4 keV line. This experiment gives a result different
than for Sample 2 and not easy to understand. Increases seen in the 14.4 keV gamma and in the
Fe K-alpha look bigger than what would be expected due to changes in air absorption. Occupation
of off-resonant states could increase the Fe K-alpha, but would expect a decrease in the 14.4 keV
emission. The best interpretation so far is that the increase in Fe K-alpha is due to off-resonant
state occupation, and the increase in 14.4 keV might be the first time we see a weak angular

anisotropy effect for the 14.4 keV gamma.
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Figure 11.12: Time history of Fe K-alpha and 14.4 keV without any pinhole

The pinhole/SDD experiment provides us a powerful tool to systematically explore local
emission. It gives us a way to analyze what is really going on. We see signal increase at some

locations and decrease at others in response to heat pulse. The “hot spot” result is with good
p
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reproducibility. We always see signal increase in response to heat pulse at “hot spot.” The

observations in the pinhole/SDD experiments support our delocalization conjecture.

The experiment introduced in this chapter is done by me. All data shown in this chapter is

taken by me and analyzed by Hagelstein.
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12 Interpretations

An important question for the delocalization scenario is where the excitation transfer moves
from and where it moves to. The above experimental results offer us some answers. As shown in
Figure 12.1, excitation transfer can move from Co-57 residue to steel plate. The residue contains
*’CoCl, and Fe-57. There is around 2.1% Fe-57 in stainless steel. One evidence supporting this
picture is that in the May 20 experiment we saw a slight signal decrease when we removed the
aluminum mesh for Sample 2. Excitation moving into the steel can happen both for the angular
anisotropy effect and for the delocalization effect, however, probably only a small part of the

excitation goes into the steel.

Residue
57CoCl, + Fe-57

About 2.1%

steel plate —
Fe-57 In steel

Figure 12.1: Excitation transfer goes from residue into the steel

The more dominant process is shown in Figure 12.2. Excitation transfer moves inside residue.
Strong evidence is that in the pinhole/SDD experiments we see signal increase at some locations
and decrease at others in response to heat pulse.

Residue
57CoCl, + Fe-57

steel plate

Figure 12.2: Excitation transfer moves inside residue
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The pinhole/film experiment tells us that the Co-57 residue is not uniform. There are some
parts of the residue with lots of Fe-57 such as the “hot spot.” There are some other parts of the
residue with less Fe-57. In the pinhole/SDD experiments on the “hot spot,” we always see signal
increase in response to heat pulse. This indicates that delocalization moves from locations with
less Fe-57 to locations with more Fe-57. Figure 12.3 shows this process. Excitation transfer wants
to go where there is more Fe-57. Figure 12.4 shows where delocalization travels in the
pinhole/SDD experiment on the “hot spot.” Delocalization moves from surrounding ring areas

with less Fe-57 to the “hot spot” with more Fe-57.

Residue with

Residue with lots of Fe-57

less Fe-57

steel plate

Figure 12.3: Excitation transfer wants to go where there is more Fe-57

Figure 12.4: Delocalization moves from surrounding ring areas to the “hot spot”
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There are important issues concerning how THz phonons are created in our experiments.
This has been discussed previously in the JCMNS paper on May 20 experiment,1 and here we
review briefly the basic picture and related notions. We would expect substantial compressional
stress in the steel plate between the wood blocks, and also within the wood, due to the tightening
of the steel bolts. Under stress creep occurs in wood®* and in steel,”” and we would expect local
generation of THz vibrations near the wood clamps (see Figure 12.5). However, THz vibrations are
very lossy, and we would not expect vibrations with frequencies above about 10 MHz to be able

to transport from the vicinity of the clamps to where the Co-57 residue is.>*®

Consequently, the question arises as to how THz phonons can be generated in the vicinity of
the residue. Two possible mechanisms are worth consideration (see Figure 12.6). One concerns
THz generation in the steel itself in the vicinity of the residue. We would expect shear stress in
the steel over a range of a few times the plate thickness (about 4 mm), and we know that shear
stress leads to a force on linear dislocations,! that cause them to move. When linear dislocations
move they can radiate THz phonons, and also scatter them.”"® This provides a mechanism for
producing a non-thermal distribution of THz phonons in the steel at the location of the residue.
The other mechanism is friction between the residue, and the steel underneath, as well as the

epoxy above, caused by strain in the steel and epoxy in the vicinity of the residue.

wood blocks wood blocks

steel plate

N
RS

Co-57

Figure 12.5: Wood clamping and stress
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Figure 12.6: Connection between wood clamping and THz phonon vibrations around Co-57

Figure 12.7 summarizes the connection between THz phonon vibrations and effects seen in
our experiments. As shown in the upper path, THz phonons can cause slow excitation transfer for
Co-57 136 keV excited state. This process is dominated by resonant excitation transfer which can

cause phase coherence. This process finally leads to the angular anisotropy effect.

As shown in the lower path, THz phonon can cause fast excitation transfer for Co-57 14.4 keV
excited state. This process is dominated by non-resonant excitation transfer which cannot cause

phase coherence. This process finally leads to the delocalization effect.

| Slow excitation Dominated
transferfor |— by resonant | Phase Alngular
/ | 136 keV state | excitation transfer | coherence anisotropy
THz phonon ———— -
(vibrations)
\ Fast excitation Dominated —
transferfor | —| bynon-resonant | —| "OPN3S® |1 holocalization
14.4 keV state excitation transfer coherence

Figure 12.7: Connection between THz phonon vibrations and effects seen in experiments

The interpretations covered in this chapter are based on our experimental results and

Professor Hagelstein’s theory. Much input to this chapter was provided by Hagelstein.
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13 Summaries, Conclusions, and Future Work

The research reported in this thesis was motivated in part by the many anomalies that have
been reported as discussed in the Introduction, and specific examples involving collimated x-ray
emission reviewed in Chapter 2, and in part by the phonon-nuclear coupling approach pioneered
by Hagelstein, and by Hagelstein and Chaudhary. The theoretical approach provides a framework
through which most of the anomalies might be accounted for systematically, and has the potential
to move the field of Condensed Matter Nuclear Science closer to acceptance by the mainstream
scientific community. As discussed in the Introduction, what has been needed is feedback from
experiment -- specifically from focused experiments that permit an unambiguous interpretation.
There have certainly been experiments reported earlier for which anomalies of one sort or
another have been claimed, and for which interpretations are possible in terms of the theory
under consideration. However, in most cases the experiments are sufficiently complicated that a

unigue interpretation is at present elusive.

In the early days of my research, the immediate goal was to develop a well controlled
experiment in which samples were vibrated and collimated x-rays produced. The successful
demonstration of such an effect, had we been successful, would have constituted a substantial
step forward in connecting theory to experiment. Documentation of some of this effort has been
included in the Appendixes; including the discussion of the waterjet experiments, resonator
experiments, and mercury deposition. Unfortunately, we did not achieve this goal. While
unfortunate, this is a feature of an emerging field where a clarification of the underlying science
has not yet been achieved. In the field of Condensed Matter Nuclear Science, there have been a
great many research efforts that have not succeeded, including earlier experimental efforts at
MIT in the 1990s. Research in an emerging field carries risks, and one of the risks is that things

may not work in the lab as hoped.
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It cannot be overemphasized how important the May 2017 excitation transfer experiment has
been to our research effort. This experiment is important in that it worked, the effect/anomaly
was reproducible, and that it worked within an experimental configuration intended to test for
excitation transfer. As a result, it was plausible that what we were seeing could be understood in
terms of excitation transfer as a result of phonon-nuclear coupling. What was needed was a

clarification of how and why we were seeing a non-exponential decay effect.

In the weeks and months following the experiment a variety of hypothesis were contemplated,
including the possibility that we might be seeing a subdivision effect (in which a highly-excited
state made a transition to the ground state, resulting in several other nuclei being promoted from
the ground state to the lowest excited state), or perhaps up-conversion. In time we evolved to a
scenario involving more basic mechanisms, including (weak) resonant excitation transfer to
establish phase coherence leading to angular anisotropy, and including (strong) excitation
transfer leading to a macroscopic delocalization of the excitation. This evolution was driven in
part by the accumulation of data from many experiments, and through a process of discarding
ideas which were not in agreement with the data or else could be dispensed with based on

theoretical arguments.

Although much research was done in connection with this thesis research, it may be that the
most significant results came late in the effort, in part due to encouragement by the committee
to make sure to come away with some unambiguous positive experimental results. These are

worth considering specifically here.

My study of the angular anisotropy effect seen for the harder gammas was the first attempt
at a systematic study of the effect. Prior to this research we were not certain that Sample 2 was
active (Sample 1 had shown dynamics on the harder gammas which are interpreted currently as
due to angular anisotropy), and from my experiments we have some confidence that it is active.

Sample 2 was developed in part to achieve a faster relaxation time, which was important in late

95



2017 as the experiments of that time took weeks to complete. In my experiments a fast response
(one the order of 10 minutes) was found, which was the first time such a fast response was seen
for a plate (Metzler has observed earlier a fast response by accident in an experiment with a
calibration source that had been inadvertently stressed). This fast response could be reproduced,
as can be seen in the data reported in this thesis. Initially we thought that simply by tightening
the bolts on the wood clamps that a non-exponential decay could be observed. | found that more
subtle stimulations could be important, that a fast response could be obtained when the sample
was moved to the detector after resting in a different configuration (see Appendix J). This is a
preliminary observation, as we were not able to determine from the experiments precisely what

stress was responsible for producing the effect -- this remains for future studies.

The connection between theory and experiment in this case is worth some consideration.
Had the excitation transfer experiment responded to the MHz transducer, we would have been
pretty sure that we were seeing a phonon-induced excitation transfer effect. However, the effects
which we see instead arise from stressing the sample, which permits the interpretation of
phonon-induced excitation transfer due to high frequency THz vibrations. A weakness of the
approach is that we have no direct measurement of any THz vibrations in these experiments, and
we do not have a controllable source to provide for THz vibrational stimulation on demand. We
see non-exponential decay effects in the harder gammas in response to stress stimulation, which
based on theoretical arguments can only be due to angular anisotropy. However, in the
experiments done so far there is not a systematic study of the dynamical strength of the emission
at different angles (however, in the May 20 experiment the back side Geiger counter shows an
early enhancement, and the scintillator/PMT shows an early reduction, which is consistent with
angular anisotropy). The pinhole/film data taken with the 0.2 mm pinhole shows a broad
enhancement, which may be due to angular anisotropy (less likely is the possibility of increased
film sensitivity at elevated temperature)."” These preliminary observations will need to be

followed up in the future to provide clarification. In general, the angular anisotropy experiments
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are particularly important as they have the potential to provide unambiguous evidence for phase

coherence and phonon-nuclear coupling.

The first pinhole and film experiments provided some clarification of where the emission was
coming from. Previously we had contact images with poor spatial resolution which seemed to
indicate that x-ray emission was uniform within the circular evaporation region. In the first
pinhole/film experiments we saw that the emission was strongest from the ring around the circle
(which in retrospect should have been obvious from experience with rings formed in coffee stains).
The first sample has a pronounced "hot spot" near the ring where the emission is stronger than
elsewhere, with a corresponding "dark spot" apparent in the optical image. The second sample

has weaker "hot spots".

I was the lead experimentalist for the live run with the pinhole and film experiment. We first
tried an experiment with the 0.5 mm pinhole, which traded off spatial resolution for better signal
to noise ratio. We see subtle differences between the hot image and the prior cold image, which
might be due to a delo;alization of the nuclear excitation, or might be due to noise or thermal
effects. This experimentis important since we previously did not know whether there was a strong
or a weak delocalization effect. To account for the large effect seen in the May 20 experiment,
models based on circle or ring emission would require mm-scale delocalization to produce a
nearly 20% effect through the coarse mesh. However, it was clear from the pinhole/film
experiment that we were not seeing a spreading of the ring on the mm-scale, or a filling in of the
circle (which were leading pictures prior to the experiment). A second experiment was run with
the 0.2 mm pinhole and film. In this case technical constraints placed limitations on the
temperature increase (we could only go up 25 C), and we faced much bigger signal to noise issues.
In this experiment there was no evidence for a spreading of the emission in the vicinity of the ring

or "hot spot", now with higher spatial resolution (on the order of 0.2 mm).
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These results, combined with some observations of a visitor Malcolm Fowler (retired from Los
Alamos, who is an expert on radiation measurements and radioactive sources), have led to a new
picture for what is going on in the vicinity of the Co-57. Originally the thought was to work with
steel because there was Fe-57 present (at the 2.11% level assuming natural isotopic abundances),
and we thought that the excitation transfer would go from near the Co-57 in the residue into the
steel. In this scenario it would be reasonable for the excitation to be transferred away from the
ring and "hot spot". This scenario was inconsistent with the pinhole/film measurements, and in
its place a new scenario emerged. According to the revised scenario, the evaporated residue was
probably nearly pure Fe-57, so that the excitation transfer would take place preferentially within
the residue. In this scenario, theory would suggest that the excitation transfer would want to go
to where there was the most Fe-57. This would favor excitation transfer going to the "hot spot",
which is hot because it has the most Co-57 but comes with the most Fe-57 (produced from the

decay of the Co-57).

The pinhole/SDD experiment and results are perhaps deserving of special consideration in
connection with this discussion. While the pinhole/film x-ray images shed much light on where
the emission was coming from, and was encouraging in suggesting a subtle difference between
the cold and hot images, what was needed were more sensitive measurements capable of
determining at the percent level or better changes in the local emission in response to thermal or
stress triggers. The basic idea was to make use of the Amptek SDD to monitor emission from a
local region, ideally with a specially designed pinhole optimized to pass low energy x-rays to the
closely positioned detector. Keeping the detector cool in the presence of a heat pulse was a
primarily technical issue, which was solved with the help of Metzler who fielded thermoelectric
coolers on an aluminum bar with a hole for transmission. Even so, the detector had to be a few
cm away for safety reasons, so much of the transmitted signal was lost. We made use of the SDD

over the X-123 detector due to the larger detector area and hence higher efficiency of the SDD. It
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was fortuitous that we were able to get good results from the very first of these experiments,

discussed above in Chapter 11.

The demonstration of the ability to measure time histories accurate to better than 1% for a
localized (1 mm diameter) region is a major research result (there were no guarantees that this
was possible). In the modest number of experiments of this type that were done it has become
clear that we can see substantial non-exponential dynamics, with some reproducibility, from
localized regions that we chose to inspect. From the results obtained so far we have evidence that
emission from the "hot spot” is increased with the application of a thermal pulse, and we have
seen the largest enhancement of the signal per unit temperature from the "hot spot". A weak
reduction of emission from one region was seen as well, suggesting that excitation may be going
from one part of the residue to another. The results so far are supportive of the delocalization
scenario, in which excitation transfer moves nuclear excitation within the residue following the
Fe-57. More certainty would be possible were we able to measure how much Fe-57 is in the

residue, and if we could monitor the levels of THz vibrations.

Members of the committee were interested in the question of whether the experiments so
far have succeeded in proving, or in disproving, the phonon theory under consideration. Things
would have been simpler and clearer had the MHz version of the excitation transfer experiment
given a clear positive signal. With non-exponential dynamics showing up in the x-ray and gamma
ray lines in response to stress, the situation becomes complicated. The good news is that we are
able to study the anomalies now with improved experiments, and with better associated
scenarios. The hoped for unambiguous experimental demonstration of a phonon-nuclear
coupling effect will probably require a new kind of experiment in which THz phonons are
produced in a controlled way, measured, and their effects on the nuclear system observed at the
same time. Based on the experiments done so far it seems likely that anomalies can be produced
with a high degree of confidence using the approaches pioneered in our group over the past year,

and we need to find a way to make use of this experience to develop new and stronger
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experiments. It should be noted that the presentations of research from our group at the recent
international ICCF21 conference were well received, and there is much interest in our work
generally, and interest specifically on the part of several groups to replicate and to extend our

results.
Much input to this chapter was provided by Hagelstein.
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Appendix A: Sample Model for Excitation Transfer with Loss

In Chapter 4, we have seen that in first two excitation transfer examples destructive
interference limits indirect coupling, and that if a way could be found to unbalance the system, it
might be possible to accelerate excitation transfer. Figure A.1 illustrates a third excitation transfer
example, where phonon exchange and loss are both included. The system in this case is similar to
example 2, except that a loss term is now included for all states. Phonon-electron coupling is

contributing to the loss, and nuclear decays are also possible.’?

n+2
n+1 m

n
-1

n+2
n+l

n-1
n-2

N

Figure A.1: The 3rd example for excitation transfer with phonon and loss

The wave function is the same as that in example 2. The finite basis equations for the

coefficients can be written as'?

Ec = (AE_M%"'(” +%)hmu Je, + V0, +Vise + Ve, + Ve

ih 1
Ec,= (—’ 2“ +(n-1 4——2—))‘1600)(,'2 + V¢, + Vo,

Ec,= ('%‘f(ﬂ"‘ l+%)hwu Jey +Vy0 + Vigee
ihy 1 (21)
Ee, = (ZAE“T4+(’1_ 1 +5)flw“)(‘4 + V0 +Vigcq

ihy, 1
Ec,= (ZAE——2 +(n+1 +E)hm,,)c5 + V6 + Vigo

] |
Ec,=(AE- m%%-(n + E)hwo )es + Vio0y + Viyo, + Vo + Ve

Using the same approach as before we get the expression for Vyg as
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- VIEVZG VIJV.‘(: _ Vuvu. =5 V]sViﬁ
AE+hm0+r'hL1;y') AE—hmOHhL’;Y') M—ﬁ(yn—ihi(y‘;y‘) AE+haJ,,—r‘h—(y";L) (22)

V.=

16

In writing this, we assume that y,=Ys. The indirect coupling term V¢ simplifies to™?

n n+l n n+l1

- _ _
AE+hw(,+iﬁ—(y‘;y') AE-hw"+ih——m(75;7') AE-hmn—m*(’“;”'l AE+nw“—m~—(7’f;7')

V,=V?

16 0

(23)

We can see in this that the destructive interference can be reduced if the loss terms are
important and if the off-resonant loss is different from the loss on resonance. For example, the
situation is qualitatively similar in the lattice case where n can be very large, where the coupling
can be very strong, and where states very far off of resonance contribute. In this case, the loss for
basis states with energies greater than E can be much less than the loss for basis states with

energies less than E.*?

Returning to the case of the molecule, we can use a first order Taylor series expansion to

obtain

2
vmzz‘%[_m(wé]—(yl+y-‘;7’*”-‘)+2hm0} (24)

For the molecular problem the loss terms are small; however, in the closely related lattice version

of the problem n can be very large so the loss can be much more important.*?

The notion that dephasing or loss can impact the rate for excitation transfer has recently been

considered in biophysics,”> making use of a density matrix approach.
All the materials reviewed in this appendix are directly from or based on Hagelstein’s theory.
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Appendix B: Conjecture to Explain the Karabut and Kornilova Experiment

Up-conversion is proposed to account for the anomaly in the Karabut experiment’ and the
Kornilova experiment.” The concept is illustrated in the case of a low-energy nuclear transition in
Fe-57 in Figure B.1, in which a great many low energy vibrational quanta are up-converted to

promote population from the ground state to the first excited state.””

S 14.4keV
f
H X-ray
i
57 0
Fe

Figure B.1: Up-conversion process for FEa??

The discharge in the Karabut experiment generates high frequency vibrations in steel in the
vacuum chamber. High pressure water flow in the Kornilova experiment generates ultrasound in
the air which results in vibrations in the steel. We might expect Fe-57 nuclei in steel to be excited
through up-conversion resulting in x-ray emission near 14.4 keV, in the absence of other effects.
However, in both Karabut and Kornilova experiment, emissions are observed instead near 1.7 keV,
and not at 14.4 keV."” While the 14.4 keV transition is one of the lower energy nuclear transitions,

1Hg at 1565 eV. Some theoretical

the lowest excited nuclear state of all stable nuclei occurs in
notions will be discussed in the following section. According to models in which two different sets
of two-level systems are coupled to a common highly-excited oscillator, the up-conversion
requires many nuclei containing a low-energy nuclear transition; however, excitation transfer

from incomplete excitation to a small number of impurity nuclei with a lower energy transition is

predicted. This is illustrated in Figure B.2. We propose that 21Hg js contaminated in both Karabut
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and Kornilova experiment. Up-conversion is initiated at Fe-57 but does not go up all the way to

14.4 keV. Instead, up-conversion is transferred to *'Hg.*”’

"Fe_____ 14.4KeV
excitation transfer

gy 1565eV
\\
—0

57Fe 0 201Hg

X ray

=2==

Figure B.2: Our up-conversion conjecture for Karabut and Kornilova experiment3'7

We have seen that loss has the potential to reduce the destructive interference for excitation
transfer. The two-nucleus example selected here is useful because it allows us to examine the
impact of loss simply. In the lattice version of the problem, more nuclei are involved and the
coupling is much stronger; however, in this case, destructive interference limits the indirect

coupling with the absence of loss, and the impact of loss becomes much greater.””’

All the materials reviewed in this appendix are directly from or based on Hagelstein’s theory

and conjecture.
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Appendix C: Up-conversion and Down-conversion

In this section we discuss Hagelstein’s theory of up-conversion and down-conversion. We
recall that the Hamiltonian for nuclei in a lattice including the relativistic interaction between

center of mass motion and internal nuclear degrees of freedom is'?

Z +ZV(R Rk)+ZMc +Za “cP, (25)

.I I<

We can quantize the vibrations and make two-level system approximations according to'3

' | ZV(R -R,)— hw,a"a (26)

;/ J<k
. AE,
Z/:M,p -5 (27)
N . 228
Zai.d’} V@ + = (28)

In this case the more complicated nuclei and lattice problem reduces to the simpler (and well

known) spin-boson model™?

H= %S’ +hwaa+Vvy(a' +a)-rS— (29)
) /|

C.1 Multi-phonon exchange with no loss

In Figure C.1 the states associated with the lowest order three quantum exchange are shown.
In this example, there is phonon exchange but no loss. State 1-6 represent six different states for
a lattice with many identical nuclei inside; these are the basis states involved at lowest order in
perturbation theory for indirect coupling with the exchange of three oscillator quanta. AE is again
the transition energy for the nucleus, and the V terms are for direct coupling between the
different states. As before n is the number of phonons, and m keeps track the number of excited

state nuclei. 3
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In this example, we assume the transition energy equals the energy of three oscillator quanta.

[m+1, n-3>

|m-1,n-1>

Figure C.1: An example for up-conversion with the exchange of three oscillator quanta

For state 1, the energy of the nuclei is m AE, and state 1 has n phonons.

For state 2, the energy of the nuclei is (m-1) AE, and state 2 has n-1 phonons.

For state 3, the energy of the nuclei is (m+1) AE, and state 3 has n-1 phonons.

For state 4, the energy of the nuclei is m AE, and state 4 has n-2 phonons.

For state 5, the energy of the nuclei is (m+2) AE, and state 5 has n-2 phonons.

For state 6, the energy of the nuclei is (m+1) AE, and state 6 has n-3 phonons.

AE = 3h,

The total energy for sate 1 equals the total energy for state 6.

one unit of excitation to couple to state 6. We are interested in whether there is coupling between

E = mAE + nha,

Up-conversion in this example means state 1 could exchange three oscillator quanta and gain

state 1 and state 6, which can be understood through the indirect coupling term V.

A finite basis approximation can be developed as'?
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Y= %’qu)j

= IS.m>| ny+c,

~Dn=1)+c,|S.m+1)n—1) (32)

+e,|Simn=2)+ci|Sim+2)n—2)+¢,

The finite basis equations for the coefficients can be written as vi3

(mAE+ ni‘za)o)cI + V.0, + V504
, =((m=1AE +(n—Dhay )¢, +Vy¢, +Vyye,
hC; ((m +DAE +(n— I)hw())cs +Vi6 Ve, +Vises

(33)

II

mAE +(n-2)ho, )(‘4 + V0, + V0, Ve,
=((m+2)AE +(n—2)hw, )cs + Veyey + Vi,
(m+DAE +(n=3)hw, )¢, + Vi, + Vs

Il

The direct coupling terms in the above equation are™”

2=V31=<n'< , 11—1>=Voxfﬁm
<n| S m|H|S m+l>’ ——l> \/(,\/;\/m&l-—mrl)

=
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II
II

n—l‘Sm—-]'HlSm>’n 2> V1S +m)(S—m+1)
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<n I{Sm+1yH[Sm>|n 2> Vo —1J(S=m)(S+m+1) (34)
<n—l’ (S.m+1]A1|Sm+2)
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V=

H
II
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ne >:VO\/n—l\/(S—m—1)(S+m+2)

II
I|

n— 2| s m‘I:I‘S,m+1>‘n—3>: VoJn—2J(S—m)(S+m+1)

n—2| S m+2'H|S m+l>|n— >=V,,\/n—2\/(S—m—l)(S+m+2)

As we are interested in the indirect coupling term between state 1 and state 6, we can

eliminate c,, c3, ¢4 and cs to get the two level systeml'3

E S Hy, V G
Ce - Vi He Co (35)

The indirect coupling term Vg is'>

Vo Jn(n =1 =2)J(S = m)(S+m+ D) (~16(h@,)* = V2 (n=1)(S +m)(S —m+1))
64(hw,)* + V. (=1 (S +m)(S ~m+1)(S —m—1)(S+m+2)+ 16V, (n - D(hw,)’

Vie=Vy =

61 ™

(36)
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In this example, we assume the direct coupling terms are weak so that we could use

perturbation theory. '

VO\/;\/(S +m)(S—m) < hw,

We can approximate the result for Vg as™

B ‘/(,3\/11()1 —I(n- 2)\/(5— m)(S+m+ l)(—lé(hwn)z)
- 64(hw,)* )

9V n(n =D =2)J(S=m)S+m+1)
T4 AE?

C.2 Summing over the different paths

(37)

(38)

The lowest-order contribution to the indirect coupling coefficient V5 can also be obtained by

summing over the three different paths'>

35756

~ VIZVZJV% + VHVJJV% + VHV V
* (E-H,XE-H, (E-H\)E-H,) (E-HXE-H))

The value for the 1st path 1-2-4-6 is

V.V Vi __2\/(,‘\/11(/17l)(n—2)J(S—m)(S+m+l)(_(S—m+l)(S+m)j
(E-H,E-H, 4 AE? 2

The value for the 2nd path 1-3-4-6 is

ViV, 9V nin=D(n=2)J(S=m)(S+m+1)
(E-H,(E-H,) 4 AE?

(S—m)(S+m+1)

The value for the 3rd path 1-3-5-6 is

ViiVisVse _ 9 Vi Jn(n—1(n=2)J(S—m)S+m+1) (_ S-m-1)(S+m+ 2))

(E-H,(E-H,) 4 AE? 2

Summing over the three different paths, we get the result for V¢ as'”

9V n(n=1)(n=2)\J(S=m)(S+m+1)
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g AE?
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This is the exact same result as we have got from the elimination of the intermediate
expansion coefficients above. We notice that the indirect coupling term V¢ is small; however, the
values for the three individual paths are big. As we have discussed above in connection with
excitation transfer, there is strong cancelation between the three paths, and the indirect coupling

term is small due to destructive interference,
C.3 Multi-phonon exchange with loss

We expect that the addition of loss to the model would significantly reduce the destructive
interference. It could be argued that we should have included the loss at the outset. The spin-

boson model could be augmented with loss according to**

AE

- - pin e 28 HI(E
H:TS:+hw(,(z a+Vy(a" +a) :"—r : ; ) (44)

The last term in the above equation is a loss operator. We note that more sophisticated
models have been studied in which loss is model through coupling to a bath of two-level systems,
which show a reduction of the destructive interference and acceleration of the rate for multi-

phonon exchange.'?

From the above discussion, we see that up-conversion and down-conversion are included in
the spin-boson model. Many-phonon exchange happens in this model through sequential single
phonon exchanges. The spin-boson model does up-conversion and down-conversion exactly as
we would like, but the effect is not strong enough (it only works up to about 30 phonons, as the

destructive interference makes it impossible to do better).

Loss can reduce the destructive interference, which results in indirect coupling coefficients
orders of magnitude greater; this leads to very much accelerated up-conversion and down-
conversion effects. Loss is present in the physical system, and should be included in the models.
More complicated problems in which much large numbers of phonons are exchanged have been

analyzed, and approximate results for the indirect coupling matrix element have been obtained
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in the strong coupling limit. These models show a gentle (algebraic) scaling in the limit where the
number of exchanged quanta is very large.” There is currently work being done on M1 excitation
transfer. Early work indicates that M1 excitation transfer behaves similarly to E1 excitation

transfer does.
All the materials reviewed in this appendix are directly from or based on Hagelstein’s theory.
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Appendix D: Water Jet Experiment at MIT
D.1 Brief Review of the Kornilova Water Jet Experiment

As discussed in Chapter 2, collimated X-ray emission was reported in the Kornilova water jet
experiment.’ In the first version of Kornilova experiment, X-ray energy around 1.7 keV was
detected near the water jet nozzle with both X-ray detector and X-ray films." In the second version
of the Kornilova experiment, X-ray signals were detected on X-ray films behind the steel plate
near water flow." According to the analysis of the film absorption rate and X-ray transmission rate
in air, the energy of the X-ray signals should be between 1 keV and 2 keV.' We tried to replicate

the second version of the Kornilova water jet experiment at MIT.
D.2 Brief Review of Water Jet Experimental Effort at MIT

An effort was made to look for x-ray emission in local versions of the Kornilova experiment.
Figure D.1 shows the scheme of our water jet experiment at MIT. Similar to the Kornilova
experiment, high pressure water flow was generated from a water jet. A steel plate was placed
near the nozzle and water flow. Photographic film inside a light protective envelop with aluminum
or graphite cover was placed behind the steel plate to detect potential X-ray signals. A sliding steel
plate was placed under the nozzle in order to protect the envelope from water and maximize the

ultrasound around the area.

Figure D.2 shows the real picture of the water jet experiment at MIT. The pressure of the
water flow coming out of the nozzle was around 3200 atm. The water jet was usually running
around 4 minutes in our experiments. The photographic film was then developed by a

professional lab technician.



steel plate
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.

Photography film inside
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Figure D.1: Scheme of the water jet experiment at MIT

Figure D.2: Water jet experiment at MIT
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D.3 Issues with Aluminum and Graphite Foil

In order to detect potential X-ray signals, we put photographic films inside a light protective
envelope.2'3 We opened a small window on the envelope and covered the window with aluminum
or graphite foil. The aluminum or graphite foil could block visible light and allow X-ray to pass
through. Both the aluminum and graphite foils used in our experiment were very thin (around 20
micrometers). Some film exposures were obtained in our experiments; however, these were
tracked down and found to be attributable to pinholes in the aluminum and graphite film cover.

Figure D.3 shows an example of exposure due to pinholes.

Figure D.3: Signals due to pinholes on aluminum and graphite foil
D.4 Issues with Film Developing and Film Sensitivity

We also saw qualitatively different kinds of images on our film in our water jet experiments
which later were found to be due to rough handling of the film during the developing process.

Figure D.4 shows this result. The semi-curve was from the bending of the film by a professional



lab technician during development. In order to figure out the reason for the semi-curve, we took
a brand new film out of the box and strongly bent the film in a dark room. The film was never
exposed to any visible light or X-ray source. With developers and fixtures, we developed the film
by ourselves in the dark room and saw similar semi-curves around the areas we bent the film. The

origin of the vertical line in this photograph is still unknown.

Later we realized another issue with the sensitivity of the photographic films we used in our
water jet experiment. We put a Fe-51 X-ray source on the film in a dark room for 10 minutes. We
developed the film in the dark room but could see nothing on the film. We could only barely see
the signal when the waiting time is around 1 hour. The sensitivity of the film we used for our water
jet experiment was so low that we might still see nothing on the film even if there were X-ray
signals behind the steel plate. We made some efforts finding the most sensitive film in the market

and it would be worth to repeat similar water jet experiments with this film

Figure D.4: Signals due to rough handling of the film
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D.5 Discussion and Plans

Up to now, our attempt to look for x-ray emission in local versions of the Kornilova experiment
has not been successful. We considered a second campaign where we replicate as much as
possible their experiment. For instance, it would be good to find the same model water jet as the
one in their experiment (or go to Russia to work with theirs). For our current water jet at MIT, the
diameter of the nozzle is around 0.02 mm which is much smaller than their nozzle diameter of
0.3-1 mm." The pressure of the water flow from our water jet is around 3200 atm which is much

larger than their water pressure of 600 atm.*

We would like to use X-ray film or more sensitive photography film to detect signals. A mesh
test will be necessary for the future runs to confirm that the signals are not artifacts. It would be
also worth to carry out similar experiments with tantalum plate and cobalt plate. We expect to
see the same effect with tantalum as it has a low transition energy of around 6.2 keV. A cobalt
plate can be used as a control experiment, as cobalt has a very high transition energy in the MeV

range.

Another thought is that the vibration source in the Kornilova experiment might be not from
the ultrasound around the high pressure water flow. We noticed that in the Kornilova experiment
the steel plate was jammed into a wood holder. It is possible that the vibration was from the fact
that the steel pate was tightly clamped by wood. it would be worth to do some experiments

regarding this hypothesis.

Our experiments at MIT raise a question as to whether Kornilova's results might be due also
to pinholes. Kornilova presents results from control experiments which are free of the signals;
however, there are questions as to the details of their protocol. We considered traveling to
Moscow in order to work with her on tests at her installation. We would like to ask her for help
to do the mesh test with their equipment to confirm the results. We also would like to repeat the

experiment with tantalum and cobalt plate at their facility.
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The experiment introduced in this appendix is done by me. All data shown in this section is

taken and analyzed by me.
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Appendix E: Amplitude Modulation Studies

The theoretical ideas and experimental results from other labs discussed in Chapter
2 motivated us to focus on experiments in which samples are vibrated strongly in the MHz range
under controlled conditions in our lab. These experiments involve generating controlled
vibrations on samples and detecting potential X-ray signals around samples. The samples we used
include steel plate, tantalum plate, and ConFlat resonator. Sighal generators, amplifiers, and
transducers are used to generate MHz vibrations on the samples. Lasers, photodiodes, and

oscilloscopes are used to monitor sample vibrations.
E.1 Introduction to Use of Lasers to Monitor Surface Motion

Taking advantage of amplitude modulation, we were able to monitor the surface vibrations
on the sample plate or resonator. The instruments we used include laser, photodiode, and
oscilloscope. The laser used for our experiment is the stabilized red He-Ne laser from Thorlabs
(part number: HRS015B). The photodiode used in our experiment is the biased Si detector with a
range from 200 - 1100 nm from Thorlabs (part number: DET10A). The oscilloscope used in our

experiment is the PicoScope from Pico Technology (part number: 5444B).
E.1.1 Brief Explanation of Amplitude Modulation

Figure E.1 shows the scheme of our optical setup measuring the plate vibration via amplitude
modulation method. A beam of collimated red laser reflected at the surface of the steel plate and
was directed to a photodiode connected with an oscilloscope. The vibration in the steel plate
caused amplitude change on the surface of the plate, resulting in the corresponding change at the
laser which was recorded at the frequency domain in the oscilloscope. We could get the vibration

frequency and intensity from the frequency domain data in the oscilloscope.
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Figure E.1: Scheme of the amplitude modulation method

E.1.2 Brief Explanation of Doppler Frequency Modulation

Figure E.2 shows the scheme of our optical setup measuring the plate vibration via Doppler
frequency modulation method. A beam of collimated red laser was divided into two identical
beams by the first beam splitter. One beam reflected at the surface of the steel plate. The other
beam was directed to the second beam splitter without hitting the steel plate. Both beams were
combined into one single beam by the second beam splitter. The combined beam was directed to
a photodiode connected with an oscilloscope. The vibration in the steel plate causes a Doppler
shift for the beam hitting the moving surface, and we hoped to observe a beating with the
reference beam in the scope. Unfortunately, the surface motion in our experiments was too small
to produce much of a Doppler shift, so we were not able to see the associated FM modulation in
the experiments discussed in this Appendix. All of the laser signals reported here were taken with

amplitude modulation.
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Figure E.2: Scheme of the Doppler frequency modulation method
E.2 Early Amplitude Modulation Experiments

At the beginning of the experiment, we used the SoundCare plus clinical ultrasound device as
our vibration source. Figure E.3 shows the instrument. The ultrasound device generated
ultrasound vibrations at the sound head surface with 1 MHz frequency and 1 W/cm? power. With
the amplitude modulation setup, the laser reflected at the sound head surface and was directed
to the photodiode. Figure E.4 shows the frequency domain data in the oscilloscope. It shows a
clear peak at 1.02 MHz matching the ultrasound device data. From this experiment, we were able
to confirm that our amplitude modulation optical setup could accurately measure the frequency

and intensity of surface vibrations.
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Figure E.3: SoundCare plus clinical ultrasound device

Figure E.4: Frequency domain data for the ultrasound device surface vibrations
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E.3 Experiments with Plates

In the lab we have built an experimental setup with which we can drive metal plates on their
fundamental resonances in the MHz regime and detect the vibrational response, hoping to detect
X-ray emission from nuclear excitation near the plate. The sample plates used in our experiments
include a steel plate and a tantalum plate. Fe-57 has a low energy nuclear transition at 14.4 keV

and Ta has a low energy nuclear transition at 6230 eV.

Figure E.5 is the flow chart of our lab vibration experimental setup with the steel plate. AC
signals are generated from the signal generator and amplified by the amplifier. The high power
transducer sitting on the steel plate transforms the AC signals to ultrasound, resulting in the plate
vibration. The impedance and power of the transducer are determined based on bi-directional
coupler measurements of forward and reflected voltages. We controlled the frequency of
vibration by adjusting the frequency of the signal generator. We were able to drive the plate very

strongly when the frequency of vibration matched the fundamental resonance of the plate.

Figure E.5: Flow chart of our lab vibration experiment system with steel plate

We have two powerful transducers with a small working range around 2.23 MHz. It only works

well within 2.23 MHz +/- 0.02 MHz.
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The resonance frequency of the steel plate is

ny

=— 45
2d (45)

¥

where n is the fundamental number, v is the sound of speed in steel, d is the thickness of the steel
plate. In order to match the working frequency of the transducer with the steel plate resonance
frequency, we need to choose the thickness of the plate carefully. With f = 2.23 MHz, n = 3 and

longitudinal sound speed in steel v = 5790 m/s, we get the thickness at 3.90 mm.

The power of the transducer was measured by the bi-directional coupler. The frequency and
intensity of the steel plate vibration were measured through amplitude modification by the

optical setup shown in Figure E.1.

Figure E.6 shows the transducer power and the plate vibration intensity in our experiment.
There was a good match between the working range of the transducer and the resonance

frequency of the steel plate. The plate was driven very strongly near the resonance frequency.
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Figure E.6: Transducer power and steel plate vibration

A few attempts were made to detect X-ray signals from the vibrated steel plate using film, but

these did not give positive results. Subsequently, a test was done by Metzler using more sensitive
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diagnostics (see the diagnostics described in reference 1) and no signal above background was
detected. Shortly after these tests we saw unexpected non-exponential decay in the experiment

of May 20, 2017, which redirected the focus of our research effort.
E.4 Experiments with a Resonator

According to theory higher frequency vibrations (such as THz vibrations) should be most
effective for up-conversion. However, in the Karabut experiment and in the Kornilova experiment
one would expect lower frequency vibrations to be present. We decided on an exploratory effort
to see whether x-ray emission could be seen driving lower frequency modes in the 10-25 kHz
range. An advantage of working in this frequency range is that it becomes very easy to put in
substantial power with low-frequency ultrasound transducers. The focus of our experiments was
on bending modes in the steel plate (not described in this Appendix), and on longitudinal and
drumhead modes in a resonator (discussed below). The motivation for considering the resonator
is that in the Karabut experiment a large steel vacuum chamber is present, which we would expect
to act as a resonator for vibrations in the frequency range of interest. Note that the big result of
the May 20, 2017 experiment occurred while this work was ongoing, and that this caused a

refocusing of our research effort.

We consider now ultrasound experiments with a steel conflat resonator, making use of the
scheme shown in Figure E.7. The length of the steel conflat resonator was chosen to get 20 kHz
longitudinal resonance frequency. Copper sheets were attached to the top and bottom of the
resonator. The thickness of the copper sheets was chosen to get 20 kHz drumhead mode
resonance frequency. The purpose of this experiment is to simulate the Karabut experiment in
our lab. We once proposed that the phonon vibrations in the Karabut experiment were due to the

drumhead mode in the cathode matching longitudinal mode in the steel chamber.
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Figure E.7: Scheme of the steel conflat resonator

The flow chart of the vibration experiment with the resonator is the same as the one shown
in Figure E.5 except that the sample changes from steel plate to the resonator. Figure E.8 shows
the real picture of the conflat resonator. The resonator is Conflat 6” full nipple with length 10.62”
from Kurt J. Lesker company (part number: FN-0600). The copper plates are 0.003” thick
multipurpose copper sheets from McMaster (part number: 9053K322). The extension steel plates
attached on the bottom of the resonator are for adjusting the length and longitudinal resonance
frequency of the whole system. The extension steel plates are 0.188” thick 304 stainless steel
sheet from McMaster (part number: 8983K119). The vibration source is a 20 kHz transducer sitting
on top of the resonator tightened by three pieces of plexiglass. We put gel between the
transducer and the copper plate to make impedance match so that the power of the transducer

could go into the resonator effectively.
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The red laser reflected at the bottom surface of the resonator and was directed to the
photodiode connected with the oscilloscope to monitor the resonator vibrations. The vibrations
frequency and intensity could also be obtained from the power data in the bi-directional coupler.
Figure E.9— E.12 show the power data and optical data of the resonator vibrations with or without
tightening the plexiglass. We can see clear peaks in both the power spectrum and optical
spectrum. We notice that tightening the plexiglass (adding force to the transducer) caused
splitting of peaks. It appears that the lower frequency peak could be associated with the resonator
resonance and the higher frequency peak with the transducer resonance. We might get a cleaner
look at the resonator resonance if we could use a transducer with a resonance farther from the

expected resonator resonance.
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Figure E.8: Steel conflat resonator vibrated by 20 kHz transducer
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Figure E.10: Optical data from 13-23 kHz without tightening the plexiglass
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Figure E.12: Optical data from 13-23 kHz with tightening the plexiglass
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In order to confirm whether the peaks in the above figures belonged to the longitudinal

resonator resonance, we did another test by adding an extra extension steel ring.

Every steel ring is 0.188” = 4.78mm thick. The length of the resonator with 3 steel rings is

285.09mm and with 4 steel rings it is 289.87mm.
The corresponding expected n = 2 resonances are:
f 3rings =(2 * 5790) / (2 * 285.09) Hz = 20.309 KHz
f_4rings = (2 * 5790) / (2 * 289.87) Hz = 19.975 KHz
So increasing from 3 to 4 rings should shift the resonance frequency downward by:
f_delta = 0.336 KHz

Figure E.13 shows the power data with 3 steel rings. Figure E.14 shows the power data with 4
steel rings. The observed shift in this test roughly matched the above value from the calculation,
which increased our confidence that we did observe the longitudinal resonator resonance in the

power spectrum.
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Figure E.14: Power data from 13-23 kHz with 4 steel rings
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E.5 Comparison with Microphone

In addition to using a laser to measure the vibrations of the resonator, we also used a
microphone to help us analyze the resonator vibrations. Figure E.15 shows where we placed the
microphone and laser. The microphone was placed close to the bottom of the resonator. The
vibrations of the resonator caused sound signals through the air. The microphone could detect
the frequency and intensity of the sound signals and therefore monitor the local resonator
vibrations. Figure E.16 shows both the microphone signals and laser signals from 12 - 25 kHz. The
two signals approximately match each other. Figure E.17 shows the microphone signals from a
long scan between 5 - 25 kHz. There are several potential resonance peaks according to the
following calculation. We are interested in further analysis of the peak around 5.7 kHz (n=1 shear

mode).
The resonance frequency f = nv/2d. The length of the resonator d = 270mm.
For shear mode v=3100m/s
f=5.7 kHz for n=1, f=11.5 kHz for n=2, f=17.2 kHz for n=3, f=23.0 kHz for n=4
For longitudinal mode v=5790m/s

f=10.7 kHz for n=1, f=21.4 kHz for n=2

133



Figure E.15: Using both laser and microphone to measure resonator vibrations
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Figure E.16: Comparison between microphone signals and laser signals from 12-25 kHz
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Figure E.17: Microphone signal from 5 kHz to 25 kHz
E.5.1 Further Analysis of the n=1 Shear Mode Peak near 5.7 kHz

Figure E.19 shows the microphone signals for a finer scan at the bottom of the resonator
between 4 kHz and 6 kHz with step size 10 Hz. The peak near 5.5 kHz is a candidate for the
fundamental shear mode resonance. In order to confirm this, we did several scans with the
microphone at 5 different positions along the resonator. Figure E.20, E.21 and E.22 show the 5
different positions named position ‘0’, position ‘1/4’, position ‘1/2’, position ‘3/4’ and position ‘1’.
If the 5.5 kHz peak does belong to the fundamental shear mode, we should expect to see the
distribution shown in Figure E.18 for the intensity of the peaks at the 5 different positions. The
peak signals at position ‘0" and ‘1’ should be much stronger than the peak signals at other

locations.
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Figure E.18: Expected intensity distribution of the 5.5 kHz peaks at 5 different locations

DEWdL kR UDEL-@/0E =D - -
MIC: Sum around 1 Omega (even narrower, 40-80) |

WWI—“& 0.035000V; startingfreq=4000; thisfreq=6000; step 200 of 200; =10H

i 10000 |

9

|

i

i

q

|

i 8000 |- 4

i

a

| 6000 |-
4000 |- 4
2000 4

é A U N VYA

i 4000 4200 4400 4600 4800 5000 5200 5400  S600 5800 6000

i

Figure E.19: Microphone signal from 4 kHz to 6 kHz with 10 Hz step size
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Figure E.21: Microphone test at position ‘1/2” and position 3/4'
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Figure E.22: Microphone test at position 1’

Figure E.23, E.24 and E.25 show the microphone signals for the 5 different positions. Most of
the 5.5 kHz peak signals match the expected intensity distribution in Figure E.18 except for

position ‘1/2’. It is likely that the 5.5 kHz peak belongs to the fundamental shear mode.

138



MIC: Bum around m-“l-!-.‘ll MIC: Sum around 1 Omege (even narrower. 40-80) |

WMMII‘ _'_ ‘step 200 of 200; stepsize=10] wmmwmm”-“m
Position 0 r Position 1/4
(strong peak) - 1\ (weak peak)
e !\
: I |
iy |
1 T M L
A Jlif‘ | . f“?i‘ '\' MI 1\; }\
= I\ '“”1 Jd N L‘l‘v!i" i ‘if ‘ i\.u:”l.
Ary _‘.i l J{w_/ﬂ e. | e M ri \ 1‘ l Al ;i\fMl\ J‘ 'w Al »4 il‘i k‘: f'\f-’\.:\‘;"r \A‘J 1, U\v\ 'J %‘M}n‘.ﬂ.&.

Mt o+ oy e R .:'_.
Dadda "\ 09e«£-/2 008 =0

- . 'ﬁ—‘ﬂ‘qﬁd& wnuw_—lm' —-‘q-lunmmn-nm
Posl‘tlon 1/2 : '1 Position 3/4
waf  (strong peak) 1 i “ (weak peak)
" Afl
g
-
12000 ‘

. \ ’ x
- . tT . !
wl AR . ] - ‘:j” J! | f\ww [
/l fi J'1 .*ﬁ I ‘.‘, Al T PR \n; ’\

JJ \ VJ\/H YT AVA' y — . \ m"lrj WAl Wil

Figure E.24: Microphone signals from 4-6 kHz at position ‘1/2’ and position ‘3/4’
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Figure E.25: Microphone signals from 4-6 kHz at position ‘1’
E.5.2 Asymmetric Resonator Analysis

In order to figure out why the peak signals for position ‘1/2’ did not match the expected
distribution, we did several scans around the resonator at 4 different ‘1/2’ positions. Figure E.26
and E.27 show the 4 different positions named position ‘a’ - ‘d’. Figure E.28 and E.29 show the
microphone signals for the 4 positions. We notice that the 5.7 kHz peak signals for different 1/2’
positions around the resonator are quite different from each other. Position ‘a’ and position ‘b’
both have weak signals. Position ‘c’ has the highest peak. Position ‘d" has medium peak signals.
From this experiment, we can learn that the resonator is asymmetric with angular momentum,
which makes the vibration modes of the resonator very complicated. In order to decrease or avoid

the angular momentum, we would like to redesign the resonator.

We redesigned the bolts and screws to make a more symmetric configuration hoping that we
could get simpler spectrum and also get rid of the angular momentum. Figure E.30 shows the

redesigned resonator. We added more evenly distributed bolts and screws at the top and bottom

140



of the resonator. Figure E.31 and E.32 show the microphone and laser signals at the bottom of
the redesigned resonator. The laser spectrum from 5-15 kHz looks simpler and cleaner. According
to the following calculation, we could find candidates for n=1 shear mode, n=2 shear mode and

n=1 longitudinal mode in that spectrum.
The resonance frequency f = nv/2d. The length of the resonator d = 270mm.
For shear mode v=3100m/s. f=5.7 kHz for n=1, f=11.5 kHz for n=2

For longitudinal mode v=5790m/s. f=10.7 kHz for n=1

Position a

Position b

Figure E.26: Microphone test at position ‘a’ and position ‘b’
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Figure E.28: Microphone signals from 4-6 kHz at position ‘a’ and position ‘b’
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Figure E.30: Resonator with more evenly distributed bolts and screws
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Figure E.32: Microphone and laser signals at the bottom of the new resonator (15 -25 kHz)
E.5.3 Further Analysis of the n=1 Longitudinal Mode Peak near 10.7 kHz

Figure E.33 shows the microphone and laser signals for a finer scan at the bottom of the
redesigned resonator between 9 kHz and 12 kHz with step size 10 Hz. The peak near 9.8 kHz is a

candidate for the fundamental longitudinal mode resonance, which is 10.7 kHz according to the
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calculation. In order to confirm this, we did several scans with the microphone at 4 different ‘0’
positions around the resonator. Figure E.34 and E.35 show the 4 different positions named
position ‘a’ - ‘d’. If the 9.8 kHz peak does belong to the fundamental longitudinal mode, we should
expect to see the peak signals at the 4 different ‘0’ positions much weaker than the peak signals
at the bottom. That is because for longitudinal modes much more energy should be detected at

the bottom of the resonator compared with the surrounding areas.

Figure E.36 and E.37 show the microphone signals for the 4 different ‘0’ positions. Most of
the 9.8 kHz peak signals at these positions are much weaker than those at the bottom. Position
‘¢’ is the only exception with strong 9.8 kHz peak signals. We are confident that the 9.8 kHz peak
should belong to the fundamental longitudinal resonance. From this run we also learn that the
angular momentum for the redesigned resonator still exists but it is much less than that in the

original resonator.

After all of the efforts studying the resonator vibration modes, we understand that the modes
of the resonator system are complicated. We would like to attach mercury amalgam at the bottom
of the resonator and simulate the Karabut experiment in our lab. The details about making

mercury amalgam are discussed in Appendix F.

The experiment introduced in this appendix is done by me and my colleague Florian Metzler.

All data shown in this section is taken and analyzed by me and Metzler.
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Figure E.34: Microphone test for new resonator at position ‘a’ and position ‘b’
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Figure E.36: Microphone signals for new resonator at position ‘a’ and position ‘b’ (9.8-10.2 kHz)
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Figure E.37: Microphone signals for new resonator at position ‘c’ and position ‘d’ (9.8-10.2 kHz)
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Appendix F: Mercury Co-Deposition
F.1 Introduction to Role of Mercury in Phonon-Nuclear Studies

According to Hagelstein’s up-conversion model, the lower the nuclear transition energy is, the
more likely up-conversion can happen. The lowest excited nuclear state of all stable nuclei occurs
in **’Hg at 1565 eV, which makes mercury the best candidate to test the up-conversion hypothesis.
In addition, both Karabut and Kornilova claimed that they detected collimated X-ray around 1.5
keV in their experiments."” We proposed that there was mercury contamination in both
experiments and the reported 1.5 keV X-ray was due to the up-conversion of contaminated

mercury. In order to test the hypothesis, a lab vibration experiment with mercury co-deposition

was necessary.
F.2 Introduction to Health Issues Working with Mercury

It is well known that mercury can be toxic. Mercury is the only metal that is liquid at room
temperature. Not only touching the mercury can cause health issues, but also the inhalation of
mercury vapor can be harmful and even fatal. There are usually very strict standards for scientific
research with metal mercury. On the other hand, mercury in an amalgam is much safer. Mercury
amalgam is widely used as a filling material in dental clinics. In our experiment, in order to get a
sample with a small amount of mercury for tests involving vibrations, we introduced less than 1

microgram mercury in a copper sample to form a small amount of amalgam near the surface.
F.3 Electroless Mercury Deposition Procedure

We prepared the mercury amalgam sample following input from Francis Tanzella at SRI

according to the following reaction®
Cu{m) + Hg(2+) --> Cu(m)Hg (2+) (46)

This reaction is well known in the literature. It is used as a standard test to determine whether

there is mercury contamination in water. Copper is the best candidate for this approach as it is
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well known to bind with mercury strongly. Mercury binds to copper to form an amalgam and there

is no volatile mercury in the bound copper.?

An atomically clean copper metal surface forms an oxide in air rapidly. In order to make the
mercury amalgam sample, we need to remove the oxide layer of copper before exposure to
mercury. Acid is known to be effective to remove the oxide layer. For instance, oxide removal with
H,S0, is reported in the literature. When a copper foil is placed in sulfuric acid, the oxide layer is
removed; if mercury is dissolved in the sulfuric acid then it plates out on the copper foil. The

mercury is tightly bonded to the copper in this case.

We used 0.003” copper foil from McMaster and prepared several square copper pieces with
an area around 2” x 2”. We obtained a 0.1 M H,SO, solution (pH = 0.7) and Hg,50, salt from
Sigma-Aldrich. We prepared saturated Hg,SO; / H,S0, solution by mixing 0.1 g Hg,S0, salt in 100
mL H,50, at room temperature. The solubility of Hg,;SO, salt in 0.1 M H,S0, at room temperature
is 0.04 g/100 mL. After cleaning the copper foil with acetone and de-ionized water, we applied a
small amount (less than 1 mL) of Hg,SO, / H,S0, solution to the center of copper foil surface with
a micropipette. The solution helps remove the oxide layer and form mercury amalgam at the
center of copper foil surface. The micropipette helps control the volume of the solution at a very
accurate small amount. We were able to calculate how much mercury we deposited to the copper
surface from the volume of Hg,SO, / H,S0, solution we applied with the micropipette and the
solubility of the saturated solution. After applying the solution, we waited until all mercury went

into copper and wiped the remaining drops with tissue.
F.4 Experimental Results with Mercury Deposition

The MIT EHS {Environment, Health, and Safety) department approved our sample preparation
procedure before we started making samples. We ran the above process at MIT EHS. At the end
of the experiment, we disposed of all used materials and chemicals in their satellite trash can. We

repeated the process several times to obtain multiple mercury amalgam samples.
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F.4.1 First Mercury Deposition Experiment

The following Figure F.1 and F.2 show the process and results of the first mercury deposition
experiment. As shown in Figure F.1, we added several different volume drops of Hg,SO, / H,SO4
solution to several pieces of copper foils. All the drops fully evaporated after 4 hours and the
results are shown in Figure F.2. In this experiment we could get the exact amount of Hg deposited

to Cu as all the drops were fully evaporated; therefore all the Hg should be bounded to Cu.

Another goal for our mercury deposition experiment was to get a quantitative correlation
between the silveriness of the sample and the density of Hg deposited on Cu per area. The color
of the sample turns silver after Hg is deposited on the Cu surface. The extent of the silveriness
should be proportional to the amount of Hg deposited on Cu per area. However, as shown in
Figure F.2, except for the silveriness, there is also some yellow color residue left on the sample
covering the silveriness area. This yellow color residue would influence the appearance of
silveriness which would make us unable to get an accurate correlation between the extent of

silveriness and the density of Hg.

We cleaned the sample with de-ionized water but the residue could not be washed away. We
put two samples in de-ionized water overnight, resulting in random black and purple spots which
may belong to CuO and Cu,0. To verify where the residue comes from, we put only H,SO, on Cu
foils without Hg,S0, and we still got the same residue. From this result, we learned that the

residue was from H,SO, acid. However, we were not sure what exactly the residue was.
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Figure F.2: Results of 1st mercury deposition experiment
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F.4.2 Second Mercury Deposition Experiment

The second experiment was similar to the first one except that we wiped the drops right
before they fully evaporated. By doing this we hope all Hg would go into Cu after a while so that
we could still know the exact amount of Hg. Moreover, we were hoping we could get rid of the
residue but keep the silveriness so that we can get a good correlation between the silveriness and

amount of Hg per area.

Figure F.3 shows the results of the 2nd experiment with different volume drops and
corresponding evaporating times before wiping the drops. The residue looks better but still exists.

We still cannot get good correlation due to the residue.

Figure F.3: Results of 2nd mercury deposition experiment
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F.4.3 Third Mercury Deposition Experiment

The main purpose of this experiment is to make different samples with the same amalgam
areas but different amounts of Hg. In previous experiments, we had different amounts of Hg in
different samples, but we also had different areas in different samples. We might get the same
amount of Hg per area in different samples, which would not work for our calibration purpose as
the silveriness should be correlated to the density of Hg per area. Figure F.4 shows the results of
the 3rd experiment. All drops were 100 mL so that areas are all the same. We used solutions with
different concentrations so that amounts of Hg are different. The numbers next to each drop
indicate the percentage of drop concentration compared with the solubility (0.04 g/100 mL). We

wiped all the drops after 1.5 hours right before they fully evaporated.

We can see that the silveriness is clearly different in different samples. We probably can
calculate the exact amount of Hg as we wait for 1.5 hours. We still cannot get good correlation

due to the residue.

1/10
1/9
1/4
1/8
1/3
1/7
1/2 1/6
1/1 1/5

Figure F.4: Results of 3rd mercury deposition experiment
F.4.4 Fourth Mercury Deposition Experiment

We noticed that the residue would be less if the drop evaporation time were shorter. The

purpose of this experiment is to find the shortest time that silveriness does not increase which
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means most Hg has gone into Cu. By doing this, we could minimize the residue while knowing the

exact amount of Hg deposited into Cu.

Figure F.5 and F.6 show the results of the 4th experiment. All drops are saturated Hg,S0, /
H,S0,4 solution with different evaporation times. All the evaporation times for this experiment are
much shorter than those in previous experiments. Initially we thought that Hg should go into Cu
very fast. However, the "45 mins’ picture still shows much more silveriness than the ‘30 mins’
picture does. This indicates that the process of Hg going into Cu is not as fast as we were hoping.
Regarding the residue, there is no residue before 12 minutes but the residue gets very clear after

20 minutes. From this experiment, we learn that we probably can not avoid residue if we want all

Hg to go into Cu.

100 pL 2 mins 100 pL 3 mins 100 pL 4 mins

100 pL 5 mins 100 pL 6 mins 100 plL 8 mins 100 pL 10 mins

Figure F.5: Results of 4th mercury deposition experiment



100 pL 12 mins

3

100 pL 45 mins

Figure F.6: Results of 4th mercury deposition experiment continued
F.4.5 Fifth Mercury Deposition Experiment

In this experiment we made a sample with a larger amount of Hg than previous samples. We
would like to use this sample for the X-ray fluorescence test to make sure there is Hg in the sample.
We added 800 L saturated solution drop to the copper foil and wiped the drop after 15 minutes
of evaporating. We immediately added another 800 uL drop and wiped it after 15 minutes. Then

we repeated the same process for the third time

Figure F.7 shows the results of the 5th experiment. Later we realized from the 4th experiment
results that 15 minutes evaporating time might be not enough. So we did another similar

experiment as the 5th experiment with longer evaporation time.
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Figure F.7: Results of 5th mercury deposition experiment

F.4.6 Sixth Mercury Deposition Experiment

This experiment was similar to the fifth one except that the evaporation time for each drop
changed to 28 minutes and there was a 24 hour waiting period between each drop which allowed

Hg more time to go inside Cu.

Figure F.8 shows the results of the 6th experiment. This sample should have the largest
amount of Hg compared with all samples. We handled this sample with extreme caution and

always put it in a sealed plastic bag. This sample would also be used for X-ray fluorescence test.
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Figure F.8: Results of 6th mercury deposition experiment

F.4.7 X-ray Fluorescence Test

An X-ray fluorescence test was done at the MIT X-ray Diffraction Shared Experimental Facility
for the sample we got in the sixth mercury deposition experiment. In order to confirm that
mercury did exist on the sample, we ran X-ray fluorescence tests at two different spots on the
sample surface. The first spot is within the solution drop area while the second spot is far outside
that area. Figure F.9 shows the result of the X-ray fluorescence test. The green spectrum
representing the first spot shows a clear peak for Hg while the red spectrum representing the
second spot shows no Hg peak. From this result, we can confirm that Hg is successfully deposited

into our sample.
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Figure F.9: X-ray fluorescence test of the sample in the 6th deposition experiment
F.4.8 Discussion of the Results

According to all the above results, we would have no problem if we only wanted to make a
sample for our vibration experiment. We can control the amount of Hg deposited to Cu and the
area of Hg. This should be good enough for our vibration experiment as we do not need to worry
about residue for the vibration experiment. However, if we would like to get an accurate
quantitative correlation between the silveriness and the amount of Hg per area, the residue would
remain a problem as it would influence the calibration of the silveriness. In order to solve this
problem, we analyzed the results of the 4th mercury deposition experiment. We found that there
would be no residue before 12 minutes of evaporation. We assumed that Hg would go into Cu at
a constant rate so that we could calculate the amount of Hg deposited into Cu based on the
evaporation time. We would set 12 minutes as our standard evaporation time so that we could
get rid of the residue and get a good quantitative correlation between the silveriness and the

amount of Hg per area.
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F.5 Future Plans
F.5.1 Experiment with Mercury and Resonator

We introduced the Karabut experiment in section 1.1. Our conjecture to explain the Karabut
experiment is up-conversion theory and we proposed that there was mercury contamination in
that experiment. We once thought that the phonon vibrations in the Karabut experiment were
drumhead modes instead of longitudinal or transverse modes. In order to prove or disprove our
conjecture, we would like to attach the mercury amalgam sample to the resonator in appendix
E.4 which is designed to generate drumhead mode vibrations. We would like to see whether we
could detect potential X-ray signals around the mercury amalgam sample due to up-conversion

initiated by the resonator drumhead mode vibrations.

F.5.2 Experiment with Steel-Cu-Hg

According to Hagelstein’s up-conversion theory, Fe-57 should play an important role in the
Karabut and Kornilova experiments in terms of initiating the up-conversion. So instead of only
doing experiments with Cu-Hg foils, we also would like to do experiments with Steel-Cu-Hg plate.
The plan is to e-beam a thin layer of Cu on a steel substrate and apply Hg on the Cu layer. By doing
this, we would have enough Fe-57 for up-conversion experiments and a safe mercury amalgam

on the Cu layer at the same time.

The experiment introduced in this appendix is done by me. All data shown in this section is

taken and analyzed by me.
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Appendix G: Film Calibration

In the pinhole/film experiment, there is a difference between the cold image and the hot
image. It is possible that the anomaly might be due to a nonlinear film response. A series of
calibration exposures was done. The basic idea was to use the Co-57 Mossbauer source to expose
the film for different time durations. Figure G.1 shows the images of several calibration exposures

with different time.

2 minute 4 minute 8 minute 16 minute

32 minute 1 hour 4 hour 24 hour
Figure G.1: A series of calibration exposures with different time durations

Knowing the duration and estimating the resulting peak exposure allows the construction of
a calibration curve. In the live experiment, we have less low energy content and more high energy
content. But the low energy content is favored in the calibration run. We determine the strongest
exposure level for each image, make a histogram of counts per film density, and then choose
lowest density corresponding to onset. Figure G.2 shows the calibration curve. With the

calibration curve, we can have better analysis for the films in the pinhole/film experiment, and
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we can determine whether the difference between cold and hot images is due to a nonlinear film

response or not.
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Figure G.2: Calibration curve

The fitting equation is shown as the following:

1+a,In+a,(Inr)’
1+b,In7+b,(Int)’

density(r) = A (47)

A=1.5167x10’
a, = —0.194126 a, =0.00993522
b = -0.212085 b, =0.0229389

The experiment introduced in this appendix is done by me. All data shown in this section is

taken by me and analyzed by Hagelstein.
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Appendix H: Pinhole/Film Experiment with 0.2 mm Pinhole

The results from the 0.5 mm images are very interesting and may provide evidence for
delocalization. Experiments were done with the 0.2 mm pinhole in the hope of getting a higher
resolution result, where it might be easier to see a delocalization effect. Figure H.1 shows the film
images of the 0.2 mm pinhole/film experiment. The left image is the first cold image at room
temperature. The middle image is the second cold image in room temperature. The right image
is the hot image with the temperature increased to around 50C. Figure H.2 shows the heat map

of film images.

A headache is that the light through the pinhole is reduced by a factor of 2.5%=6.25, but the
harder gammas are not correspondingly reduced. It is hard to see features of interest in the
analysis since background due to the harder gammas is so strong. Another headache is that there
is a gradient of density across the image, which makes analysis a headache. It is not clear why
there is such a gradient present. Also, weaker effect is expected since the heat pulse was much

weaker than for the 0.5 mm images.

before cold 1 before cold 2 hot 1

Figure H.1: Film images of the 0.2 mm pinhole/film experiment
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before cold 1

before cold 2

hot 1

Figure H.2: Heat map of film images of the 0.2 mm pinhole/film experiment

The region around the ring is very similar in the three images. There does not seem to be a

compelling difference between the two cold images before, and the hot image after. However,

there is a major difference in the background density, which may be due to the harder gammas,

or possibly the elevated temperature. We can see this in the diagonal scans shown in Figure H.3

and H.4 in the vicinity of the hot spot.
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Figure H.3: Diagonal scan of the two cold images

165



9 x10°

ouior / \

1.1x107 /

1.1x107 /

11107 4 ,/
/ diagonal 40 to +20
500

1 2107 - r
100 200 300 400
x channel

density

Figure H.4: Diagonal scan of the first cold image and the hot image

Figure H.5 shows the subtraction heat map of film images. The left one shows the heat map
that the first cold image minus the second cold image. There is no apparent difference between
the two cold images. The right one shows the heat map that the hot image minus the first cold

image. There is a big difference in the background between the first cold image and the hot image.

Cold 1-Cold 2 Hot1-Cold 1

Figure H.5: Subtraction heat map of different film images
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A lower temperature heat pulse was used for the 0.2 mm experiment (around 45 C) than for
the 0.5 mm experiment (higher than 100 C), so it is not expected to see as much change. Harder
gammas dominate film exposure with 0.2 mm pinhole, and the low energy lines give a minor
increment. The ring contributes only a minor increment to the density. It is hard to say much

guantitative for the lower gammas due to the weak signal.

We see a substantial change in the background between cold images and hot image. If this
effect is real, it would suggest a substantial change in the harder gammas. Film temperature effect
is also a possibility,l‘3 but we would have expected a change in the relative density at the “hot
spot.” It is not sure whether we have seen an angular anisotropy effect in the harder gammas or
just a thermal effect in the 0.2 mm pinhole/film experiment. We would like to clarify in future

experiments if possible.

The experiment introduced in this appendix is done by me. All data shown in this section is

taken by me and analyzed by Hagelstein.
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Appendix I: Pinhole/Film Experimental Results for Sample 2

We made 2 samples for our experiments. We evaporated more Co--57 on Sample 2 than on
Sample 1, in part to test to see whether having more Co--57 would give us a stronger version of
the anomalies. Based on our experience with Sample 2 so far, there is no indication that more Co-

-57 gives any enhancement.

We also made the evaporation spot closer to the edge in Sample 2, in the hope of getting a
faster response. Figure I.1 shows the picture of Sample 2 tightened by wood blocks. We can see

that the Co-57 spot is close to the steel plate edge.

Figure 1.1: Picture of Sample 2 tightened by wood blocks

To learn the distribution of radiation, a pinhole/film experiment was done for Sample 2 with
a 1 mm pinhole camera. Figure 1.2 shows the high-resolution picture of Co-57 in Sample 2 taken
by Canon digital single-lens reflex camera. Figure 1.3 shows the pinhole/film image of Co-57 in
Sample 2 with 1 mm pinhole camera and 23-hour exposure time. We see that the two pictures

match with each other quite well.
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The experiment introduced in this appendix is done by me. All data shown in this section is

taken and analyzed by me. The high resolution DSLR picture is taken by Metzler.

Figure |.2: High-resolution picture of Co-57 in Sample 2 taken by DSLR

Figure 1.3: Pinhole/film picture of Co-57 in Sample 2 with 1mm pinhole and 23-hour exposure time
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Appendix J: More Angular Anisotropy Experimental Data

In the angular anisotropy experiments, the harder gammas of Co-57 (122 keV and 136 keV)
responded not only to wood clamping but also to some other stimulation. This was first noticed
in an experiment originally intended as a control test. The idea was to leave the wood clamps on
for a long time, and then move the plate from a position far from the detector to a position in
front of the detector. Figure J.1 shows the time history of 122 keV in this experiment. There are
clear fast transients at the beginning of the experiment, which indicates that the sample responds

to moving.
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Figure J.1: Time history of 122 keV in the angular anisotropy moving test

The possibility that the early fast transients were artifacts due to the detector was ruled out
with the help of the lead plate control test introduced in Chapter 8. In order to figure out what
exactly the sample was responding to, several subsequent tests were done. In an experiment, the
sample was pushed twice by fingers. The idea was to see whether introducing a shear stress could

induce an anomaly. The first push was not too hard lasting 30 seconds. The second push was much
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harder lasting 60 seconds. There were no early transients nor other anomalies in both of the two
finger push tests.

In another experiment, the plate was taken away from the detector, twisted by hand, and
then put back in front of the detector. Figure J.2 shows the time history of 122 keV in the first
couple of hours. There is no early fast transient. Figure 1.3 shows the time history of 122 keV in a
longer time. There seems to be a longer-term response. It is a small effect, but noticeable because

our statistics are pretty good.
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Figure J.2: Shorter time history of 122 keV in the angular anisotropy twisting test
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Figure J.3: Longer time history of 122 keV in the angular anisotropy twisting test

In another test, the plate had been lying horizontally before the experiment and was moved
to the vertical position at the beginning of the experiment. The idea here was to go between lying
and standing upright, to see if that could make a difference. Figure J.4 shows the time history of
122 keV in the first couple of hours. This relative gentle and mild movement perhaps gives us a

version of the fast transient.

In a similar experiment, the plate was standing up prior to the run and was laid horizontally
at the beginning of the test. Figure J.5 shows the time history of 122 keV in the first couple of
hours. There is no fast transient this time. Figure J.6 shows the time history of 122 keV in longer

time. There is a slower transient that looks like a real effect with longer accumulation.

Up to now, we have not confirmed yet what exactly the plate responds to in the angular

anisotropy experiment. We would like to figure it out in future experiments if possible.

The experiment introduced in this appendix is done by me. All data shown in this section is

taken by me and analyzed by Hagelstein.
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Figure J.4: Time history of 122 keV in the angular anisotropy lying to standing test
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Figure J.5: Shorter time history of 122 keV in the angular anisotropy standing to lying test



5.10x10°

508x10° {

5.06x108 1

504x10°

122 keV counts/20 min

502x10°

500x10° - - -

t (hr)

Figure J.6: Longer time history of 122 keV in the angular anisotropy standing to lying test
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Appendix K: Bent Crystal Spectrometer

When excitation transfer happens, there can be energy exchange between Co-57 14.4 keV
excited state and phonon energy. The energy exchange can lead to line broadening for the 14.4
keV spectrum. The line broadening should be very small in the eV range. The resolution for the
Amptek detector at 14.4 keV is around 200 eV, which is not enough to detect the line broadening

due to energy exchange.

Except for the 14.4 keV, we are also interested in detecting several other lines such as Hg line
(1565 eV), Ta line (6238 eV) and Fe K-alpha line (6.4 keV) with very high resolution. Similarly, the
resolution for the Amptek detector at these lines cannot satisfy our requirements. We need to
build a high-resolution X-ray spectrometer. We started by building a bent crystal spectrometer

for the Fe K-alpha line at 6.4 keV.

The wavelengths for X-rays are in the nm range. For example, the wavelength for Fe K-alpha
(6.4 keV) is 0.194 nm. It is difficult to make a regular grating with constant in the nm range. Lattice
constants for crystals are in the nm range. Crystals can be used to disperse various X-ray
components.” Figure K.1 shows how a crystal selects X-rays with particular wavelengths. For a
given incident angle, the crystal only reflects X-rays with wavelengths matching the Bragg

equation.!

Bragg equation:

2d sinf = nA

Figure K.1: A crystal only reflects X-rays with wavelengths matching the Bragg equation1
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If our target is Fe K-alpha line with 0.194 nm wavelength, we want a crystal with lattice

constant 2d slightly larger than 0.194 nm. Applying the wavelength to the Bragg equation’
2dsinf = nd

Choosing order n=1 allows getting more intensity. The Bragg angle can be written as
. A
B = arcsin (ﬁ)

The resolving power is’

E tanfpg

A=
AE T AL Af¢
A6, can be approximately estimated as 1 arcmin.?
The resolution AE is better when the Bragg angle 6 is larger.

2d has to be larger than A = 0.194nm, but we want 2d to be as close to A as possible.

(48)

(49)

(50)

There are many different crystals with different lattice constants.” Table K.1 shows the top 3

options for Fe K-alpha. The cost is for a spherically bent crystal with curvature radius 1000 mm,

wafer diameter 100 mm, and thickness 0.3 mm. We got the price and leading time information

from two suppliers in December 2017. Company S is a French multinational company named

Saint-Gobain.> Company X is a New Jersey company named XRStech.® We chose to purchase the

best option Ge(440) from XRStech to build the bent crystal spectrometer for Fe K-alpha.

Table K.1: Top 3 crystal options for Fe K-alpha

Material Ge(333)

Si(333)

Leading time (weeks) Company S: 8 Company 5: 8
Company X: 8 Company X: 1 Company X: 1
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Professor Seidler’s group at the Univerisity of Washington offered us great help with our bent
crystal spectrometer design. It was very kind of Professor Seidler answering our questions by
phone calls and email exchanges. Figure K.2 shows the scheme of our bent crystal spectrometer
design at MIT with the help of several publications from Seidler’s group.®” The crystal used is a
Johann spherical bent® Ge(440) crystal with 1000 mm curvature, 100 mm diameter and 0.3 mm
thickness. Sample 2 (Co-57 on steel plate) is used as the Fe K-alpha source. An adjustable slit is
putin front of the Co-57 area. The source and the slit are stabilized on a one-dimension translation
stage. The detector used is the Ortec X-ray detector. The crystal, the source, and the detector are

aligned on a 1000 mm Rowland circle®” according to the 75.43 degrees Bragg angle.

1000 mm curvature

100 mm diameter Ge(440) 75.43 degree
0.3 mm thickness / ' Tk, / Bragg angle

Johann spherical bent i
Ge(440) crystal ¥

1000 mm diameter _—""

Roland circle

Adjustable slit

Ortec X-ray detector\ Fe K-alpha circle source
E with around 10 mm diameter

Figure K.2: Scheme of our bent crystal spectrometer for Fe K-alpha®”’

Figure K.3 and K.4 show two pictures of the Ge(440) spherically bent crystal we got from
XRStexh. As shown in Figure K.5, the crystal is mounted on a mirror mount (Model Number KS4)
from Thorlabs. As shown in Figure K.6, the mirror mount is mounted on a high-precision rotation
stage (Model Number PRO1) from Thorlabs which provides 5 arcmin resolution. Figure K.7 shows

the picture of the Ge(440) bent crystal spectrometer alignment poster that we designed. We used
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the poster for rough alighment and used the high-precision rotation stage for fine alignment. As
X-ray is invisible, we also used a multi-direction laser (Model Number: GPL5) from Bosch to

improve our alignment. The laser is shown in Figure K.8.

Figure K.3: Picture of the Ge(440) spherically bent crystal from XRStech

Figure K.4: Side picture of the Ge(440) spherically bent crystal from XRStech
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Figure K.5: Crystal mounted on a mirror mount from Thorlabs

Figure K.6: Mirror mount mounted on a high-precision rotation stage from Thorlabs
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Figure K.7: Ge(440) bent crystal spectrometer alignment poster
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Figure K.8: Multi-direction alignment laser from Bosch

Figure K.9 shows the adjustable slit (Model number: VA100) from Thorlabs. The slit range is from 0 to
0.24 inch. The micrometer graduation is 0.001 inch. Figure K.10 and K.11 show how we fixed the adjustable
slit in front of the Co-57 source. The slit was fixed in front of a single source point. The slit and the plate
source moved together. Figure K.12 and K.13 show how we mounted the plate source. The plate was first
mounted on breadboards (Model Number: MB6) from Thorlabs. Then the breadboards were mounted on
a linear translation stage (Model Number: Parker 404100XRMP Linear Actuator). Figure K.14 shows the
whole picture of the bent crystal spectrometer experiment. The plate source, the Ortec detector and the
Ge(440) bent crystal were all aligned to right positions according to the correct Bragg angle (75.43 degrees)
for Fe K-alpha. According to the Center for X-ray Optics website,” the transmission rate for Fe K-alpha
after traveling in the air for around 2 meters is less than 1%. To solve this problem, a V shape
mylar helium bag was put along the X-ray path. The Fe K-alpha signals reaching the detector was
increased by a factor of about 40. Lead bricks were put between the source and the detector to

reduce noise.
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Figure K.9: Adjustable slit from Thorlabs

Figure K.10: Co-57 source on the steel plate
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Figure K.11: Adjustable slit fixed in front of the Co-57 source
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Figure K.13: Another picture of the plate mounted on the breadboard and translation stage
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Figure K.14: Whole picture of the bent crystal spectrometer experiment
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For Fe K-alpha, there is Fe K-alpha 1 at 6403 eV and Fe K-alpha 2 at 6391 eV.? With the Amptek
detector, it is impossible to distinguish these two lines. Figure K.15 shows the high-resolution
spectrum from our bent crystal spectrometer when the slit width is set to be 1.5 mm. The

resolution is around 3eV. The Fe K-alpha 1 line and the Fe K-alpha 2 line are distinguished.

800 - Fe K-alpha 1

Around 3eV FWHM

Fe K-alpha 2

Figure K.15: High-resolution spectrum for Fe K-alpha from the bent crystal spectrometer

Though the Ge(440) crystal is not designed for the 14.4 keV line, we still did some experiments
trying to measure the 14.4 keV gamma with the Ge(440) crystal. We first tried order n=8 with
Bragg angle at 59.32 degrees. We hardly saw any 14.4 keV signal. Later we tried order n=6 with
Bragg angle at 40.17 degrees. We got some signals as shown in Figure K.16. We first did a test
with the correct angle 40.17 degrees. Then we immediately repeated the test at a wrong angle
for the same amount of time. By comparing the two spectrums, we roughly got 40 counts per

hour signal for the 14.4 keV gamma.
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Figure K.16: 14.4 keV signals using Ge(440) crystal

In order to build a bent crystal spectrometer for 14.4 keV line, we need another crystal
designed for 14.4 keV. We got some quotations from XRStech in March 2018. The best option is
Ge(993) with Bragg angle at 84.37 degrees. The theoretical resolution can be as good as 0.41 eV.
The cost was around $12K. The leading time was about 4 months. The second best option is Si
(975) with Bragg angle at 80.7 degrees. The theoretical resolution is around 0.69 eV. The cost was

around $6-7k. The leading time was about 4 months.

If we can have a position sensitive detector to replace the Ortec detector in Figure K.2, we no
longer need to put a slit in front of the source. For example, an X-ray camera is a position sensitive
detector. Figure K.17 shows the scheme of our bent crystal spectrometer design with an X-ray
camera with the help of several publications from Seidler’s group.’” The position of the X-ray
signal on the X-ray camera corresponds to the energy of the X-ray. With the position information
and signal counts from the X-ray camera, we can get the high-resolution spectrum. This

configuration works best if the source is isotropic.
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Figure K.17: Scheme of our bent crystal spectrometer for Fe K-alpha with an X-ray camera®’

It is straightforward to get a good position sensitive detector if the budget is more than $30K.
For instance, the Pilatus area detector is around $100K, the Princeton Instrument X-ray camera is
around $60K, and the Andor X-ray camera is around $30K. All of these options are high-quality
position sensitive detectors with good cooling and low noise. We spent lots of efforts looking for

high-quality alternatives with the price around $10K.

One supplier we were initially interested in working with is Hamamatsu from Japan.
Hamamatsu offers several different models of linear CCD image sensors with the cost less than
$1K. However, the dark current noise is not good. Moreover, there are no drivers for some of the
linear image sensors. Hamamatsu also offers several different models of area CCD image sensors
with cost around $10K. The dark current noise is much better for area image sensors than that for
linear image sensors. However, it requires extra work to build a vacuum container for the sensor
to avoid condensation on the sensor chip with cooling. Also, the lead time is long (around 4

months).

We ended up working with another supplier from the UK named Photonics Science. Photonics

Sciences offers a built-in X-ray camera with cooling as low as -20C and dark current as low as
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0.0018 e'/s/p. This camera can be configured for different energy X-rays by installing different
scintillators. It can be used directly after delivery. When we got the quotation in January 2018.

The cost was around $15K. The lead time was around 6 weeks.

Table K.2 shows the detailed information of several position sensitive detectors from
Hamamatsu and Photonics Science. The product in the last row is from Photonics Science.

Products from all the other rows are from Hamamatsu.

The experiment introduced in this chapter is done by me. All data shown in this section is

taken analyzed by me.

Table K.2: Information of several position sensitive detectors from Hamamatsu and Photonics Science

Product | Linear | Linear | Linear | Linear | Area | Area | Area | Photonics
| one-stage  one-stage | non | non | one-stage | two-stage | non | Science
| cooled | cooled | cooled | cooled | cooled | cooled | cooled {-20C

'14by 1000 | 14by500 14by1000 24by24 |24by24 24by24 | 11.35by
| um : pum ‘um | um | um | pm | 11.35 um
;_ | ; | ! |

Dark C 0.214 0.143 1.428 1.071 434*103 3.47*10*¢ 0.26 1.40*10°
perarea e/s/jum? e/s/jum?  e/sium? e/s/um?  e/s/um? e/s/um? e/s/um? e/fs/pm?

Driver  No I ST .
Price 898only 980 only Unknown Unknown 10540 11830 Unknown 14150
sensor sensor

leadtime Unknown Unknown Unknown Unknown 4month Unknown Unknown 4-6 weeks
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