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Abstract
Cavitation at high frequency in close proximity to metal surfaces was investigated in D2 O. A new miniaturized cavitation system
was operated at 1.7 MHz and was small enough to ﬁt into a sensitive Seebeck calorimeter. The 1.7 MHz reactor was designed to
hold 20 g of D2 O or H2 O. The cells were operated in a pulsed mode for 1 or 2 min and then allowed to cool in the calorimeter.
Target foils were placed in close proximity to the transducer and different foils show a maximum of about 13% change in measured
excess heat output. Tritium measurements were made on the resulting liquid and showed a small initial increase. However, longer
runs did not show a linear increase in tritium as the cavitation times were increased. No detectable signals were measured on a
pancake gamma detector placed below the cavitation cells. Many different target foils (TF) (7 × 19 × 0.1 mm) were run in the
system. A few showed some interesting surface features.
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1. Introduction
Many have speculated that cavitation with either single or multiple bubble could result in dd fusion in the presence
of D2 O or other deuterided liquids [1–3]. Here, we investigate cavitation not only in the liquid but primarily as
it impinges on different metal surfaces. Cavitation damage on metals in H2 O is well known [4]. Less studied is
cavitation damage in metals immersed in D2 O [5–10]. In particular, we investigated the assertion by Stringham
[6–10] that very anomalous effects occur when metal foils are immersed in a cavitation ﬁeld at fairly high frequencies.
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Cavitation damage is typically seen at low frequencies (30 kHz) where the bubble can grow to microscopic dimensions
(>100 µm) and with about 90 nJ energy. At the high frequencies (∼1.7 MHz) of this study the energy contained in a
single bubble is small, but there may be millions of bubbles. Little work has been done to characterize the damage or
the damage products from the metal surface-cavitation interaction at these frequencies because such low energies are
not expected to produce much surface damage [4]. The cavitation threshold in an ideal ﬂuid is thought to be very high
(>800 W/cm2 ) at the frequency used in this study. However, our liquid is less than ideal because the target metal and
transducer will shed oxide particles and, in addition, there may be nano-cavities [4] in the liquid formed during the
cavitation. Thus, the cavitation threshold is lowered substantially (∼20 W/cm2 ). This particular experiment has many
parameters that are difﬁcult to control and will impact the reproducibility of the experiments. With further reﬁnements,
we expect the reproducibility to improve. The basic purpose of this research is to determine if the “Stringham effect”
can be reproduced and in what metals is it most evident. By the term “Stringham Effect” we are referring to anomalous
behavior of cavitation impinging on a metal. This could be the appearance of excess heat, helium or tritium in the liquid
or metal, or other elements that were not initially present in the liquid or metal.
2. Procedure
Tritium was measured with a Beckman LS6500. A unique feature of the scintillation counter is that it is totally
enclosed in a sealed volume to reduce radon prodigy inﬁltration and has a real time radon monitor in the enclosure.
This allows for a very consistent and low background. Ultima Gold (Perkin Elmer scintillation ﬂuid) was used for
all measurements in low background poly vials. Vials were typically counted four times, no less than a day apart, to
ensure no short half lived isotopes were present.
Radiation detection directly from the cavitation cell or foil (post run) was done with an RM-80 pancake detector (Aware Electronics) and Silicon Surface Barrier Detectors from ORTEC and an AMPTEK 8000A multichannel
analyzer.
Excess heat measurements were made in a custom calorimeter that was obtained from Coolescence (Fig. 1). The
calorimeter outer chamber is temperature controlled to 0.1◦ C (via a heat exchanger and water chiller) and the interior
envelope is 86.3 × 38.1 × 29.2 cm (l,w,h). Located in the controlled environment is the inner calorimeter chamber
that has an interior volume of 18.0 × 11.5 × 13.0 cm (l,w,h). The entire top of the inner chamber consists of a Peltier
sensing element. Typically, the outer chamber was held at 19–20◦ C and, at this temperature, the sensitivity of the
calorimeter was 27.1 mV/W at a 22 W input.
SEM measurements were made with a Tescan Vega with a Bruker EDX. ICPMS analysis was done by A&B Labs.
Houston TX. using an Agilent 7700 and 7900.
3. Cavitation Cells
Several iterations of the cavitation cells were investigated for this study. Initially an all acrylic cell was used, but it was
found that the heat from the transducer and the heat from the absorbed ultrasonic beam would eventually distort the
acrylic body resulting in leaks. Acrylic bodies were used exclusively for long runs to collect nanoparticles for analysis
in the ICPMS. The ﬁnal design of the cells for use in the calorimeter was made with an aluminum transducer holder
and a glass tube with an acrylic top and O-ring seal. This is shown in Fig. 2. To minimize pressure buildup in the
cell, the units were only run for a maximum of 2 min. The transducers were 1.7 MHz PZT disks 20 mm diameter by
1.3 mm thick and were glued into the aluminum holder with thermosetting glue. The transducers were from various
sources (but all PZT) having different working surfaces. In some cases the surface electrode was silver, or stainless
steel or even Ni with a TiN coating. Since all the transducers had different efﬁciencies and even different units of the
same model varied by 20%, it was important that during the calorimeter tests of different foils the same transducer
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Figure 1.
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Coolescence calorimeter, outer box (left), and inner chamber with Peltier elements (right).

Figure 2. Cavitation cell with reﬂector and copper sample (left), arrangement of foil in cell and a Ni foil that was painted to show cavitation
streaks and pits after a short run (right).
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was used. For electrical input powers of greater than 30 W the transducers would eventually fail (due to the electrical
contacts or surface foil delamination). Thus, for all the data reported here for calorimetric measurements, the power
input to the transducer was kept to about 18–24 W.
4. Materials
The foils (technical grade) used in this study were 19 mm in length and 7 mm wide by 250 µm or 125 µm thick. The
D2 O was from Cambridge Isotopes (99.9%) and the H2 O was distilled water. The Cambridge Isotopes D2 O contained
90 or 7 dpm per ml of tritium depending on the batch. The water did not contain any detectable tritium (<1.5 dpm).
Prior to the experiments, the D2 O or H2 O was degassed in a vacuum chamber for a few minutes. After the vacuum
process, Argon was introduced into the chamber. Most runs were performed with an Argon cover gas.
5. Experimental
Initially it was uncertain if strong cavitation could be generated at the high frequencies used in this study because of
the low energy contained in the bubble. To determine that indeed there was cavitation, several foils were painted with
a thin layer of black paint. After exposure in the cell, these foils would often show small round <30 µm features where
the paint had been removed and the specular reﬂection from the metal surface sometimes showed a frosted texture.
However, the density of these features varied considerably from run to run, sometimes none were seen and other times
there was a high density. This was attributed to the fact that in the near ﬁeld of the transducer the intensity varies
rapidly with distance from the transducer surface and also with the liquid temperature. Since these parameters could
vary from run to run, it was decided to slant the foil slightly to present at least some of the foil surface at an intensity
maxima. The microscopic pits could be in lines or in a circular pattern depending on the standing wave pattern in the
liquid or on the foil.
Cavitation was also detected using a thin (0.02 mm) piezoelectric transducer attached to the side of the cell. When
the system was run at 1.7 MHz, there was a broad peak in sound intensity (as measured by the probe transducer)
centered near 200 kHz suggesting the maximum bubble size was 10 µm. It was found that in clean, cold, degassed
D2 O or H2 O the intensity of the 200 kHz spectra dropped 10 dB within the ﬁrst 20 s of operation, indicating that
perhaps the bubbles became gassy or the particulates were nucleating the cavitation.
It should be noted that a thermocouple on the backside (side not in contact with the liquid) of the piezo driver would
often rise to temperatures >100◦ C within 10 s after the power was applied. Because the temperature is constantly
changing during a run, it was difﬁcult to maintain the resonant condition for very long, if just a driver ampliﬁer was
used at a constant frequency. So, for this study we used a custom oscillator that maintained the resonant condition for
the transducer as the temperature of the piezoelectric transducer and water increased. Our goal was to hold the power
constant to the transducer to within 5–10% during a 1 or 2 min run. For each material used, the power delivered to
the transducer would be slightly different. Therefore, the drive was adjusted to maintain about 22 W to the transducer.
The reason for this was to present to the calorimeter and the electronic power measurement circuit the same power for
each foil. Our objective was to determine if there is a difference in heat output between metals under the inﬂuence of
the cavitation. The weight of the cell was measured prior to the run and after to determine if any water or D2 O had
been lost. If the seal obviously leaked or more than 10 mg of water was lost, the run was discarded.
6. Power Measurements
To measure the RF power to the transducer a Tektronix CT-2 current transformer was used for the current measurement,
and a Tektronix 2220 voltage probe measured the voltage across the transducer leads. Because the current transformer
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is nominally accurate to within 2% and the voltage probe is accurate to within 2% it is not expected that our AC
measurement compared to a DC measurement of a purely resistive load would give agreement better than 5%. Thus,
we restrict ourselves to presenting comparative outputs from each different foil. A Tektronix TDS 2024B scope (200
MHz, 2 Gs/s) was used to make the measurement of V × I for each point on the voltage and current waveforms.
Then the resultant waveform was summed over an integral number of cycles to obtain the power measurement. All
measurements were made without changing any of the gain ranges on the scope between runs with different foils. It
was found that any gain changes on the scope introduced an unacceptable change in apparent power. PC data analysis
and acquisition software (Keysight VEE) was optimized to acquire a power reading every 250 ms resulting in 240
power samples for a 1 min run. The Seebeck calorimeter output (voltage) was recorded every 2 s along with room,
interior box and Peltier ﬁn temperature using K-type thermocouples. These measurements were made with a Keithley
2700 multichannel scanner connected to a PC.
7. Results
Shown in Fig. 3 are SEM images of a PdAg 2% foil after several 2 min runs in D2 O at 30 W (1.7 MHz) input power to
the transducer. The left image shows a large (>100 µm) feature that was formed in the center of the plate. The material
was found to contain oxides of Na, K, Al, Ca, Mg, Si, and Cl, S and P by EDX. After the material was removed a
rather large hole in the surface was revealed. EDX focused on the interior of the large hole and small hole clusters
showed the same EDX signature as the large feature.
Figure 4 is an SEM image of an Ag foil that had been run under similar conditions to the PdAg 2% foil. It can be
seen that a large consolidated clump of material is in the center of the foil where the acoustic intensity is expected to be
highest. It should be noted that under the large clump in the right image a hole was found suggesting that the material
on the surface originated from the hole. Since no SEM images were made of the foils prior to the sonic irradiation it

Figure 3. Material found on a PdAg 2% foil after runs at 1.7 MHz. Small holes are to the lower left of the large feature (left). After the large
feature was removed a large hole was revealed (right).
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Figure 4. Ag foil (left low mag, right high mag) showing clump of material similar to that found on the PdAg 2% foil. When the material on the
surface was removed a hole similar to the one found on the PdAg 2% foil was revealed.

cannot be ruled out that the holes were not initially present. However, each foil was initially visually inspected under
×10 magniﬁcation and the holes were not noticed.
Shown in Fig. 5 is a picture is of a pure Ni plate that had a stripe of round Ni particles deposited on the surface
facing the transducer. These were not present prior to the cavitation run as determined by visual inspection. None of

Figure 5.

Ni foil 7 mm wide showing stripe of Ni particles (left), close up of Ni balls in stripe (right).
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Results of ICPMS (elements not listed in the table were below detection limits).

Run

Ni,
D2 O 7.6 h

Al mg/l
Sb
Cr
Cu
Pb
Ni
Ag
Na
Zn

0.0071
0.012
0.0016
0.0042
0.0048
0.0036
3.3
0.0092

PdCu,
D2 O
3.5 h
0.0057
0.012

PdRhCoB,
D2 O
9.3 h
0.024
0.023

0.0076
0.002

0.0037

PdB,
D2 O
10.5 h
0.0068
0.014
0.0014
0.0066
0.0031

PdAg,
D2 O
11.75 h
0.010

Cambridge isotopes D2 O unused material
0.0048
0.012

0.011

0.0014
0.0014

0.003
1.12
0.015

4.05
0.018

0.0086
3.8
0.0088

0.0083
4.27
0.025

2.4

Detection
limit
mg/l
0.002
0.0012
0.0012
0.0012
0.0012
0.0012
00012
0.25
0.005

the foils showed any radiation over background when placed on the pancake Geiger detector (RM-80). However, this
measurement was not done until several hours after the runs.
Given the apparent fact that certain elements not initially present in the foil were ejected from the foil, we ran
several foils for an extended time (∼10 h) (but at lower power levels of 20 W) to attempt to build up particulates in the
D2 O. Light scattering (405 nm) revealed that in PdB, PdCu, PdAg 2% and Ni foils nano-particulates were present. In
addition, some of the particulates strongly ﬂuoresced in the infrared. ICPMS was performed on 10–20 g of the D2 O
from these runs as well as a blank D2 O sample. Because the samples were relatively small, the ICPMS analysis was
not as sensitive as desired, in particular Na, K, Mg, Ca, Fe were only able to be detected at the 250 µg/l level, the other
20 elements (Al, Sb, As, Ba, Be, Cd, Cr, Co, Cu, Pb, Mn, Mo, Ni, Se, Ag, Tl, Th, Ti, V, and Zn) were detectable at the
5–1 µg/l level. The results of heavy water analysis are shown in Table 1.
The pure CI D2 O is seen to have Al, Sb, and Na at values well over the detection limit, the other elements in the
D2 O, Cu and Ni are at the detection limit for the instrument. Zn is found in all the post processing samples, but ZnO
is a ubiquitous material often found in ceiling tiles. Interestingly only a modest amount (2.5× background) of Ni was
found in the Ni sample. One might expect to ﬁnd Pd in the analysis, but this was not detected, due to the fact that its
detection required a more complicated digestion. Co was also not detected in the PdRhCoB sample. This along with
the paucity of Ni in the Ni sample leads one to believe that the cavitation erosion of the parent metal was not a vigorous
as one might have expected.
The highest sodium level is obtained from the sample that was run the longest and Cu is also present at the highest
concentration in the sample that was longest run. Interestingly, the face of the transducer in these runs was stainless
steel (Fe 66.4%, Cr 16.6%, Ni 13.7%, Mo 1.5%, Mn 1.28%, and Cu 0.41%). Thus, one would expect to see elevated
amounts of Fe, Cr, and Ni in each sample. The data is suggestive that some of the material seen in the eruptions (in
Figs. 3 and 4) has been detected as nano-particulates in the liquid especially after longer runs. Given the fact that
others have found similar elements in their systems, more work should be done to conﬁrm these results [12].
Not all of the material generated in these cavitation runs ends up in the liquid. Some is deposited on the transducer
and foil. Very small amounts of material can be detected in the SEM and analyzed by the EDX if it occurs as particles
on the foil surface. For instance, the PdB sample had Cu, Pt, and Pd particulates present on the foil, the PdRhCoB had
a cluster of Fe, Mn, and Co particulates. Similarly, a Pure Pd sample showed a cluster of Si, Ni, Cu, Zr, S, Al, Mn, and
Fe as well as Pd particulates. Because of the micro-nature of the particulates (usually <5 µm) and the fact that they are
sparse, they would not be detectable by ICPMS even if dissolved in the liquid. Even the large objects on the surfaces
in Figs. 3 and 4 would not have been detected in the ICPMS analysis, even if the material was completely dissolved
because of the number of elements present.
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8. Calorimetry
The Coolescence calorimeter was slightly modiﬁed to make it more efﬁcient. Aluminum foil (250 µm thick) was added
to all the walls of the calorimeter, except the upper surface where the Peltier elements were located. The aluminum
plate that held the Peltier elements was painted black on the interior to more effectively absorb the heat. A ﬁxture in
the calorimeter held the cavitation cell in the same location for each run and because the transducer gets hot, during
a run, a fan was placed in the ﬁxture that blew directly on the transducer. Since the transducers could not be run for
more than 2 min at a time without severe heating, pulsed calorimetry was used for the tests. In the pulsed mode, RF
was applied for 1 or 2 min, the calorimeter responded promptly and then the response decayed over a period of 2–3 h.
To compare each metal against the others in D2 O and with the no-sample runs in H2 O and D2 O, the peak response
and total integrated heat was measured during a 3 h period and subtracted from the baseline. Repeated measurements
using a resistor as a calibration show that the repeatability was ±1.7% for the 1 min runs and ±0.5% for the 2 min
runs. The largest non-random error in the calorimeter output is due to the temperature control in the lab room (and thus
the outer calorimeter chamber) that can vary depending on the state of the AC or heating system. The peak value of
the heat output was less sensitive to the ambient changes since that measurement could be completed in 10 min rather
than 3 h. About 100 calorimeter runs were made to assess apparent heat from various foils and background runs.
Figure 6 summarizes the peak heat data obtained for various foils and no foil. The conditions for the calorimeter
runs were that the sample and inner chamber of the calorimeter was 20◦ C and the power applied (21–24 W) to the
transducer was on for 60 s and normalized to 22 W. Twenty grams of low tritium D2 O was used for all runs. Several
runs on the same sample were performed and the results in Fig. 6 are the average of those runs. The difference between
the heat from the highest sample and the no sample run was 13.8% with a maximum error of 3.4%, thus the data has a
signiﬁcance of about 4σ.
Interesting, among the top four alloys are PdB and PdRhCoB alloys that are implicated in electrochemical excess
heat experiments [13] and tritium production experiments [14]. Excess heat from Cu and Nb foils is unexpected
since there is no prior indication that these materials would be active in excess heat experiments. But given the large
uncertainty in the experiment, these data should be revisited. Improvements to the calorimeter are being made and
further work will utilize 2 min runs and more stable temperature regulation of the outside box.

Figure 6.

Ranking of foils.
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The excess power measured here is a small fraction of the total power supplied to the system. For instance, for
22 W delivered to the transducer, 32 W has to be input to the resonator board. The maximum excess power is about
2.8 W for the data in Fig. 6. However, this is consistent with the excess power often reported by Stringham for
operation at this frequency.
9. Tritium Results
Active material often results in the appearance of tritium in the D2 O. In many instances the tritium will increase
initially, then either level off or decrease slightly. Here we adopted multiple foil experiments to determine if any
one of many foils produced excess tritium. In other words, the same low tritium D2 O was used for each successive
foil. The resulting low tritium D2 O was ﬁltered (0.1 µm ﬁlter) or distilled prior to scintillation counting. Neither
process removed all the nano-particulates. After running multiple samples for 76 min (1 min on and 5–10 min off to
cool down), the excess tritium generation rate conﬁdence was 2σ (79.5 pCi/h ± 42) over the background. This rate
is signiﬁcantly higher than most of the rates obtained from gas discharge systems [14]. However, the uncertainty is
larger than in those experiments. PdRhCoB and PdCu were run independently (for >3 h) and gave low rates of tritium
generation (5.5 pCi/h and 10 pCi/h) that also did not exceed the 2σ conﬁdence level. The fact that longer runs yielded
more tritium is encouraging, however, the longer the run, the lower the rate.
10. Conclusion
The data presented here indicates that cavitation on metals in D2 O and perhaps H2 O can produce anomalous results
that are deﬁned as the “Stringham effect” after Roger Stringham, who originally investigated these phenomena. This
includes the evidence for the appearance of elements not originally present or elements in unusual forms in the system
after cavitation. While these supposed transmutation effects occur also in electrochemical cells, the electrochemical
cells contain a soup of chemicals that often are claimed to be the source of the impurities. In the present study, the
materials are clean foils and pure D2 O or H2 O with no additives other than perhaps an Argon cover gas.
Tritium in small but consistent amounts has been found in the liquid after D2 O runs. No mixed D2 O/H2 O runs have
been done, in this study, but they would be the next step since a D2 O/H2 O ratio of 20% seemed to be more effective
than pure D2 O in producing tritium in catalytic systems based on our prior unpublished work.
The lack of X-rays or gammas is the most obvious problem when trying to explain that this process is nuclear.
However, if the energy is less than 10 keV then it is doubtful that the X-rays would escape from the cells. Some
foils did pick up radon prodigy (as determined by the SSD detector) after removal from the cell, but those can be
easily discriminated from longer term emissions from the foils. Nevertheless, the preponderance of data presented
here deﬁnitely supports Stringham’s claims of anomalous behavior in these systems.
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