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Abstract

It has been shown in previous works that given suitable charge and current distributions, the electromagnetic (EM) 1eld
can modify the inertial properties of the generating device if Minkowski’s energy–momentum tensor holds for the description
of 1eld–matter interactions. The possibility then arises of obtaining mechanical impulses on the device, not undergoing any
exchange of mass–energy with the surrounding medium, by EM inertia manipulation (EMIM). The aim of this paper is to
present the accumulated experimental evidence about that means of achieving thrust. Three test series performed during the
periods 1993–1997 and 1999–2000 on di4erent experimental setups, are reviewed from the viewpoint of an identi1cation of
systematic spurious e4ects. A fourth series of tests recently conducted yields results that can hardly be explained without the
EMIM mechanism. However, they are in contradiction with null results predicted by the currently admitted formulation of
global EM forces. Further progress along this line of research will likely require improved test and measurement procedures,
to get rid of residual spurious e4ects. Enhanced reliability of the reported results is also expected to arise from independent
con1rmation by other researchers.
c© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Either to go to the stars or, more pragmatically,
to substantially cut down space transportation costs,
new propulsion mechanisms must be found which get
rid of propellants and/or conventional external assis-
tance, i.e., the mythical “space drive” must still be in-
vented [1]. This formally translates into the problem
of achieving “jet-less” propulsion of spaceships that
can then be seen as closed systems, i.e., without ex-
ternal assistance or mass/energy exchanges with the
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surrounding medium. As already shown, a formal so-
lution to the problem does exist, provided the sys-
tem is endowed with tensor mass properties [2]. The
mass tensor formulation shows that the propulsion
e4ect is to be related to the deviatoric part of the
tensor, which exhibits the particularity of producing a
non-vanishing linear momentum in the spaceship co-
moving Lorentzian frame. This has been found to be
the case if static electromagnetic (EM) 1eld momen-
tum can develop in the rest frame of a physical ar-
rangement of electric and magnetic sources including
polarizable media.
Di4erent theoretical answers are possible; they

basically depend upon Abraham’s and Minkowski’s
forms of the EM momentum density, as the
three-dimensional expression of the so-called
“Abraham–Minkowski controversy” about the correct
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Nomenclature

B magnetic induction 1eld
c0 velocity of light in vacuum
c velocity of light in arbitrary media
d capacitor width
D electric displacement vector
E magnitude of the electric 1eld vector
E electric 1eld vector
f electromagnetic force density
F electromagnetic instantaneous thrust
f external 4-force
F thrust in 4-space
g three-dimensional momentum density
G global three-dimensional momentum
H magnitude of the magnetic 1eld vector
H magnetic 1eld vector
I total current
I identity 4-tensor
j density of current
m∗

F mass of the 1eld in the spaceship’s rest
frame

m0 proper (rest frame) mass of the spaceship
M 4-space mass tensor
n number of turns
pF “propulsion 1eld” 4-momentum
s energy Gow

t time
v 4-velocity of the “solidi1cation point”
V 3-dimensional region, volume, voltage
w energy density
x location vector in 3-dimensional space
� dielectric constant

 magnetic permeability
� density of charge
� proper (rest frame) time
� current–voltage phase shift
! angular frequency

Subscripts

0 at rest, in vacuum
i induced 1eld
r relative

Superscripts

A Abraham’s
f 1eld
m matter, mechanical
M Minkowski’s
S standard

energy–momentum tensor of EM 1elds in polarizable
media [3]. The controversy, lasting since 1909, strik-
ingly remains as a yet unsolved issue of physics [4,5].
Supporters on the theoretical aspect split about equally
between the two forms, according to literature reviews,
while existing experimental evidence does not allow
de1nite conclusions to be drawn.
In previous works, Minkowski’s formalism was

shown to allow for non-zero static EM 1eld momen-
tum, i.e., given suitable charge and current distribu-
tions, the inertial properties of the generating device
can be modi1ed by electromagnetic means, giving rise
to the possibility of obtaining mechanical impulses
on the device, not undergoing any exchange of mass–
energy with the surrounding medium. A propulsion
concept based upon this kind of inertia manipulation
mechanism was subsequently drawn and the experi-
mental setup built to test that concept was discussed,

as well as the results obtained and the applied signal
processing techniques [6,7]. Throughout this paper the
theoretical bases as well as the experimental work are
reviewed, together with new results gathered during a
fourth test series carried out with a setup con1guration
assuring “closed system” operation.

2. Thrust by EM inertia manipulation

2.1. The single-particle system approach

Studies about inertia as something that could be
manipulated for propulsion purposes are not new, and
a tentative explanation has already been undertaken
on the basis of the relativistic mechanics of extended
bodies under electrostatic pressures [8]. However, the
Covariant Propulsion Principle (CPP), as proposed in
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Ref. [2], allows for a general formulation of the prob-
lem, provided a “propulsion 1eld” of 4-momentum
pF can be ascribed to the whole system, analog to the
ejecta subsystem appearing in rocket propulsion. The
system can then be viewed as a single particle located
at the “matter” system c.m. (or any “structural” point)
so that a mass tensor is readily found as related to the
whole system which reads in geometric notation

M = (m0 + m∗
F)I + (pF ∧ v)=c20: (1)

For a closed system (f = 0),

d(M · v) = 0 ⇒ M · d v = −dM · v: (2)

The 4-acceleration of the chosen “solidi1cation point”
now becomes

m0 d v = −(d pF ∧ v) · v=c20: (3)

Eq. (3) shows that to have zero “matter” 4-acceleration
for any 4-velocity, (dpF ∧ v) must vanish, i.e., the de-
viatoric part of the mass tensor variation must vanish.
It is also shown that this comes out as a suKcient con-
dition for vanishing acceleration. Thus, the 4-thrust on
the single particle, in any arbitrary frame, is given by

F= −dpF
d�

: (4)

Eq. (4) expresses, as expected, the law of conservation
of the total system energy–momentum, consistently
with Eq. (2). The change of the mechanical (matter)
momentum exactly balances the change of the propul-
sion 1eld momentum; momentum is then being ex-
changed within the whole closed system. The device
works as a propulsion 1eld momentum “accumulator”
whereas the mechanical momentum that can be drawn
from it is, by present physics paradigms, limited to the
propulsion 1eld momentum amount.

2.2. Electromagnetic 3eld momentum

Since thrust must be related to the time change
of a propulsion 1eld momentum, the question arises
about the general existence conditions of momentum
of electromagnetic origin in the “matter” comoving
frame. A fully covariant formulation of the problem
requires to consider the energy–momentum tensors
for a closed physical system consisting of “matter”
and EM 1elds. By applying the Law of 4-Momentum
Conservation to the particles and 1elds contained in
any four-dimensional region of space–time bounded

by a closed, three-dimensional surface, the system
4-momentum is found, for closed systems, to be con-
served in time. Now, if the observer’s frame coincides
with the frame where the “matter” is at rest when no
EM 1eld is present, the condition for anisotropic mass
tensor when the EM 1eld is ON, means that in no case
the system 4-momentum aligns with the observer’s
4-velocity [6]. These are global consequences of mass
tensor anisotropy.
When consideration is given to the locality of the

energy–momentum conservation law, the following
relationship can be found for the volume integral G
of the momentum densities, when the 1elds die out
rapidly at in1nity [9]∫
V
(g(m) + g(f )) dV

= −
∫
V
x div (g(m) + g(f )) dV: (5)

By introducing the relationship between the energy
Gow and the momentum density, and assuming that
Planck’s principle of inertia of the energy does not
necessarily hold for the EM energy Gux, Eq. (5)
becomes∫
V
(g(m) + g(f )) dV

= −
∫
V
x div

(
s(m)

c20
+
s(f )

c2

)
dV; (6)

or,∫
V
(g(m)+g(f )) dV =

∫
V

x
c20

[
@w
@ t

−grad
(c0
c

)2
· s(f )

+
(
c20
c2

−1
)
div s(f )

]
dV: (7)

2.3. Transient regimes

It can be seen that to obtain non-zero total
momentum for speci1c matter–1eld con1gurations, a
non-vanishing energy density variation rate is a suf-
1cient condition. It is a suKcient condition for any
matter–1eld con1guration, provided Planck’s prin-
ciple of inertia holds within polarizable matter too.
Mass tensor anisotropy, as related to a special frame,
can thus arise when net mass–energy Guxes take
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Fig. 1. Stationary regime in the ‘matter’ rest frame with polarizable
media.

place within closed systems where Planck’s principle
of inertia holds everywhere, or, in other words, when
the system is under anisotropic non-equilibrium con-
ditions.

2.4. Stationary regimes

For stationary regimes and any matter–1eld con1g-
uration Eq. (7) becomes∫
V
g(f ) dV =−

∫
V
x

[
grad

(
1
c2

)
· s(f )

+
(

1
c2

)
div s(f )

]
dV: (8)

The quantity between brackets being div g(f ), a
non-zero LHS is possible provided g(f ) is not
divergence-free everywhere. This can be achieved
for arbitrary matter–1eld con1gurations if gradients
of EM wave propagation group velocity occur in the
integration region, i.e., as assumed for the deriva-
tion of Eq. (7), Planck’s principle of inertia does
not hold within polarizable media, in which case the
energy–momentum tensor becomes unsymmetrical.
This is the case for the setup shown as a cutaway in
Fig. 1; it consists of a permanently charged cylin-
drical capacitor with high � dielectric, housed into a
superconductor made cylindrical box with a central
column. A previously set current, Gows meridianly
on the cylindrical walls of the box, radially on the
circular ones and back through the column to close

the three-dimensional circuit. It can be seen that
div s(f ) = 0 everywhere (no electrical power sources)
and a non-vanishing total EM momentum can only
arise from the RHS 1rst term of Eq. (8). The contri-
butions for the volume integral come from the free
surfaces of the dielectric, through which jumps of the
velocity of light take place in the direction of the EM
energy Gux.
For this particular setup, transient regimes do not

allow to produce an EMmomentum contribution since
the energy density variation rates distribute symmet-
rically throughout the setup regions.

2.5. The Abraham–Minkowski connection

The existence conditions for stationary regimes
are consistent with the use of Minkowski’s energy–
momentum tensor for the EM 1eld [3]. By
de1nition, the Relativistic Mechanics Laws of Conser-
vation are satis1ed; the same is true, nevertheless, for
the Abraham’s energy–momentum tensor, together
with other forms of the electromagnetic energy–
momentum tensor. This is precisely the still-standing
[4,5] Abraham–Minkowski controversy about the
form of that energy–momentum tensor, specially for
low-frequency or quasi-stationary 1elds [3,10–12]. It
reduces, basically, to the discrepancy about the math-
ematical expression of the EM momentum density:

Abraham′s claim : gA =
(E ×H)

c20
; (9)

Minkowski′s claim : gM = (D × B): (10)

Abraham’s expression is fully consistent with Planck’s
principle of inertia, since E × H represents the EM
energy Gow, whereas Minkowski’s is not. The issue
is thus highly relevant to “propellantless” propul-
sion, since the resultant total EM 4-momentum acts
exactly as the generic propulsion 1eld pF in Eq. (5),
so EM inertia manipulation becomes a theoretical
possibility. Experiments to de1nitely settle the ques-
tion are still needed since some partly achieved at-
tempts [13–16] have led to inconclusive results. A
positive answer in favor of Minkowski’s EM tensor
would allow “jet-less” propulsive e4ects by EM 1elds
manipulation.
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3. Alternating thrust experiments

A propulsion concept based upon the EM inertia
manipulation mechanism has subsequently been pro-
duced. It basically consists of suitably grouping the
sources of electric and magnetic 1elds within a rigidly
connecting device, as depicted in Fig. 1. By doing so,
a stationary Minkowski’s EM 1eld momentum can
develop owing to the dielectric 1lled region; by con-
trolling the intensities of these 1elds, the inertia prop-
erties of the system as a whole, when represented by
its “matter” part—the device—, are allowed to change
so that a conversion of the EM 1eld momentum into
mechanical momentum of the device is expected to
happen, and reciprocally, again if Minkowski is right.
Nevertheless, it must be realised that this device works
as an EM momentum “accumulator”. The mechanical
momentum that can be drawn from is, in accordance
with present physics paradigms, limited to the “accu-
mulated” EM momentum amount.

3.1. Experimental setup rationale

An electromagnetic momentum generator (EMMG),
based on the schematics of Fig. 2, the two-dimensional
and conventional conductors version of Fig. 1, was
engineered up to the “proof of concept” level and an
experiment was designed aimed to verify that: (a)
The Minkowski’s EM energy–momentum tensor does
describe properly the electromagnetic 1eld–matter
interactions in polarizable media. (b) Global EM mo-
mentum in the matter rest frame of a closed system is
being generated, or, equivalently for such a system, a
non-scalar 4-mass tensor behavior is being obtained.
(c) The experimental thruster is applying mechani-
cal forces on the test stand without expenditure of
mass, besides that equivalent to the radiant energy

Fig. 2. EM momentum generator schematics.

Fig. 3. Micromotion sensing concept.

dissipated from the system (e.g., Joule heating), which
cannot account for the observed e4ects.
An experimental setup was accordingly imple-

mented which consists of mounting the device as a
seismic mass atop a mechanical suspension, as shown
in Fig. 3. A supply of 6 A AC (square wave) to three
900 turns parallel mounted toroidal coils and 4 kV
DC to three parallel mounted 10 nF, 8 mm wide
annular capacitors, with BaTiO3 ceramic dielectrics
(�r ≈ 5700), allows for a total EM momentum am-
plitude (square wave) around 10−8 Ns, as calculated
by means of Eq. (10). The alleged conversion of
Minkowski’s EM momentum into mechanical mo-
mentum of the EMMG generates in turn forces acting
upon this device. By means of a square wave ac-
tivation of the device at a frequency close to the
fundamental frequency of the seismic suspension,
the supporting blade of the test 1xture can be made
to resonate so an ampli1ed upper end displacement
response is obtained.
Displacements in the range 10−8–10−7 m were

to be expected for 5 Hz resonant conditions. Piezo-
ceramic strain transducers (PZTs) were devised to
detect this range of displacements, taking into account
technological as well as 1nancial constraints. The out-
put voltages of the PZTs is proportional to the strain
level in a broad dynamic range, achieving sensitivities
(seismic and acoustic threshold in controlled environ-
ments) up to 10−11 m=m [17]. This is two orders of
magnitude lower than the expected levels, as related
to the sensing 1xture shown in Fig. 3. However, the
full signal includes ground- and environment-induced
noise as observed in preliminary testing. This
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microseismic excitation can account for displace-
ments comparable to those expected to be caused by
the investigated e4ect, with a narrow band frequency
response centered in the 1rst natural frequency of the
sensing 1xture.
Another source of unwanted noise is the residual

interaction between the coils and the Earth magnetic
1eld, which can account for equally comparable to-
tal displacements, albeit with a deterministic distribu-
tion in the frequency domain. A third source of noise
relates to the magnetic interaction between the mov-
ing and the 1xed parts of the AC and DC circuits
(self-magnetic interaction), those belonging to the de-
vice atop the resonant blade and to the external power
supply, respectively. It was also found to contribute
to the displacements on practically the same level as
the two above mentioned sources, but at twice the coil
activation frequency.
Other sources of noise have been considered, too,

like air motion, electrostatic couplings, sound, ra-
diometric e4ects, spherics, etc. which can have a
degrading e4ect on the measurements quality, al-
though to a lesser extent than the forementioned
sources. The overall estimated e4ect amounts to
−60 dB¡S=N¡ − 40 dB at the transducer output
and the need for further processing arises. To this
aim, the analog transducer output signal is digitized
through a 12-Bit data acquisition board, making it
available to PC-based storage devices.

3.2. Test implementation and philosophy

Two series of tests were conducted during the
period 1993–1997. Only one measurement channel
was available during the 1rst series of tests, with no
vibration isolation provisions. The second test series
included, besides the main transducer measurement
channel, a dummy seismic 1xture with its transducer
and measurement channel, a voltage supply measure-
ment channel, and a vibration-free table. In both series
data were acquired in sequences of 5000 samples at a
rate of 500 samples=s. Power Spectral Density (PSD)
using Welch’s averaged periodogram method was
estimated over a 2048 length frequency interval. The
test philosophy was based upon comparison of results
in the frequency domain, due to di4erent excitation
schemes. These were: (A) Ground-induced noise.
(B) Coils ON, capacitors OFF + (A). (C) Coils ON,

capacitors ON + (A). (D) Coils OFF, capacitors
ON + (A).
Following modeling and simulation activities, ge-

omagnetic and self-magnetic interaction noises were
expected to appear in (B) and (C) as compared to (A),
while the inGuence of the capacitors should appear in
(C) as compared to (B) if thrust by inertia manip-
ulation is acting upon the device; no di4erence was
expected to arise between (D) and (A), since static
electric 1elds alone cannot account for the vibratory
behavior of the sensing 1xture.

3.3. Results assessments

Results corresponding to both series were reported
in Refs. [6,7], where, as expected, di4erences have
been observed between the (A) and (B) spectra,
mainly caused by geomagnetic noise. Di4erences
have also been observed between the (A) and (C)
spectra, but slight di4erences between the (B) and
(C) spectra, while intriguing, cannot be fully as-
cribed to the alleged EMIM e4ect, since they tend
to fade out following statistical averaging of the
spectra. Again, as expected, no substantial di4er-
ences have been observed between the (A) and (D)
spectra.
Since a signi1cant amount of ground-induced noise

was also observed during the second test series, in
spite of the improved setup as mentioned before, it
was also decided to proceed to intensive signal pro-
cessing so as to achieve a higher con1dence in the
electro-magnetic inertia manipulation (EMIM) e4ect
detection. Data gathered during the second series of
tests, were 1rstly processed to carry on a system iden-
ti1cation on the basis of the ground motion excitation
only. An auto regressive moving average (ARMA)
model structure was then identi1ed; later, inverse 1l-
tering was performed for every output sequence in
order to obtain the equivalent ground motion; then,
1ltering by the vibration isolation 1xture led to the
reconstruction of the sensing device base motion; 1-
nally, optimal 1ltering (Wiener 1lter) was performed
on the resultant output, using the EMMG-induced ex-
citation as the “desired” signal.
Raw data show, after processing, a more accurate

spectral structure as related to the sought excitation
spectrum which consists of equal amplitude odd har-
monics of the square wave fundamental frequency,
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Fig. 4. Second test series PSD—case (A).

Fig. 5. Second test series PSD—case (B).

as shown in Fig. 4. Spectrum (A) contains low-level
residuals induced by the Wiener 1lter—a sort of nu-
merical artifact—as well as spectrum (D) (Fig. 7).
Spectrum (B) (Fig. 5) does not match the “message”
spectrum, it better 1ts that of the geomagnetic noise
square wave excitation.
Spectrum (C) (Fig. 6) shows a structure which sug-

gests an alternating impulsive excitation, as would be
the case when a square wave EM 1eld–matter mo-
mentum exchange is present.
The 1gures are representative of around 16 se-

quences per case. Statistical analysis over the whole
data set has already been carried out and individual
di4erences have been found to average out within the
standard deviation of either spectra (B) or (C). The
use of adaptive noise cancellation procedures was
foreseen too, either on the raw output data or on the
inverse 1ltered output data [18–20]. Preliminary work
has been carried out on this subject but no de1nite

Fig. 6. Second test series PSD—case (C).

Fig. 7. Second test series PSD—case (D).

results are available as to date, the involved numerical
techniques requiring further re1nement.

4. Sustained thrust experiments

Notwithstanding the improvements implemented
on the second test series, uncertainties still remained
which could account for the observed “positive”
results, regarding especially to:

(a) Geomagnetic inGuence.
(b) Numerical artifact as in Figs. 4 and 7.
(c) Colored ground noise centered around the excita-

tion frequency.
(d) Air motion (ionic wind).
(e) Power supply induced EMI.

In order to get rid of these interfering e4ects, the ex-
periment was modi1ed during 1999, according to an
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alternative formulation of the Abraham–Minkowski
controversy, this time in terms of force densities.
By assuming a non-dispersive, isotropic medium, the
force densities become [3,21]

f M = �E + j × B − 1
2 E

2∇�− 1
2 H

2∇
; (11)

f A = f M +
�r
r − 1
c20

@
@t

(E ×H): (12)

These force densities clearly di4er inside matter for
generic 1elds; they are however identical for static
1elds, irrespective of the medium. If harmonic 1elds
are considered, the instantaneous values of the force
densities di4er, but their averaged values become
identical and therefore useless for discriminating
between the two formulations. This is the reason
Walker & Walker’s claim [15] favoring Abraham’s
one is essentially wrong and the experiment remains
inconclusive.
The EM inertia manipulation (EMIM) experiment

was modi1ed in such a way that both D and B 1elds
were subjected to harmonic evolution. The averaged
e4ect of the total EM force was sought, so Eq. (11)
must be used for its theoretical estimation as applied
to the schematics of Fig. 2, with AC voltage supply
to the capacitor. This estimation was carried out in
Ref. [7] by neglecting capacitor edge e4ects, by con-
sidering the coils as a conducting “box” bearing a
negligible voltage w.r.t. to the capacitor plates and
by assuming that the polarization current within the
dielectric contributes to the second term of Eq. (11).
As a result, electric self-interaction, represented by

the 1rst term of Eq. (11) and magnetic self-interaction
represented by the second term of the same equation,
simply cancel out. Since non-magnetic matter is in-
volved, contribution to the total EM force acting upon
the device comes from the third term. This contribu-
tion is non-zero through the boundaries of the dielec-
tric 1lled volume due to the induced electric 1elds
of magnitude Ei appearing on these boundaries. They
yield an unbalancing e4ect on the electric 1eld of mag-
nitude E set by the capacitor, so the integrated e4ect
does not cancel out in the E ×H direction.
Application of the formula for a parallel plate ca-

pacitor of width d, Lenz’s Law and Ampere’s Law
for an in1nite length solenoid of n turns, yields the
following expression for the EM instantaneous thrust,
as a function of the harmonic voltage V sin!t on the

capacitor and the harmonic current I sin (!t + �):

F = − �r$nIVd
c20

(
1
2
sin 2$t cos’− sin2 $t sin’

)
:

(13)

The averaged value then results

〈F〉 = �r$nIVd
2c20

sin’ (14)

with maxima at ’= ±!=2. The results obtained with
Walker & Walker’s experiment are consistent with
this formulation and can, as the authors readily did, be
interpreted in terms of the polarization current contri-
bution to the Lorentz force [15].
However, Eq. (14) must be seen as a conGicting re-

sult if total momentum must be conserved, as stated
previously. In fact, the standard treatment of the prob-
lem requires the polarization current to be excluded
from the magnetic contribution to the Lorentz force,
the self-magnetic interaction does not cancel out and
the second term of Eq. (13) must be corrected as
follows:

F(2) =− �r$nIVd
c20

×
(
1
2
sin 2$t cos’+ cos2 $t sin’

)
; (15)

so the total “standard” force is

FS = − �r$nIVd
c20

(sin 2$t cos’+ cos 2$t sin’)

(16)

and the averaged value goes to zero.
Without the polarization current (Roentgen current)

contribution, Walker & Walker’s positive results can
only be explained in terms of induced electric forces
on the free charges sitting on the capacitor plates,
in which case Kelvin forces develop in the dielec-
tric that amount to exactly the opposite of the former.
The EM force density derived from the Einstein–Laub
energy–momentum tensor includes the Kelvin contri-
bution and predicts a null instantaneous torque on the
capacitor as a whole [3,15]. Moreover, azimuthal elec-
tric 1elds are not consistent with the corresponding
boundary conditions on annular conducting plates.
Therefore, the modi1ed EMIM experiment should

allow discriminating between the “standard” and the
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presently proposed formulation of the averaged EM
force. To take advantage of the sensing device char-
acteristics, the voltage supply to the capacitor is re-
versed at a frequency much lower than the common
power supply frequency, so the seismic setup is put
into vibratory motion if the “proposed” formulation is
correct. By doing so, the interfering e4ect (a) becomes
averaged out at zero; direct detection also allows over-
coming the interfering e4ect (b) since no Wiener 1l-
tering is necessary; moreover, if the voltage reversing
frequency is di4erent from the setup natural frequen-
cies, the interfering e4ect (c) becomes less signi1cant.
Regarding ambient air motion (d), two sources of in-
terference are considered: d1) gradient (thermal, pres-
sure) forced airGow, and d2) voltage gradient induced
airGow (electric wind). Type (d1) sources are present
even in controlled room environment, although it is
highly unlikely that they could bear an oscillatory be-
havior such as aerodynamic forces act upon the device
with the right frequency. Type (d2) interferences
are known to be proportional to voltage di4erences
between conductors in partially conducting media
[22–24]. Therefore, the voltage supply being subjected
to harmonic evolution, they also average out at zero.
Uncertainties are expected to remain regarding inter-
fering e4ect (e).

4.1. Third test series

Experiments were performed according to the test
philosophy of the preceding test series. The hardware
con1guration with the device atop the resonant blade
and external power supply was also kept for this test
series. The supply or “carrier” frequency was set at
30 kHz; a 30 Hz reversing frequency was initially
applied and propulsive e4ects show up only when
the Caps ON–Coils ON condition holds. Furthermore,
maxima are obtained for a voltage–current phase shift
of 90◦, as predicted by the proposed formulation. A
comparison of case (C) results with the correspond-
ing simulation results (dotted line) is shown in Fig. 8,
where a close agreement is found for the response to
the alleged EMIM averaged force at 30 Hz reversing
frequency. A comparison between cases (A) and (C)
is shown in Fig. 9.
Phase shift dependence is shown in Fig. 10, where

experimental PSD peak values at 27 Hz are plotted
versus the voltage–current shift angle. A reversing

Fig. 8. Third test series—Case (C) experimental and simulation
results.

Fig. 9. Third test series—Cases (A) & (C).

frequency lower than 30 Hz was selected to take ad-
vantage of better setup transmissibility for all shift
angles, just before entering the noisy region of the
spectrum. PSD peak values at each angle show some
amount of spreading; this e4ect was initially thought
to be due to contributions of magnetic interactions
between the capacitor and the coil circuits during
non-synchronized voltage reversings and/or between
the capacitor circuit and the geomagnetic 1eld. How-
ever, order of magnitude estimations show those
interactions to be unable to account for the observed
deviations. Their source remains unknown, so far,
except for Guctuations of ground noise components
at the reversing frequency. Nevertheless, a slightly
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Fig. 10. Third test series average PSD peak values at 27 Hz, with
90% con1dence intervals.

shifted squared sine trend can clearly be seen to
emerge from the plotted data.

4.2. Fourth test series

The hardware con1guration was modi1ed during
spring 2000 so the device could be operated in a gen-
uine “closed system” mode. Both the EMIM thruster
and its Power Supply Unit were located and rigidly
assembled atop the resonant blade of the sensing
1xture. This would in principle allow to assess the
inGuence of external wiring on the previous test se-
ries. However, due to the added seismic mass, the
thrust stand dynamics were considerably altered and,
so far, only qualitative analysis can be done. Fully
quantitative assessments demand a thorough thrust
stand characterization, which is currently underway.
The test philosophy remained the same and data

were processed in the frequency domain, too. To
assess the inGuence of the reversing frequency, tests
have been carried out at 32 and 38 Hz. Cases (A) and
(B) runs behaved as expected, qualitatively similar to
the corresponding third test series data. Sharp spectral
peaks show up in Case (C) runs, but, unexpectedly,
spectral peaks show up in Case (D) runs, too, amount-
ing to an order of magnitude comparable to (C) type
peaks. This e4ect is likely to be due to the vibratory
motion, at the reversing frequency, of a transformer
casing in the secondary circuit of the capacitor’s
supply line. Absolute phase shift dependence at
32 Hz is shown in Fig. 11, while relative values taking
into account the average peak values under Caps

Fig. 11. Fourth tests series average PSD peak values at 32 Hz,
with 90% con1dence intervals.

Fig. 12. Fourth tests series average PSD peak values at 32 Hz,
with 90% con1dence intervals (w.r.t. Caps ON–Coils OFF average
PSD peak values).

ON–Coils OFF conditions are shown in Fig. 12. The
corresponding average “ground level” (Caps OFF–
Coils OFF, dashed line) is also shown in the same
1gure, together with the 90% con1dence intervals.
In spite of the forementioned voltage supply phe-

nomenon, the residual levels allow a slightly shifted
squared sine function 1tting (the continuous curve
is a smoothed 1tting of true squared sine-dependent
values at the experimental phase shift angles). A
similar trend is observed for the 38 Hz reversing fre-
quency but lesser shift angle values were available to
date. PSD peak values are considerably higher than
those obtained for 32 Hz, the same being true for the
“ground level” at that frequency. It is speculated that
these higher response levels may be related to the
proximity of a natural frequency of the mechanical
1xture.
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5. Conclusions

The possibility of achieving thrust without reac-
tion mass or beamed power, by means of EM inertia
manipulation, has been reviewed. The importance of
the electromagnetic momentum density expression
has been emphasized as being the crucial issue of the
continuing Abraham–Minkowski controversy. Exper-
imental elucidation of the controversy was sought
after and instrumented around a so-called EMIM
force-producing device. It was also pointed out that
within present physics paradigms, only limited action
time propulsive forces can eventually be obtained.
Tests performed during the period 1993–1997,

with slightly di4erent instrumentation, produced re-
sults, which, after processing through spectral anal-
ysis, system modeling & identi1cation and optimal
1ltering techniques, when applicable, consistently
pointed to a mechanical vibration allegedly in-
duced by mass/inertia manipulation of the device, or
matter–electromagnetic 1eld momentum exchange,
as predicted by Minkowski’s formalism. Along with
the processing and analysis activities, other sources
of vibration were taken into account, or removed
when possible, according to a systematic error and
disturbance (spurious e4ects) 1ghting procedure.
However, no direct detection of the sought e4ect has
been obtained up to now; the overall detectability of
the experimental setup needs further improvements,
jeopardized by several potentially interfering e4ects.
Third and fourth test series conducted since 1999

on a redesigned experiment, aiming to get rid of most
of the identi1ed spurious e4ects, yield comparatively
sharper and clearer evidence of force-producing e4ects
as predicted by the alternative formulation of global
EM forces, albeit in contradiction with null results pre-
dicted by the “standard” formulation. Although pos-
itive results seem to indicate that the system momen-
tum is not conserved, which casts severe doubts about
their validity, a conclusive demonstration that this is
absolutely forbidden by the laws of physics has not yet
been given and future breakthroughs in understanding
the nature of inertia and motion may lead to more
optimistics prospects. Furthermore, the alternative
formulation correctly predicts peer-reviewed results.
Meanwhile, work still remains to be done to val-

idate these results, especially from the viewpoint
of the e4ects of power supply induced EMI on the

measurement channels, sharing the same spectral sig-
nature with the pursued e4ect. They are expected to be
overcome by means of Laser Doppler Vibrometry
techniques. Self-magnetic interactions in wiring and
windings of power-supply components was also iden-
ti1ed as an important source of mechanical noise. Al-
though e4orts have already been made to 1lter out its
inGuence from the experimental data, safer results will
be obtained by a substantial increase of power. This
will allow the use of a reversing voltage frequency
close to the fundamental frequency of the sensing 1x-
ture, for the alleged observable e4ect to show up well
over the ground induced noise. De1nite answers will
indeed be provided by in-orbit testing, simultaneously
getting rid of all mentioned interferences.
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