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Abstract

An exploding wire system has been experimentally studied by the observation of its plasma dynamics and the electrical
energy delivered by the supporting circuit to the metallic wire, Plasina radial expansion has been obtained from visible
light streak images, meanwhile electrical energy transfer dynamics was derived from the analysis of voltage and
cument traces of the exploding wire circuit, In these measurements, a significant portion of the clectrical energy has
been {ransferred to the exploding wire circuit during the plasma expansion, and lower limits for the resistivity during
the plasma expansion confirm the existence of 2 central liguid or solid metaltic core in addition (o the expanding plasma,
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1. INTRODUCTION

Exploding wire systems have a long history in modern sci-
ence, starting from the observation of a metallic wire
length shortening after intense electrical currents through
the wire at the end of the nineteenth century (Nairne, 1780}
until more actual works, such as the use of exploding wires
as explosive initiators (Liverts ef al,, 2015). Some of the
most unusual applications of an exploding wire system are
controlled generation of large volumes of lincar plasma
{Smith ef al., 2007), or the use of a wire as coil for a high
voltage transformer (Sinton ef al,, 2009). One of the most
promising technological applications of the exploding wire
system is the generation of metallic nanopowders (Kotov,
2003), were some works dealing with Aluminum (Al) nano-
powders show a dependence on the particle size with the de-
posited energy (Sindhu ef al., 2008).

On the other hand, with small groups of wires it is possible
to reach very high pressures when the wires are properly ar-
ranged and surrounded by a dense medium such as water
(Efimov et al,, 2008; Krasik ef al., 2006, 2008), and these
pressures had been experimentally proven enhanced by the
presence of a metallic pressure reflector close to the wire ar-
rangement (Gilburd et al., 2012), Exploding wires are the
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capital in the Sandia Z facitity, because of the arrangement
of hundreds of tungsten (W) wires in a circular shape to
create a cylindrically imploding plasma which leads to one
of the most intense artificial X-ray generators known today
(Sinars e/ af., 2006). Such complicated systems are challeng-
ing to simulate and understand properly, the coupling
between the electrical circuit delivering the energy and
the plasma formation and evolution in the wire systems as
one of the difficult problems (Jennings ef @l., 2010). Chal-
lenge is worth due to the insight in very special states of
matter obtained in facilities with access to these devices, as
the first experimental probing of the dense liquid deuterium
insular-to-metal transition in the Sandia laboratory demon-
strates {Knudson ef al,, 2015). With different scales on the
range of possible energies delivered to the wire, exploding
wires systems has been used to probe metallic properties
near the boiling point (Chandler ef @f., 2002}, explore the
equation of siate, and conductivity of non-ideal plasmas
(Sheftman & Krasik, 2010; Stephens & Neuber, 2012), and
the generation of metallic elements X-ray spectra (Burkhalter
et al., 1977,

Exploding wire process, therefore, has been extensively re-
searched in many areas, from which a picture of the temporal
process of plasma conversion from a cold, solid core has
emerged within the years, From this description, the electrical
energy transferred to the wire appears as an important param-
eter, as plasma properiies show a strong dependence from
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this magnitude (Vijayan & Rohatgi, 1985; Sarkisov ef al.,
2005), while the surrounding medium influences the final
energy deposition to the wire. Increase in medium density
is followed by an increase in the deposited electrical
energy on the wire thanks to the neutralization of voltage
breakdown of the metallic vapor in denser media
(Ter-Oganesyan et al., 2005).

Exploding wire temporal evolution starts with the initial
Joule heating of the solid wire, followed by the generation
of metallic vapor from the wire surface that became plasma
due to the electrical field between the wire poles. Then the,
current is transferred to the plasma (Duselis & Kusse,
2003}, and the remaining solid core is transformed by the
plasma wave traveling inwards, meanwhile eleclrical
energy transfer is halted due to the low resistance of the
plasma sheath surrounding the wire core.

This work is devoted to the experimental observation of
electrical energy transference from the eircnit to the wire
solid or liguid core after plasma formation for copper (Cu),
tungsten, and molybdenum (Mo) wires, It is distributed as
follows: after this section, Section 2 deals with the experimen-
tal setup and data analysis, meanwhile in Section 3, results are
presented, and in the last section some conclusions are
presented.

2. EXPERIMENTAL SETUP

ALEX experimental construction is a typical exploding wire
setup. The wire is surrounded by atmospheric air and has a
fixed length of 3 cm. Two capacitors of ~1.1 pF each are
connected in parallel with a high voltage source, which in
these experiments delivered a maximum of 25 kV. Spark
gap trigger separates this circuit section from the exploding
wire supports, which finishes with the earth pole connection.

In order to diagnose both the electrical circuit and plasma
formation, some probes had been attached to the main circuit,
see Figure 1. A resistive divider as voltage probe and a Ro-
gowski coil for current measurements were placed in direct
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Fig, 1. ALEX electrical and probes scheme,
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contact with the wire holders, in order to observe the voltage
and current values in the wire, The two sensors had been in-
tentionally ptaced close to the wire hoiders, in order to pre-
vent the interference of other parts of the circuit with the
signals and to overcome the difficulties in the data interpre-
tation, such as the significant current loses observed in
(Jennings et al., 2010). Both probes had been made and cal-
ibrated in the laboratory, with the intensity derived from the
Rogowski coil signal by means of numerical integration. In
addition, to allow the synchronization with other optical
sensors, a fast photodiode signal (rise time ~1 ns) is syn-
chronized and recorded with the clectrical signals. Finally,
a streak camera focused on the wire allows the recording of
the plasma wire expansion using visible light plasma
emissions.

Digital streak camera photos are first scaled from pixel to
space—time coordinates and then the radius is obtained using
& simple Octave script that also approximates the radial ex-
pansion to the function » = /B - £, a result obtained by con-
sidering the self-similar wire plasma expansion, as it has
been proved to be a good approximation earlier (Beanett,
1969), despite problems with the validity of the self-similar
hypothesis in such system (Bennett, 1961).

From this radial approximation and within the self-simitar
hypothesis for pressure, density, and velocity of the plasma
expansion, the kinetic energy of the plasma expansion can
be estimated using the formuia;

E=pp l ()

where [ is the previously defined constant, p is the air density
as it is against this fluid that the expansion is made, and i,
the wire tength (Bennett, 1958).

On the other hand, more complicated calculations are to be
made with the electrical signals as the voltage registered by
the resistive divider is the addition of two terms, one the volt-
age that is dynamically consumed in the exploding wire pro-
cess and other, voltage used by the static parts of the circuit.
Therefore, if is necessary to remove this last term from the
resistive divider signal.

To do so, the total inductance of the circuit is to be fre-
quently used, as the wire inductance can be considered neg-
ligible. In the work presented here, a different method has
been employed and the resulting signal has a clear reduction
in the noise level, so it is worth to dedicate a few words to its
description.

Let us consider the voltage and current signals recorded by
the sensors, of which a typical example is presented in
Figure 2. Then it is possible to realize that the last part of
the voltage time evolution is dominated by a simple exponen-

81
tial decay, that can be calculated by /- o +r- 1, with fand r

as the constant inductance and resistance of the static circuit
part, formed mainly by the wire holders and the space be-
tween them, meanwhile 7 is the current that passes through
the metallic wire. As both the values of the current and its
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Fig, 2. Typical total voltage (points) and curmment {continuous) traces.

derivative are simultaneously measured, it is possible to
adjust the values of / and r so as to make the measured
final voltage signal coincide with the previous expression
by means of a minimal square regression, and then subtract
this voliage value from the total, in order to obtain the volt-
age circulating through the wire, as Figure 3 shows, is far
from an oscillation, due to the highly dynamic nature of
the exploding wire process. As was typical in our experi-
ments, the so called dark current pause (Bibbo et al., 1998)
is clearly observed,

With these two magnitudes it is possible to obtain interest-
ing derivate magnitudes, namely in this work, the power that
circulates through the exploding wire, and its resistance and
resistivity, Power can be easily calculated, as it is the integral
of the product of the voltage and current magnitudes. Resis-
tance and resistivity cannot be calculated directly, as some
assumptions and approximations are needed for their deduc-
tion from the measured values of voliage and current,
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Fig. 3. Wire voltage (poinis) and current {continuous) signals, Notice the
change in time scale.

Exploding wire systems possess an inductance that changes
in time, therefore the wire voltage can be written as:

V=R.I+LJ+L.1, 2)

where L and R are the wire inductance and resistivity, respec-
tively, Resistance can then be obtained as follows:

\4 I .
R=~[u~—L-}--L. (3
Consequently, taking the typical values into account for
the relevant magnitudes, negligibility of the subtraction
terms in the above equation is obvious after some trivial al-
gebra, Therefore, resistance can be approximated from the
value obtained by considering the wire as resistor only,
Estimation of resistivity is not so easy, as the concept itself
is more complex. Note that the electric field is;

JA

E=-VV-—,
-~
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where V is the scalar potential and A the vector potential,
Then, the voltage difference along a given path is:

B
AVpp = "j (E+%) -dl {3)
4 at

Since the current diffuses from the boundary, it holds that
during diffusion, on the axis

A
5 <E, ©6)

Therefore, using a path along the axis of the wire, see
Figure 4, and assuming that the axial coordinate (z) is an ig-
norable coordinate we get

AVup = ’_(Ez)uislwn )

where 1, is the length of the wire, Further, using an Ohm's
law for the wire (whereas is solid, liquid, gas, or plasma),

E =, ®

where p is the resistivity and j is the current density, it is
possible to obtain;

AVap = _(l"jZ)a(is[w: &)

From the above equation a lower limit to the resistivity of the
wire may be deduced, Assuming that during the rise of
the current, when the current is diffusing towards the axis,
the current density on the axis is lower than the mean
value of the current density on the whole wire, that is {j,)axi.




Fig. 4. Wire resistivity scheme. Continuous thick line, intemal integration
path; dashed thick line, external.
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A legitimate question arose with the plasma presence, be-
cause then the electric field between the electrodes could be
approximately zero, an apparent contradiction with the previ-
ous equation. But although at the border of the plasma it is
possible to think that resistivity approaches zero, p=0,
using Eq. (5) the final result is:

A
AVAB=—(—£) o an
61 border "

Now, it is clear that the voltage across the boundary is
almost due to the electromotive force {emf) caused by the
electromagnetic induction (Faraday’s law of induction).
Note that the emf is due to both the movement of the boun-
dary and simultaneous current diffusion through the wire,
since both produce a variation of the magnetic flux enclosed
by the border. Therefore, Faraday induced voltage is a miss-
ing parameter, following Figure 4 such voltage can be calcu-
lated as the integral of the electric field along the closed line
that forms the hatched rectangle in the figure. So in the ver-
tical lines, it is tegitimate the assumption of electric field as
negligible, but on the horizontal lines this is not the case as
current density is distributed along the surface, forcing its
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the plasmna has started.

final value fo be different from zero, Therefore, Faraday in-
duced voltage and then the electric potential between the
clectrodes is nonzero despite the fact that there is an expand-
ing plasma between them,

3. RESULTS AND DISCUSSION

Under the experimental conditions of the experimental series
of this work, a significant amount of electrical energy is de-
livered to the wire after the beginning of the plasma expan-
ston, as Figure 5 shows for a typical situation presented for
a Cu wire of 100 pm of diameter when the capacitors were
charged to 10 kV, Simultaneously, the low limit resistivity
is too high to pertain to a plasma with values of an order
of magnitude higher than the usual in a plasma, as measured
by Esaulov ef al., 201 1. Figure 6 shows the measured values
of resistivity for the previous experiment. These two mea-
surements clearly indicate that after plasma generation the
wire system is still absorbing the electrical energy.

On the other hand, measurements of the kinetic energy
with the method explained above, imply that the kinetic
energy released to the wire must be done instantaneously,
and without further energy additions to the moving material.
This first condition, realistically means that the energy depo-
sition rate is much faster than that of the following expansion,
meanwhile the second one is to be applied to the portion of
the wire that expands or moves; therefore, the fact that the
measured kinetic energy is always smaller than the total elec-
trical energy delivered to the wires, see Table |, can be un-
derstood under the assumption that not all the wire mass
take part on the self-similar kinetic release of energy ob-
served in the streak images. Implicit in the data from the
table is an absence of correlation between kinetic energy of
the plasma and electrical energy delivered to the wire,
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Table 1. Metals and their energies ratios

Metal (diameter in pm) Charge voltage (kV) Energies rtio
Cu (50) 14.0 0.20
Cu (50) 4.5 0.i3
Cu (100) 10,0 0.24
Mo (125} 15.0 0.13
W {(100) 14.5 0.20

Table 2. Skin depth and diameters of the employed wires

Metal Cu W Mo Ag

Approx. skint depth (pm) 61 3% 165 60
Diameter (pm} 50-100 100 125 250

indicating that the relation between both energies depend on
more parameters.

On the other hand, as Table 2 indicates, the skin depth of
the employed metals is either shorter or on the same order of
the wire's diameters. Under such conditions, the ablative
model affirms that the wire should ablate fast and in a contin-
wous mansner, in contradiction with the previous statements
about the wire ablation mass,

Indirect estimation of the wire fraction still on the core after
the plasma generation is obtained from the ratio of two ener-
gies in this work. Namely, ratio of energy at the first power
peak to the sum of the energy nccessary to vaporize the
wire with the self-similar kinetic energy and, as Figure 7
shows, this fraction is not very large, in coincidence with pre-
vious works (Sinars ef al., 2001; Chandler ef ai,, 2002). On
the other hand, considering the ablation model outlined in the
previous paragraphs, the fraction of energy absorbed by the
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Fig. 7, Ralio of energies delivered in the first power peak to energy neces-
sary to create and acceleraie the plasma. Symbol legend indicates material
and diameter in micrometers.

wire should be larger for smaller diameters of the same ma-
terial, because the ablated part of the wire is larger. However,
the experimental results of this paper demonstrates the oppo-
site behavior as the fraction of energy absorbed by Cu wire is
significantly larger for the thicker diameters of 100 pm. In
addition, although all the energy fractions are concentrated
in a relatively small area, there is a clear tendency to be small-
er as the larger the capacitors voltage gets, therefore as the
initial energy increases the energy fraction decreases. Such
behavior is not easy to understand within the frame of the ab-
lation model, as an increase of the initial energy available to
make the plasma should be followed by a larger amount of

Fig. 8. THustratton of the two stages ablation process in a metallic wire, with
the current density overimposed,
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energy in the first power peak, and conversely a larger value
of fraction energy presented in Figure 7.

In order to overcome these contradictions and from the ex-
perimental results shown here, we interpret them with a two
stages ablation process. These processes start with the Joule
heating of the wire surface because of the current circulating
through it, frequently called the Ohmic phase. As the current
value increases, the surface of the metailic wire becomes
liquid and from there, it evaporates and creates a gas and fi-
nally a plasma region, meanwhile there is still a solid or
liquid metallic wire core. With the calculated vaiues for the
skin depth shown on Table 2, current density on the wire
system should be diffused through the entire the volume.
Therefore, the current distribution will be mainly a function
of the resistivity difference between the plasma and. non-
plasma parts of the wire system, effectively halting the cur-
rent absorption of the non-plasma part due to its much
higher resistivity. Qur experimental data otherwise, indicates
that there is a dynamical current diffusion time that is much
targer than the one calculated for the stationary case. Such
larger diffusion time atlows for the inner solid core to main-
tain its current fraction for a longer petiod, therefore absorb-
ing electrical energy despite of the external plasma presence.
In our understanding, this means that there is a second
plasma generation phase, fueled by the remaining electrical
current flowing through the inner solid or liquid metallic
core, see Figure 8.

4, CONCLUSIONS

In this paper, new experimental data on the exploding wire
phenomena focused on the created plasma dynamics and
its relation with the wire core behavior are presented. Such
data first allow for the confirmation with diverse chemical
elements and energies of previous observations on the auto-
similarity of the radial temporal expansion of the plasma,
extracted from its self-generated light, confirming data scat-
tered across different previous works (Bennett, 1958, 1961;
Chandler et al., 2002). On the other hand, the combination
of experiments on the exploding wire electrical circuit with
plasma dynamic radial expansion obtained from streak data
shows the existence of electrical energy transferred to the
non-plasma part of the exploding wire, independent of its
thermodynamical state.
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Abstract

Absorption of electrical energy provided {o a metal wire in an exploding wire system is thought to be terminated or greatly
diminished when the plasma is formed, after the joule heating of the metallic wire by the electrical current. Accordingly, it
is common to account for the electrical energy delivered to the wire that the integration of current and voltage signals is
hatted when the voltage peak changes its slope. Usually, this moment is synchronized with the plasma appearance, as
detected by optical sensors. In this work, experimental evidence of a two-step electrical energy absorption in an
_exploding wire surrounded by atmospheric air is presented. During the first step of the energy absorption the plasma is
not formed, indicaling that the delivered energy is not enough for ionizing the wire, giving place to a dark pause that
lasts until a second energy absorption produces a plasma, The delay between the two steps can reach =2.2 ps for
copper wites of 50 tun diameter charged at an initial voltage of 10 kV. Experimental investigation of variation of the
delay between the two steps with different metals, charging voltages, and wire diameters are presented. A relation of
the current density with the initial kinetic energy of the plasma and the electrical current rate is devised as a possible
explanation of the observed phenomena,

Keywords: Exploding wires; Energy absorption dynamics; Dark pause

observation of metallic properties near boiling points of the
metal (Chandler ef al., 2002), the generation of high-pressure
shock waves on a dense medium, specifically in water
(Sasaki ef al., 2006, Bfimov e al., 2008; Krasik er al,
2008), and the use of expleding wires as substitutes of explo-
sives in the generation and study of blast waves (Ram &
Sadot, 2012; Liverts ef al., 2013). Also, carefully choosing
the exploding wire parameters implies that some states of
matter can be experimentally cbserved, such as their liquid
state {Kuskova ef al., 1997), and therefore material properties
of metals could be compared with theoretical predictions
(DeSilva & Katsouros, 1998; Beilis ef al., 2009; Sheftman
& Krasik, 2010).

To reach conclusions on the resulting plasma of an explod-
ing wire, a fundamental parameter is the energy density dep-
osition from the electrical circuit into the wire-plasma
system, This energy deposition is very sensitive to the elec-

1. INTRODUCTION

When a high, fast electrical current flows through a metallic
wire, the wire heats rapidly by the joule effect, changing its
state from the solid to liquid, and then to gas to finally
become a plasma. If the current is released in a controlled
manner, then the exploding wire system is used as an exper-
imental platform for plasma generation and many other asso-
ciated research fields (Sarathi ef al., 2009; Sheftman &
Krasik, 2010; Ram & Sadot, 2012; Stephens et al., 2012},
Despite of the fact that the experiment of a current passing
through a conductor has been studied from the end of the
18th century (Naime, 1780), it is after the middle of 20th
century that the exploding wire phenomenon has been stud-
jed with more powerful measurement systeins, as the review
of Bennett et al. (1969) demonstrates. Along its history and
until present times, scientific use of exploding wires covers

Downloaded from http:fvavw.cambridge.arg/eore. IP address: 2.153.27.206, on 22 Dec 2016 at 12:01:13, subject to the Cambridge Core terms of use, available at nttyp/vwav cambridge.org/core/terms.

a broad range of topics. Some examples are the experimental
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trical current rate, as it has been demonsirated in previous ex-
periments (Sarkisov et al., 2004), To be able to perform
measurements on the energy deposition, the most direct
way is the use of voltage and current signals on the wire
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experimentally measured. Combination of these measure-
ments with radial expansion dynamics allow for the explora-
tion of the plasma parameters, so the comparison of
experimental and simulated electrical waveforms are used
frequently as benchmarks of codes and their conductivity
models, therefore many examples can be found in the litera-
ture {(Gurovich ef al., 2004; Beilis ef al., 2008; Stephens &
Neuber, 2012).

In this work, we present the results for exploding wires of
different metals with a current rate below 12 A/ns in atmo-
spheric air. This value indicates a slow current rate in com-
parison with other works already published, where their
current rates could be as large as 500 A/ns (Shefiman &
Krasik, 2010). Experiments and simulations that show a com-
plex interplay between the energy absorption and the current
density are also presented in this work. They show an excel-
lent agreement between the theoretical and experimental
waveforms of the voltage and current values,

This paper is structured as follows. After this introduction,
the experimental setup and numerical methods are explained
in the two following sections. Experimental and simulation
results are presented later, and a last section of conclusions
ends this work.

2. EXPERIMENTAL SETUP AND METHODS

Experiments were performed with the ALEX system (Alam-
bre Explosivo, in Spanish), a typical exploding wire setup,
formed by a two capacitors bank (1.13 pF, 40 nH each) con-
nected in parallel with a high-voltage source. A wire is at-
tached in series between the spark-gap and the ground,
having an inductance of 140 nH. Wires are of fixed length
(3 cmy) and surrounded by atmospheric air, but with different
metals and diameters; see Table 1. Heat content data that are
presented in the table had been obtained from Pankratz and
Mrazek (1983). The initial voltage of the capacitor bank
varied from 10 to 25 kV (in steps of 5 kV).

In Figure 1, the equivalent electrical circuit of the setup is
shown, where the total inductance of the capacitors has been
enclosed as a single component., Measurement of the time
evolution of the energy delivered by the circuit to the wire
has been obtained by recording the signals from a resistive
voltage divider and a Rogowsky coil, placed in the locations
indicated in Figure 2, Also the plasma radial expansion is

Table L. Metals, diameters, and heat content at melting and boiling
points for the total mass of the wires employed in these experiments

Metal Diameter (U0} Hree-Haos () HporHaos (I}
Silver {Ap) 250 21.6 188.9
Molybdenum (Mo) 156 19.7 124.5
Copper (Cu) 50 1.4 13.0

‘ 100 5.1 52.1
Tungsten (W) 00 13.8 948
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High voltage
source . J-_

—— Voltage divider 1 : Wire

Rogowsky coll |

Fig. 1. ALEX electrical scheme. L and C mark the ¢ireuit inductance and
capacitance, respectively. While amows signal the BNC connections {o the
Faraday cage.

simultaneously measured as a function of time during the
wire explosion time. Electrical probes has been designed
and calibrated in our laboratory. The signals are transmitted
through coaxial cables to the oscilloscopes, shielded against
electromagnetic noise in a Faraday cage, Numerical integra-
tion of the Rogowsky signals gives the current that flows
through the wire. To observe the plasma expansion, a
streak image system was focused on the wire for recording
the self-emitted plasma light. A fast photodiode, directed
toward the wire, was used for the synchronization of the elec-
trical signals with the optical images of the streak system; see
Figuze 2 for the scheme of the experimental setup.

1 signal
——;—- ’ RN /\/Wk\lxplotllllg wire
Voltage signal
Streak
camera

Fig. 2, Scheme of the experimental sctup.
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Recorded signals from the voltage divider correspond to
the sum of the exploding wire voltage drop plus that of the
clectrodes and connections in series with the wire, In order
to remove from the signals the unwanted voltage drop, that
is, that of electrodes and connectors, a common practice is
0 use an ad-hoc approximation of the behavior of this part
of the circuit by just a constant inductance. Thus, the voltage
across the wire is obtained as the difference between the mea-
sured voltage and that of the modeled inductance.

We have instead used a different approach. As a matter of
fact, the late oscillatory part of the signal (late in time, after
formation and evolution of the plasma) is well fitted by
two constant circuit elements, one inductive and other resis-
tive. Note that the inductance and resistivity of the fitting are
taken at latter times in the wire explosion, after its disappear-
ance and they are different from the initial values. Therefore,
the voltage drop on the wire is obtained by subtracting, from
the measured signal, the previous fit. As an example, in
Figure 3, we show the result of this procedure for a tungsten
wire with a diameter of 100 pm and initial voltage of 15 kV.
Further, the numerical simulation, which is described below,
supports this approach.

From voltage and current across the exploding wire, we
obtain the electrical power and the energy delivered to the
wire. Furthermore, assuming cylindrical symmetry, the com-
bination of the electrical current data with the radial expan-
sion of the plasma, leads to a lower limit for the wire
resistivity as a function of time obtained as (Rodriguez
Prieto ef ai., 2016):

AVS, :
BS P = uw“'. ()

where AV is the measured voltage along the wire, S, is the
wire section, / is the wire current, and /,, is the wire length.

E.SXIO4 |1r|:]rlsr||15r||||r!r|||4)(104
3x10*
4
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&P 5000 0 g
S &
0 ~-1x10"
-2x10*
-5000 -3%x10"

0 1 2 3 4 5
time (s} ALEX166

Fig. 3. Typical voltage, in wire (==} and the voltage divider {---), and current
{ww=s) signals for a tungsien wire, diameter 100 um, with the capacitors bank
charged at 15 kV.

From the recorded streak images, plasma radial evolution
is obtained by a simple method. Plasma radial border is de-
fined as the position where the intensity is 5% of the maxi-
mum recorded value on the streak image for each
experiment. This is searched sequentially for each time in-
stant and calibrated in space and time to obtain the final
radial expansion that is then fitted by the function (Bennett,
1958):

Ey p
Pair b ,

2= @

where Ey, is the kinetic energy of the plasma, that is, the frac-
tion of the total energy absorbed employed by the plasma in
its expansion, p,i; is the air density, and £, is the wire fength.
The above procedure allows us to obtain the radial expansion
with an error of 0.1 mm, meanwhile the error in determina-
tion of the time is 50 ns.

3. NUMERICAL METHOD

The experiment was simulated using a simplified, one-di-
mensional (1D) version of a full 3D multi-component
plasma (neutrals, ions, and electrons), two lemperature (one
for electrons and other for jons and neutrals), Arbitrary La-
grangian—Eulerian, Finite Volume code (Bilbao, 2006).
The code includes electrical resistivity, thermal conduction,
magnetic diffusion, and an equation of state (EOS) from
solid to plasma obtained from different sources and
models, detailed a few lines later. We assumed cylindrical
symmetry with only radial dependence in order to use the
1D version of the code.

The wire is coupled to the external circuit using
(Rodriguez Pricto ef al., 2016):

mmd[(“; L) % —RI- L Eed, 3
where Q is the charge of the capacitor bank, C is its capacity,
Ly and R are the inductance and the resistance of the concen-
trated elements of the circuit, respectively, Ly, is the induc-
tance calculated at the plasma boundary (“b” refers to the
plasma boundary),  is the electric field along a path @b
on the plasma boundary {(as seen in the frame fixed to the
plasma), and 7 is the current.

Regarding the properties of the materials and the EOS, we
have used the following approach. A Mie—Griineisen EOS
was used for solid and liquid, meanwhile both gas and
plasma componenis {ions, electron, and neutrals} were simu-
lated with an ideal gas EOS. The electrical resistivity and the
thermal conductivity for solid and liquid states have been in-
terpolated from the published data (Gray, 2016), for plasma
state the Spitzer conductivity was used, while for gas state
a trial and error method was used, as follows. Due to the
lack of data on the conductivity of metallic gas, a linear

Downloaded from httprfwwaw.cambridge.arg/core, IP address: 2.153.27.206, on 22 Dec 2016 at 12:01:13, subject to the Cambridge Core terms of use, available at httprfwwaw.cambridge.orgieorefierms.
hutp#fdx.dolerg/10.1017/50263034616600756




pd
a
g
Downloaded from hutp:iwww.cambridge.orgicore, 1P address: 2.153.27.206, on 22 Dec 2016 at 12:01:13, subject to the Cambridge Core terms of use, avaitable at hipinww.cambridge.org/core/terms.

4
2X104F LI D I A B B
1.5x10' [ ]

S 10 .

[

o ]

2 ]

S 5000 o

HTINITY

1 1.5 2 25 3
time {ps)

Fig. 4, Simulated (~=) and experimental {-¢-} voliage time evolution in a
copper wire of 50 pm charged at 10 kV.

dependence with temperature was assumed, and then fitted
until the simulated voltage was in a reasonable accordance
with the measured experimental data. The previous model
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is necessary due to the fact that the electrical behavior of
the circuit strongly depends on the electrical resistivity and
the thermal conductivity of the wire,

As Figure 4 shows, simulation of the current and voltage
on the wire as function of time for a 5 pm Cu wire, 10 kV
charging voltage, reproduces well the features obtained in
the experiments. Therefore we conclude that duration of the
“dark pause” depends on the high resistivity of the wire
after being vaporized but not sufficiently ionized to conduct
large currents, Thus, electrical properties of the gas can be
adjusted until an appropriated duration of this stage is
achieved.

4, RESULTS

Typical streak images are similar in their features to the de-
picted in Figure 5. Plasma expansion growing with the charg-
ing voltage is clearly visible, as it is the similar duration of
the light emission from the metallic plasmas in all the
cases. Also, the differences on the wire evelution due to
the different metals and masses of the wire are apparent in
the streak pictures. Nevertheless, final plasma stage is similar
in all the cases in our experiments because the surrounding
medium is always atmospheric air. Synchronization of data
from plasma radial expansion with electrical energy absorp-
tion of the wire-plasma system: allows us to observe the

b)

Fig. 5. Molybdenum (a, b) and silver (¢, d) streak images with 25 and 10 kV charging voltage at left {2, c) and right (b, d}, rspectively.

Bars indicate 9.6 mm and total time in horizontal dimension is 45 ps.

i Adx.delorg/10.1017/502630345616000756
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temporal relation between these iwo processes at different
charging voltages.

At low initial charging voltages and for all the metals nsed
in this work, except for tungsten, the energy transfer from the
circuit to the wire, as measured by the electrical signals, is
performed in two different steps. These two steps are defined
by the appearance of light emission from the plasma in the
streak images. Therefore, a first stage of energy abserption
takes place before the plasma formation, in a pre-plasma for-
mation stage, with an amount of energy absorption that can
be an important percentage of the total absorbed energy.
Plasma expansion begins in the second step, where the kinet-
ic energy of the plasma is obtained from the partial absorp-
tion of the electrical energy delivered to the wire—plasma
system.

Figure 6 illustrates this process of energy transfer and
plasma expansion of a copper wire of 50 um diameter
charged at 10kV. As the charging voltage increases, the
time lapse between the two energy absorption steps is re-
duced, until the two steps merge into one, Therefore, with
the maximum charging voltage of 25 kV the two steps are
not distingnishable, as Figure 7 shows for the copper wire
of 100 pum diameter,

Experiments performed with tungsten wire show a unigue
absorption stage even at low charging voltages. Also, due to
the larger resistivity, the energy absorbed is higher than for
copper; see Figure 8. Nevertheless, the maximum absorbed
energy, almost 20 J, is similar to the heat content at melting,

0.75

(wrwy) snpey

0.5

0.25

=
SZINTY

-05 0 05 1 15 2
time (ps)

Fig. 6. Energy (=) and radial expansion of 50 pm copper wires (—O—) at
{0 kV initial voltage charge. Hollow dots indicate experimental data and
the line is the resuit of fitting them to the formula 2. Note the difference be-
tween the encrgy transferred to the wire and the heat content for the same
wire, Table . This is an indication of the incomplete wire conversion into
gas or plasma, also confirmed by simulations.
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Fig. 7. Energy (=) and rmdial expansion of 100 pm copper wires(-C-) at
25 kV initial vellage charge. The inset shows the beginning of the expansion,

13.8 J, and far from the heat content at boiling, as Table 1 in-
dicates. Both silver and molybdenum exhibit a general be-
havior similar to that observed using wires of copper or
tungsten, except for the time delay between the beginning
of electrical energy absorption and the plasma radial
expansion.

At low initial voltage all metals exhibit a delay that de-
creases with the increasing in the charging veoltage, but at
larger voltages, some unexpected tendency emerges. For mo-
lybdenum the delay becomes negative, meaning that the
main energy absorption is produced after the plasma
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Fig. 8. Tungsten encrgy absorption and radial expansion with an initial
charging voltage of 10 kV. Legend is the same that in Figures 6 and 7.
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generation, defined as the moment when the self-emitted
tight reaches at least 5% of the maximum, as explained in
Section 2 of this work. Meanwhile in the case of silver
wires the observed delay oscillates around zero, as Figure 9
shows.

The behavior of the delay in both metals is not easy to un-
derstand, Based on simulations previously described, we
found that in all cases, the delay (when present) oceurs
when the wire has been melted and vaporized into an
almost non-ionized metallic gas state. Under this condition
the resistivity is high and the current becomes very small,
thus retarding the energy transfer and the posteriot ionization
processes. This energy transfer delay happens as long as the
external resistance is smaller than the one of the metallic gas,
thus is the latter the one that controls the electrical current
value. Depending on the voltage, and the residual current,
the joule heating will take a shorter or longer time to heat
up the gas and provide the energy necessary to start the ion-
jzation process by thermal collision of the atoms, allowing
for the gas transformation into plasma. Thus, the joule heat-
ing in this early time of the electrical discharge greatly influ-
ences the current density. As a matter of fact, it is the
increment of the current density the reason of the reduction
in the delay between the energy absorption and plasma gen-
eration whenever the charging voltages increased their
values. When the charging voltage is high enough, the pro-
cesses of melting, vaporizing, and ifonization occurs in a
short period of time, during the linear increase of the current
with time, thus the radius of the plasma can be described by a
self-similar approximation. Therefore, using (2), for the cur-
rent density it can be written:

/i It
J“!TZ':\/PAhlw:/‘E—-‘;’ 4)
300 | , — 1000
Re. 1.
T 200 \ ]
5y R 3500 &
T R ] 3
o : "\ A -t
£ 100 J250 &
§ ] <
2 3@
E O - ““ :
= I O -250
—100 1_500
10 15 20 25

Charging Volitage (kV}

Fig, 9, Delay between the energy absorption and the beginning of plasma
expansion at different charging voltages for Mo (-—1—) and Ag(- -0- -}
wires.
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Fig, 10. Normalized resistivity of a silver wire of 250 pm diameter when the
capacitor bank is charged with 10 (-e-), 15 (=), and 20 (-} kV.

where / is the current derivative. This means that the increase
of the kinetic energy with the initial charging voltage, results
in a reduction of the current density. So the delay between the
electrical energy absorption and plasma creation can grow
with the initial charging voltage, in a counterintuitive way,
if the ratio between the current and the square root of the ki-
netic energy diminishes.

Simulations of the exploding wire support this interpreta-
tion, When, in the simulations, the plasma is not allowed to
expand by means of artificial procedures (i.e., eliminating
gas or plasma dynamics and its influence on the current den-
sity), the time between the gas and plasma formation reduces
to zero.

The observed delay between the electrical energy absorp-
fion and plasma radial expansion is correlated with the mea-
sured lower limit of the resistivity as a function of time; see
Figure $0. To better appreciate the differences on the time de-
pendence of the resistivity, it has been normalized to the
maximum achieved value. For a charging voltage of 10 kV,
the resistivity increases until a guasi-constant plateau value,
from where it decays with some peaks on the downward
slope at about 1.5 ps after the beginning of the electrical dis-
charge. While the charging voltage is settled in 15 and
20kYV, the time variation of the resistivity changes to a
single peak, with different slopes for each charging voltage.

5. CONCLUSIONS

Variation on the synchronization between the electrical
energy absorption of the plasma-wire systemn and the
plasma formation has been observed experimentally, with
values ranging from ~0.0 to 2.0 ps, in the case of copper
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wires. A non-intuitive relation for this delay had been ob-
served for silver, as at 15 kV of charging voltage the delay
changes its sign, interrupting the tendency to being reduced
with the increase of the voltage observed with other metals.
Both behaviors are understood in this work because of the in-
terplay of the ratio between the current and the square root of
the kinetic energy of the plasma.

Also the correlation of this delay with the shape of a lower
limit to the wire resistivity has been measured, Two distinct
time variations for the wire resistivity had been observed, namely
a single peak with different slopes for each charging voltage,
and a plateau of =0.7 ps if the charging voltage is 10 kV,

In conclusion, energy absorption in the exploding wire
system for relatively slow current rates, with values under
12 A/ns, had been experimentally observed, and the differ-
ence in behavior with faster exploding wire systems (Sarki-
sov et al., 2005qa, b; Grinenko et al., 2006) is attributed to
the ratio between the current derivative passing through the
wire and the square root of the kinetic energy of the plasma.
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On the Measurement of the Resistivity in an
Exploding Wire Experiment in Air

Luis Bilbao, Gonzalo Rodriguez Pricto

Absiract—The explosion of a metallic wire due to a large
¢lecirical current has been used for a long time as a probe for
studying the states of metals that are difficult to reach with
other experimental methods. Among the measured magnitudes,
the electrical current and voltage waveforms are very imporiant
because many characteristics of the metal in the wire can be
derived from these waveforms.,

Due (o experimental constraints, not always the voltage drop
in the wire can be direetly measured, Therefore, the measured
voltages need to be process by counting the part of the circuit
which is simultaneously included with the wire, Such correction
is made using a lumped circuit model for the inductance and
resistance of the electrical circuit attached to the wire, This
lumped model s also used in the exploration of the variation
in time of the wire resistivity.

Here, we discuss in detail the validity of such approach, and
we show that due te the variation in time of the current density
distribution on the wire, a model of lamyped elements will not
provide accurate values for the wire resistivity, specially in gas
and plasma siates, due to the diffusion and movement of the
current that produce a large variation of the magnetic flux inside
the wire. A better approach is the use of the Faraday’s law
of induction applied on a path along the border of the wire,
In particular, from an alectrical point of view, exploding wire
experimen{s in atmospheric air have the boundary of the wire
well defined, for the current does not civculate beyond that
border. As this border evolves through the different states (solid,
liquid, gas, and plasma) of scientific and technical interest, it is
possible to estimate the resistivily of the metal in those states in
a more precise way than using a lumped model.

Index Terms—Circunil analysis, mefals, aimospheric-pressure
plasmas, exploding wire, resistivity,

1. INTRODUCTION

HEN a large electrical current passes through a metal-
lic wire of the proper dimensions, typically 100 pm of
diameter and centimeters length, the metallic wire is heated
rapidly by Joule effeci, becoming liquid, then gas, to later be
transformed in plasma. This system is called exploding wire,
and it is well known (o science since a long time [I].
1t had been used since then in multiple endeavors, because
the rich phenomena that can be accessed with it. Broad
examples of the use of exploding wire are the general use
as generator mechanism for blast waves [2] or the better
understanding of the fuse dynamics through experiments like
in the work of Vermij [3). Exploding wire systems can also be
used for important industrial or military applications, like in
the preparation of metallic nano-powders reviewed by Kotov
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et al. [4], or the study of the mitigation of blast waves by
foam, through the use of a surrogate setup, as in the recent
work of Liveets et al. [5].

In order to create the high current necessary for this phe-
nemenon, large capacitors and high voltages are necessary in
the electrical circuit that delivers the current to the wire load.
Therefore, and adding to these elements, the circuit inductance
and resistance, a model for the exploding wire as a RLC eircuit
with the wire as a circuit load can be used for understanding
the voltage and current signals recorded in experiments. Do
to experimental constrains, sometimes the voltages probes are
not exactly placed between the wire extremes, bul separated
by fixed circuit elements from them. For example, as described
in the experimental works [6]-[10}

Therefore, it is important (o perform a correct modeling
of the wire load, in order to isolate the voltage belween the
wire exiremes from the voltage recorded in the experiments,
Usually the wire is modelled as a lumped element, so the
resistance of the wire, and in latter stages, of the plasma, can
be measured indirectly using the voliage signals, as in [11]-
[14].

Despite of the broad use of the lumped model for the
wire, during the time when the diffusion of the electrical
current js important or when a large variation of the resistivity
occurs within the wire, the lumped model description is not
accurate. Therefore, we present here a different approach to the
description of the circuit. It is based on the derivation of the
circuit equation by means of the Faraday’s law of induction,

II, ELECTRICAL CIRCUIT

The experimental setup of ALEX (ALambre EXplosivo,
exploding wire acronym in Spanish), the exploding wire expet-
iment motivating this work, itcluding an optical streak camera,
has been described in a previous work [15]. Nevertheless, it
is worth to recall a description of ils electrical circuit and
the associated probes here. The capacitor bank, two parallel
Castor oil capacitors of 1.1 pF each, is charged by a high
voltage source of a maximum voltage of 65 kV. Upon arrival
to the desired nominal voltage, the high voltage source is
disconnected from the circuit, and the spark gap is triggered
(see fig. 1). Later on, when the spark gap switch is fully closed,
the circuit is equivalent to a RLC circuit plus the wire load.

The use of lumped element model for the exploding wire
is not always the best approach. The discharge on the wire
preduces a current that diffuses due to the resistivity. During
this slage, it is impossible to define separately a resistance
and an inductance as lumped parameters of the circuit [16].
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Fig. 1. ALEX electrical scheme. Ry, Lg and €' mark the circuit resistance,
inductance and capacitance, respectively, White arrows indicate the BNC
connections o the oscitioscope.

Notwithstanding this fact, jumped element models for the wire
have been used for more than 50 years [7], {17]-[19], and
therefore it is & common practice to refer to a wire resistance
and inductance. The practical use of such approach is the
obtention of the resistivity of the metal as a function of
time from the electrical signals and the wire/plasma radius
evolution. To do so, a homogeneous evolution in density and
resistivity is assumed. An example which clearly states this
lumped model for the wire is the work of Sasaki et al. [L1].

The above hypothesis is not usually well justified in all the
stages of the exploding wire evolution. For example, under
appropriate conditions the dark pause can fast several us. After
an initial rise, the current drops almost {o zero while the full
voltage is across the wire. This low current stage lasts for a
given time until a second surge of the current develops, see
fig. 2.

The elapsed time between the first and the second surges
of the current will depend on the resistivity of the wire and
the distribution of the current, After the first current surge, the
wire melts and vaporizes. When part of the wire vaporizes, the
sudden increase of the wire resistivity produces a sharp drop
in the current. Although small, a residual current continues
flowing and heating up the wire and the change of the state
of the metal progresses through the wire. This means that
different states (liguid, liquid/gas, and gas) may coexist in

2)(104 [T T LANNLEN L Bt N L T B A i 4)(104
1.5x10° (1) (2) ]
) - A13%10°
10" a £
2 UF :
Q - =3
> - Lol
5000 - £
o 10t
.lf. / I
_5000 o \'l‘-s-l—~-f---1~~-f~"i"'1“'1‘“'""!"/l [ B S U
0 0.5 1 15 2
time (ps)

Fig. 2. (Celor Oaline) In the upper panel, exploding wire streak image.
Time in the herizontal axis is 20 ps, and space in the vertical axis, 2.4 cm.
Down panel shows the voltage through the wire {thick full line), the signal
of the voltage divider {thin full line}, and the current {green dotted ling).
Numbers in both panels corresponds to the same moments tn both the streak
tmage and the signals, Charging voltage was 15 kY wilh a wire diameler of
50pm

the wire, having very large difference in their resistivities.
Therefore, assuming a lumped model, no reliable information
on the wire resistivity can be extracted from measurements
_due to the average concept of the resistance.

Resuming, the dark pause stage is characlerized by a
variation of the current in a time period comparable to the
diffusion time and a large variation of the metal resistivity.
Thus, a lumped element model of this stage will not be of
sufficient accuracy to evaluate the Joule healing contribution
to metatlic gas, A belter approach is described below.

111, CIRCUIT EQUATION
In order to mode! the electrical circuit, it is divided into three
distinct parts: a) capacitors, cables, electrodes and connections,
by the spark gap, and ¢) the exploding wire.




TEEE TRANSACTIONS ON PLASMA SCIENCE

Part a) can be modeled with a RLC lumped element model,
as it is experimentally seen using a short circuit. In our case,
the wire is removed and the cathode is displaced until it
touches the anode, i.e. no short circuit clement is added.
The measured current derivative can be perfectly fitted by a
dumped cosine at the later stage where the voltage drop across
the spark gap is zero. The values of the lumped elements
Ry and Ly are obtained from the fit with high precision, see
fig. 3 (the capacitance, C, is provided by the manufacturer),
The difference between the fitted RLC signals and the actual
signals that is seen at the beginning of the signal {the first s
in fig. 3) is an oscillation due to the finite closure time of the
spark gap.
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Fig. 3. {Color Online} ALEX short circuit waveforms, as thin dotted tines, and
their approximation {top panel} with the residua (down panel) when charged
at 10 kV. Continuows (black) lines correspond to the Rogowsky probe and
dashed (green) lines belong to the voltage divider. Note the large value of the
residua at the beginning of the discharge, when an oscillation is produced by
the finite closure time of the spark-gap.

Due to the fact that the closure time of the spark gap is
much shorter than the périod of the discharge, the behavior of
the spark gap, part b), is well modeled by a variable voliage
drop. For the voltage variation across the spark gap, Vi (2),
we have used [20]

2V

Vig (8) = T exp /1)

where Vj is the initial charging voltage of the capacitor, 7 the
spark-gap closure time, and ¢ = O corresponds to the trigger
of the spark gap.

In order to obtain the voltage drop on the wire, in our
experiment we have to take into account that the position
of the voltage divider is at the connexion between the anode
and the wire, Therefore, the measured voltage drop, Virobe,
is the sum of the voltage drop across the exploding wire,
Vew, plus the voltage drop in the cathode and connexions,

(1)

T
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As can be seen in the short circuit signals of fig, 3, when
no wire is present the measured voltage (i.e. the drop in the
cathode) is perfectly fitted by a lumped resistance, Reathode,
and inductance, Logihode. These values (different from Rg and
Lp) are then wsed in a discharge to obtain the voliage drop
across the exploding wire, from the measured Vpron. and the
current derivative (dI/dt), as

af

ng = V;Jrabe - RcathadeI i Lcathodc%:

where the current I is obtained by numerically integrating
dI/dt,

For part ¢), we assume thal curren{ is distributed in the
space, that is, the current flows through different paths between
the electrodes.

Usually Kirchhoff’s circuit laws are used to solve the current
and voltage in an exploding wire experiments, regardless that
it is only valid for a lumped element mode, When the current
is spatially distributed a more precise way to write the circuit
equation is by means of the Faraday’s law of induction, along
a closed path across the full circuit, that goes through the
lumped elements, the spark gap, and the exploding wire as

dd '

P j{ E' . dl, 2)
where ® is the magnetic flux enclosed by the path, and E’ the
clectric field in a system fixed to the path (dl). The path may
be a malerial or an immaterial one, Also, it may be a fixed
or & mobile path relative to the lab system. In any case the
electric field E' is evaluated in a system fixed to the path, not
to the lab.

Along the part modeled with the lumped element model,
the path is unique {i.e., the elements have no thickness), while
on the exploding wire (whether on its initial state or during its
evolution) any path that connect the electrodes may be used.

The iniegration of the electric field on the part that is
modeled by a lumped element is straight forward, because
it holds that

dI
E . dl = Ly— 3}
v/inductance 0 dt ’
f B .dl =Rl @
resistance
and
9 )

Edl=-—%,
-/capnci!,or C

where € is the charge.

On the other hand, as it was mentioned above, the spark-gap
can be modeled by a variable voltage, that is

f E' dl =V, (t}.
spark—gap

Finatly, for the exploding wire it is necessary to choose a
path that connects the electrodes, For example, using path «
as shown in fig. 4, lefl panel, (2) becomes

dd, ; @
7 +fE dl = aﬁRDI Lo

©®

Vi (), (D
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where @, is the magnetic flux enclosed by the circuit that is
formed by the path a.

Fig. 4. (Color Online) ALEX integration paths with the magnelie flux
indicated. Left panet through the center of the plasma, ceniral panel through
the outer border of the plasma, and in the right panel, the flux difference
between previous paths.

Any other path may be used as well, including a mobile
path along the wire boundary (see fig. 4, central panel), in
which case we have

A%y s pg 8
— +be dl= 5~ Rol — Lo = Vag (). (®

Clearly, (7) and (8) produce the same voltage drop in the
circuit, since Faraday’s law along a closed path formed by a

and b, gives

dd;
4 Fodl= 222 B - dl
7 +£E d 7 +];

(see fig. 4, right panel).

The above relationship also shows an important fact when
diffusionr of the current is the dominating phenotnenon: it
is impossible to meaningfully define separately a resistance
and an inductance of the wire as lumped parameters in the
circuit [16], This can be better seen using the Ohm law in a
system fixed to the wire material, where the electric field is
evaluated, that is

9

E' = pj, (10

where p is the resistivity and j the current density, then (9)

becomes
dd, / ) ddy; f .
cdl = —= - dl,
@ LA dl = —= + A d

Equation (11) shows that the inductive (first terms in each side)
and the resistive paris (second terms in each side) depend on
the path, thus a unique definition of the total inductance and
resistance of the wire can not be made. Therefore, the use of a
load resistance and inductance to situlate the exploding wire
is, at best, an approximaltion that should be used with care.

Although (7) and (8) can be used indistinctly, we have
choose the path b along the border of the wire. In our devices,
the returning electrical path is a conducting plate separated by
a distance d from the axis of the wire. Assuming cylindrical
symmetry, the azimuthal magnetic field B outside the border
of the wire is

(1

- Jol
27y’
where 1, is the radius of the border and I the current
circulating through the wire

=fj-dS.

Note that the electrical current does not circulate beyond the
wire border because of the air surrounding the wire. Thus,
the calculation of the magnetic fiux enclosed by a path along
the border of the wire and the returning plate, can be simply

calculated as
by = Lypl.

being Ly a geomefrical relationship, that in a case with
cylindrical symmetry is wrilten as

) d
Ty = pg cosh™ (—), (12)
-
being 1 the length of the wire,
Since the voltage drop across the wire is
Q dl
ew = T —Lo— ~ '
Ve = Rol Odt ng (t) (13)
after some rearrangement, the circuit equation (8) reads
I
ﬂﬂl+fmm:mw (14)
dt b

Tn order to solve the circuit equation, the current density,
the resistivity and the movement of the boundary layer are
needed. Note that Ly cannot be seen as the wire inductance,
since further magnetic flux that varies with time is inside the
wire. Similarly, the second term of the left hand side cannot
be replaced by a lumped resistance voltage drop in the form
RpI. 1 this were the case, the lerms R, and dL,/dt will
be undistingnished between them in the electrical signals,
thus a unique solution for R, can not be experimentally
obtained. This fact has been pointed out by Fridman [21] in the
sense that time evolution of the resistance and the inductance
obtained from the oscillograms of current and voitage is not
a single-valued problem.

Actually, there is no need of calculating a wire inductance
or resistance in order to solve the circuil equation, Instead, a
“boundary inductance” (L) and a “boundary resistive voltage
drop” ([, pj - dI) are sufficient. Inside the wire, the Faraday’s
faw of induetion may be further used for deriving its structure.

The set of equations (14) and (12) plus the exploding wire
radial evolution, together with the initial conditions

RQE=0)=Cl;

I{t=0)}=0 %@:m:

solves the circuil,

1V. NUMERICAL SIMULATION

The aim of the numerical simulation is to help to understand
the influence of the magnetic flux variation and the nonuniform
resistivity inside the wire in the interpretation of electrical
signals,

During the dark pause the drop of the current indicates an
important increment of the resistivity, suggesting that the wire
has been vaporized. The variation of resistivity of the copper
until the boiling temperature §22] is not enough o explain the
observed drop.

The end of the dark pause occurs when the metallic gas is
ionized and the current is re-establish through the wire. Note
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that for simplicity we call “wire” to either state, that is solid,
liquid, gas or plasma.

In order to show this ideas, a 11> numerical code has
been used (o simulate the exploding wire dynamics, A key
hypothesis in this approach is the symmetry of the wire
evolution, during the time of interest, that is the dark pause
in the present work. We assumed cylindrical symmeiry with
only radial dependence. In this way the plasma expansion can
be approximate by a ID system where the spatial coordinate
corresponds to the radius. To the purpose of the present
analysis, the symmetry of the wire observed during the dark
pause by means of streak and framing pictures, allows us the
use of a 1D code where magnitudes depend only on the radial
coordinate,

Therefore, we have adapted a previous developed 3D
code [23], that has been used to simulate different physical
problems such as double-base cheinical propellant combustion,
ignition and propagation of a thermonuclear detonation wave,
and, the development of the Kelvin-Helmhollz (KH) instability
in the magnetopause. In the present version, a Mie-Griineisen
equation of state for solid and liquid was used, and the
ionization state was oblained from a Saha equation, This is
justified In the fact that our foeus is the study of the dark
pause, that ends when a cold plasma is formed. The successive
evolution of the plasma at higher temperatures is out of the
scope of this study.

The electrical resistivity of copper is readily available for
solid, liguid [22] and plasma states, but not for the gas state.
Anyway, an order of magnitude value can experimentally be
obtained from the “boundary resistive voltage drop” mentioned
above. Based on the measured values, using the numerical
simulation we were able to reproduce fairly well the electrical
signals, using a rough estitnate of the copper gas resistivity,
fgas, including a linear variation with temperature, as

Pgas = 4 m m 1+ 0.00045 (T — Thogt)],  (15)

where T is the gas temperature in Kelvin, and Tp,5 = 2940
K the boiling temperature of copper. The above estimate is
intended only to illustrate the differences that may arise when a
resistive and inductive lumped model is used for the exploding
wire. It cannot be taken as a precise value of the copper gas
resistivity.

A fairly good reproduction of the elecirical signals were
obtained by solving the numerical code coupled to the cireuit
equation, using the values of our experiment, ¢ = 2.2 pF,
Ly = 142 F, Ry = 5 mf}, Vy = 15 kV, copper wire 50 um in
diameter and 30 mum long. Fig. 5 shows the voltage drop in the
wire (simulated and measured) as a function of time, with the
state of the ouler layer of the wire over-imposed, as it evolves
from solid to plasma, Note that the state in the inner part of
the wire may differ from the external layer. Different states
may coexist in the radial direction that evolve with different
time scales.

V. MEASUREMENT OF THE RESISTIVITY

It is a common practice to obtain a value of resistance, H,
from the electrical signal, by subtracting the “inductive” part

Solid

Voltage (kV)

0.6
time (ps)

1.2
ALEX125

0.4

0.8 1

Fig. 5. (Color online} ALEX veltage waveforms (catculated full line,
measured, dashed line} with the states of the outer shell of the wire clearly
indicated, from & copper wire with a diameter of 50 um and with capacitors
charged at 15 kV.

from the voltage drop on the exploding wire as

d!LI!
R= V:zwg at
I '

where V., is the voltage drop across the exploding wire,
L the inductance obtained from the geometrical form of the
exploding wire, and I the current circulating on it.

From (16) a mean resistivity my be inferred as

RA
() = -
where [ is the length and A the section of the wire.

Comparing with (14) and assuming cylindrical symmeltry it
follows that

(16)

(17)

b

{n) = po Gy’ (18)
where (7} = I/A is the mean current density. Clearly, when
no magnetic flux variation is inside the wire (this implies that
there is no current diffusion, either), the above relationship
gives a reasonable mean value since pj = const along the
radius, unless large variation of the resistivity occurs inside
the wire (for example, when different states coexist), in which
case, a mean value has no significance.

In order to show the above problems, from the simulated
electrical signals, a mean resistivity was obtained from (17)
and compared to a mean resistivity, 7, over the radial position

1 e
p= - f p(r)dr.
Ts Jo

Other mean values may be defined as well, but the aim of
this paper is to show the difficult of interpreting (17) as a
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representalive value.

The percentage difference ({p} — p) /P is plotted in figure
6. As can be seen, the difference varies up to +100%. From
this result it is clear that the resistivity experimentally obtained
from (16) and {17) may considerably depart from the actual
value. In the present example it is due to two main factors:
a) the diffusion of the current and b) the different states that
simultaneously coexists in the wire.

The effect a) is clearly seen when the current varies in a
characteristic time smaller or similar to the diffusion time, as
it happens at the beginning and at the end of the dark pause.
When the current diffuses from the boundary to the center,
the current density is maximum at the border (i.e. Jp > ()
producing an overvalued mean resistivity, as can be scen from
(18). The opposite happens when the current diffuses from
the center to the boundary, or similarly when the magnetic
flux decreases inside the wire (for example, due to a sudden
expansion).
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Fig. 6. Calculated resistivity deviation of the average from the mean, A
copper wire of SO pn diameter and 30 mm [ength and a charged voltage of
[0 kV were used in the simulation.

The coexistence of different states that evolve during the
dark pause, produce large difference in the resistivity (many
orders of magnitude) across the wire making meaningless the
concept of a mean resistivity. For example, in the example
of fig. 6, the gas state of the outer layer coexists with the
liquid-gas state of the central layer (not shown in the figure),

V1. CONCLUSIONS

The oblention of a resistivity from the experimental mea-
surements of the electrical signals and the wire evolution,
assuming a lumped element model as in (16) and (17),
may give large difference relative lo the actual resistivity, in
particular when the current varies during a time comparable
to the diffusion time, or when different states coexist inside
the wire. Therefore, the use of lumped element model for the
exploding wire is at best an approximation, that may be use
with care,

If the study of the properties of the metal as a function
of temperature and density is seek, a better strategy would
be to obtain the resistivity of the outer layer of the wire, by
measuring the “boundary resistive voltage drop”. The external
part of the wire varies ils state from solid to plasma, thus, in
principle, the time variation of the resistivity corresponding
to different states may be studied. The resistivity of the outer
layer can be estimated, as long as the current density is known,

There is no need o estimate the resistivity of the inner pari,
nor its mean value on the wire. It is enough to study the outer
layer, and, if possible, by also measuring temperature, density
and current density.
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Abstract

Explosion of a metallic wire by means of a large electrical current has
been used commenly to create metallic plasma states difficult to reach by
other means. A magnitude commonly measured has been the conductiv-
ity or its inverse, the resistance, of the created plasma, due its important
relation with constitutive parameters of the matter, To the knowledge of
the authors of this works, such attention has not been paid to the resistiv-
ity of the metallic gas generated in the dark current pause that appears in
the exploding wire when surrounded by a dense medium, like atmospheric
air. In this work we present experimental limits for the copper metallic
gas resitivity values as a function of the temperature. Measured limits
for the resistivity of the copper gas are between 0.004 and 0.008 Ohm-m
at the ionizing temperature and from 0 to 0.004 Ohm.m at the copper
boiling temperature.

1 Introduction

An exploding wire consists on a thin metalic wire, typically with a diameter
on the order of micrometers and centimeters length, through which a large
electrical current passes, causing the transformation of the metal in liquid, gas,
and finally plasma by the fast heating by Joule effect [1}. It is a phenomen
known to science since a long time [2], consecuently has been used in multiple
scientific investigations [3, 4, 5].

One of the phenomena that can be investigated with an exploding wire is the
so called dark current pause. Shortly after the current discharge, when the wire
material has become gas, its conductive capabilities are so low that the current is
almost halted until furhter gas expansion allows for the plasma formation [3, 6].
The metallic gas of the dark current has not been probed extensively, on the
contrary of the resistance and other carachteristics of the formed plasma. These
carachteristics can be measured indirectly through the appropiate treatment of
the electrical signals, voltage and current, thorough the wire, Typical examples
are the experimental works [7, 8],
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Among these plasma carachteristics, its conductivily has been measured
experimentally in different materials and situations with an exploding wire
setup [9, 10, 11, 12},

Measurement of the resisitivity of the metallic gas has not been addressed
in the open literature, to the knowledge of the authors of this work. Here
we present the first measurements for the limits of metallic gas conductivity
for the Copper metal. Simulations performed on the voltage and current in the
wire with the obtained metallic pas resistivity show an excellent agreement with
experimental data.

2 Experiment and physical model description

Experiments were performed with the ALEX (ALambre EXplosive, exploding
wire in Spanish) system, shown schematically in Fig. I. ALEX is formed by two
capacitors in parallel, 1.1 uF each, connected to a high voltage source, maximum
charging voltage 60 kV, which discharges the capacitors through a metallic wire
surrounded by atmospheric air when the spark gap is closed by a high voltage
trigger pulse.

High voltage {Prigger unit. Jrmmmcme e e

source

Nv/ o/ye— L“
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Figure 1; Exploding wire setup. PHI signals the photodiode, C the capaci-
tors bank, and Ly and Ry the lumped inductance and resistance of the setup,
respectively.

The high voltage trigger pulse is synchronized with the streak camera unit
by the depicted trigger unit. In order to perform the measurements of the
metallic gas resistivity limits here described, it is necessary to know the radial
expansion of the metallic gas. In this work radial expansion was obtained from
direct shadowgraphy images recorded with the streak unit for each experiment.




Voltages from the probes 2 and 3 and the Rogowsky coil signals, along with the
photodiode signal, were also recorded in an oscilloscope enclosed in a Faraday
cage room. The photodiode signal was used to synchronize the streak camera
photos with the electrical signals with a precision of &+ 60 ns.

Copper wires with fixed length of 5.1 em and diameter of 50 pm were used
in these experiments. Different charging voltages, 10, 15, 18, 21 and 25 kV
were employed to assure that the measured resistivity limits were consistent
with different initial energies and therefore, with the dinamical behaviour of the
metallic wire associated with the initial energy [5].

In order to calculate the voltage across the wire, some calculations over the
obtained voltages from probe 2 and 3 are necessary. Using a path along the
wire boundary, as Fig. 2 shows, the circuit equation reads

dd, ‘ Q di
— E -dl== Ryl - Ly— — V., (8), 1
T [ B = Rol - Lo~ Vi 1) W
w%lere Dy, is the magnetic flux enclosed by the circuit formed by the path b,
E the electric field in a system fixed to the path dl, C the capacitance of the
capacitor bank, Hg and Ly the lumped resistance and inductance of the circuit,
Vig the voltage drop across the spark gap, [ the current, and ¢} the charge.

Figure 2: Exploding wire path to calculate the circuit equation.

Therefore, the voltage across the wire, Viyire, can be written as:
dP ‘
Visire = —— -+ f E - dl. )
dt b

Since the flux, @y, is calculated beyond the border of the wire, and due to the
fact that there is no electrical current cireulating in the surrounding atmospheric
air, the flux variation in time can be writ{en as

d®; _ d{Lyl)
di — dt

where Iy, is a geometrical function equivalent to the inductance caleulated be-
tween the boundary of the wire and the returning conductor, In our case, the

(3)




returning conductor is a plane plate at a fixed distance 4 from the wire center,
thus considering atmospheric air as the medium, we get

Ly = Fol cosh™? (i) , (4)
m Ty

being { the length of the wire and ry its radius (that varies with time).
On the other hand, using the Ohm law in a system fixed to the wire, the
second term on the right hand side of (2) is :

fE’~d1:]pj-d1, (5)
b b

where p is the resistivity and j the current density.
Note that the integration of j across a section, d8, of the wire gives the total

cutrrent:
f j-dS=1 {6)
Finally, substituting in ec. (2} the values given by ecs. (3) and {5} we get
d(Lyl \
Vawire = (d; ) +fPJ -dl. (7)
b
In case of cylindrical symmetry the above reduces to
d (Ll ,
Vaire = .(.dt-b ) +1 (P.?z)b y (8)

being z the direction of the axis of the cylinder, with the subscript b indicating
that the variables are calculated on the wire boundary.

The voltage across the wire is measured by means of the two voltage dividers
mentioned, as shown in Fig.1. The probe 2 measures the voltage drop, Vs, that
includes part of the anode, the wire, the cathode, and the returning path to
ground. Instead, probe 3 measures the voltage drop, V3, that only includes the
cathode and the returning path to ground. Therefore, the measured voltage,

Vmeas: is
Vmeas = 'V2 - V3 == Vwire + Vmwde, (9)

where V;node 18 the voltage drop in the part of the anode included in probe 2.
This contribution can be modeled by a lumped element model, that is
dl

Vanode = LanodeE + Ranodel. (10)

The current derivative df /dt is measured with the Rogowski coil, and its nu-
merical integration gives the current I.

Parameters L,node and RHonode can be obtained by two different methods.
When Vew << Vanode (as expected in the final part of the discharge, when a
plasma is formed), the voltage (9) can be approximatated by a multilinear linear
approximation of the electrical current and its derivative. Or on a simpler way,
by removing the wire and joining the electrodes, as it was done during the
Rogowsky coil calibration procedure, thus forcing a shot circuit in the electrical
system. In both cases the measured voltage is

.odI
Vstortcircuit = Lanade&; + Rﬂl’lﬂdell




and therefore the parameters Lonode 8nd Rgnode are obtained using a multiple
linear regression analysis of the dependent variable Viportcirenit 8nd the inde-
pendent variables I and %{-.

Once the lumped parameters of the anode are known, the voltage drop across
the wire is obtained from the measurements of voltage, current, and its deriva-

tive as

dl
Viire = Vmeas - Lanadea - RanodeI- (11)
Using (7) in {11} we finally obtain
. df d{Lyl
Vr‘es = /PJ -dl =Vmeas - Lanade_" - Ranode-[ - ( ’ ) (12)
A dt dt

3 Resistivity limit values and conclusions

When diffusion of the current is the dominating phenomenon inside the wire,
from the Faraday’s law of induction it follows that

%, , 4P
+fp3-dl=ma-§+/pjvdl. (13)
@ b

dt

where a indicates any other path inside the wire (an Ohm’s law was assumed
for the wire). This means, for example, that the ohmic voltage drop depends on
the path (second term on both sides of the above equation) making impossible
to meaningfully define separately a resistance and an inductance of the wire as
lumped parameters in the circuit under these conditions [13].

In the case in which the variation of the magnetic fux variation inside the
wire, &), — @,, is negligible (usually expected in time scale larger than the
diffusion time or, equally, skin depth values larger than the wire diameter), that

is
d (@& - @u)
dt
the ohmic voltage drop becomes independent of the path

fﬂj-dl=fpj-dl, (15)
@ b

and a resistance variable in time can be defined as

a0, (14)

R bA-d (16)
I
Such is the case of the experiments here presented, as the skin depth value for
copper at the circuit frequency is on the order of 120 pm, more than three times
the wire diameter,
According to (7), the resistance above can experimentally be obtained from
the electrical signals as

R = ‘/res . Vmeas - mede% - ﬂﬂ-UdBI— £ ﬁ;l 7
= T ; , (17)

where the "border inductance” Ly is evaluated using (4) from the measurement
of the evolution of the wire boundary radius, rg.

//
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Although the resistance R may experimentally be obtained, it is not simple to
calculate the resistivity of the wire from it, unless the current density is known.
Unfortunately there are no simple probes that are able to measure the cinrent
density inside sub-millimeter wires, Therefore, we will discuss what valuable
information can be extracted when the electrical current density distribution is
unknown.

As it was mentioned above, when the magnetic Hux variation inside the wire
is important (i.e. during the diffusion period} the value from {17) is not only a
resistive term. Thus, in order to use {17) care should be taken in identifying the
period of time where the magnetic flux variation inside the wire is negligible.

In case of negligible magnetic flux variation inside the wire, assuming cylin-
drical symmetry (that will be used in what follows), from (16), the calculation
of a mean resistivity from the measured resistance {17) gives

=", (18)

where S is the section of the wire.

The value from (18) will represent the resistivity of the wire as long as a
relatively uniform resistivity is expected. This is not the case during the dark
pause where different states may coexist. In fact, numerical simulations show
the presence of a liquid inner core surrounded by a gaseous outer layer, and as
there are many orders of magnitude between the resistivity of a metallic gas and
that of a metallic liquid, the obtention of the mean value from ec. 18 is useless.

Independently of this fact, from (15) we get

pi. = const, (19)

where the constant in space varies with time. Evaluating the constant at the
boundary, the variation of the current density along the radius depends on the
resistivity as

G, = g‘??jlia, (20)
P
that using {16} becomes
R -
Jz = ol
Integrating on cross section we get :
I = /QﬁTjZdT' — RI / 21r-rd1,, (22)
l P
o 1 o [rd
7 [ rdr
1 _2r [rdr 9
=T (25)

Assuming that there is an inner liquid region and an outer gaseous region,
each one with relatively untform resistivity; the above becomes

1 2n ] rdr 2w f rdr
_=— —_— 4 — —p 24
R ! tiguid P { gas ( )

1___ Sliquid + Sgas (25)

1!_2 B l <p>fiquid { (p)gas ’

or
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where Sjguia is the section of the inner core, Sgqs the section of the outer core,

and (p);,uid/gas TEPresENts a mean value on each phase.
Defining the resistance for each state as:
Hp)tiquia 1{p)
By igud , d R — gas 26
tiguid —Sliquid an gas Sgas » ( )
we finally get
1 1 1

{27)

i Rfiquid Rgas )

The total resistance of the wire corresponds to a parallel of the resistance of the
lignid and the gas phase, as expected.

From the electrical signals it is not possible to determine the relative con-
tribution of each state to the total resistance. Anyway, the total resistivity
represents a limit to each individual resistance :

R < Riguia, and R < Rgus, (28)

from which resistivity limits can be measured as

RSiiquid
(p)h'quid > lq H (29)
for the liquid and
RSgas
(p>gas > l L (30)

in the case of the metallic gas.

Note that as the gas expands much more than the liquid and therefore, its
surface is much larger than the one of the liquid,the section of the gas can be
taken as the total section of the expanded wire, that is

Syas = TG (31)

By measuring the dependence of the houndary radius, ry, with time and the
electrical signals leading to the resistive voltage measurements, a lower bound
of the mean gas resistivity is given as

Rur?  Viesnry
(Plges > Z00E . Yresrri, (52)

where R is obtained from (17).

In principle, a similar procedure may be used for obtaining & lower bound
for the resistivity of the metallic liquid. The problem is that, from the measure-
ments, there is no simple way to determine the physical limit between liquid and
gas phases, therefore the section of this region, Sjiguia, cannot be estimated.

In order to estimate the lower limit for the gas resitivity, it is necesassary
to consider the energy transfer from the electrical circuit to the exploding wire
during the dark pause. The dark pause starts when the metallic gas is formed
in the outer layer, and it lasts until the ionization of the plasma begins. Due to
the large resistivity of the gas, the dark pause is characterized by a low current,
a fact that is easily seen in the electrical signals. Therefore, during the dark

L
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pause, the metallic gas is heated from the boiling point to the lonizing point by
Joule heating. The power for the Joule heating of the gas is

W= [ pifay, (33)

gas

that, using cylindrical symmetry and (19), can be rewritten as

: . 1
Wy =i [ Sa, (34)
gas g
or, in virtue of (26)
, . 2 (toj.)* V2
W; =1 22/‘————411‘:-*-—3——1‘5‘1. 35
’ (pj ) p Rgﬂs Rg‘ﬂs ( )

As a matter of fact, from the experiments we find that V., ~ const during the
dark pause, excepted for a few hundred of nanoseconds at the beginning of the
discharge.On the other hand, the gas resistivity is observed to decrease with
time, mainly due to the expansion of the gas.

The energy delivered to the gas up to a given time t should be cnough to
heat up the gas to the temperature at that time instant. Therefore, integrating
the power in time from the beginning up to a given time instant ¢, that is

VZ
(Rges {t — tooiting) = 1 {t) Cp (T — Thoiting) (36)
gas

where T is the gas temperature at time ¢, n () the number of moles in the
gas state, Cj, the molar heat capacity at constant pressure, Tpojing the boiling

temperature, and (R} ,  a mean value of the resistance of the gas.
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Figure 3: Copper gas resistivity experimental limits. Shadows correspond to
the experimental error bars.




A first approach solution for the temperature is obtained assuming the same
linear dependence with time of both, number of moles and temperature:

T~ Tboi!ing . t— tboiling — n (t) (37)

Tionizing — Thoiting  liontzing — thoiting n

where Tignizing 15 the lonizing temperature, and n the total number of moles
(i.e., the entire wire is in gas state at the end of the dark pause). Thus (36)
becomes

_Vizti(t. ring — Lhoiting) = NCyp (Tionizing — Thotting) b = thoiting
<R>gas ionizing boiling) = o \lionizing boiling tionizz‘ng _ tboiling,
(38)
and finally for the mean gas resistance
(R) < Vr2f:s (tiom'zing e tbui!ing)2 (39)
gas ncp (:Ft'anizing - Tboi!ing) (t - thih’ng) ’
or for the resistivity
2
(P) < TEVT"‘LS (tionizing - tboﬁing) (40)

99 = nCyl (Tionizing — Thoiting) {t — lboiting)

Note that (40} should be taken with care during the initial stage, when diffusion
is important and (15} is not valid.
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Figure 4: Wire voltage (cont. lines} and current {dashed lines} signals for a
charging voltage of 18 kV. Black lines indicate the experimental values and grey
lines the calculated ones.

The time duration of the dark pause depends on our experiments only of
the initial voltage. Therefore, the time scale needs to be rescaled in order to
compare different experimental measurements at different voltages. The way
here employed is the replacement of time by temperature using (37).
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In figure 3 the mean values of the two previously deduced limits, (32} and
{40), arve plotted as a function of temperature. The electrical signals were ob-
tained from the electrical probes (as described above)}, while the evolution of
the radius was taken from the streak camera images.

In order to check the hypothesis and values of the limits of the resistivity
here presented, the experiment was simutated using a simplified, 1D version
of a full 3D multi-component (neutrals, ions, and electrons), two {emperature,
Arbitrary Lagrangian-Eulerian, Finite Volume code [14]. The coupling with the
exploding wire experiment is described in [15]. Browsing different values for
the resistivity within the above limits, we get a fairly good reproduction of the
electrical behavior using

p=po {1+ a{T — Thoiting)) {41)

with pg == 0.00004 £t-m and o = 0.00186/K.

With this resistivity function, many features of the electrical signals are
reproduced. As figure 4 shows, calculated and experimental values of the initial
peak of the voltage are in very good agreement. Time length of the dark pause,
marked both by the voltage and current plateau and the slope of rise up {(down)
of the current({voltage) at the end of the dark pause, is also very well reproduced
by the calculations with the above function for the copper gas resistivity. Similar
observations can be made about the values of the radial border of the plasma
expansion, as Fig. 5 shows.

Despite the good agreement between the calculated values and the experi-
mental ones using the resistivity limits as guide, there is room for improvement
as there are still non modeled features. For example, the initial negative voltage
peak observed in the experiments is not reproduced by the simulations. Also,
the transition from liquid to gas, i.e. the liquid-gas state, needs to be modeled.
On the other hand, in the simulations, a linear dependence of the resistivity
with the enthalpy has been used.

We are aware of the speculative character of many hypothesis, but the aim
of this notes is to set limits for the electrical conductivity of copper gas, that
to the best of our knowledge, have never been measured. lmprovements may
be performed in the experiments and the numerical simulations in order to
determine a more precise value, For example, we have used a oscilloscope with
only 8-bit vertical resolution. This produces a large indetermination of the
current during the dark pause, because the scale is set in order to capture the
peak current, that is much larger than the current during the dark pause.
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Does the Velocity of Light Depend on the Source Movement?
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Data from spacecrafis tracking exhibit many anomalies that suggest the dependence of
the speed of electromagnetic radiation with the motion of its source. This dependence
is different from that predicted from emission theories that long ago have been demon-
strated to be wrong. By relating the velocity of light and the corresponding Doppler
effect with the velocity of the source at the time of detection, instead of the time of emis-
sion, it is possible to explain quantitatively and qualitatively the spacecraft anomalies.
Also, a formulation of electromagnelism compalible with this conception is possible
(and also compatible with the known eleciromagnetic phenomena). Under this theory
the influence of the velocity of the source in the speed of light is somewhat subtle in
many practical situations and probably went unnoticed (i.e. below the detection limit)

in other measurements.
1 Introduction

In these lines I intend to show that there exists consistent ev-
idence pointing to the need of revision and further study of
what seem at present a setted issue, namely the independence
of the speed of electromagnetic radiation on the motion of its
souree.

The main point in the evidence is the range disagreement
during the Earth flyby of the spacecraft NEAR in 1998. Its
range was measured near the point of closest approach using
two radar stations, Millstone and Altair, of the Space Surveil-
lance Network, and compared with the irajectory obtained
from the Deep Space Network fl1}. As for the range, the
two measurements should match within a meter-level accu-
racy {the resolution is 5 m for Milistone and 25 m for Altair),
but actual data showed a difference that varies linearly with
time (with different slopes for the two radar stations) up to a
maximum difference of about 1 kin, i.e. more than 180 times
larger than the accuracy of the equipment used (see figure 10
of [1]). Further, when NEAR crossed the orbits of Global Po-
sitioning System (GPS) satellites, orbital radius 26,600 km,
the measured range difference was 650 m, that is, a time dif-
ference of 2 us, Is it reasonable that any standard GPS re-
ceiver performs better than the Deep Space Network or the
Space Surveillance Network?

There has not been a complete expianation for the range
discrepancy. It is very difficult to find any physical reason
that may produce this anomaly, for any physical disturbance
of the path of the spacecraft should manifest equally in the
Deep Space Network and the Space Surveillance Network
data. Guruprasad [2] proposed an explanation that points to
a time lag in the Deep Space Network signals proportional
to the range, but the model is, at best, within 10% of the
measured data (i.e. larger than the instrumental error) and,
more important, it fails to explain an important feature, that
is, the different slope for the two radars. If we assume that

systems are working properly, then the measured range dif-
ference {time lag) could be due to different propagation time
of the employed signals.

Additional points in the evidence come from anomalies
related to the tracking of spacecrafts, present in both Doppler
and ranging data, The Pioneer anomaly [3] and the fiyby
anomaly {4] refer to small residuals of the differences be-
tween measured and modeled Doppler frequencies of the ra-
dio signals emitted by the spacecrafts. Although these resid-
nals are very small (less than | Hz on GHz signals) the prob-
lem is that they follow a non-random pattern, indicating fail-
ures of the model, According to the temporal variation of
those residuals the Pioncer anomaly exhibits & main term,
an annual term, a diurnal term and a term that appears dur-
ing planetary encounters, It should be clarified that a few
years ago an explanation of the Pioneer anomaly was pub-
lished [5]. However, it is a very specific solution that applies
only to the main term of the Pioneer spacecraft anomaly, but
left unresolved many other anomalies, including those of the
spaceships Cassini, Ulysses and Galileo; the annual term,; the
diurnal term; the increases of the anomaly during planetary
encounters; the fiyby anomaly; and the possible link between
all them (it is hard to think that there are so many different
causes for the mentioned anomalies). For all this, I believe
that the issue can not be closed as it stands.

2 Range disagreement
As a matter of fact, the range difference between the Space
Surveillance Network and the Deep Space Network, 6R, is
perfectly fitted with
R v
PIOELUAICY M

where R (#) is a vector range pointing from the spacecrait to
the radar, v (f) the spacecraft velocity relative to the radar,

Luis Bilbac. Does the Velocity of Light Depend on the Source Movement? 307




y
/

s

Volume 12 (2016)

PROGRESS IN PHYSICS

Issue 4 {October)

and ¢ the speed of light. Figure 1 shows this fit and its com-
parison with measured data, The orbital and measured data
were taken from [1]. Although the exact location of the radar
stations are unknown to the author (approximate values are:
Millstone 42.6° N 71.43° W, and Altair 9.18° N 167.42° B),
the fit is statistically significant for both radar stations (p <
107%) including the first outliers points. It reproduces the (al-
most) linear dependence with time during the measured in-
terval, and the two different slopes for Millstone and Altair
stations due to their different locations.

400 1

500

|
|

1060 ; 1 T + |

23-Jan-98 23Jan88  23J21.98 23Jan98  23.an98  23-Jan-98  23-Jan-0B

06:12:43  06:18:49 062585 068201  0B3336 064502 065148
DataMme

Fig. I: Range disagreement between the Space Surveillance Net-
work and the Deep Space Network, for 1998 NEAR flyby (Millstone
blue points, upper trace, and Altair red points, lower trace). Alse the
fit {1} is plotted (full lines, Millstone in blue and Altair in red). For
Milistone, the error bars refer to the uncertainties in the exiraction
of the data from figure 10 of [1], rather than to its tracking etror (5
m}, while for Altair, the accuracy is 25 m.

Since range measurements are based on time-of-flight
techniques, the validity of (1) means that the electromagnetic
waves {microwave) of the Deep Space Network and the Space
Surveillance Network travel at different speeds. Specificalty,
in the radar frame of reference, if the Space Surveillance Net-
work waves travel at ¢, then the Deep Space Network waves
travel at ¢ plus the projection of the spacecraft velocity in the
direction of the beam, in sharp contrast with the Second Pos-
tulate of the Special Relativity Theory.

In view of the above result one may ask what is estab-
lished, at present, about the relation of the speed of elec-
tromagnetic radiation (light for short) to the motion of the
source. In order to elaborate this point the following ques-
tions are of refevance:

1. Are there simultaneous measurements of the speed of
Hght from different moving macroscopic sources (not
moving images) with different velocities?;

2. Since ballistic {emission) theories are ruled out {see,
for example, DeSitter [6,7], Brecher [8] and Alviger et
al [9]), how else could the speed of light depend on the
source movement?;

3. How is it possible that there is a first order difference
in vfc in spacecraft range measurements, while at the
same time there are many experiments on time dila-
tion that are consistent with Special Relativity Theory
to second order in v/c (see, for example, [10])?;

4, If the velocity of light depend on the velocity of the
source, why has this not been observed in other phe-
nomena in the past?

In answer to the previous questions, so far as the author is
aware, there is no known experimental work that simultane-
ously measures the speed of light from two different sources
(not images), or that simultaneously measures the speed of
light and that of its source. For example, in the work by
Alviiger et al, [9} the speed of light is measured at a later time
{# 200 ns) than the emission time, and there is no measure-
ment of the speed of the source at the time of the detection of
the light,

Note that measurements involving moving images pro-
duce different results from those produced by mobile sources.
For example, under Special Relativity Theory, a moving
source is affected by time dilation while a moving image is
not, Therefore, to ensure the independence of the speed of
light from its source movement, it is essential to have two
sources with different movements.

Although controversial and beyond the scope of the this
note, time dilatation phenomena may be of differeat physi-
cal origin from first order terms, as il may be inferred from
the work of Schridinger {11]. Thus, measurements of time
dilatation phenomena in accordance with Special Relativity
Theory, does not necessarily imply the independence of the
speed of light with the movement of the source.

The experiments mentioned above [6-9] only rule out bal-
listic theories in which radiatton maintains the speed of the
source at the time of emission, but do not rule out other ideas,
like Faraday’s 1846 {12],

3 Faraday’s ray vibrations

In order to remove the ether, Faraday introduced the concept
of vibrating rays [12], in which an electric charge is con-
ceived as a center of force with attached “rays” that extend
to infinily. The rays move with their center, but without rotat-
ing. According to this view, the phenomenon of electromag-
netic radiation corresponds to the vibration of these “rays”,
that propagates at speed ¢ relative to the rays (and the cen-
ter). That is, the radiation remains linked to the source even
after emitted. Today we could describe the interaction as a
kind of entanglement between the charge and the photon, A
framework for the electromagnetic phenomena according to
Faraday’s ideas was developed, It was called “Vibrating Rays
Theory' [13] in reference to Faraday’s “vibrating rays”.
Under Faraday’s idea, the velocity of radiation at a given
epoch will be equal to ¢ plus the velocity of the source at
the same epoch, in contrast with ballistic theories in which
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the emitted light retains the speed of the source at the emis-
sion epoch. In this sense the radiation is always linked to
the charge at every time after the emission. Consequently,
the measured Doppler Eifect corresponds to the speed of the
source at the time of reception, as well,

Further, a difference between active and passive reflec-
tion is expected, since the latter is still related to the origi-
nal source according to Vibrating Rays Theory, The Deep
Space Network works with the so called active reflection (the
spacecraft re-emits in real time a signal in phase with the re-
ceived signal from Earth), while the Space Surveillance Net-
work works with passive radar reflection. In conscquence, the
down-link signal from the approaching spacecraft will prop-
agate faster that the reflected one. Using the available orbital
data 1] we found that, under Vibrating Rays Theory, the the-
oretical time-of-flight difference between active and passive
reflection gives exactly the same range disagreement as (1),
see Part 6 of [13].

4 Pioncer anomaly

The Pioneer anomaly refers to the fact that the received
Doppler frequency differs from the modeled one by a blue
shift that varies almost linearly with time, and whose deriva-
tive is

KICTIN -6 % 1077 Hz/s, 3]

dt

where Af is the frequency difference between the measured
and the modeled values.

In the case of a source with variable speed, the main dif-
ference in Doppler (fo first order) between Vibrating Rays
Theory and Special Relativity Theory, is that Special Rela-
tivity Theory relates to the speed of the source at the time of
emission, while Vibrating Rays Theory relates to the speed of
the source at the time of reception. Precisely, this difference
seems to be present in the spacecraft anomalies.

If Vibrating Rays Theory is valid, it automatically invali-
dates all calculations and data analysis of spacecraft tracking
which are based on Special Relativity Theory. So, it is not
easy to make a direct comparison between the expected re-
sults from Special Relativity Theory and Vibrating Rays The-
ory, However, to see whether or not the main features pre-
dicted by Vibrating Rays Theory are present in the measure-
ments, we can evaluate the residual by simulating a measured
Doppler signal assuming that light propagates in accordance
to Vibrating Rays Theory but analyzed according to Special
Relativity Theory.

Calling 2 the emission time of the downlink signal from
the spacecraft toward Earth and ¢4 the reception time at Barth,
the first order difference of the Doppler shift between Vibrat-
ing Rays Theory and Special Relativity Theory is (see [13]
Part 4}

A= fr—fmr it )

where v; and v; represent the velocities of the spacecraft at
the corresponding epoch, £ is the unit vector from the space-
ship to the antenna, and f3 the proper frequency of the sig-
nal. That is, the velocity used in the Special Relativity The-
ory formula is that at the time of emission while according
to Vibrating Rays Theory is that corresponding at the time of
receplion.

Since the spacecraft slows down as it moves away, then
t {vy ~v3) > 0, therefore the difference corresponds to a
small blue shift mounted over the large red shift, as it has been
observed in the Pioneer anomaly. It should be noted that this
difference appears because of the active reflection produced
by the on-board transmitter. In case of a passive reflection (for
example, by means of a mirror) the above difference vanishes.

4.1 Main term

An estimate of the order of magnitude of 3 is obtained by us-
ing that the variation of the velocity of the spacecraft between
the time of emission and reception is approximately

v2—vimah—n), @
where a is a mean acceleration during the down-link interval,
An estimate for the duration of the down-link is simply
r

t3—fzzz, 5)

where » is a mean position of the spaceship between £, and 43,
therefore roa
Af = ‘-‘fb 'c—2 f
Since
a=——"H
P

where G is the gravitational constant, and M the mass of the
Sun, then, the time derivative becomes

d{Af)
Codt

If the difference (6) is Interpreted as an anomalous accel-
eration we get

Y-a

Ga® > a, 0
C

that is, the so-called anomalous acceleration is v/c times the
actual acceleration of the spacecraft.

Using daia from HORIZONS Web-Interface [14] for the
spacecraft ephemeris, some characteristic vatue for g, can be
obtained. Consider the anomalous acceleration detected at
the shortest distance of the Cassini spacecraft during selar
conjunction in June, 2002. The spacecraft was at a distance
of 7.42 AU moving at a speed of 5.76 km/s. The anomalous
acceleration given by (7) is a, ~ 2 x 1072 m/s? of the same or-
der of the measured one (~ 2.7 107° m/s? ), Also, the closest
distance at which the Pioneer anomaly has been detected was
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about 20 AU. the anomalous acceleration predicted by (7) at
that distance is a, =~ 7.3 % 10719 m/s? of the same order as the
measured one.

The “anomaly” given by (7) decreases in time in a way
that has not been observed. Note, however, that according
to Markwardt {15] the expected frequency at the receiver in-
cludes an additional Doppler effect caused by small effective
path length changes, given by

Afpmh = “gz‘['q;‘% ’ (8)
where di/dt is the rate of change of effective photon trajec-
tory path length along the line of sight. This is a first order
effect that can partiatly hide the difference between Special
Relativity Theory and Vibrating Rays Theory. Therefore, a
more careful analysis should take into account the additional
contribution of (8) in (7). '

Further, other first order effects may appear, for exam-
ple, by a slight rotation of the orbital plane. Due to spacecraft
manguvers or random perturbations the orbital parameters are
chtained by periodically fitting the measurements with theo-
retical orbits, Therefore there is no straightforward way to
weight the importance of these fittings in (7). In other words,
data acquisition and analysis may hide part of the Vibrating
Rays Theory signature.

4.2 Annual ferm

Apart from the residual referred to in the preceding paragraph
there is also an annual term. According to Anderson et al {16]
the problem is due to modeling errors of the parameters that
determine the spacecraft orientation with respect to the refer-
ence system, Anyway, Levy et al [17] claim that errors such
as errors in the Earth ephemeris, the orientation of the Earth
spin axis or the stations coordinates are strongly constrained
by other observational methods and it seems difficult to mod-
ify them sufficiently to explain the periodic anomaly.

The advantage of studying the annual term over the main
ferm, is that the forimer is less sensitive to the first order cor-
rection mentioned above, and, for the case of Pioneer, also
to the thermal propulsion correction [5]. Clearly, the Earth
orbital position does not modify those terms.

As before, the annual tersh is explained by the difference
between the velocity of the spacecraft at the time of emis-
sion and that at the moment of detection, which depends on
whether the spaceship is in opposition or in conjunction rel-
ative to the Sun. When the spacecraft is in conjunction, light
takes longer to get back to Earth than in opposition. The time
difference between emission and reception will be increased
by the time the light takes in crossing the Earth orbit. Specif-
ically, taking into account the delay due to the position of
Earth in its orbit, in opposition equation (3) should be written
as
r+ Ry

o 9

while in conjunction it would be

r= Ry
h—-h= —

(10}

where R, is the mean orbital radius of Earth,
Therefore, an estimate of the magnitude of the amplitude
of the annual term is

Af ~ T2k, ()
For the case of Pioneer 10 at 40 AU we get
Af =~ 14 mHz, (12)
and at 69 AU
Af = 4.8 mHz, (13)

in good agreement with the observed values.

Usitig data from HORIZONS Web-Interface [14} a more
complete analysis of the time variation of Af has be per-
formed. The residual (that is, simulated Doppler using Vi-
brating Rays Theory but interpreted under Special Relativ-
ity Theory) during 12 years time span is plotted in figure 2,
Also the dumped sine best fit of the 50 days average mea-
sured by Turyshev et al [18] is plotted showing an excellent
agreement between measurements and Vibrating Rays The-
ory prediction. The negative peaks (i.e., maximum anoma-
lous acceleration) occur during conjunction when the Earth
is further apart from the spacecraft, and positive peaks dur-
ing opposition. Also, the amplitude is larger at the beginning
of the plotted interval and decreases with time, as it was ob-
served {4, [8].

5 Fiyby anomaly

Like the Pioneer anomaly, the Earth flyby anomaly can be as-
sociated to a modeling probiem, in the sense that relativistic
Doppler includes terms that are absent in the measured sig-
nals. The empirical equation of the flyby anomaly is given
by Anderson et al [4], which, notably, can be derived using
Vibrating Rays Theory, as is done in Part 6 of [13].

Consider the case of NEAR tracked by 3 antennas lo-
cated in USA, Spain, and Australia (a full description of the
tracking systern is found in a series of monographs of the Jet
Propulsion Laboratory [19]). The receiving antenna was che-
sen as that having a minimum angle between the spacecraft
and the local zenith,

Using available orbital data, a simulated Doppler signal
has been calculated using Vibrating Rays Theory. Thus, the
simulated residual is obtained by subtracting the theoretical
Special Relativity Theory Doppler, from the Vibrating Rays
Theory calculation. We observed, however, that the term that
contains the velocity of the antennas, that is

_ﬁl—i‘x-u;/c

d - 7
Y 1 =12 m/fe

(14)
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Fig. 2: Annual variation of the frequency difference between Vi-
brating Rays Theory and Special Relativity Theory (full fine) and
anomalous dumped sine best fit of the 50 days average measured by
Turyshev et al [18] {dashed line}, for Pioneer 10 from January 1987
to January 1999.

is not enough to completely remove the first order (in u/c)
Earth signature (u is the velocity of the antenna, 1 refers to
the emission epoch and 3 to the reception epoch, as in [13]
Part 4).

This is so because the velocity of the antennas is not uni-
form and the evaluation of the emission time is different for
Vibrating Rays Theory and Special Relativity Theory. Then,
a small first order term remains. Anyway, since orbital param-
eters are obtained by periodically fitting the measurements to
theoretical orbits, thus a similar procedure is needed for Vi-
brating Rays Theory. Curlously, by doing so, the first order
term is removed. The only difference between orbits adjusted
by Special Relativity Theory and Vibrating Rays Theory is a
slight rotation of the orbit plane, as mentioned above. Note
that in the case of range disagreement (discussed above} two
different orbital adjustment would be needed by the Deep
Space Network and the Space Surveillance Network due to
the different propagation speed. In consequence, it will be
impossible to fit a simultaneous measurement, as it seems to
happen with the range disagreement.

. The final result shows that each antenna produces a sinu-
soidal residual with a phase shift at the moment of maximum
approach, Therefore, if we fit the data with the pre-encounter
sinusoid a post-encounter residual remains and vice versa.

In figure 3 are simultancously plotted the resuit of fitting
the residual by pre-encounter data {right half in red, corre-
sponding to figure 2a of [4]) and by post-encounter data (left
half in blue, corresponding to figure 2b of [4]).

Note that the simulated plots are remarkably similar to the
reported ones, including the amplitude and phase (i.e., min-
ima and maxima) of the corresponding antenna, The fitting of
post-encounter data (blue) can be improved by appropriately
setting the exact switching times of the antennas (which are
unknown to the author). The fiyby Doppler residual exhibits
a clean signature of the Vibrating Rays Theory.
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under an ideal hyperbolic orbit. Solid lines simulated according to
Vibrating Rays Theory. Crosses, actual data extracled from refer-
ence [41.

6 Conclusions

In this work I have presented observational evidence favoring
a dependence of the speed of light on that of the source, in the
manner implied in Faraday’s ideas of “vibrating rays”.

It is remarkable and very suggestive that, as derived from
Faraday’s thoughts, simply by relating the velocity of light
and the corresponding Doppler effect with the velocity of the
source at the time of detection, is enough to quantitatively and
qualitatively explain a variety of spacecraft anomalies.

Also, it is worth mentioning that a formulation of elec-
tromagnetism compatible with Faraday's conception is pos-
sible, as shown in [13] Part 8, which is also compatible with
the known electromagnetic phenomena. The most remark-
able fact of this new formalism is the simultaneous presence
of instantancous (static terms) and delayed (radiative terms)
interactions (i.e., local and nonlocal phenomena in the same
interaction).

Finally, under Vibrating Rays Theory the manifestation of
the movement of the source in the speed of light is more sub-
tle than the naive ¢ + kv hypothesis (k is a constant, 0 < k < 1)
usually used to test their dependence [8]. Thus, it is also of
fundamental importance the fact that, from the experimental
point of view, it is very difficult to detect differences between
Vibrating Rays Theory and Special Retativity Theory, as dis-
cussed in {13}, which is also manifest in the smallness of the
measured anomalies, and in the non clear manifestation of the
effect in usnal experiments and observations, For example, it
produces a negligible effect on satellite positioning systems,
see Part 7 of [13].

1 am aware of how counterintuitive these conceptions are
to the modern scientist, but also believe that, given the above
evidence, a conscientious experimental research is nceded to
settle the question of the dependence of the speed of light on
that of its source as predicted by Vibrating Rays Theory, and
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that has been observed during the 1998 NEAR flyby. As a
closure, I recall Fox's words regarding the possibility of con-
ducting an experiment on the propagation of light relative to
the motion of the source; “Nevertheless if one balances the
overwhelming odds against such an experimeni vielding any-
thing new against the overwhelming importance of the point
to be tested, he may conclude that the experiment should be
performed” [20].
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Editorial Comment

This paper plays an importance in the understanding of the physical observ-
able velocity of light that differs from the world-invariant in the General The-
ory of Rélativity.

Defining physical observable quantities in the General Theory of Rel-
ativity s not a trivial problem. This is because we are looking at objects
in a four-dimensional space-time, and we have to determine which compo-
nents of these four-dimenstonal tensor quantities are physically observable,
A complete mathematical theory for calculating physically observable quan-
tities in the four-dimensional space (space-time) of General Relativity was
introduced in 1944 by Abraham Zelmanov, and is known as the theory of
chronometric invarfants’. Landau and Lifshitz in §84 of their The Classi-
cal Theory of Fields also introduced physically observable time and observ-
able three-dimensional intervals simitar to Zelmanov, But they limited them-
selves only 1o this particular case, while only Zelmanov arrived at the versa-
tile mathematical theory. A compendium of Zelmanov’s theory of physical
observable quantitics can atso be found in the books®,

In short, physically observable are the projections of four-dimensionat
quantities onto the time ling and the three-dimensional spatial section of the
observer, which can be non-uniforny, deformed, curved and rotating. These
projections are calculated through the special projecting operators which take
ali the aforementioned factors inlo account. In particular, the physical ob-
servable velocity of light differs from the world-invariant, and is depended
on the gravitational potential and the rotation velocity of the observer’s space.
In uttimate physical conditions, as is shown in Chapter 5 of Particles Here
and Beyond the Mirror!, the observable velocity of light can even become
zero, that is verified by the frozen light experiment (Lene Hau, 2001),

Even more. In a physical space (space-time melric) wherein is a shift at
one of the spatial directions {that means a spatial anisotropy), the observable
velocity of light is depended on the signal source's velocity at this preferred
direction. We drafted such a space-fime metric in the last decade.

Einstein’s postulales have now only a historical meaning. Once Ein-
stein moved his theory on the mathematical basis of Riemannian geometry,
he found that aif the postulates are the manifestations of geometry of Rie-
mannian spaces. It is as well true about the world-invariant of the velocity
of lght. In a space, which is free of gravitation, is uniform, non-deformed,
and non-rotating, the physical observable velocily of light coincides with the
wotld-invariant. However in a real physical space it does not.

For this reason the experimental compendium and the analysis presented
in Bilbao’s paper will maybe give a new fresh stream in search for the further
theoretical predictions of the General Theory of Relativity,

Dmitri Rabounski, Editor-in-Chief
Larissa Borissova, Assoc, Editor

*Zelmanov A, Chronometric invariants. American Research Press, Re-
hoboth (NM), 2006. Zelmanov A, Chronometric invariants and accompany-
ing frames of reference in the General Theory of Relativity, Soviet Physics
Doklady, 1956, v. 1, 227-230,

tBorissova L. and Rabounski D. Fields, Vacuum, and the Mitror Uni-
verse. 2nd cd., Svenska fysikarkivet, Stockholm, 2009, Rabounski D, and
Borissova L, Particles Here and Beyond the Mimor, 3rd ed., American Re-
search Press, Rehoboth (NM}, 2012,
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In a recent paper, Guruprasad {1} proposed an explana-
tion of spacecraft fiyby anomalies based on a theoretical
model of traveling waves.

In order to contrast the theory against measurements,
experimental data from the measured range disagreement
of 1098 NEAR flyby were used [2]. (I believe that “dis-
agreement” is a better term than “errer” to describe this
anomaly of the NEAR spacecraft.) Alihough the disagree-
ment was detected during an Earth flyby, it should be
distinguished from the so-called flyby anomaly [3] which
refers to an unexpected energy increase during Earth fiy-
bys of spacecraft.

The ranging data are obtained from the time delay of
the radio signals, and are independent of the Doppler data,
although the time-integrated Doppler frequency should
equal the range variation. The range disagreement de-
tected by Antreasian and Guinn [2] is the difference in the
range measured by the Millstone and Altair tracking sta-
tions of the Space Surveillance Network (SSN} relative to
the expected range according to the trajectory obtained
from the Deep Space Network (DSN). The actual flyby
anomaly {3] romains unexplained in Guruprasad’s paper.

The main objections to the paper by Gurusprasad, be-
sides the former one, are the following: a) loose estimates
of orbital data are used, while the orbital parameters are
readily available [2]; b} an unrezlistic relationship between
range error and range is used; and ¢) no statistical signifi-
cance of the agreement between model and measurements
is given.

(M Present address: INEI, Universidad de Castilla-La Mancha -
Cindad Renl, Spain; e-mail: bilbac@df.uba.ar

An example of the poor estimates is given on page b,
left column, where it is written “The uniformity of the 10
min ticks in the equatorial view ([9], fig. 1 and of simi-
lar ticks in the north polar view ([14], fig. 9), which are
expanded due to projection, suggest that the mean speed
v, = 6.85kms~! would be adequate for present purposes.”
In other words, the used mean radial speed is obtained
from the author’s interpretation of a published figure, in-
stead of actual data. In fig. 1 total and radial speeds of
NEAR are plotted. The mean radial velocity is about
8km/s during SSN traking, that is, 17% larger than the
used estimate, '

The consequence is that the fit of fig. 1 of [1] changes
appreciably. The At relies on a relationship deseribed
on page 2, right column, as “Denoting the instantaneous
range errors as Ar, and the radial speed as v,, the lag
times in the figure are given hy At = Arfv,, and the
one-way ranges, by v = cAt ~ 1, == eAr/vu, — 7, where
re = 6.371 km, the Earth’s radius.” That is, a linear re-
latioship between range, v, and range disagreement, Ar,
is proposed. In fig. 2, the plot of the above relationship
using both v, = 6.85km/s {the asymptotic speed used
by Gurusprasad), and v, = 8km/s (the actual speed) is
given. Also, they are compared to the actual relationship
for Millstone {Ar from measurements and 7 from orbital
data), Differences are so large (as much as more than hal
the Earth radius) that clearly invalidate the relationship
with the radial speed propesed by Gurusprasad.

Further, although the above relationship can be pre-
sented as a de facto correlation, from a physical viewpoint
there is ne justification on why range (r) and Earth ra-
dius {r.} may appear arithmetically added. The Earth
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Fig. 1: {Colour online) Speed of NEAR. (green, upper line) and
radial speed {magenta, lower line) during SSN tracking.
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IMg. 2: {Colour onling) Range as a function of range differ-
ence. Guruprasad’s proposed model with v, = 6.85km/s [1}
(magenta, middle line), proposed model with v, = 8km/s (the
actual speed) (orange, lower line), and actual relationship for
Millstone {green, upper line}.

radius relates to the position of the detectors, bui the -

direction from the Earth center to the radar is not paral-
lel to the range, which points from the radar to the space-
craft. Thus, one should expect the appearance of an angle
cosine in the formula.

Another example of poor {(wrong) estimates is on page 5,
right column, where it is written “the trajectory pointed
towards Millstone initially, implying a faster initial de-
crease of the range,...”. This is not true. In fig. 3 the angle
between the trajectory and the line of sight to the SSN an-
tennas are plotted. As can be seen, initially the trajectory
points equally to both antennas (about 17.5 degrees). Fur-
ther, as is shown in fig. 4, initially (and during the whole
coverage) Altalr has a faster decrease of the range, not
Millstone as stated by Guruprasad.

Finally, no statistical significance is referred to in the
paper. Only vague percentage figures are mentioned. For

example, referring to the one-way delay on page 5, left
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Fig. 3: (Colour online)} Angle between trajectory of NEAR and
line of sight to SSN antennas: Millstone {blue, lower line) and
Altalr (ved, upper line).
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Fig. 4: (Colour online) Orbital radius of NEAR {green, upper
line}, range from Milistone (blue, middle line) and range from
Altair (red, lower line}.

column, it is said to be “about 25% smalter than in fig. 1.”
Or, the Doppler amplitude, “These are about 20% of the
reportect 760mHz = 13.5mm 51" How good are these
figures? Do they have any statistical significance?

Orbital parameters are readily accesible, thus the actual
orbit of spacecrafts is easily obtained. A test of the theory
could be conducted in a more precise way.

As presented by Guruprasad, the theory seems to
roughly agree with wrong estimates, thus giving the im-
pression that the theory is not supported by actual data.
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VISTO lo dispuesto en el articulo 50° del Estatuto Universitario que instituye el Afio Sabatico
para profesores regulares de la Universidad,

CONSIDERANDO:
Que por Resolucion CD N° 2189/15 se solicitd al Consejo Superior se autorice
al Dr. Luis Ernesto Bilbao Profesor Regular Adjunto con dedicacién exclusiva del Departamento

de Fisica a hacer uso del Afio Sabatico,

Que por Resolucion CS NO 3665/15 se aprobd dicha solicitud otorgando
licencia desde el 1 de febrero de 2016 hasta el 31 de enero de 2017,

Que en cumplimiento con el Art. 120 de la Resolucion CS N° 4518/93, el Dr.
Luis Ernesto Bilbao presento su informe de actividades,

Que es necesario cumplir con lo establecido por fos Art. 13° y 149 de la citada
resolucion,

Lo aconsejado por la Comisidn de Ensefianza, Programas y Planes de Estudio,
Lo actuado por este cuerpo en la sesion realizada en el dia de la fecha,

En uso de las atribuciones que le confiere el art. 1139 del Estatuto
Universitario,
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Luls Ernesto Bilbao durante su Afo Sabdtico.
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cumplido, archivese.,
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