www.nature.com/scientificreports

scientific reports

W) Check for updates

Time-resolved nanosecond
optical pyrometry of the vapor

to plasma transitions in exploding
bridgewires

T. A. Feagin™, E. M. Heatwole, P. J. Rae, R. C. Rettinger & G. R. Parker

Electrically exploded wires find uses throughout high-energy physics. For example, they are
commonly used as high-temperature sources, X-ray generators, and in precision timing detonators.
However, the detailed and complete physics that occurs is complex and still poorly understood.

A full mechanistic description of these complex phenomena is beyond the scope of a single paper.
Instead, we focus on the formation of metal vapor and its transition to plasma. This single transition
is commonly assumed to comprise “bridge-burst”. We use a suite of diagnostics including a novel,
fiber-based, high-speed, optical pyrometer to better characterize this transition. The primary finding
from this project is that peak light output from an exploding wire does not temporally match the peak
temperature. Additionally, it is found that peak light does not align with peak bridge-burst voltage
and that the peak temperature is not voltage-dependent. These findings are non-intuitive and will
allow for the correction of false assumptions previously made about this topic.

The measurement of thin, electrically-exploded metallic wires (bridgewires) has important applications including
wire-array Z-pinch'!, nanoparticle preparation®® and exploding bridgewire (EBW) detonators*. Power outputs of
several MW into small samples of material can easily be achieved using modest capacitor discharge units (CDUs)
making this technique attractive for bench-top, high-energy physics experiments. What is relatively unstudied is
how this power is partitioned as it is transferred to the environment (e.g., heat, shock, etc.) and how changes to
the initial energy supply affect this. The present understanding is that the bridgewire is superheated by the pas-
sage of a high current (typically hundreds of amps) and this results in rapid melting, vaporization, and ultimately
formation of an expanding plasma shell and an associated shock process. Much of the early work examining
larger wires and slower timescales can be found in the comprehensive review by Bennett®, while much of the
more recent work on pum wire and ns timescales can be summarized in selected works by Sarkisov, and Liu®1°.

The literature on this topic makes it apparent that the physics of bridge-burst is complex and generally poorly
understood. A full review of this broad topic is therefore beyond the scope of this paper. Instead, this research
primarily focuses on the point in the process where the wire material vaporizes and transitions to a plasma. This
transition is important, as it is where previous researchers have identified the peak temperature and bridge-burst
process occurs. Several models have been proposed to describe the processes of bridge-burst and to define the
vapor-to-plasma transition!'%; however, most lack proper temperature parameters, relying instead upon absolute
light intensity to estimate temperatures. To our knowledge, no research has been done to determine directly-
measured temperatures of exploding wires on the nanosecond time scale or how they correspond to the voltage,
current, energy, and light intensity.

Researchers have used multi-color optical pyrometry to make high-speed measurements of temperatures
in other high-energy physics applications such as explosives, shocked materials, and fireballs'*~'%. The recent
designs reviewed by Ota et al.'” provide compelling examples of the strength of multi-color pyrometry for
time-resolved nanosecond temperature measurements in dynamic environments. However, much of the work
found in the literature focuses on shocked solid acceptor materials heated to temperatures below, or just above,
melting. The measurement and characterization of isolated exploding wires using optical pyrometry appears
not to have been undertaken. What is more, the majority of the pyrometers found in the literature are designed
to only function in evacuated cells behind specially coated LiF lenses. When challenged with ionizable gases
present in a real atmosphere, the reliability of these systems typically suffers greatly owing to the presence of
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intense spectral lines, particularly at extreme temperatures (>5000 K). The pyrometer developed for this work
specifically addresses the limitations of other designs (spectral lines, signal to noise, speed, etc.) using a combi-
nation of interchangeable narrow bandpass filters to alleviate spectral line influence, selectable electrical loads
to optimize the temporal resolution of the measurements, and novel noise reduction and error propagation
methods to maximize the usable signal obtained. The design for the pyrometer is presented in extensive detail
in the supplementary information.

In this paper, we use commercially available RP-80 gold bridgewire detonator headers (www.TeledyneRISI.
com) as our exploding wire and spark gap generator (SGG) platforms. The advantage of using the RP-80 header
is the high level of reproducibility available from a relatively inexpensive disposable device. Pairing these headers
with a high-speed, multi-color optical pyrometer and custom CDUs enabled the simultaneous examination of
the temperatures and intensities produced in exploding wires at a variety of voltages and input energies.

We hypothesized that what others have assigned as peak temperature during bridge-burst is incorrect and
needed further research to improve models and guide future associated experimental work. We demonstrate that
for exploding wires, the magnitude of the burst intensity is generally not coupled to temperature and that the use
of this common and intuitive assumption will result in large errors in the models that rely upon intensity-based
temperature estimates. Additionally, in testing this hypothesis several interesting new features of bridge-burst
were identified.

Experimental

Variable-voltage experiments. Variable-voltage experiments were carried out at discrete voltages from
500 to 2,000 V. RP-80 headers with and without gold bridgewires were tested and analyzed in this range. These
tests were performed using a general purpose CDU comprised of a 5 F high-voltage capacitor (PN 775D505980-
104, www.sbelectronics.com) triggered by an optical S38 HV switch (PN S38-FO, www.siliconpower.com). The
S$38 switch is capable of 3-4 ns timing jitter, if driven correctly, and can operate between 500-4,000 V. The output
current was measured with an integral 20 MHz Pearson current-viewing transformer (model 5046, www.pears
onelectronics.com) and the voltage across the copper lead wires was measured by a 50 MHz bandwidth CalTest
CT4079-NA floating high-voltage probe. Owing to the inductance of these lead wires, the voltage measured at
this location differs from that across just the gold wire, but practically it is extremely difficult to make an accu-
rate measurement inside the header. Instead we measured the inductance of the detonator lead loop (L) and the
measured voltage was corrected to a bridge voltage using the voltage across an inductor V.= —L di/dt. The sig-
nals were digitized on a Tektronix MSO58LP 12 bit oscilloscope at 1.25 GS/s. Time-resolved optical pyrometry
was acquired for all tests.

Variable gas environment experiments. A custom, small, pressure cell was built that allowed for the
insertion and precise alignment of an RP-80 header with the pyrometer optic. This cell was used to determine the
effect different environmental conditions had on the bridge-burst process. The burst process was examined at 1
& 5 atm of air and 1 & 5 atm SFs. As with the experiments in “Variable-voltage experiments” section, the total
intensity of light output, temperature, and electrical voltage and current were all measured. All experiments were
performed at a charge voltage of 2,000 V using the general use CDU described above.

Conduction time experiments. Variable-timing current-cut-off (conduction time) experiments were
performed using a CDU comprised of a 5 uF capacitor in series with a fast SiC MOSFET switch and the EBW.
This allowed the current duration to be altered, thereby decoupling the total energy input into the system from
the energy required for just the wire to burst. The on-off switch used was a Cree model CAS120M12BM2 with
a CGD15HB62 driver circuit capable of holding off 1.2 kV (www.wolfspeed.com). The maximum transient cur-
rent rating is greater than 480 A and has a rated on-to-off time of 70 ns when driving a low inductance circuit.
To avoid over-driving the switch voltage at burst time, the CDU was only charged to 600 V and an extra fly-
wheel diode was placed across the switch in case the output was under-damped. With this large capacitance,
low-inductance, and 600 V, the CDU was still capable of exploding the RP-80 headers. Time-resolved optical
pyrometry measurements were acquired as for the variable-voltage experiments.

Total light energy emission experiments. In order to measure the total light emission energy from
the wire heating processes a Thorlabs ES120C pyroelectric energy sensor was used. This is a slow sensor that
integrates the total light energy from 185 nm to 25 pum incident on the sensor into a calibrated peak voltage
signal output over approximately 20 ms. The signal is therefore an exponentially rising and then relatively slowly
exponentially decaying signal with different time constants where the peak value reached is the total absorbed
energy measurement. Pyroelectric materials are also piezoelectric and so the air shock associated with the wire
burst was found to produce a rapid sinusoidal oscillating output from the detector that contaminates the signal.
The peak was therefore extracted by fitting a double exponential form to the sensor output voltage to effectively
smooth the rapid oscillation and recover the valid underlying measurement. This approach was deemed prefer-
able to placing a transparent baffle between the exploding wire and the sensor to suppress the air shock pres-
sure since the effect to the sensor calibration factor with a baffle in place would not be known over the entire
wavelength range.

Results and discussion

As an initial proof of concept for the pyrometer described above, we measured plasma temperatures of air-arcs
using a spark gap generator (SGG) made from an RP-80 detonator header lacking a bridgewire. Prior research on
SGG and the temperatures produced enabled validation of our pyrometer'®-?%. The methods used in the literature
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Figure 1. Temperature and current profiles of a bridge-burst at 2 kV. Shaded regions represent wire heating/
melting and vaporization (green), plasma (blue), and air-arc (off-white). Bridge-burst actually occurs at the
transition from the green to blue region just before the slight current dip and temperature increase.

from Bye et al. required averaging over multiple strikes; this is a luxury not afforded to those working with thin
metal bridges. However, it is useful to compare maximum intensity, temperature and duration between our
measurements and those found in the literature. The maximum temperatures (= 14,000 K) measured with the
optical pyrometer used throughout this work indeed align well with those found throughout the literature that
used similar energy sources. Additionally, as expected, the temperature of the air-arc is relatively long-lasting
compared with the wire explosion event and tracks the current (i.e., the peak temperature of the air-arc occurs
at the peak current).

The bridged headers consist of a 38 um diameter by 1 mm long gold bridgewire, spot welded to copper ter-
minals. Figure 1 shows the temperature and current trace of the bursting of an RP-80 gold bridge. The bridge-
burst trace can be divided into three distinct regions: (1) the initial rise in current and melting of the bridge; (2)
a sharp, short duration (& 100 ns) temperature increase due to the actual bursting of the bridge; (3) a restrike
and the formation of an air-arc that looks identical in temperature and intensity to that of the SGG used in our
proof of concept experiments. It is apparent from Fig. 1 that peak current no longer represents peak temperature
although the temperature in the air-arc region does track the current. This finding is important to defining what
“bridge-burst” means as we explore the temperature and intensity profiles of bursting bridges throughout this
paper. As such, we define bridge-burst as the transition from the green to the blue region in Fig. 1.

Variable-voltage. To understand how peak temperature correlates to peak intensity, we first examined the
voltage dependency of the bridge-burst using the variable-voltage CDU. The experimental voltage series used
for this work ranged from 500 to 2,000 V. Figure 2 presents an overview of the experimental results for the test
series, where the time-dependent temperature and light output power of the bursting wires are shown. It is seen
that the increased voltage leads to a greater current derivative which in turn leads to higher electrical powers
with a corresponding increase in electrical energy deposited before bridge-burst. The observed decrease in time-
to-burst with increasing voltage coupled with increased energy deposition and burst-action (the time integral of
current squared) prior to burst is an established result, although it conflicts with the common assumption that
burst-action is constant for a given wire material and geometry*.

Figure 2 also reveals the unexpected result that the peak temperature of the bridge-burst is not dependent on
the voltage applied to the CDU. That is, despite more electrical energy being deposited into the wire at higher
voltages, the measurements show peak temperatures similar to the lower voltage tests. However, the intensity of
light emitted during bridge-burst is dependent on the voltage, as intuition would suggest. The implementation
of a one-way ANOVA test indicates that the whole voltage series does not reach the same peak temperature;
however, the Student T-test indicates that the 1, 1.5, and 2 kV tests come to a statistically indistinguishable tem-
perature, which suggests the temperature asymptotes with increasing voltage **. Further, it is observed that the
peak temperature does not quite align with the slightly delayed (50-60 ns) peak light intensity. This new finding
differs from the prevalent assumption commonly used in the literature and may result in significant difference
in some circumstances.

When considering just the bridge-burst process which appears to be decoupled from, and unsupported by,
the subsequent air-arc, it is hypothesized that the misalignment of peaks is due to the fact that at peak tem-
perature the plasma ball from the bridge-burst has not yet expanded enough to fill the 1 mm aperture of the
pyrometer optic, and is in effect self-shielding its emission. As the plasma region expands, it cools radiatively
as a result of having performed work on the surroundings. However, the expanding plasma is both taking up
more of the area of the optic and is physically closer to the optic, leading to more light being collected despite
the cooler temperatures measured. While this explains why the peak temperature appears before the peak light
intensity, it was initially unclear why the light intensity at peak temperature is higher for higher voltages while
the temperature remains constant.
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Figure 2. Results from the variable-voltage series. (a) Temperature versus time for various CDU voltages. (b)
Incident light power for 445-455 nm. (c) The corresponding voltage versus time traces. The dotted lines indicate
time of peak temperature. For clarity only the bridge-burst is shown and the subsequent long duration arc
section has been cropped.

Previous research examining air-arcs provides clues to why this may be the case?>~?%. Olsen and others have
observed a temperature ceiling, where an increase in current no longer leads to an increase in temperature, but
rather the diameter of the arc increases with increasing current. This would explain the observation that while
the light power grows as the voltage is increased, the temperature remains essentially constant. If it is assumed
that the arc reaches a constant temperature and any additional energy contributes to widening the diameter of
the arg, it is expected that the emitted radiant energy will be proportional to the surface area of the arc times the
spectral energy predicted by Planck’s law. Since the energy required to heat the arc will increase proportionally
to the cube of the radius, it is expected that the emitted spectral energy will increase as follows:

E = (aE§ T b) / B T2 1)
2

1

where Ej and E, are the light and electrical energy and a and b are the fit constants. To obtain the electrical
energies the electrical power from the peak of the voltage spike to the temperature peak is integrated and Eq. 1
is then fitted to the measured light powers. Figure 3 shows good agreement between the observed data and the
hypothesis.

To test these theories, further experiments under variable environments were performed to determine
whether the gold wires functioned similarly to the air-arcs described by Olsen.

Variable environment. The short-lived, high-temperature spike seen in the variable-voltage experiments
above poses two significant questions: what is the mechanism of formation and why does it appear to behave
similarly to an air-arc (i.e., the temperature asymptotes with increasing voltage and current but the total light
output continues to increase)? We hypothesized that this temperature spike was due to the electrical breakdown
of air around the gold wire as it bursts.

During the electrical breakdown of air, free electrons are accelerated by the electric field until they impact
another molecule. If the kinetic energy of the electron is larger than the ionization energy of the molecule,
another electron is freed and both electrons are accelerated by the electric field, whereby the process repeats,
leading to a chain reaction and the formation of an arc. For this process to occur there needs to be a large enough
mean free path between collisions for the electron to gain a sufficient amount of kinetic energy to ionize the
impacted molecule. Therefore, if an air-arc is a contributing factor in the production of the observed short-
lived, high-temperature spike, then presumably it can be suppressed by increasing the ionization energy of the
atmosphere (using SF¢), or by decreasing the length of the free path between the molecules (i.e., by increasing
the air pressure).

Figure 4 compares the temperature spike in the initial 1 atm air experiments presented previously with the
new data. It is seen that the peak temperature is suppressed in 1 & 5 atm of SF¢ and 5 atm of air. Additionally, the
voltage traces in the 1 & 5 atm of SF¢ and 5 atm of air lack the very rapid decrease during the burst event seen
in the 1 atm of air. This, combined with the decrease in overall current seen in the 1 & 5 atm of SF¢ and 5 atm
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Figure 3. The fit of Eq. 1 to the light power and electrical energy versus the experimental data. Error bars on
the fit come from the corresponding observed temperature ranges.
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Figure 4. Temperature, voltage and current profiles of bridge-bursts at 2 kV in air and SFs. The initial
temperature spike is suppressed in the 5 atm air and SF¢ environments. Red(1 atm Air), Blue(5 atm Air),
Green(1 atm SF¢), Purple(5 atm SF).

of air during the bursting processes suggests that in regular bursts in 1 atm of air the electrical breakdown of
air produces a low-resistance current shunt path in parallel to the conducting wire burst process. This increases
the total current but reduces the potential across the wire terminals owing to the finite impedance of the CDU
and cabling. This finding is similar to that previously published for long wires burst in vacuum, but where the
rapid liberation of high vapor pressure material in the wire creates an ionizable medium surrounding the wire,
see for example *1°,

Further, temperatures in the 1 & 5 atm of SFg and 5 atm of air tests are significantly lower (10,000-15,000 K)
than the temperatures observed in the 1 atm of air experiments (24,000 K). It is therefore clear that the air-arc
process at 1 atm produces greybody emissions at significantly greater temperatures than the gold wire burst
process. During the initial very rapid heating of the wire, it has been proposed that the thermodynamic path
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Figure 5. Results for a series of conduction time experiments. (a) Temperature versus time for various
conduction durations. (b) The corresponding electrical power versus time where the dotted vertical lines
correspond to peak temperature for the bridge-burst in 1 atm of air presented in (a).

follows the spinodal for the material and results in the formation of a super-critical fluid and heterogeneous
vaporization'®'>?. Such a process would limit the superheated vaporization temperature to approximately 7800K
for gold rather than the equilibrium boiling temperature of approximately 3100K'°. However, once the gold vapor
is formed a conduction path is created that allows ionization and the formation of a heavy ion plasma. It is pre-
sumed that the temperature of such a plasma is lower than the corresponding light ion plasma reported earlier.

Variable conduction time. To further understand the results from the variable-voltage experiments, we
examined the effect of providing 600 V to the wire and then cutting off the current at prescribed times during
the burst process using a custom built on-off CDU. By altering the conduction time we could identify a distinct
threshold between bridges that explode rapidly and violently and ones that did not. In this context an explosion
is defined as a sharp spike in temperature and light intensity that results from a rapid vapor expansion creating
an expanding plasma shell and associated electrical conduction processes.

It was determined that if the variable conduction time CDU was allowed to deliver current for 1 js or longer,
the wire would burst and all data collected would look similar to that of the general purpose CDU at 600 V. As
such, 1 s was chosen as our “hard burst” criteria. By incrementally reducing the conduction time it was found
that the explosion threshold was = 700 ns (a “soft burst”). Four representative time points were therefore chosen
to cover the range (700, 750, 775, and 900 ns).

As Fig. 5 shows, for this CDU at fixed voltage, the electrical energy deposited in the wire until peak tem-
perature does not depend on conduction time, even though the total electrical power supplied during the whole
process has dropped by approximately a factor of four for the shorter conduction times compared with the longest
one. The burst-action until peak temperature was calculated and found to be consistent across all conduction
times where bridge-burst occurred, which was expected for an on-off CDU charged to a fixed voltage. This
contrasts with the previous variable-voltage CDU series, where both the electrical energy and action increased
with increasing voltage. As with the variable-voltage CDU, the data from the variable conduction time CDU
provides further confirmation of the surprising finding that peak temperature does not align with peak emission
intensity. More intuitively, the peak temperature does not appear to be strongly dependent on the conduction
time if explosive bridge-burst occurs.

Total light energy emission. To better quantify the variable conduction time results, the total light emis-
sion energy versus conduction time was measured using the identical RP-80 headers. Figure 6 summarizes a plot
of total light emission energy from wavelengths of 185 nm to 25 pm versus the total electrical energy deposited
in the wire for a range of conduction times from significantly below the duration required for a hard burst
(650 ns) to significantly above (800 ns). The feature which stands out is the jump in light energy at ~ 0.095 J of
electrical energy input corresponding to a conduction of time of ~ 700 ns. This time was previously identified as
producing a violent bridge-burst event and a high temperature spike.

It is proposed that this sudden jump in light energy corresponds to conditions where the heating of the wire is
sustained for sufficient duration that the resulting increased wire resistance begins to reduce the overall current
flow. The system inductance then leads to an increase in potential across the bridge terminals to counteract this
reduction in current. The resulting voltage spike and the simultaneous onset of vaporization in the bridge-wire
create conditions that ionize the surrounding air and result in a parallel (and very bright) air-arc conduction
process in addition to the underlying violent wire burst process.

However, at conduction times of less than = 700 ns an incomplete and slow vaporization process occurs in
the heated bridgewire that does not result in a rapid violent explosion or accompanying air-arc, but it does still
emit lower intensity light over a longer period.
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Figure 6. Plot of total light energy output versus electrical energy input for a series of conduction time tests at
600 V. The color of the circle indicates the conduction time. The blue line represents conditions where a violent
wire explosion process was observed, while the orange line represents conditions where it was not.

Conclusions

This investigation into the physics involved in the vapor explosion and resulting generation of an expanding
plasma shell of exploding wires led to three new findings. Firstly, it was shown that the common assumption that
peak intensity also defines peak temperature for a bridge-burst is incorrect and needs revision. Since the peak
temperature and intensity are dependent upon the specific bridge-wire material, geometry and burst environ-
ment, the experiments and diagnostics developed within this paper are intended to enable others to more easily
quantify parameters for their specific systems.

Secondly, it was discovered that peak temperature was not dependent on the applied voltage for the CDU,
cable and bridge-wire system used. Instead, it was found that as the voltage applied to the CDU was increased,
the intensity of light increased while the peak temperatures remained stable over a broad range of CDU charge
voltages. This is a non-intuitive result; however, the emission wavelength ratios appeared to remain Planckian
for all voltages.

Thirdly, it was identified that there was a critical point in the wire heating process where conditions were
created that resulted in an air-arc occurring in parallel to the underlying wire burst process. If electrical heating
is suspended before this point then a weak, low temperature, slow burst process occurred exclusively in the wire.
However, heating for a longer duration resulted in a violent explosive event and the formation of a very brief
high-temperature air-arc followed by a lower temperature sustained plasma conduction process.

Received: 3 February 2020; Accepted: 16 March 2021
Published online: 02 April 2021

References
1. Sanford, T. W. L. et al. Improved symmetry greatly increases X-ray power from wire-array z-pinches. Phys. Rev. Lett. 77, 5063-5066
(1996).
2. Lerner, M. et al. Synthesis of Al nanoparticles and Al/AIN composite nanoparticles by electrical explosion of aluminum wires in
argon and nitrogen. Powder Technol. 295, 307-314 (2016).
3. Kotov, Y. A. Electric explosion of wires as a method for preparation of nanopowders. J. Nanopart. Res. 5, 539-550 (2003).
4. Rae, P.J. & Dickson, P. M. A review of the mechanism by which exploding bridge-wire detonators function. Proc. R. Soc. A 475,
120 (2019).
5. Bennett, E. D. Progress in High Temperature Physics and Chemistry, chap. High Temperature Exploding Wires (Pergamon, USA,
1967), 1st. edn.
6. Sarkisov, G. S., Sasorov, P. V,, Struve, K. W. & McDaniel, D. H. State of the metal core in nanosecond exploding wires and related
phenomena. J. Appl. Phys. 96, 1674-1686 (2004).
7. Sarkisov, G. S. et al. Investigation of the initial stage of electrical explosion of fine metal wires. AIP Conf. Proc. 651, 209-212 (2002).
8. Liu, H., Zhao, J., Wu, Z., Zhang, L. & Zhang, Q. Experimental investigations on energy deposition and morphology of exploding
aluminum wires in argon gas. J. Appl. Phys. 125, (2019).
9. Sarkisov, G. S., Caplinger, J., Parada, F. & Sotnikov, V. I. Breakdown dynamics of electrically exploding thin metal wires in vacuum.
J. Appl. Phys. 120 (2016).
10. Oreshkin, V. I. & Baksht, R. B. Wire explosion in vacuum. IEEE Trans. Plasma Sci. 48, 1214-1248 (2020).
11. Sarkisov, G. S., Rosenthal, S. E. & Struve, K. W. Thermodynamical calculation of metal heating in nanosecond exploding wire and
foil experiments. Rev. Sci. Instrum. 78, (2007).
12. Martynyuk, M. M. Vaporization and boiling of liquid metal in an exploding wire. Sov. Phys. Tech. Phys. 19, 792-797 (1974).
13. La Lone, B. M. et al. Release path temperatures of shock-compressed tin from dynamic reflectance and radiance measurements.
J. Appl. Phys. 114, (2013).
14. Richley, J. C. & Ferguson, J. W. Results from a high speed pyrometer measuring detonating explosive. AIP Conf. Proc. 1979 (2018).
15. Seifter, A. et al. Use of IR pyrometry to measure free-surface temperatures of partially melted tin as a function of shock pressure.
J. Appl. Phys. 105 (2009).

Scientific Reports |

(2021) 11:7467 | https://doi.org/10.1038/s41598-021-86584-6 nature portfolio



www.nature.com/scientificreports/

16. Ferguson, J. W, Richley, J. C., Sutton, B. D,, Price, E. & Ota, T. A. The measured temperature and pressure of EDC37 detonation
products. AIP Conf. Proc. 1793 (2017).

17. Ota, T. A. et al. Comparison of simultaneous shock temperature measurements from three different pyrometry systems. J. Dyn.
Behav. Mater. 5, 396-408 (2019).

18. Blanco, E., Mexmain, J. & Chapron, P. Temperature measurements of shock heated materials using multispectral pyrometry:
application to bismuth. Shock Waves 9, 209-214 (1999).

19. Bye, C. A. & Scheeline, A. Saha-Boltzmann statistics for determination of electron temperature and density in spark discharges
using an echelle/ccd system. Appl. Spectrosc. 47, 2022-2030 (1993).

20. Bye, C. A. & Scheeline, A. Stark electron density mapping in the high voltage spark discharge. Spectrochim. Acta B 48, 1593-1605
(1993).

21. Bye, C. A. & Scheeline, A. Electron density profiles in single spark discharges. J. Quant. Spectrosc. Radiat. Transf. 53, 75-93 (1995).

22. Kohut, A., Galbdcs, G., Marton, Z. & Geretovszky, Z. Characterization of a copper spark discharge plasma in argon atmosphere
used for nanoparticle generation. Plasma Sources Sci. Technol. 26 (2017).

23. Rae, P.]. Bridge-bursting and the action-integral in exploding bridge-wire (EBW) detonators. Tech. Rep. LA-UR-19-26348, Los
Alamos National Laboratory, NM, USA (2019).

24. Cox, D. R. Principles of Statistical Inference (Cambridge University Press, 2006), ISBN-13: 978-0521866736, 1st. edn.

25. Sliney, D. & Wolbarsht, M. Welding Arcs. In: Safety with lasers and other optical sources (Springer, 1980).

26. Glickstein, S. S. Temperature measurements in a free burning arc. Tech. Rep. WAPD-TM-1216, Bettis Atomic Power Lab., West
Mifflin, Pa. (USA) (1975).

27. Olsen, H. N. Thermal and electrical properties of an argon plasma. Phys. Fluids 2, 614-623 (1959).

28. Olsen, H. N. Determination of properties of an optically thin argon plasma. Temp. Meas. Control. Sci. Ind.Vol: 3: Pt. 1 (1962).

29. Rakhel, A. D. & Sarkisov, G. S. Melting and volume vaporization kinetics effects in tungsten wires at the heating rates of 10'? to
1013 K/s. Int. J. Thermophys. 25, 1215-1231 (2004).

Acknowledgements

Research presented in this article was supported by the Laboratory Directed Research and Development program
of Los Alamos National Laboratory under Project Number 20210189ER. The authors wish to thank Dr. Tim Foley
and Dr. Peter Dickson for numerous useful and productive discussions. LA-UR-21-20261.

Author contributions

T.E performed experimental work and wrote the main manuscript text. E.H. prepared all figures and performed
data reduction and analysis. P.R. was heavily involved in experimental design and built both CDU’s. G.P. help
with experimental design and analysis. R.R. performed experimental work. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-86584-6.

Correspondence and requests for materials should be addressed to T.A.F.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection
may apply 2021

Scientific Reports |

(2021) 11:7467 | https://doi.org/10.1038/s41598-021-86584-6 nature portfolio


https://doi.org/10.1038/s41598-021-86584-6
https://doi.org/10.1038/s41598-021-86584-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Time-resolved nanosecond optical pyrometry of the vapor to plasma transitions in exploding bridgewires
	Experimental
	Variable-voltage experiments. 
	Variable gas environment experiments. 
	Conduction time experiments. 
	Total light energy emission experiments. 

	Results and discussion
	Variable-voltage. 
	Variable environment. 
	Variable conduction time. 
	Total light energy emission. 

	Conclusions
	References
	Acknowledgements


