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Introduction: The Intelligence Advanced Research Projects Activity’s (IARPA) Space Debris Identification and Tracking (SINTRA) program seeks to understand the interaction of orbital debris with the surrounding space environment to determine if this interaction can be used for detecting, tracking, and characterizing potentially lethal currently non-trackable orbital space debris [1]. Here we propose to use non-thermal electromagnetic radiation (NTEM) generated by space debris colliding with each other at hypervelocity, defined as a relative speed larger than   3 km/s, to detect and characterize debris smaller than a few millimeters (mm), remotely.
Using state-of-the-art simulations and theory, we demonstrate that collisions of mm-sized debris at hypervelocity emit non-thermal electromagnetic signals strong enough to allow ground-based detection of collisions at geosynchronous orbit (GEO). We postulate that these signals allow the estimation of debris mass, relative velocity, size, and possibly composition. Our team has previously demonstrated that higher order statistics such as kurtosis, calculated in multiple bands, can be used to distinguish between radio frequency (RF) signals from NTEM, thermal radiation, communications, and radio frequency interference (RFI) [2].
[image: image1.png]Cumulative Flux vs. Size, STS, ISS Missions

2

am

4 STS data E

Cumulative Cross-Sectional Area Flux (#/m?lyr)
3

Size (m)



[image: image2.png]Time (s)

g

§

Signal (dBm)
L
s 8

4

8

L
. x 107

L
4.x10°

L
6.x107°

L
8.x10°

L
1.x10°8




[image: image3.png]Signal (dBm)

Time (s)

-100

. x10°6

4.x10°¢

6.x107¢

8.x1076

0.00001



[image: image4.png]Time =50 ns Time =100 ns Time =200 ns Time =50 ns Time =100 ns Time =200 ns

T
-1.0 -0.8 -06 -0.4 -0.2 00 02 04 06 08 1.0 0.0 04 06 08 10 12 14 16 1.8 20 22 24 26 3.0
Charge density (C/m?3) Electric field (GV/m)




[image: image5.png]8x10"

6x10"

4x10™ -

Power (W)

2x10"°

L n L n n
1.x1077 2.x107 3.x10°7 4.x1077 5.x107

Time (ns)



While the concept of utilizing NTEM radiation to detect debris remotely has not been previously explored, the generation of intense electromagnetic pulses (EMPs) by hypervelocity impacts is well established [3–6]. EMPs generated by hypervelocity impacts have been studied extensively because they pose risks to spacecraft electronics [6]. Modeling and experimental results indicate that EMPs produce RF signals ranging from a few Mega Hertz to GHz [4, 6–8]. Hypervelocity impacts and the EMPs generated by them have been detected in-situ by various spacecraft, most recently by the Parker solar probe [9].
Previous studies have focused on EMPs generated by collisions of debris and meteorites with spacecraft, not by collisions of space debris with each other [4–8]. To the best of our knowledge, this is the first study of EMPs and other electromagnetic signals generated by colliding space debris, and the use of these electromagnetic signals to detect and characterize space debris remotely. We show that the probability of collisions between sub-mm-sized space debris is frequent enough to allow their detection remotely routinely.
Numerical Simulations: We use Sandia’s CTH code [10] to simulate NTEM radiation by colliding debris. Simulations of charge separation and electric fields created by hypervelocity impacts with this code have been validated through results of laboratory experiments [3]. Here we focus on results of a numerical simulation of the collision of a nominal pair of aluminum debris with diameter of 1 millimeter at 10 km/s and incidence angle of 45(, as shown in Figure 1. These parameters were selected because aluminum is a common space debris material, 10 km/s is a typical relative orbital velocity, and 45( is a likely collision angle. This collision generated a cloud of ionized vapor and near a million debris fragments, as illustrated in Figure 1. It is found that within 20 ns of impact, about 1016 free ions are produced, as shown in Figure 2. Snapshots of charge density distribution and electric [image: image6.png]6
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fields at 50 ns, 100 ns and 200 ns after impact are shown in Figure 3.  The separation of ions and electrons produce peak local electric fields > 1 GV/m. 
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Figure 4 shows that the plasma-fragments cloud generated by the debris collision expands rapidly at a speed comparable to the collision speed, producing a single EMP with peak emission of about 12 MW at about 50 ns after the impact. At 400 ns, this single EMP has emitted a total of about 1 J of energy via NTEM.  This is a small fraction (about 0.3%) of the total kinetic energy of the debris before the collision. Local electric fields get enhanced enough to produce electric field emission [11]. A single electric field emission pulse (EFP) produces a signal of up to      1010 MW in about a fraction of ns (see Figure 5 for an example). EFPs are generated when the electric fields generated by pairs of charged space debris approaching each other exceeds a threshold calculated using the Fowler-Nordheim equation [11]. This occurs when electric field exceeds about 1 GV/m. Since about a million fragments are generated with a significant fraction being highly charged, we expect many EFP events to occur after a hypervelocity collision, as suggested by RF measurements in hypervelocity impact experiments [4]. The total NTEM radiation emitted encompasses that of the single EMP, together with those of a train of EFPs.
 Link Budget: We performed a link budget to determine if the NTEM radiation emitted by the expanding plasma-fragments cloud (EMP) and of electric field emission pulses (EFPs) generated by pairs of mm-sized aluminum debris colliding at 10 km/s at GEO can be detected from the ground using existing radio observatory equipment. We assumed the receiver antenna to be the University of Michigan’s 26 m parabolic dish.  As indicated in Figures 4 and 5, the signal generated by the EMP has longer rise-decay time scale than that of a single EFP, therefore generating electromagnetic signals constrained to lower frequencies. While the signal of the EFP reaches GHz frequencies, the signal of the EMP pulses reaches only frequencies of a few hundred MHz. This feature and the spectral distributions of the EMP and the EFPs could be used to distinguish them.

We assume that the EMP signal generated at GEO is measured by a 500 MHz radio receiver with a bandwidth of 400 MHz connected to the 26 m dish, and that the EFP signal is measured by an 8.48 GHz radio receiver with a bandwidth of 20 MHz like those of NASA’s Deep Space Network (DSN) X-band receivers, but also connected to the 26 m dish. The results of the link budget calculations shown in Figure 6 indicate that both the EMP and the EFP signals appear to be detectable from the ground.
Debris Collisions Rates: We use data from NASA’s Orbital Debris Engineering Model (ORDEM) and typical number density of debris of various sizes to estimate debris collisions rates [12, 13]. Figure 7 shows the estimated cumulative area flux of space debris of diameter above a specific size, at the International Space Station (ISS) orbit. The collisions rate for debris of diameter larger than i per unit time is 


Ci = Ni Fi (i
where Ni is the number density of debris larger than i, Fi is the cumulative cross-section area flux of debris larger than i, and (i is the cross-section area of debris of size i [14]. 
We find that the collisions rate of debris larger than 1 mm is one collision every 3 days at the relatively clean ISS orbit, one collision every 3 hour for debris larger than 100 (m, and two collisions per minute for debris larger than 10 (m.  Order of magnitude estimation suggest that 10 (m debris colliding at 10 km/s at GEO are the smallest size that might be detectable from the ground via NTEM signals with a typical 26 m radio observatory dish.
Summary and Conclusions: We show that debris collisions produce non-thermal electromagnetic (NTEM) signals that can be used to detect and possibly characterize these debris remotely. These electromagnetic signals consist of a single electromagnetic pulse (EMP) generated by the expanding plasma-fragments cloud and multiple electric field emission pulses (EFPs) between highly charged debris fragments.

Crawford and Schultz [15] and Crawford [3] show that charge separation in hypervelocity impacts depends on the mass, relative velocity and the composition of the impactors, while the expansion velocity of the plasma-fragments cloud is a function of the impactor velocity. Here we provide evidence that the emission of NTEM depends on similar parameters, therefore measurements of NTEM has the potential to allow not only the detection of colliding space debris, but also of the characterization of colliding debris. Future investigations will involve the study of the dependency of NTEM on various debris parameters.
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Figure 1  Left: Our CTH modeling setup with two 1-mm aluminum debris colliding at 10 km/s at an impact angle of 45(; right: debris fragments cloud at 400 ns after impact.





Figure 2 Total number of free ions as a function of time.





Figure 3 Distribution of charge density (left) and electric field (right) at 50 ns, 100 ns and 200 ns after impact. The top row shows the distribution over a cross-section, and the bottom row illustrates the vapor disk generated in addition to the cross-section view.





Figure 4 Emitted electric power feature of the single EMP.





Figure 5 Emitted electric power feature of an EFP.





Figure 6 Link budget for the signal of the EMP generated by the expanding plasma-fragments (top) and EFPs generated by field emissions among charged fragments (bottom).





Figure 7 Comparison of the cumulative cross-sectional area flux F vs. debris size for ORDEM 3.0, ORDEM 3.1, and the STS radiator perforation data from ISS missions [12].









