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Abstract 
The flight of hypersonic bodies in the air is accompanied by intense processes of gas and body surface heating, its 

erosion and ablation. At the same time, temperature near the body surface and the intensity of these processes are higher, 
for greater density and pressure of the environmental gas. 

The results of experimental investigations of properties of low-temperature air plasma initiated in air by the 
movement of hypersonic bodies with velocities close to the first cosmic velocity are presented. To intensify the proc-
esses and for studying the characteric features of the flight in extreme conditions, the model experiments were conducted 
in air in the normal initial state. The technique of X-ray and mm-wave diagnostics of plasma properties and microstruc-
tural analysis of hypersonic body material were utilized in the experiments. 

 

                                                           
1 The paper was presented at 10th Electromagnetic Launch Technology Symposium, April 25-28, 2000, Renaissance Parc 55 Hotel, 
San Francisco, California, Book of abstract, p.160. 

1. Introduction 
It is shown in this work that the size of the micro-

structure grain for the outer layer of the body influences 
the properties of the plasma with the condensing disper-
sion phase (CDP), which appear in the air with the 
movement of high-velocity bodies. 

The investigations were made in the air with nor-
mal start conditions similar to work described in [1]. 
Through the experiment, the body, formed in the process 
of compression by products of detonation of cumulation 
shell-hole (CSH), moved between central transmitting 
and receiving high-frequency QDE's antennas [2,3] 
(zone plates Reley-Wood with the relative hole ≈1, di-
ameter 40λ, were λ=0.004 m of wavelength).  

The choice of radar frequency is governed primar-
ily by two factors [4]. First, it is important to minimize 
the angular spread of the radar beam so that interference 
from multiple reflected signals caused by the presence 
of the walls of the firing range is reduced as much as 
possible. Musal [4] has shown that, for practical dimen-
sions of evacuated ballistic ranges (diameters of not less 
than 1 meter), the radar frequency should be above 30 
Gc/s. This ensures a useful operating range, free from 
interference, of about 3 meter. Second, the radar fre-
quency should be near the plasma frequency of the ion-
ized flow field in order to maximize the radar-plasma in-
teraction. Reference to stagnation-point plasma frequen-
cies [4] indicates that radar frequencies throughout the 
entire microwave spectrum up to 3000 Gc/s are of inter-
est. With these considerations in mind, an initial choice 
of 75 Gc/s for the radar frequencies was made. 

We used copper for the CSH. The form and the 
speed of the bodies were observed with the help of mul-
tipositioned impulse X-rayed survey along the ballistic 
path. The speed of the body was also observed with help 
of microwave radar. An artist's impression of the instal-
lation of the radar on the ballistic range is shown in Fig. 

1. The coaxial beams from the antenna of the radar are 
directed through a dielectric window into an 1.5-meter-
diameter ballistic-range tank. They are then deflected 
uprange by means of an expendable radar reflector cen-
tered on the flight axis. The backscattered signals from 
the projectile, which are "Doppler-shifted” due to the 
projectile motion, propagate back along the same paths 
to the radar antennas. The Doppler-shuffled signals are 
detected and recorded. The magnitude of signal is a 
measure of the radar cross section of the projectile at 
that particular range. The system is calibrated by trans-
mission of a signal of known power and frequency from 
a known distance along the axis, which simulates in all 
respects a back scattered signal from a projectile in 
flight. 

 
Fig.1. Head on CW Doppler radar. 

The CW Doppler technique has been adopted for a 
number of reasons. The Doppler shift in the frequency 
of the backscattered signal from the projectile is of suf-
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ficient magnitude to make it possible to use the Doppler 
technique as a means of discriminating against the sta-
tionary background signal. A combination of CW 
nulling techniques, together with a simple band-pass 
amplifier, has been found to be very effective in the iso-
lation of the Doppler signal from the stationary back-
ground signal. Because of the large Doppler shift (due to 
the high projectile velocity), it is quite practical to use a 
single klystron both as a transmitter and as a local oscil-
lator. In addition, since the Doppler shift is used to dis-
criminate against unwanted background signals, a single 
antenna for both transmission and reception can be used. 

The resulting unit is simple to construct, operate, and 
maintain. With CW operation of the radar, it is a simple 
matter to calibrate the radar accurately by the use of a 
phase-locked simulator. 

The main disadvantage of a CW Doppler radar, 
namely the absence of range resolution, is unimportant 
in the present application. The exact location of the pro-
jectile at any instant of time is determined by spark-
shadowgraph chronograph stations along the length of 
the ballistic range. 

A photograph of the equipment is shown in Fig. 2. 

 

 
Fig.2. The experimental plant. 

The radar chamber consists of a 3.5 meter-long 
tank, 1.5 meter in diameter, located at the middle of the 
ballistic range. The uprange end of the tank is lined with 
microwave absorbing material to minimize the effect of 
range wall reflections on the radar. The radar reflector, 
which is made of thin sheet aluminum, is suspended 
across the flight line at 45° to the flight axis. The sup-
porting framework is designed to enable the sheet to be 
mounted easily and accurately in position. The sheet is 
replaced after each firing. 

As a matter of convenience, the radars, the re-
cording oscilloscopes, and the Doppler signal simulators 
are all placed at the same location near the dielectric ra-
dar window. The output of simulator is transmitted to 
the calibration point through low-loss circular 
waveguide. The calibration antenna with its associated 
waveguide is carried on a boom which can be pivoted to 
locate the antenna on the flight line at a known radar 
range, or along the side of the tank out of the line of fire 
and out of the main radar beam. The calibration point is 
approximately 2 meter from the radar reflector. 

The time of body flight to the high-frequency sec-
tion was several times longer than the time of relaxation 
of the local temperature of the body, taken from the 
equation of heat conduction: 

t ≈ρcp L2χ-1, 

 
where ρ- density, cp- specific heat, χ- the coefficient of 
specific heat of body material, L- the scale of irregular 
warning up of the material in the given condition, 
probably having the size similar to the size of the grain 
on the surface of the flying body. 

The principle of the microwave plasma sounding, 
based on two off-axis zonel plates, is shown in Fig.3a, 
the amplitude masks of the three types of DQE’s anten-
nas with off-axis focus (a), off-axis FZP antennas (b) 
and off-axis rectangular FZP antennas, which were used 
in experimental investigations, is shown in Fig.3b. 

The average size of the grain of microstructure of 
CSH was observed by it’s length in three cross-sections 
on the microedges. The size of the grain was regulated 
by finding regimes of warmer CSH material. A metal-
lographic sample was polished on a through-thickness 
plane parallel to the axis of symmetry. The grain bound-
ary character distribution was characterized using orien-
tation imaging microscopy. The observed trend was that 
the factor of “random” grain boundaries generally de-
creased with annealing while the grain size increased by 
less then a factor of 2.5. 
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Fig.3a. The principles of the microwave plasma 

sounding with help of diffractional antennas. 

 
 a) b) c) 

Fig.3b. The amplitude masks of the DQE’s mm-wave 
antennas with off-axis focus: 

DQE’s with off-axis focus (a), off-axis FZP antenna (b) 
and off-axis FZP antenna with rectangular zones (c). 

 

2. Experimental results 
In Fig.4, typical signals from the Cu and Al body 

are shown. Fig.5 shows the dependence of the time of 
existance of the plasma material with CDP on the size of 
microstructure grain of CSH material, which was ob-
tained through processing of experimental data for the 
Cu body. While making the given dependence the data 
of three series of experiments were used, in which there 
were 10-15 experiments. The sizes of the CSH material 
were δ=7-10, 15-25, 80-100 micron. Taking account 
that the size of the grain on the inner surface of CSH is 
equal to the size of the surface on the body [5]. From 
this data, we can see that the size of grain structure on 
the surface of a high-velocity body greatly influences the 
electrophysical properties of plasma with CDP. 

 
a) 

  
b) 

 
Fig.4. The typical signals from Cu-body (a)  

and Al-body (b). 

Fig.5. The dependence of the time of existance of 
plasma with the CDP on the size of microstructure 

grain of CSH material for Cu body. 
 
The explanation of the discovered regularity, in 

our opinion, is the following: through the influence of 
heated plasma, the dynamic limit of fluidity which is an 
integral characteristic and determines the force of con-
nection between the grain, is dependent on the grain size 
of body material which reduces creation of microcracks 
from thermostrain [6]. Alongside, the process of remov-
ing material from the body surface takes place as 
thermo-mechanical erosion. 

Deformation and damage of the surface layer of 
the material become especially large when the tempera-
ture region of the half-firm condition is reached. In such 
a case, the deformation of body surface is probably 
caused by the movement of grains on the boundaries. 
This phenomena takes place with the temperature higher 
than 0.45T, where T – is the melting temperature of the 
material, which occurs at the given speed (~5 km/sec) 
for cooper. 

The outer layer, which has lost it’s mechanical 
density and is covered by cracks in all directions, is be-
ing removed by the stream of air. Also this process is 
not uniform, because the surface metal grains are being 
damaged to a different level, the damage of one grain 
leads to the damage of it’s the neighboring grains. 

Introducing the particles of metal into the CDP in 
the plasma track influence it’s electromagnetic proper-
ties through thermoelectric emission from their surface. 
Thus the increasing of the grain size of metal micro-
structure on the body surface probably leads to the in-
creasing of the charged particles in plasma. 

Conclusion 
Thus, the above mentioned results of the experi-

ments show that while obtaining of plasma with CDP, 
appearing in the air though movement of high-velocity 
bodies and studying their electrophysical properties, it is 
necessary to take into account the influence of the mi-
crostructure of the surface of the body. This phenomena 
may be used, for example, to create remote quasistation-
ary, impulse or moving reflection of microwaves. This 
impulse antenna is shown in Fig.6. 
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Fig.6. The plasma impulse antennas created 

 in the air by a hypervelocity Al body. 

Referenses 
1. Chernjavskiy S.U. Aeroballistic device - the instru-

ments of modern experimental hypersound aerody-
namics. In the Book: Theoretical and experimental 
investigations of hypersound streams though com-
ing by bodies and in their track. - M, MSU, 1979.  

2. I.V.Minin, O.V.Minin. Diffractional quasioptics. - 
M. InformTei, 1992, - 180P.  

3. I.V.Minin, O.V.Minin. Diffractional quasioptics 
and their applications. – Novosibirsk, SibAgs, 
1999. – 308 P. 

4. H.M.Musal, R.I.Primich, W.E.Blore, P.E.Robillard. 
Millimeter Radar Instrumentation. – IEEE Trans. on 
Aerospace and Electronic Systems, 1965, v. AES-1, 
N3, p. 225-233. 

5. Hayes G.A. Linear shaped-charge collapse model. 
/J. of Materials science, 1984, N 19, p. 3049. 

6. Urvantsev L.A. Erosion and defense of metals. /M. 
Mashinostrojenie, 1966. 

  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


