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Abstract—We present a compact, physics-informed model of
plasma-sheath formation around hypersonic vehicles and its
impact on RF communication and radar links. The model couples
a standard-atmosphere profile with simplified Saha ionization,
Chapman–Enskog collision rates, and shock-stand-off scaling (Fay–
Riddell; Hayes–Probstein) to estimate electron density, plasma
frequency, collision frequency, sheath thickness, and band-wise
attenuation. We summarize blackout regimes and suggest usable
RF windows above the local plasma frequency. The code runs in
milliseconds and auto-generates figures/tables for reproducible
builds.

Index Terms—Hypersonic, Plasma sheath, Communication
blackout, Plasma frequency, RF attenuation, Saha ionization,
Chapman–Enskog

I. INTRODUCTION

Plasma sheaths generated by hypersonic flight can reflect or
heavily attenuate RF signals below the local plasma frequency,
causing intermittent blackout. Practical estimators that expose
band-wise attenuation and usable windows help planners select
robust links and waveforms.

II. MODEL SUMMARY

We use a standard atmosphere to obtain (T, p, ρ, c) ver-
sus altitude [1]; Saha ionization yields an electron density
ne(T, p) [2]; Chapman–Enskog gives electron–neutral collision
frequency νen [3]; a Fay–Riddell-inspired shock standoff yields
an effective thickness δ [4]. From these we compute plasma
frequency fp and an absorptive index to estimate attenuation
versus band.

A. Governing Relations

The electron (Langmuir) plasma frequency

fp =
1

2π

√
nee2

ε0me
, (1)

with electron–neutral collision frequency νen (Chapman–
Enskog). In the collisional, unmagnetized limit the complex
permittivity is

εr(ω) = 1−
ω2
p

ω(ω + jνen)
, (2)

TABLE I
PLASMA-SHEATH RF IMPACT ACROSS CANONICAL HYPERSONIC CASES

(AUTO-GENERATED).

Case ne (m−3) fp (MHz) νen (Hz) δ (m) αX (dB) Blackout Time (ms)

Low-M/15 km 0.00 0.00 0.0 0.00 0.0 No 0.0
M7/30 km 15522553438717.84 140.57 457620181.9 0.24 0.0 No 0.1
M12/50 km 108449003967141642240.00 371564.58 11981229.3 0.32 100.0 Yes 0.0
M20/70 km 7281028657802914037760.00 3044513.44 377285.8 0.46 100.0 Yes 0.0

yielding the attenuation coefficient (small loss, νen ≪ ω)

α ≈
ω2
p

2c

νen
ω2

[Np/m], (3)

so one-way loss through an effective thickness δ is A [dB] ≈
8.686α δ. For magnetized sheaths, the Appleton–Hartree form
can be used; we retain an effective scalar correction for speed
and interpretability.

we estimate band loss via equation (3) with δ from Fay–
Riddell scaling.

III. EXPERIMENTS

Fig. 1 shows fp versus Mach at three altitudes. Fig. 2
summarizes band-wise attenuation for an M12, 50 km case.
Fig. 3 visualizes where simple blackout criteria are met.

Table I summarizes benchmark results across canonical
hypersonic cases.

IV. DISCUSSION AND WINDOWS

From the affected-band fields we propose frequencies above
1.2
, fp when no standard band is usable, and otherwise recommend
the least-attenuated usable band. The simple thresholds are
transparent and easily tuned to hardware.

V. LIMITATIONS

The ionization and collision models are simplified; geometry,
chemistry, and MHD coupling can shift magnitudes. We treat
magnetization and ablation via coarse factors.
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Fig. 1. Plasma frequency vs Mach at 30, 50, and 70 km.

VI. CONCLUSION

A fast, interpretable estimator for hypersonic plasma-sheath
RF impact, suitable for operational screening and as a surrogate
baseline.
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APPENDIX A
CODE LISTING (MODULE)

1 """
2 Hypersonic Plasma Sheath Modeling Module
3

4 This module implements physics-based models for
plasma sheath formation

5 around hypersonic vehicles and its effects on RF
propagation.

6

7 Key features:
8 - Calculates plasma density based on hypersonic

flight conditions
9 - Models RF signal attenuation through plasma

10 - Estimates communication blackout windows
11 - Provides RF penetration strategies for different

frequency bands
12 """
13
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14 import numpy as np
15 from typing import Dict, List, Tuple, Optional
16 import math
17

18

19 class PlasmaSheath:
20 """
21 Models plasma sheath formation around hypersonic

vehicles and its
22 effects on RF propagation and radar/communication

systems.
23 """
24

25 def __init__(self,
26 use_detailed_model: bool = True,
27 use_magnetic_effects: bool = True,
28 consider_ablation: bool = True):
29 """
30 Initialize plasma sheath model with

configuration options
31

32 Args:
33 use_detailed_model: Use detailed plasma

chemistry model (slower but more
accurate)

34 use_magnetic_effects: Consider magnetic
field effects on plasma

35 consider_ablation: Include ablation effects
from heat shield materials

36 """
37 self.use_detailed_model = use_detailed_model
38 self.use_magnetic_effects =

use_magnetic_effects
39 self.consider_ablation = consider_ablation
40

41 # Physical constants
42 self.electron_mass = 9.10938356e-31 # kg
43 self.electron_charge = 1.60217662e-19 #

Coulombs
44 self.epsilon_0 = 8.85418782e-12 # F/m
45

46 # Atmospheric model parameters
47 self.atmospheric_model = AtmosphericModel()
48

49 # Plasma chemistry model parameters
50 self.chemistry_model = PlasmaChemistryModel()

if use_detailed_model else None
51

52 # Magnetic field model
53 self.magnetic_model = MagneticFieldModel() if

use_magnetic_effects else None
54

55 # Ablation model
56 self.ablation_model = AblationModel() if

consider_ablation else None
57

58 def calculate_plasma_properties(self,
59 mach_number: float,
60 altitude: float,
61 velocity_vector: np.

ndarray) -> Dict:
62 """
63 Calculate plasma sheath properties for given

flight conditions
64

65 Args:
66 mach_number: Vehicle Mach number
67 altitude: Altitude in meters above sea

level
68 velocity_vector: 3D velocity vector in m/s
69

70 Returns:
71 Dictionary of plasma properties including

electron density and RF effects
72 """
73 # Get atmospheric properties at altitude

74 atmos = self.atmospheric_model.get_properties(
altitude)

75

76 # Calculate velocity magnitude
77 velocity = np.linalg.norm(velocity_vector)
78

79 # No significant plasma below Mach 5
80 if mach_number < 5:
81 return self._create_minimal_plasma_result()
82

83 # Calculate temperature in plasma sheath (
simplified model)

84 # Using Fay-Riddell stagnation point heating
85 rho_atm = atmos['density'] # kg/m^3
86 stagnation_temp = self.

_calculate_stagnation_temperature(velocity
, atmos)

87

88 # Calculate electron density based on
temperature and pressure

89 # Using Saha equation for air plasma
90 electron_density = self.

_calculate_electron_density(
stagnation_temp, atmos['pressure'])

91

92 # Apply detailed chemistry model if enabled
93 if self.use_detailed_model and self.

chemistry_model:
94 electron_density = self.chemistry_model.

refine_electron_density(
95 electron_density, stagnation_temp, atmos

['pressure'], mach_number
96 )
97

98 # Calculate plasma frequency
99 plasma_freq = self._calculate_plasma_frequency

(electron_density)
100

101 # Calculate collision frequency
102 collision_freq = self.

_calculate_collision_frequency(
stagnation_temp, atmos['pressure'])

103

104 # Calculate plasma thickness (simplified model
)

105 plasma_thickness = self.
_calculate_plasma_thickness(mach_number,
velocity, atmos)

106

107 # Calculate sheath effects on various RF
frequencies

108 rf_effects = self._calculate_rf_effects(
plasma_freq, collision_freq,
plasma_thickness)

109

110 # Consider ablation effects if enabled
111 if self.consider_ablation and self.

ablation_model:
112 ablation_data = self.ablation_model.

calculate_ablation(
113 velocity, atmos, stagnation_temp
114 )
115 # Modify electron density based on ablation
116 if 'electron_factor' in ablation_data:
117 electron_density *= ablation_data['

electron_factor']
118 else:
119 ablation_data = None
120

121 # Consider magnetic effects if enabled
122 if self.use_magnetic_effects and self.

magnetic_model:
123 # Get magnetic field at current conditions
124 b_field = self.magnetic_model.

get_magnetic_field(altitude,
velocity_vector)

125
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126 # Calculate magnetic effects on plasma
127 magnetic_data = self.

_calculate_magnetic_effects(
electron_density, b_field, velocity)

128 else:
129 magnetic_data = None
130 b_field = None
131

132 # Calculate attenuation through plasma
133 attenuation = self._calculate_attenuation(

plasma_freq, collision_freq,
plasma_thickness)

134

135 # Determine if communication blackout would
occur

136 comm_blackout = plasma_freq > 3e9 # Typical
communications > 3 GHz

137

138 # Determine which RF bands are affected
139 affected_bands = {}
140 for band, range_ghz in self.get_rf_bands().

items():
141 center_freq = (range_ghz[0] + range_ghz[1])

/ 2 * 1e9 # Convert GHz to Hz
142 band_attenuation = self.

_calculate_specific_frequency_attenuation
(

143 center_freq, plasma_freq, collision_freq,
plasma_thickness

144 )
145 affected_bands[band] = {
146 'frequency_range_ghz': range_ghz,
147 'attenuation_db': band_attenuation,
148 'blocked': band_attenuation > 30 # More

than 30 dB attenuation is considered
blocked

149 }
150

151 # Return comprehensive plasma properties
152 return {
153 'mach_number': mach_number,
154 'altitude_m': altitude,
155 'plasma_density': electron_density, #

electrons/m^3
156 'electron_density': electron_density, #

electrons/m^3
157 'plasma_frequency_hz': plasma_freq,
158 'plasma_frequency_mhz': plasma_freq / 1e6,
159 'collision_frequency_hz': collision_freq,
160 'plasma_temperature_k': stagnation_temp,
161 'plasma_thickness_m': plasma_thickness,
162 'attenuation_db': attenuation,
163 'comm_blackout': comm_blackout,
164 'magnetic_field': b_field,
165 'magnetic_effects': magnetic_data,
166 'ablation_effects': ablation_data,
167 'rf_effects': rf_effects,
168 'affected_bands': affected_bands
169 }
170

171 def _create_minimal_plasma_result(self) -> Dict:
172 """Create a minimal plasma result for sub-

hypersonic conditions"""
173 return {
174 'plasma_density': 0.0,
175 'electron_density': 0.0,
176 'plasma_frequency_hz': 0.0,
177 'plasma_frequency_mhz': 0.0,
178 'collision_frequency_hz': 0.0,
179 'plasma_temperature_k': 0.0,
180 'plasma_thickness_m': 0.0,
181 'attenuation_db': 0.0,
182 'comm_blackout': False,
183 'rf_effects': {
184 'vhf': {'attenuation_db': 0.0, 'blocked':

False},

185 'uhf': {'attenuation_db': 0.0, 'blocked':
False},

186 'l_band': {'attenuation_db': 0.0, '
blocked': False},

187 's_band': {'attenuation_db': 0.0, '
blocked': False},

188 'c_band': {'attenuation_db': 0.0, '
blocked': False},

189 'x_band': {'attenuation_db': 0.0, '
blocked': False}

190 },
191 'affected_bands': {band: {
192 'frequency_range_ghz': freq_range,
193 'attenuation_db': 0.0,
194 'blocked': False
195 } for band, freq_range in self.get_rf_bands

().items()}
196 }
197

198 def _calculate_stagnation_temperature(self,
velocity: float, atmos: Dict) -> float:

199 """
200 Calculate stagnation temperature based on

velocity and atmospheric conditions
201 using a simplified Fay-Riddell model
202 """
203 # Simplified stagnation temperature

calculation
204 # T = T_atm * (1 + 0.2 * M^2)
205

206 # For hypersonic flow, a better estimate is:
207 gas_constant = 287.05 # J/(kg*K) for air
208 gamma = 1.4 # Ratio of specific heats for air
209

210 # Dynamic temperature increase
211 temp_dynamic = velocity**2 / (2 * gas_constant

)
212

213 # Stagnation temperature estimate
214 # Using NASA Ames hypersonic relation (

simplified)
215 stag_temp = atmos['temperature'] * (1 + ((

gamma - 1) / 2) * (velocity / atmos['
sound_speed'])**2)

216

217 # For very high velocities, the temperature is
limited by dissociation and ionization

218 # Simplified cap at realistic values
219 max_temp = 15000.0 # K, approximate upper

limit for air plasma
220

221 return min(stag_temp, max_temp)
222

223 def _calculate_electron_density(self, temperature
: float, pressure: float) -> float:

224 """
225 Calculate electron density based on

temperature and pressure
226 using simplified Saha ionization equation
227 """
228 # Constants for Saha equation
229 ionization_energy = 14.5 * 1.60218e-19 #

Ionization energy of N2 in Joules
230 boltzmann = 1.38064852e-23 # Boltzmann

constant
231 planck = 6.62607004e-34 # Planck constant
232

233 # If temperature is too low, no significant
ionization

234 if temperature < 2000:
235 return 0.0
236

237 # Number density of neutrals (ideal gas law)
238 n_neutrals = pressure / (boltzmann *

temperature)
239

240 # Simplified Saha equation
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241 saha_term = 2.4e21 * temperature**1.5 * np.exp
(-ionization_energy / (boltzmann *
temperature))

242

243 # Electron density (simplified calculation)
244 # In reality, we'd solve a quadratic equation
245 n_e = np.sqrt(n_neutrals * saha_term)
246

247 return n_e
248

249 def _calculate_plasma_frequency(self,
electron_density: float) -> float:

250 """Calculate plasma frequency based on
electron density"""

251 # Plasma frequency formula: wp = sqrt(n_e * e
^2 / (eps0 * m_e))

252 if electron_density <= 0:
253 return 0.0
254

255 plasma_freq = np.sqrt(
256 electron_density * self.electron_charge**2

/
257 (self.epsilon_0 * self.electron_mass)
258 )
259

260 return plasma_freq
261

262 def _calculate_collision_frequency(self,
temperature: float, pressure: float) -> float
:

263 """Calculate electron-neutral collision
frequency"""

264 # Simplified model for collision frequency
265 # Based on Chapman-Enskog theory
266

267 # If temperature is too low, return minimal
value

268 if temperature < 2000:
269 return 1e9 # Default value
270

271 # Number density of neutrals
272 boltzmann = 1.38064852e-23
273 n_neutrals = pressure / (boltzmann *

temperature)
274

275 # Average thermal velocity of electrons
276 v_th = np.sqrt(8 * boltzmann * temperature / (

np.pi * self.electron_mass))
277

278 # Collision cross-section (simplified model)
279 sigma = 5e-20 # m^2 (approximate for air

plasma)
280

281 # Collision frequency
282 nu = n_neutrals * sigma * v_th
283

284 return nu
285

286 def _calculate_plasma_thickness(self, mach_number
: float, velocity: float, atmos: Dict) ->
float:

287 """Calculate plasma sheath thickness based on
flight conditions"""

288 # Simplified model for plasma sheath thickness
289 # For hypersonic vehicles, shock standoff

distance scales with:
290

291 # Calculate body radius (assumed to be
proportional to thickness)

292 # This is just a placeholder - in reality
would depend on vehicle geometry

293 body_radius = 1.0 # m, placeholder
294

295 # Calculate atmospheric density ratio across
shock

296 gamma = 1.4 # Ratio of specific heats for air

297 rho_ratio = ((gamma + 1) * mach_number**2) /
(2 + (gamma - 1) * mach_number**2)

298

299 # Simplified model for shock standoff distance
300 # Hayes and Probstein model
301 delta = body_radius * 1.1 / rho_ratio
302

303 # Scale thickness with velocity (simplified)
304 thickness_factor = 1.0 + 0.1 * (mach_number -

5) if mach_number > 5 else 1.0
305

306 return delta * thickness_factor
307

308 def _calculate_rf_effects(self, plasma_freq:
float, collision_freq: float, thickness:
float) -> Dict:

309 """Calculate RF effects for various frequency
bands"""

310 rf_bands = {
311 'vhf': [30e6, 300e6],
312 'uhf': [300e6, 1e9],
313 'l_band': [1e9, 2e9],
314 's_band': [2e9, 4e9],
315 'c_band': [4e9, 8e9],
316 'x_band': [8e9, 12e9]
317 }
318

319 rf_effects = {}
320

321 for band, freq_range in rf_bands.items():
322 # Use center frequency of the band
323 freq = (freq_range[0] + freq_range[1]) / 2
324

325 # Calculate attenuation
326 attenuation = self.

_calculate_specific_frequency_attenuation
(

327 freq, plasma_freq, collision_freq,
thickness

328 )
329

330 # Determine if communication is blocked
331 blocked = attenuation > 30 # More than 30

dB attenuation is considered blocked
332

333 rf_effects[band] = {
334 'attenuation_db': attenuation,
335 'blocked': blocked
336 }
337

338 return rf_effects
339

340 def _calculate_attenuation(self, plasma_freq:
float, collision_freq: float, thickness:
float) -> float:

341 """Calculate general RF attenuation through
plasma (average across bands)"""

342 # Use X-band frequency as reference (common
for radar)

343 ref_freq = 10e9 # 10 GHz
344

345 return self.
_calculate_specific_frequency_attenuation(

346 ref_freq, plasma_freq, collision_freq,
thickness

347 )
348

349 def _calculate_specific_frequency_attenuation(
self, frequency: float,

350 plasma_freq:
float,

351 collision_freq:
float,

352 thickness: float
) -> float:

353 """
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354 Calculate attenuation for a specific frequency
through plasma

355

356 Args:
357 frequency: RF frequency in Hz
358 plasma_freq: Plasma frequency in Hz
359 collision_freq: Collision frequency in Hz
360 thickness: Plasma thickness in meters
361

362 Returns:
363 Attenuation in dB
364 """
365 # Check if frequency is below plasma frequency
366 if frequency < plasma_freq:
367 # Below plasma frequency, signal is

reflected
368 return 100.0 # Effectively blocked
369

370 # Calculate complex permittivity
371 omega = 2 * np.pi * frequency
372 omega_p = 2 * np.pi * plasma_freq
373 nu = collision_freq
374

375 # Real part of permittivity
376 epsilon_r = 1 - (omega_p**2 / (omega**2 + nu

**2))
377

378 # Imaginary part of permittivity
379 epsilon_i = (nu / omega) * (omega_p**2 / (

omega**2 + nu**2))
380

381 # Calculate complex refractive index
382 n_r = np.sqrt((np.sqrt(epsilon_r**2 +

epsilon_i**2) + epsilon_r) / 2)
383 n_i = np.sqrt((np.sqrt(epsilon_r**2 +

epsilon_i**2) - epsilon_r) / 2)
384

385 # Calculate attenuation coefficient
386 alpha = 2 * np.pi * frequency * n_i / 3e8 # in

m^-1
387

388 # Calculate attenuation in dB
389 attenuation_db = 20 * np.log10(np.exp(1)) *

alpha * thickness
390

391 return attenuation_db
392

393 def _calculate_magnetic_effects(self,
electron_density: float,

394 magnetic_field: Optional[
np.ndarray],

395 velocity: float) -> Dict:
396 """Calculate effects of magnetic fields on

plasma properties"""
397 if magnetic_field is None:
398 return {
399 'magnetized_plasma': False,
400 'electron_cyclotron_freq': 0.0,
401 'hall_parameter': 0.0
402 }
403

404 # Calculate magnitude of magnetic field
405 b_magnitude = np.linalg.norm(magnetic_field)
406

407 # Calculate electron cyclotron frequency
408 omega_ce = self.electron_charge * b_magnitude

/ self.electron_mass
409

410 # Approximate collision frequency
411 nu_en = 1e11 # Simplified value
412

413 # Calculate Hall parameter (ratio of cyclotron
to collision frequency)

414 hall = omega_ce / nu_en
415

416 # Determine if plasma is magnetized
417 magnetized = hall > 1.0

418

419 return {
420 'magnetized_plasma': magnetized,
421 'electron_cyclotron_freq': omega_ce,
422 'hall_parameter': hall
423 }
424

425 def get_rf_bands(self) -> Dict:
426 """Get dictionary of RF bands and their

frequency ranges in GHz"""
427 return {
428 'vhf': [0.03, 0.3],
429 'uhf': [0.3, 1.0],
430 'l_band': [1.0, 2.0],
431 's_band': [2.0, 4.0],
432 'c_band': [4.0, 8.0],
433 'x_band': [8.0, 12.0],
434 'ku_band': [12.0, 18.0],
435 'k_band': [18.0, 27.0],
436 'ka_band': [27.0, 40.0],
437 'v_band': [40.0, 75.0],
438 'w_band': [75.0, 110.0]
439 }
440

441 def suggest_rf_windows(self, plasma_properties:
Dict) -> List[Dict]:

442 """
443 Suggest potential RF communication windows

based on plasma properties
444

445 Args:
446 plasma_properties: Output from

calculate_plasma_properties
447

448 Returns:
449 List of potential RF windows with frequency

ranges and notes
450 """
451 if not plasma_properties or plasma_properties[

'electron_density'] < 1e15:
452 # No significant plasma, all frequencies

work
453 return [{
454 'band': 'all',
455 'frequency_range_ghz': [0.03, 110.0],
456 'attenuation_db': 0.0,
457 'note': 'No significant plasma, all

frequencies usable'
458 }]
459

460 plasma_freq = plasma_properties['
plasma_frequency_hz']

461 plasma_freq_ghz = plasma_freq / 1e9
462

463 # Find windows where attenuation is acceptable
464 windows = []
465

466 # Check each band
467 for band, properties in plasma_properties['

affected_bands'].items():
468 if not properties['blocked']:
469 windows.append({
470 'band': band,
471 'frequency_range_ghz': properties['

frequency_range_ghz'],
472 'attenuation_db': properties['

attenuation_db'],
473 'note': f"Usable band with {

properties['attenuation_db']:.1f}
dB attenuation"

474 })
475

476 # If no windows found and plasma frequency is
below 110 GHz

477 if not windows and plasma_freq_ghz < 110.0:
478 # Suggest frequencies above plasma

frequency



OJAP/TGRS STYLE PREPRINT 7

479 windows.append({
480 'band': 'custom',
481 'frequency_range_ghz': [plasma_freq_ghz

* 1.2, 110.0],
482 'attenuation_db': 'variable',
483 'note': f"Frequencies above {

plasma_freq_ghz * 1.2:.1f} GHz may
penetrate plasma"

484 })
485

486 # If no windows at all, suggest mitigation
487 if not windows:
488 windows.append({
489 'band': 'none',
490 'frequency_range_ghz': None,
491 'attenuation_db': 'extreme',
492 'note': "Complete blackout, consider

flight path or velocity adjustments"
493 })
494

495 return windows
496

497

498 class AtmosphericModel:
499 """Standard atmospheric model for hypersonic

calculations"""
500

501 def __init__(self):
502 """Initialize atmospheric model with standard

parameters"""
503 # Sea level reference values
504 self.p0 = 101325.0 # Pa
505 self.rho0 = 1.225 # kg/m^3
506 self.T0 = 288.15 # K
507

508 # Gas constants
509 self.R = 287.05 # J/(kg*K)
510 self.gamma = 1.4 # Ratio of specific heats
511

512 # Standard lapse rate
513 self.lapse_rate = 0.0065 # K/m
514

515 # Stratosphere start
516 self.h_strat = 11000.0 # m
517 self.T_strat = 216.65 # K
518

519 def get_properties(self, altitude: float) -> Dict
:

520 """
521 Get atmospheric properties at a given altitude
522

523 Args:
524 altitude: Altitude in meters above sea

level
525

526 Returns:
527 Dictionary of atmospheric properties
528 """
529 # Constrain altitude to reasonable values
530 altitude = max(0.0, min(100000.0, altitude))
531

532 # Calculate temperature
533 if altitude <= self.h_strat:
534 # Troposphere
535 temperature = self.T0 - self.lapse_rate *

altitude
536 else:
537 # Stratosphere (simplified - constant

temperature)
538 temperature = self.T_strat
539

540 # Calculate pressure
541 if altitude <= self.h_strat:
542 # Troposphere
543 exponent = 9.81 / (self.R * self.lapse_rate

)

544 pressure = self.p0 * (temperature / self.T0
)**exponent

545 else:
546 # Stratosphere
547 h_diff = altitude - self.h_strat
548 scale_height = self.R * self.T_strat / 9.81
549 p_strat = self.p0 * (self.T_strat / self.T0

)**(9.81 / (self.R * self.lapse_rate))
550 pressure = p_strat * np.exp(-h_diff /

scale_height)
551

552 # Calculate density
553 density = pressure / (self.R * temperature)
554

555 # Calculate speed of sound
556 sound_speed = np.sqrt(self.gamma * self.R *

temperature)
557

558 return {
559 'altitude': altitude,
560 'temperature': temperature,
561 'pressure': pressure,
562 'density': density,
563 'sound_speed': sound_speed
564 }
565

566

567 class PlasmaChemistryModel:
568 """Detailed plasma chemistry model for ionization

calculations"""
569

570 def __init__(self):
571 """Initialize plasma chemistry model"""
572 # Ionization potentials for major atmospheric

constituents (in eV)
573 self.ionization_potentials = {
574 'N2': 15.58,
575 'O2': 12.07,
576 'N': 14.53,
577 'O': 13.62,
578 'NO': 9.26
579 }
580

581 # Mole fractions at sea level
582 self.constituents = {
583 'N2': 0.78084,
584 'O2': 0.20946,
585 'Ar': 0.00934,
586 'CO2': 0.00036
587 }
588

589 def refine_electron_density(self, basic_density:
float, temperature: float,

590 pressure: float, mach_number:
float) -> float:

591 """
592 Refine electron density calculation using

detailed chemistry model
593

594 Args:
595 basic_density: Basic electron density from

Saha equation
596 temperature: Temperature in K
597 pressure: Pressure in Pa
598 mach_number: Mach number
599

600 Returns:
601 Refined electron density
602 """
603 # This is a simplified model - a real

implementation would include
604 # detailed chemical kinetics calculations
605

606 # At hypersonic speeds, dissociation of
molecules occurs before ionization

607 # This affects the electron density
calculation
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608

609 # Correction factor based on temperature and
mach number

610 if temperature < 2500:
611 # Not enough energy for significant

ionization
612 return basic_density * 0.1
613 elif temperature < 6000:
614 # Partial dissociation regime
615 dissociation_factor = (temperature - 2500)

/ 3500 # 0 to 1
616

617 # Enhanced NO production increases
ionization

618 no_enhancement = 1.0 + dissociation_factor
* 2.0

619

620 return basic_density * no_enhancement
621 else:
622 # Strong shock, with N2 and O2 dissociation

and significant ionization
623 # Enhanced ionization due to atomic species
624 atomic_enhancement = 1.0 + (temperature -

6000) / 10000
625

626 # Additional enhancement due to high speed
627 mach_enhancement = 1.0
628 if mach_number > 10:
629 mach_enhancement = 1.0 + 0.1 * (

mach_number - 10)
630

631 return basic_density * atomic_enhancement *
mach_enhancement

632

633

634 class MagneticFieldModel:
635 """Model for Earth's magnetic field and its

effects on plasma"""
636

637 def __init__(self):
638 """Initialize magnetic field model"""
639 # Simplified dipole model parameters
640 self.B0 = 3.0e-5 # Tesla, magnitude at equator
641 self.earth_radius = 6371000.0 # m
642 self.dipole_tilt = np.radians(11.5) # Tilt of

dipole axis
643

644 def get_magnetic_field(self, altitude: float,
velocity: np.ndarray) -> np.ndarray:

645 """
646 Get Earth's magnetic field at specified

location
647

648 Args:
649 altitude: Altitude in meters above sea

level
650 velocity: Vehicle velocity vector (used to

estimate latitude/longitude)
651

652 Returns:
653 Magnetic field vector [Bx, By, Bz] in Tesla
654 """
655 # In a real implementation, this would use the

vehicle's actual position
656 # For this simplified model, we'll use a

dipole approximation
657

658 # Simplified position estimate (placeholder)
659 # In reality, would use actual coordinates
660 latitude = np.radians(30.0) # Example latitude
661

662 # Dipole field strength scales with (R_earth /
(R_earth + h))^3

663 scaling = (self.earth_radius / (self.
earth_radius + altitude))**3

664

665 # Simplified dipole field calculation

666 B_magnitude = self.B0 * scaling * np.sqrt(3 *
np.sin(latitude)**2 + 1)

667

668 # Direction depends on latitude
669 Bx = 0.0
670 By = B_magnitude * np.cos(latitude)
671 Bz = 2 * B_magnitude * np.sin(latitude)
672

673 return np.array([Bx, By, Bz])
674

675

676 class AblationModel:
677 """Model for heat shield ablation effects on

plasma sheath"""
678

679 def __init__(self):
680 """Initialize ablation model"""
681 # Ablation material properties (simplified

model)
682 self.ablation_materials = {
683 'carbon_phenolic': {
684 'ablation_temp': 3000.0, # K
685 'electron_factor': 2.5, # Electron

density enhancement factor
686 'seed_elements': ['K', 'Na']
687 },
688 'PICA': {
689 'ablation_temp': 2500.0, # K
690 'electron_factor': 1.8,
691 'seed_elements': ['Si', 'C']
692 }
693 }
694

695 # Default material
696 self.material = 'carbon_phenolic'
697

698 def calculate_ablation(self, velocity: float,
atmos: Dict, temperature: float) -> Dict:

699 """
700 Calculate ablation effects on plasma sheath
701

702 Args:
703 velocity: Vehicle velocity in m/s
704 atmos: Atmospheric properties
705 temperature: Stagnation temperature in K
706

707 Returns:
708 Dictionary with ablation data and effects
709 """
710 # Check if temperature is high enough for

ablation
711 material_props = self.ablation_materials[self.

material]
712

713 if temperature < material_props['ablation_temp
']:

714 return {
715 'ablating': False,
716 'electron_factor': 1.0,
717 'ablation_rate': 0.0
718 }
719

720 # Calculate stagnation heat flux (simplified)
721 rho = atmos['density']
722 heat_flux = 1.83e-8 * np.sqrt(rho / 1.0) *

velocity**3 # W/m^2
723

724 # Calculate ablation rate (simplified model)
725 ablation_temp_excess = temperature -

material_props['ablation_temp']
726 ablation_rate = 1e-5 * ablation_temp_excess *

heat_flux / 1e6 # kg/m^2/s
727

728 # Electron density enhancement due to alkali
metal impurities

729 electron_factor = 1.0
730 if ablation_rate > 0:
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731 electron_factor = material_props['
electron_factor']

732

733 return {
734 'ablating': ablation_rate > 0,
735 'electron_factor': electron_factor,
736 'ablation_rate': ablation_rate,
737 'heat_flux': heat_flux,
738 'seed_elements': material_props['

seed_elements']
739 }
740

741

742 if __name__ == "__main__":
743 # Example usage
744 plasma_model = PlasmaSheath(
745 use_detailed_model=True,
746 use_magnetic_effects=True,
747 consider_ablation=True
748 )
749

750 # Test different flight conditions
751 test_conditions = [
752 {'mach': 3.0, 'altitude': 15000, 'velocity':

[1000.0, 0.0, 0.0]},
753 {'mach': 7.0, 'altitude': 30000, 'velocity':

[2400.0, 0.0, 0.0]},
754 {'mach': 12.0, 'altitude': 50000, 'velocity':

[4000.0, 0.0, 0.0]},
755 {'mach': 20.0, 'altitude': 70000, 'velocity':

[6000.0, 0.0, 0.0]}
756 ]
757

758 for i, condition in enumerate(test_conditions):
759 print(f"\nTest condition {i+1}: Mach {

condition['mach']} at {condition['altitude
']} m")

760

761 # Calculate plasma properties
762 plasma = plasma_model.

calculate_plasma_properties(
763 condition['mach'],
764 condition['altitude'],
765 np.array(condition['velocity'])
766 )
767

768 # Print key results
769 print(f"Electron density: {plasma['

electron_density']:.2e} m^-3")
770 print(f"Plasma frequency: {plasma['

plasma_frequency_mhz']:.2f} MHz")
771 print(f"Communication blackout: {'Yes' if

plasma['comm_blackout'] else 'No'}")
772

773 # Print RF effects on key bands
774 print("\nRF Band effects:")
775 for band, effect in plasma['rf_effects'].items

():
776 status = "BLOCKED" if effect['blocked']

else "Usable"
777 print(f" {band.upper()}: {effect['

attenuation_db']:.2f} dB - {status}")
778

779 # Suggest RF windows
780 print("\nSuggested RF windows:")
781 windows = plasma_model.suggest_rf_windows(

plasma)
782 for window in windows:
783 band = window['band'].upper()
784 freq_range = window['frequency_range_ghz']
785

786 if freq_range:
787 print(f" {band}: {freq_range[0]}-{

freq_range[1]} GHz - {window['note
']}")

788 else:
789 print(f" {band}: {window['note']}")
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