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Electron Density Measurements Behind Strong
Shock Waves by H-¯ Pro� le Matching
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Emission spectroscopy was performed in a free-piston double-diaphragm shock tube to measure the electron
density behind a strong shock wave, using nitrogen as the test gas. Time-frozen spectra from behind the shock
wave were taken by an image-intensi� ed charge-coupled device camera with a gate width of 100 ns. The laser
schlieren diagnostics was used to detect the shock arrival and to correlate observed spectra with the distance from
the shock front accurately. The electron density was measured by means of a line pro� le matching technique, using
the H-¯ line broadened by the Stark effect. Using this measurement system, the electron density distribution was
obtained with a high spatial resolution of §§0:6 mm at a shock velocity of 12 km/s. Experimental results show
that, especially at high shock velocities, the measured electron density increases more quickly behind the shock
front than predicted by the thermal and chemical nonequilibrium models widely used. Several drawbacks in the
conventional ionization model at high shock velocities are pointed out.

Nomenclature
L = distance from the shock front, mm
ne = electron number density, m¡3

P0 = ambient pressure ahead of the shock wave, torr
T = translational-rotational temperature of heavy species, K
Tv = vibrational-electronic temperature, K
V = incident shock velocity, km/s
¸ = wavelength, nm
8.¸/ = slit function de� ned in Eq. (1), nm¡1

Introduction

N ONEQUILIBRIUM aerothermodynamics behind a strong
shock wave is an important topic to hypersonic� ight and reen-

try because the nonequilibriumthermochemical phenomena affect
the aerodynamic characteristics and the heating rate of hypersonic
vehicles signi� cantly. To understand such nonequilibrium pheno-
mena, many thermochemical models have been developed1¡4 and
applied to assess the � ight environments of hypersonic vehicles
and reentry capsules. The parameters in these models are adjusted
to numerically reproduce the � ight environments encountered dur-
ing the reentry from the low Earth orbit. Consequently, numerical
predictions show good agreement with the data from several � ight
and ground experimentswhere the shock velocities lie below about
10 km/s (Ref. 5).

To extend the model applicabilityto a higher velocity range, such
as the Earth reentry of the MUSES-C sample return capsule6 at a
reentry velocity of more than 12 km/s, it is necessary to assess the
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accuracyof the existingthermochemicalmodels in the higherveloc-
ity range and to modify them so that they can reproduce the experi-
mental data. However, the numerical models have not been veri� ed
adequately in such a high velocity range because of the experimen-
tal dif� culties. For this reason, we embarkedon measurementof the
physical properties behind a strong shock wave in order to increase
the database that can be used for assessmentand improvementof the
physical models. In a previous work7 we developeda spectroscopic
technique to measure the rotational and vibrational temperaturesof
molecular species and the electronic temperature of atomic species
in the nonequilibriumregion behind a strong shock wave.

As the shock velocity increases, the molecular species are almost
dissociated, and considerable ionization of the atomic species oc-
curs. Because the ionization energy of the atomic species is much
higher than the vibrational excitation energy and the dissociation
energy of the molecular species, the thermodynamic behavior of
the shock layer is affected signi� cantly by the nonequilibriumion-
ization and recombination processes. Therefore, it is important to
use the accurate ionization and recombination models for assess-
ment of the � ight environments of the MUSES-C capsule. In the
present study we measure the electron density behind a shock wave
by using an improved experimental facility. Numerical predictions
obtained by the widely used ionization and recombination models
are compared with the experimental results.

The electricalprobe is a popular tool to measure the electronden-
sity and the electron temperature simultaneouslywhen the electron
density is not too high.8 However, when the plasma is moving at a
high speed the probe measurementbecomesdif� cult and often inac-
curatebecauseof the contributionof the directedvelocityto the total
velocity of charged particles in the vicinity of the probe.8 Although
microwave diagnostic techniques are free from this dif� culty, their
spatial resolution is very poor. To avoid these dif� culties, we mea-
sure the electron density by emission spectroscopy, using the H-¯
line pro� le as the spectral indicator of the electron density.

Experimental Setup
Experimental investigations were conducted using a free-piston

double-diaphragm shock tube at the Institute of Space and Astro-
nauticalScience.7 The shock tube can generate a strong shock wave
at the maximum velocity of 14 km/s in the ambient air of 0.3 torr
ahead of the shock wave, which covers the MUSES-C reentry con-
dition. The original test section of the stainless-steel shock tube
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Fig. 1 Experimental setup of test section.

has been replaced with the one made of aluminum alloy in order
to reduce the emission from impurities, consisting mostly of iron.4

The � ow channel of the test section is 35.4-mm square in cross
section. The shock velocity is measured by three pressure sensors,
which are aligned in the direction of the shock-tubeaxis, calibrated
by the laser schlieren measurement.7 The uncertainty associated
with the shock velocity measurement is estimated to be less than
§1%.

Figure 1 illustrates the experimental setup of the test section,
which was originally developed for the measurement of the rota-
tional, the vibrational, and the electronic excitation temperatures.7

Quartz windows are installed on four sides of the � ow channel to
let the laser beam pass through the test gas and to observe the light
emitted from behind the shock wave. During the experiment, the
laser schlieren diagnostics,the emission spectroscopy,and the total
radiation intensity measurement are conducted simultaneously.

Laser Schlieren Diagnostics

In the previous study7 we found that laser schlieren diagnostics
was a simple and effective approach to detect the arrival of the
shock wave even when the shock velocity was extremely high and
the pressure ahead of the shock wave was low. The present setup
is an improved version of the preceding setup; with the new setup
the measured spectra can be correlated with the distance from the
shock frontmore accurately.As shown in Fig. 1, a He-Ne laser beam
with a 0.6-mm-beam diameter is aligned to pass through the test gas
perpendicularlyto the axis of the shock-tube� ow. De� ection of the
beam as a result of a density gradient at the shock front causes a
change in the output signal of an avalanche pin photodiode (APD,
Hamamatsu Photonics S2383), which has a photosensitive surface
of 1.0 mm in diameter, a spectral response of 400–1000 nm, and
10 ns rise-and-fall times.

Time-Frozen Spectroscopy

To eliminate the chromatic aberration, a � at and an ellipsoidal
mirror are used to focus the � eld of the radiatinggas on the entrance
slit of the spectrometer, as illustrated in Fig. 1. The entrance slit
is set perpendicularly to the axis of the shock-tube � ow so that
an emission image parallel to the shock wave can be obtained.
This linear image is then separated into its spectral components
by an imaging spectrometer (ORIEL MS127i), which generates a
two-dimensional image (distance along the slit in one dimension
and wavelength in the other dimension) on the photosensitive sur-
face of an image-intensi� ed charge-coupleddevice (ICCD) camera
(ANDOR InstaSpecV IS510) attached to the spectrometer.A mean
spectrum is obtained by accumulating spatial components for each
wavelength because we can assume a good uniformity along the
direction parallel to the shock wave in the central region of the � ow
channel.7

a) V = 10.05§§ 0.05 km/s, P00 = 0.9 torr

b) V = 12.55§§ 0.05 km/s, P00 = 0.3 torr

Fig. 2 Output signals of APD and gate signal to ICCD.

The line of sight from the spectrometer is aligned perpendicu-
larly to the axis of the shock-tube � ow and made to intersect the
laser beam perpendicularlyat the center of the � ow channelsection.
The ICCD camera is gated by a pulse generator (Stanford Research
Systems DG-535) with a gate width of 100 ns. The trigger timing
of the ICCD camera is controlled according to an output signal of a
pressure sensor located 40.0 mm upstream of the position of sight.
The distance from the shock front, at which a spectrum is taken by
the ICCD camera, can be determined by multiplying the measured
shock velocity by the delay time of this gate signal from the shock
arrival 1tg (see Figs. 2a and 2b). This setup allows us to obtain a
time-frozen spectrum at any desired distance from the shock front
with §0:6 mm spatial accuracy when the shock velocity is 12 km/s.
The spatial distribution of the spectra is obtained by repeating the
measurement at different trigger times for the ICCD camera, main-
taining the shock velocity at a � xed value.

Total Radiation Intensity Measurement

Becausewe determinethe electrondensitydistributionby a repet-
itive measurement just described, reproducibilityof each run in the
shock-tube facility is essential in obtaining an accurate result. In
general, the shock velocities are not exactly the same, and the test
gas behind the shock wave is sometimes disturbed unintentionally
by the strong deformation of the contact surface, which can origi-
nate from the irregularity in diaphragm rupture. To cope with these
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problems, the total radiation intensity is also measured by another
APD havingthe sameperformanceas thatusedfor the laserschlieren
measurement. The line of sight from the APD is aligned with that
of the spectrometer, which is indicated as the common line of sight
in Fig. 1.

In the beginning of the experiment, for each shock velocity we
examined the uniformity of the � eld of the radiating gas behind the
shockwave by takingphotographsand selectedthe standardpro� les
of pressure and total radiation intensity behind the shock wave.
Among a large number of measurements, we identi� ed the runs
with good reproducibilityby comparing the pro� les of pressure and
total radiation intensity, in addition to the measured shock velocity.
Based on the results of the previous study,7 the runs with deviation
higher than §0:5% in the shock velocity from the target velocity
were excluded. In this way the results with good reproductionwere
selected and used to determine the electron density distribution for
each shock velocity.

Test Gas and Impurities

In the present experiment pure nitrogen was used as the test gas
in order to make the physicalprocess less complicatedand to reduce
the radiation from impurities contained in the ambient air of the test
section.7 Consequently, the emission of the violet system of carbon
nitride,whichoftenoverlapsthe spectrumof our interestundesirably
when the ambient air is used, was found to be reduced adequately.
The modi� ed test section made of aluminum alloy was found to
produce less radiation from impurities than the original stainless-
steel shock tube. However, the Balmer lines of atomic hydrogen
could not be eliminated completely from observed spectra. Atomic
hydrogen can originate from the water vapor, which inevitably ad-
heres to the channel surface when the shock tube is exposed to the
atmosphere.For this reason, we could observe the H-¯ line without
adding hydrogen intentionally for the purpose of electron density
measurement.The H-¯ line was foundmore luminant than any other
Balmer lines observed in the wavelength range of 380–540 nm.

One concernwith regardto thewatervaporis that it might enhance
the electron density behind the shock wave. Because it is dif� cult to
control the concentration of the water vapor, electron density was
examined by varying the concentration of hydrogen mixed inten-
tionally with pure nitrogen to a concentrationof 0 to 3% in order to
assess the in� uence of atomic hydrogen on the ionization process.
Electron density was found clearly not to depend on the concen-
tration of hydrogen in the range of concentration tested. Because
the concentration of the water vapor is estimated to be much less
than 1% in the present experiment, we consider that the water va-
por contained in the test section does not have any in� uence on the
ionization process.

Experimental Results
Shock-Front Detection

Typical output signals from the APD are shown in Figs. 2a and
2b for two shockvelocitiesof 10.05and 12.55km/s, respectively.In
the present laser schlierensetupan increasein density of electrically
neutral species at the shock arrival, namely the shock front, is de-
tectedby a drop in the output signalof the APD, as seen in Fig. 2a. In
contrast, an increase in density of charged species, namely the ion-
ization front, is detected by a rise in the output signal, which is also
seen in Fig. 2a immediately behind the shock front. As the shock
velocity increases,the rise in the output signal at the ionizationfront
becomes more prominent, and the ionization front approaches the
shock front until they � nally overlap.7 This is the case with Fig. 2b,
in which only a rise in the output signal is detectable at the shock
arrival. Even in this case, because the ionization front is located at
the close vicinity of the shock front, the shock front can be detected
by the laser schlieren system without losing accuracy.

Total Radiation Intensity

Figure 2 also shows typical pro� les of the total radiation intensity
measured by the APD. In both Figs. 2a and 2b the test gas behind
the shock front begins to radiate from immediatelybehind the shock

front. For V D 10:05 km/s the total radiation intensity is found to
increase gradually until 4 ¹s after the shock arrival (equivalent to
L ¼ 40 mm). Beyond 5 ¹s after the shock arrival (L ¼ 50 mm), the
total radiation intensity begins to decreasebecause of the encroach-
ment of the contact surface.

In contrast, the total radiation intensity for V D 12:55 km/s in-
creases very quickly until 0.4 ¹s after the shock arrival (L ¼ 5 mm)
and then decreases gradually until the contact surface arrives at
1.7 ¹s after the shock arrival (L ¼ 21 mm). This gradual decrease
is considered to be caused by a decrease in temperature, which is
brought about by the radiative energy loss from the test gas. As the
shock velocity increases and the pressure decreases, the radiative
heat transfer seems to play a more signi� cant role.

Time-Frozen Spectrum

Time-frozen spectrawere obtainedin a wavelength range of 477–
537 nm with a moderate spectral resolutionof 0.16 nm per pixel of
the ICCD camera. Typical examples of the H-¯ line and the atomic
lines of nitrogen are shown in Figs. 3a and 3b. Radiation from im-
purities such as iron and carbon, which is often observed in other
shock-tube experiments, is not discernible in our results. The H-¯

a)

b)

Fig. 3 Observed H-¯ and atomic-N lines: a) L = 26.7 §§ 0.5 mm, V =
10.05§§ 0.05 km/s, P0 = 0.9 torr and b) L = 6.0 §§ 0.6 mm, V = 12.55§§
0.05 km/s, P0 = 0.3 torr; spectral resolution = 0.16 nm/pixel.
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line is found to be the most luminant of all atomic lines in this wave-
length range. With the available moderate spectral resolution, the
characteristic twin peaks of the H-¯ line broadened and shifted by
the Stark effect are recognizable.Even at the lower shockvelocityof
10.05km/s where the electrondensity is not expected to be high, the
full width at half-maximum of the H-¯ line is approximately 2 nm,
which is approximately seven times larger than that caused by slit
broadeningof the spectroscopicsystem. This clearly shows that the
physical broadening process in the plasma is primarily responsible
for the observed H-¯ line pro� le.

Evaluation of Electron Density
Line Pro� le Matching Technique

In the present experiment the Stark broadening of lines, which
is strongly correlated with the number density of charged particles,
is the dominant broadeningmechanism. Pro� les of many hydrogen
lines broadened by the Stark effect have been precisely calculated
by Griem et al.9 and tabulated in Ref. 10. The H-¯ pro� le is one
of the best known spectral indicators of electron density, which has
been studied both experimentally and theoretically in detail.

As a � rst step, theoretical H-¯ line pro� les are computed using
Griem’s methoddescribedin Ref. 10 for electrontemperaturesfrom
5,000–40,000 K at every 5000 K and for electron number densities
from 1021 to 1023 m¡3 at every 1021 m¡3 . The resultant 8 £ 101
spectra compose a database of the H-¯ line pro� les. Figure 4 shows
typical pro� les calculated for several electron densitiesand temper-
atures. In Fig. 4 it is seen that the H-¯ pro� le is strongly dependent
on the electron density and nearly independent of the temperature.
Consequently, the electron density can be determined accurately
from the observed line pro� le, whereas the electron temperature
cannot be determined de� nitely by this method.

As a second step, the slit function for the spectroscopicsystem is
determined experimentally and then used to modify the theoretical
spectra in the database to incorporate the slit broadening effect. In
this study the slit function was determined using an atomic line of
Hg I at 404.66 nm (in the atmosphere) emitted from a calibration
lamp. For our spectroscopic system it is given by

8.¸/ D exp[a=.b C 1¸2/ C c1¸2 C d][nm¡1] (1)

1¸ ´ ¸ ¡ ¸c (2)

where ¸c is the center wavelength, and

a D 1:519226 £ 10C00; b D 2:914946 £ 10¡01

c D ¡4:306887 £ 10¡02; d D ¡4:634297 £ 10C00

Figure 5 shows the slit functionadjusted to the experimentalpro� le.
In reality, because a FWHM of the H-¯ line as a result of the Stark

Fig. 4 Calculated H-¯ pro� le broadened by Stark effect.

Fig. 5 Slit function adjusted to experimental pro� le of a Hg-I line at
404.66 nm; spectral resolution = 0.16 nm/pixel.

effect was much larger than that of the slit function in the present
measurement, incorporation of the slit function was found to have
only a minor in� uence on the determination of the electron den-
sity. The numerical spectra in the database are further modi� ed to
incorporate the grating ef� ciency of the spectrometerand the quan-
tum ef� ciency of the ICCD camera, both of which are a function of
the wavelength, so that they can � nally simulate the experimental
spectra consistently.

As a � nal step, the most appropriatenumerical pro� le, which can
minimize the root mean squareof the differencebetween the numer-
ical pro� le and the observed one, is selected from the database. In
this way the best-estimated electron density, which gives the best-
matched numerical spectrum, is determined for each experimental
spectrum.

Results

Figure 6 shows typical examples of a numerical H-¯ line pro� le
matched with the experimental pro� le. The numerical pro� les are
found to be in excellent agreement with the experimental pro� les.
Because the line pro� le broadened by the Stark effect is strongly
dependent on the electron number density, an estimation error in
� tting is reasonably small. For example, a 10% increase in electron
number density produces more than a 50% increase in the mean
square root of the difference between of the numerical and the ex-
perimentalpro� le when ne D 1022 m¡3 . The � tting error is estimated
to be less than 1% in general.The major errors in theelectrondensity
measurementoriginatefrom the approximationused to calculatethe
primary H-¯ line pro� le by Griem’s method. According to Griem,10

such errors are expected to be less than §8% in the present study.
Errors in the slit function, the ef� ciencies of the spectrometer and
the ICCD camera, and uncertaintyin measured spectral intensityare
expected to result in less than §4% of errors of the electron density.
As a whole, the accuracy of the electron density measurement in
this study is expected to remain within §12% of errors in general.

The distributionof the measured electronnumber density behind
the shock front is shown in Figs. 7a, 7b, and 7c for V D 10:05, 11.01,
and 12.55 km/s, respectively. In general, accuracy of the measured
electron density decreases forward of the shock front because ra-
diation intensity of the H-¯ line becomes weaker compared with
the background radiation. In the close vicinity of the shock front,
intensity of the H-¯ line is no longer suf� cient to determine the
electron density accurately. In Fig. 7a the electron density is found
to increasemonotonicallywith the distance from the shock front. In
contrast, the electrondensityshown in Fig. 7c is almost uniformand
increasesslowly from 2–5 mm behind the shock front and decreases
slightly beyond 5 mm.
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a)

b)

Fig. 6 Numerical � t to observed H-¯ pro� le: a) L = 26.7§§ 0.5 mm,
V = 10.05§§ 0.05km/s, P0 = 0.9 torr and b) L = 6.0 §§ 0.6 mm, V = 12.55§§
0.05 km/s, P0 = 0.3 torr; spectral resolution = 0.16 nm/pixel.

Comparison of Numerical Predictions with Experiment
Numerical Model

To assess the thermochemical models widely used for reentry
applications, numerical predictions obtained by these models are
compared with the experimental results. Because the numerical
models used here are well-known and described in detail in the
literature (Refs. 1–4, for example), only a brief description of the
models is given here. The numerical model is based on the two-
temperature model, in which the translationaland rotational energy
modes are in equilibrium at the translational temperature, and the
vibrational, electronic, and electron translational energy modes are
in equilibrium at the vibrational temperature.1 The parameters for
translational–vibrational relaxation and the chemical reaction-rate
coef� cients are taken from Ref. 4. Internal energy of each chemical
speciesand a set of equilibriumconstants for chemical reactionsare
taken from Ref. 3.

Following a recommendation of Park,3 the preferential dissoci-
ation model is used by setting the average vibrational energy lost
at dissociation to be 0:3 £ D0, where D0 is the dissociation en-
ergy measured from the vibrationalground state.On the other hand,
the average electronic energy lost at ionization is assumed to be

a) V = 10.05§§ 0.05 km/s, P0 = 0.9 torr

b) V = 11.01§§ 0.05 km/s, P0 = 0.55 torr

c) V = 12.55§§ 0.05 km/s, P0 = 0.3 torr

Fig. 7 Variation of electron density behind the shock front.
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equivalent to the ionization energy measured from the electronic
ground state. The geometrical mean temperature used to calculate
dissociation-ratecoef� cients is given by the most general descrip-
tion Ta D

p
.T Tv/, as suggested in Ref. 4. The viscosity, the heat

conductivity,and the mass diffusion � ux are computed in a manner
similar to that by Fertig et al.,11 based on Hirschfelder’s theory12 by
incorporatingthe ambipolar diffusion.13 Collision integrals for col-
lisions between charged particles are taken from Ref. 11, whereas
the latest curve � tting of Capitelli et al.14 is used for other collision
integrals. The preceding models are used because they were found
to numerically reproduce the vibrational temperatures measured in
the previous experiment.7

Results and Discussion

The calculated electron density is plotted as a solid curve in
Figs. 7a–7c. For V D 10:05 km/s the calculated density is found
to increase more quickly immediately behind the shock front than
the measured density, as seen in Fig. 7a. However, because the ac-
curacy of the measurement is degraded in this region as a result of
a decrease in intensity of the H-¯ line the numerical prediction is
considered to be in good agreement with the experiment within a
10-mm distance from the shock front. At a distance further than
10 mm from the shock front, the measured density still increases
gradually while the numerical result is in an equilibrium state. As
shownin Fig. 2a, the total radiationintensityalso increasesgradually
from 1–4 ¹s after the shock arrival, which correspondsto a distance
of 10–40 mm from the shock front. The increase of the total radia-
tion intensity suggests an increase of the temperature or the density
in this region, both of which can increase the electron density.

A similar increase of the radiation intensity is also seen in
Wilson’s experiment15 at the shock velocity of 9.5 km/s, which is
almost the same velocity as our experiment. Park4 attributed such
an increaseof the electrondensity to the existenceof iron impurities
contained in the test gas in Wilson’s experiment. However, it might
not be the case of our experimentbecause the shock tube is made of
aluminum alloy to get rid of such impurities. We consider the grad-
ual increase of the total radiation intensity is caused by a density
increase(and a pressureincreasecorrespondingly),which is brought
about by an increase in thickness of the boundary layer in this re-
gion. The boundary-layer thickness ± can be estimated roughly by
±=L D

p
.º=U L/, where º is the kinematic viscosity and U is the

streaming velocity behind the shock wave. The right-hand side of
this equation is of the order of 10¡2 for L D 40 mm under the tested
conditions, so that the boundary-layer thickness is of the order of
1 mm at L D 40 mm. Because the test section is 35.4-mm square in
cross section, the boundarylayer of 1-mm thicknesson four sidesof
the � ow channel results in a 10% decrease in the effective channel
section for the undisturbed� ow. Because this effect is not taken into
consideration,the model cannot reproduce the experimental results
in this region.

The electrondensitycalculatedfor V D 11:01 km/s and P0 D 0:55
torr is in good agreement with the experimental result, as seen
in Fig. 7b. One reason for this agreement is that the ionization
model used in this analysis is adjusted to the shock velocitiesbelow
11.3 km/s by Park.4 In contrast, the electron density calculated for
V D 12:55 km/s and P0 D 0:3 torr shows that the trend is essentially
different from the experiment immediately behind the shock front:
the measured electrondensity increasesmuch more quickly than the
numericalprediction.This coincideswith the fact that the ionization
front is located at the close vicinity of the shock front as illustrated
in Fig. 2b.

To account for this discrepancy between the calculated and the
measured electron density immediately behind the shock front for
V D 12:55 km/s, distributionsof the calculatedtemperatures,chem-
ical composition,and chemical reactionrates relatedwith ionization
are plotted in Figs. 8a, 8b, and 8c, respectively.From these � gures it
is understoodthat, in Park’s chemical reactionmodelapplied to pure
nitrogenas the testgas, electronsareproduced� rst by theassociative
ionization, N C N ! NC

2 C e. When the resulting electron density
increases adequately and the electronic temperature reaches a cer-
tain threshold value simultaneously,the electron-impact ionization,

a)

b)

c)

Fig. 8 Variation in a) temperatures, b) chemical composition, and
c) chemical reaction rates behind the shock wave calculated by Park’s
model for V = 12.55 km/s and P0 = 0.3 torr.
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N C e ! NC C e C e, begins to contribute signi� cantly to produc-
tion of electrons in the form of the avalancheionization.3 Therefore,
in order to predict the variation of the electron density accurately
it is necessary to accurately describe 1) the associative ionization,
2) the relaxation of the electron temperature, and 3) the electron-
impact ionization, provided that the ionization process of the Park
model is essentiallycorrect.Otherwise, anothermechanismthat can
enhance the ionizationshould be taken into accountunder the tested
conditions.

Even if we takeaccountof severaluncertaintiesin the Park model,
the discrepancy between the measured and the calculated density
cannotbe resolved.For example,if we change the geometricalmean
temperature to Ta D T 0:7T 0:3

v , which can enhance the ionization, the
distance at which the test gas reaches an equilibrium state is calcu-
lated to be only slightly shorter behind the shock front. For another
example, even though we use the three-temperature model where
the electronic temperature is assumed not to be in equilibrium with
the vibrational temperature,3 the calculated electron density does
not differ so much from the result shown in Fig. 7c.

A possible cause of the discrepancy between the measurement
and theory is the rotational temperature nonequilibrium observed
in the earlier experiment: the measured rotational temperatures are
much lower than the translational temperature immediately behind
the shock front under the tested conditions.7 Because the rotational
temperature is assumed to be in equilibrium with the translational
temperature in the two-temperaturemodel, the translationaltemper-
ature can be underestimated. The electron temperature can also be
underestimated because it is subject to relaxation with the transla-
tional temperature.Consequently,the rates of the associativeioniza-
tion and the electron-impact ionization,which depend on the trans-
lational temperature and the electron temperature, respectively, are
underestimatedby the numerical model.

Another possible mechanism to increase the electron density is
photoionization.The radiationdistributedtoultravioletandvacuum-
ultravioletwavelengths, in which photonshave energy high enough
to ionizemolecularand atomic nitrogen,is knownto become intense
as the shockvelocityincreasesabove12km/s (Ref. 16) andcanbegin
to play a more dominant role in ionizationprocesses.The contribu-
tionof photoionizationcanalso increasetheelectrontemperaturefor
the following reason: when electron-impact ionization is dominant,
the electron temperature is not allowed to increase quickly be-
cause the translational energy of electrons is used to ionize atomic
nitrogen. In contrast, when photoionization is dominant the elec-
tron temperature can increase more quickly because the electron
energy is not necessary to produce electrons in photoionization.
The increase of both the electron density and electron temperature
is expected to trigger easily the avalanche ionization at a shorter
distance from the shock front.

The deviation of the numerical prediction from the measured
electron density distribution at V D 12:55 km/s suggests that the
ionization model widely used for reentry applications loses its ac-
curacyas the shock velocity increasesabove 12 km/s. It is necessary
to improve the model by adjusting the parameters or by introducing
other physical models to predict the quick ionization immediately
behind the shock front. From a standpoint of designing the reentry
vehicles, it is important to access an impact of the rapid increase
of the electron density on the aerodynamic characteristics and the
heating rate of the reentry vehicles, as far as the current ionization
model is used to assess the � ight environmentsin thisvelocityrange.

Summary
A simple and accurate technique to measure the electron density

distributionbehinda strongshockwavewas developed.Usinga free-
piston double-diaphragmshock tube with nitrogen as the test gas,
the time-frozen spectroscopy was performed simultaneously with
the laser schlierendiagnosticsto detect the shock front and to corre-
late the measured spectrum with the distance from the shock front.

The presentsetupallowsus to observethe time-frozenspectrumwith
high spatial resolution of §0:6 mm at a shock velocity of 12 km/s.

The electron number density was determined by means of a line
pro� le matchingtechnique,using theH-¯ line pro� le broadenedand
shifted by the Stark effect. The accuracy of the measured electron
density is estimatedto bewithin§12%errors in general.The numer-
icalpredictionsobtainedby the thermochemicalmodelswidelyused
were compared with the experimental results. For the shock veloc-
ities of 10.05 and 11.01 km/s, good agreement is obtained between
the measurementand theory,althoughionizationis seen to proceeda
littlemore slowly in theexperimentthan in the numericalprediction.

At the shock velocity of 12.55 km/s, the electron density is found
to increase signi� cantly more rapidly behind the shock front in the
experiment than predicted by the numerical model. The deviation
of the numerical prediction from the experiment indicates that the
ionization model widely used for reentry applications loses its ac-
curacy as the shock velocity increases above 12 km/s and should
be improved so that it can predict the rapid ionization immediately
behind the shock front in this velocity range.
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