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ABSTRACT

Electrical precursor phenomena under a broad spectrum of con-
ditions have been studied with a potential probe suspended in a metal
shock tube. These data were supplemented with qualitative biased
probe measurements. -Strong negative signals were observed with the
potential probe from one to two shock-tube diameters shead of argon
shocks (Mg,= 6.5 to 16, p; = 2.5 to 10 Torr) and nitrogen shocks
(Mé = 10.5 to 15, pl =5 'I'orr)o Photoemitted electrons from the shock
tube and probe surfaces were observed far shead (meters) of both argon
and nitrogen shock waves. Photoionization of the test gas and/or
impurity gases was detected ahead of very strong (Ms > 14) shocks in
argon. The shock heated test gas, as opposed to the combustion driver
gases, was determined to be the radiation source for the above radiative
phenomena. No precursors were observed in helium for MS‘S 9.2 and
Py = 5 Torr. A theoretical model was formulated to expiéin the low
Mach number (6.5 to 9.0) argon experimental results. -The model couples
very small scale electron diffusion at the translational shock front
with simple, but three dimensionsl, electrostatics. This model predicts

.the observed precursor=-potential profile in terms of a dipole type

structure at the translational shock front.
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NOMENCLATURE

8 effective shock tube radius

A non-dimensional drag parameter
B non-dimensional electrostatic parameter
D drag per electron charge

e magnitude of electron charge

h Debye length

n(|x-¢]) disk potential solution

Jop Jl Bessel function of the first kind
k Boltzmenn's constant

k(x;8) kernel function

£ , ionization relaxation length
‘M Mach number

m particle mass

n’ particle number density

P‘A gas pressure

R ‘ resistance

T ‘ gas'temperature

u gas speed

= -voltage

X axial distance

o degree of ionization

ix



te} charge separation

€ permittivity of vacuum
v average collision frequency
3 axial distance
o charge per area
o electrostatic potential
% dipole strength
SUBSCRIPTS
1 initial driven section condition
ML, combust ion diiver load
dp dipole
e electron
4smsn indices of summation
s shock wave



1. TINTRODUCTION

Electrical effects which precede strong shock waves are
called precursors, and are of particular interest here. We are concerned
with shock-wave precursors in conventional shock tubes, i.e., we exclude
phenomensg associated with electro-magnetically driven and high-energy,
solid-explosive-driven facilities. Electrical precursors have received
much gttention by both experimentslists and theoreticians since 1957.

For those readers who are not familiar with shock-tube precursor phenomena,
a comprehensive review of the experimental and theoretical work reported
previously is given in Appendix A. The results of work presented to date
are somewhat confusing. One reason for this state of affairs is the
limited range of parameters considered and the gqualitative nature of

most of the experimental data. The second reason is the very complicated
nature of precursors; this is evidenced by the fact that significant, but
fragmentary experimental datse has been reported that suggests more than
one mechanism may play a role in shock-tube precursor phenomena. Results
from argon and xenon experiments have been reported which suggest electron
diffusion, photoemission from the shock tube surface, and photoionization
of both test gas and impurity gases are all involved in the shock-tube
precursor problem.

Besldes the fact that precursor phenomena are infrinsically

interesting to investigaste; there are at least two very practical reasons



to study precursors. The first deals with shock-tube instrumentation.
Precursor effects usually manifest themselves as spurious noise signals

(22)

from the instrumentation in use; examples include piezoelectric gauges,
thin-film heat gaugesg(EB),and eapacitaﬁce element sensorsa(gh’Qs) A
better understanding of the nature of precursors would be a .valuasble aid

in designing shock tube instrumentastion. -The second reason for trying

to learn sbout precursors is to evaluate their influence on other shock-
tube experimental results. An example case wquld be the shock-tube
investigation of ionization relaxstion in pure gases. Indeed, a thorough
understending of precursor phenomens may be a direct aid to constructing
kinetic models for such relaxation phenomena. Any of the above comments
Justifies further investigation of precursors.

Our experimental cbjective in the work presented here is
to obtain g broader view of shoeck-tube precursor phenomena. Chapter 2
of this report discusses an extensive series of experiments which were
performed with the above objective in mind. Parameters which were varied
in these experiments include the test gas, initial pressure, Mach number,
length of the shock tube, and the driver technique. Quantitative potential
measurements were made with a wire-mesh electrode suspended in the shock
tube. These meassurements were supplemented with qualitetive bimsed probe
data taken during the same experiments. The latter data served to aild
in the interpretation of the potential measurements.

Our experimentsl dats varifies that electron diffusion,
photoemission from the shock tube surfaces, and photoionization of the
test gas or impurity gases all play some role in precursor phenomena in
argon and nitrogen experiments. We observed no precursor phenomens in

heiium experiments for pl=:5 Torr and MS < 9.2
2



Our low Mach-number (6.5 to 9) argon experiments indicated that
small.scale electron diffusion is responsible for a charge double layer
in the vicinity of the shoek wave. In this Mach nunber range there is
no plasma arising from photoionization ahead of the shock wave. Chaptef
3 1is devoted to a theoretical model of the charge double layer. This
model is solved and compared with the experimental data. The experimental
potential profile ahead of the shock wave is not sufficient to determine
all the unknown quantities in the theoretical model. However, a physically
ressonable range of parameters is shown to give good agreement between
theory and experiment.

Chapter 4 of this report consists of concluding remarks. The
low Mach-number precﬁrsor gtudy is summarized in the first section. A
section of observations and conjectures on higher Mach-number precursors
is-included. The final section presents the writer's perspective on the

shock-tube precursor problem.



2. PRECURSOR EXPERIMENTS

A number of shock-tube precursor experiments have been carried
out in the Stanford Aerophysiecs Laboratory. Appendix B contains a
description of the shock tube and pertinent performance data obtained
simultaneously with the experiments. Appendix B also discusses the
nmeasurements of initial driven-section pressure and incident-shock
Mach number.

In the following paragraphs we present the experimental tech-
niques employed and the information obtained sbout precursor phenomens

in the shock tube.

2.1. Experimental Objectives and Technique.

As stated in the Introductory chapter, earlier experiments on
shock~-tube precursor phenomens have been limited in scope and often
qualitative in nature. Our experimental objective in the current work
is to obtain a broader picture of the precursor phenomena. -Clearly we
must investigate a wide range of incident shock Mach numbers, a varias-
tion in the initial pressure of the test gas, and more than one test
gas. Less ¢bvious but perhaps important, the role of the driver and
the length of the shock tube must be considered. The cruciasl aspect

though is the type of measurements to be made. The diagnostics employed

&



must be sensitive over the broad spectrum of test conditions suggested
above, must yield quantitative information, and must be straightforward
in use. The latter requirement is included in order to permit a large
number of experiments to be carried out in a reasonsble length of time.

The principal disgnostic device used for these experiments
was a wire-mesh potential probe suspended inside the shock tube. See
Appendix C for the mechanical and electronic details of this probe. It
is not obvious that a potential probe. should be employed. In our case
it evolved as the most reasonable only through a series of preliminary
experiments which demonstrated the existence of strong-potential varia-
tions over a distance of a shock tube diameter shead of the shock wave.
The shock tube used was a metal one; thus in principle, an external
electrical measurement is not possible without modifying the electrical
boundary conditions somewhere in the shock tube. The existence of
strong-potential variations ghead of the shock compounds the usual
problems encountered in the interpretation of biased Langmuir probes.

A mgjor objection to the measurement of potential versus
measurement of say electron or ion number density ahead of the shock
is the natural difficulty inveolved with unfolding the potential varia-
tion into other meaningful quantities such as charge number densities.
The question can be rephrased as to ask whether or not a physical model
can be constructed to interpret the potential measurements. This problem
is considered in Chapter 3%; a physical model has been formulated based
on the observed potential ahead of low-Mach-number argon shock waves.

A few pertinent facts on the potential probe. should be mentioned

here. A mesh electrode was used to minimize the possibility of compressing

5



precursor charges between the probe. and the translational shock. The
mesh was suspended by four condﬁcting wire struts one of which was

used to electrically connect the probe to the measuring instrumentation.
The shock tube was set up with & dump tank to avoid the extreme environ-
ment associated with conditions behind the reflected shock wave. This
installation allowed us to mske the mesh electrode disposable, i.e.,
during each test ‘the electrode was blown into the dump tank and replaced
with & new one. The potential measured is that which the mesh electrode
takes on with respect to the metal walls of the shock tube. The shock
tube itself was carefully grounded to an outside driven ground for
reference. In order to insure that the potential was being measured

and to provide sufficient sensitivity over the whole range of experi-
mental conditions, a high impedance device was needed. The potential
was measured across 15 megohms provided by a cathode followerc It
should be noted at this time that the mesh-electrode potential data

can be considered in a quantitative manner only if there is no plasma
ahead of the shock wave. We will demonstrate that this is true for our
low Mach-number argon resulis.

Biased~-probe data was collected simultasneously with the potentisl
data. The probe, a 1/16 inch wide by 1/2 inch long silver strip, was
mounted flush in the shock-tube wall (see Appendix C for further detail).
The biased probe was located 16 inches downstream from the mesh electrode
to eliminate interference with the potential messurement. It must be
emphasized that the biased probe is a qualitetive measurement employed
only to help interpret the potential data. The probe was biased positive
and negative during the test program and tells us whether electrons, ions,

6



or both are present far ahead of the shock wave. No further interpre-
tation of this data is madé. Tigure i shows a photograph of the shock-
tube installation of the two probes surrounded by the associated instru-
mentation.

Figure 2 gives a sample of the data obtained on a single shot.
We will discuss this semple case to estsblish some nomenclature arnd to
identify some of the prominent features thét<appear in the data. -The
bulk of the experimental data will be discussed in segments in later
‘paragraphs.

.The two traces on the oscillogram in part (a) of Fig. 2 are
labeled "local-potentisl data'. We use the word "loecal'" to denote in
the Iimmediate vicinity of the shock wave, i.e., one or two shock tube
diameters. The upper and lower traces on this oscillogram are the
same output of the mesh-electrode potential probe displeyed at two
sweep speeds. The "long-time data™, part (b) of Fig. 2, is a record
of the biased-electrode output (upper trace) and the mesh-electrode
potential-probe output (middle trace), from the time the diaphragm
opens to the time the shock goes into the dump tank. The third trace
on the long-time oscillogram is a time mark which correlstes the uppery
trace of the locsl data with the long-time data. -The start of the
blank space in the time mark corresponds. in time to the start of the
upper trace in the local-potential dats. Full detail of the electronic
setup used to obtain these traces is given in Appendix B, |

It is important to establish the time of shock arrival at the
mesh electrode in the local-data oscillograms. This time could be

established by calculations which would depend on the shock speed,

7



Fig. 1. Photograph of shock-tube installation of precursor
instrumentation.
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Fig. 2. Sample of data obtained in a single shot.
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attenuation, trigger times, and’electronic delay times. Rather than
depend on calculstions a direct experimental determination was made.
This was accomplished by mounting an electrode in the center of a
dielectric end wall on the shock tube along with a pressure sensor

(see Appendix C for the details of this installation). The pressure
gauge served to place g time mark on the data corresponding to reflec-
tion of the translational shock wave. Figure 3 shows an oscillogram

of a2 potentisl-probe response and the output of the pressure gauge.

This data establishes that the sharp positive rise in the potential

data corresponds to the arrival of the shook wave at the probe electrode.
From here on we take the sharp positive rise in the potential data as

a reference point in time. It is difficulty to assign a precise uncer-
tainty to this reference point, but we feel econfident that our determina-
tion is accurate to within a microsecond. For data reduction purposes
we measure time on the -oscillogram from the maximum negative point on
the tracej our reading accuracy is +.5 microsecond.

. The very large difference in time scales between the long-time
potential data and the local-potential data makes it plausible to assume
that these signals gre due to different phenomena. That is, we may
view the local data as superimposed on the potential profide exhibited
by the long-time data. This assumption is made in the data reduction.
‘We take the constant potential level in the local data as a reference
.and assign the value zero volts to this level. Furthermore we interpfet
the local-potential profile as a continuous sample of a potential field

moving with the shock wave.
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UPPER BEAM:
END WALL POTENTIAL PROBE
2V, 5us/div

LOWER BEAM:
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PI =10 TORR
M=8.1

Fig. 3. Oscillogram of end-wall potential-probe response and
pressure-gauge response.
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2.2. Local-Potential Measurements.

We now proceed to discuss the precursor data obtained in
some detail. In order not to lose the significance of the individual
measurements, we will discuss each measurement as a function of all
the parameters considered.

Figure 4 shows three oscillograms of the local potential
behavior in srgon as s function of time before shock arrival (sharp
positive rise in voltage corresponds approximately to shock arrival).
These three sets of traces illustrate three types of local behavior of
the precursor potential. The first one, labeled Type I, appears for
all initial pressures when the tests are conducted at’approximately
Mach 7:0. The Type II signal develops rather abruptly as the shock
Mach number is increased beyond a critical value; This critical Mach
nunber increases with decreasing initial pressure. The third oscillo-
gram shows another development in the potential as the shock Mach number
is increased further. The Type III signal is characterized by &
decressing magnitude of the negative potential and increasing spatial
extent.

A combustion driver was used to generate most of shock waves
and their sccompanying precursors in these experiments. However some
of the low Mach-number shocks (with Type I precursor signal) could also
be generated with a cold-helium pressure driver. We observed no depen=-
.dence in the local-potential profile on the type of driver employed.
The blased-electrode data indicates that when the Type III local-precursor
signal is observed both electrons and ions can be detected several
meters ahead of the shock wave. Further information obtained from the
biased electrode will be discussed with the long-time dats.

12
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TYPE Ul
P,=10TORR  Mg=9,2

TYPE 1l
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Fig. 4. Local-potential data in argon.

24' SHOCK TUBE
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Figures 5, 6, and T present a compilation of reduced local-
brecursor potential data for argon (Pl = 2,5 Torr, 5 Torr, -and 10 Torr).
These data were obtained from«OSCillograms like those shown in Fig. L.
The conversion from time on the photograph to distance ahead of the
shock wave was mccomplished by multiplying the measured time by the
measured local shock speed. Note that the data is read from the minimum
point on the oscillogram.

. These plots exhibit the dramatic change between the Type I
and Type II precursor signals. Figure 6 demonstrates the development
of the Type IITI precursor. Note that the 2.5 Torr data (Fig. 7)
exhibits a different development of the Type II signal. At the two
‘higher initial pressures the profile seems to steepen, come closer
to the shock front, and increase in amplitude as the local Mach number
increases. -The 2.5 Torr dats comes closer to the shock front but does
not steepen and decreases in amplitude.

Figures 8, 9, and 10 show a similar compilation of data
taken with the shock tube fourteen feet shorter than that used to obtain
the previbus data. The Mach number shown for these.cases is the local
value at the station where the data was taken. In the process of taking
dats with thé shock tube at two lengths we observed a severe attenuation
of the shock Mach number (see Appendix B)a The Mach number attenuates
approximately two ‘per cent per foot, thus it is not clear how ten-foot
tube data should be compared to twenty-four-foot tube results. Based
on the loesl Mach number each set of data shows roughly  the same
behavior, that is potential profiles Type I, II, and III appear. Even
though we have data for shock waves which have traveled nominally ten

1k
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Fig. 6. Compilation of reduced local-potential dataj
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Fig. 8. Compilation of reduced local-potential dataj
argon, Pl = 10 Torr, 10 foot shock tube.
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Fig. 9. Compilation of reduced local-potential data;
argon, Pl = 5 Torr, 10 foot shock tube.
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and twenty-four feet down the shock tube, the severe attenuation problem
restricts us from making any quantitative statements about the develop-
ment of the precursor signal as a function of distance the shock wave
travels. However, it is of interest to note that the local Mach number
seems to determine the type of precursor present. For example consider
a test where the local Mach number is 10 at the ten-foot station and
attenuates to approximately 7 at the twenty-four-foot station. For

such a case we observe a Type II precrusor at the ten-foot station and

a Type I precursor at the twenty-four-foot station.

So far we have shown local-precursor data in argon for 4if-
ferent initial pressures Mach nunmbers, and two lengths of shock tube.
To complete this survey, experiments were performed in the twenty-four-
foot shock tube in two additional gases; helium and nitrogen. No
precursors were observed in 5 Torr helium at Mach numbers 4.9; 5.9,
7.8, and 9.2. The nitrogen experiments proved to be more interesting.
A local precursor similasr to the Type I result in argon was observed
in 5 Torr nitrogen at Mach numbers 10.5, 13.0, and 1h.Lk. The reduced
data from these tests is shown in Fig. 11. No precursor was observed

at Mach 8.8 with the same initial conditions.

2.3« .Long-Time Potentisl Measurements.

Figure 12 shows two oscillograms of the long-time potential
variations of the mesh electrode and the voltage output of the biased
electrode. These are argon results in the twenty-four-foot shock tube.

.The biased-electrode (positive bias, 5 volts) data in Fig. 12a
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Fig. 12. Long-time precursor data in argon.
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demonstrates the presence of electrons far shead of the shock wave.
After the diaphragm opens, the mesh electrode undergoes a sharp rise
in voltage followed by a rapid decay to a constant positive potential
until the shock wave approaches. -The arrival of the shock wave is
indicated on the potentisl-data traces by an arrow. Figure 12b shows
a similar mesh-electrode signal, but in this case the biased glectrode
was at negative ten volts. Zero response from the negatively biased
electrode, during the time interval where the mesh-electrode potential
varies, indicates that few or no positive ions were present far ahead
of the shock. The positive potential of the mesh electrode coupled
with the fact that only electrons were detected suggests & photoemission
effect. That is the electrons detected are photemitted from the surface
-of shock tube and the surface of the mesh electrode. The positive
signal from the mesh electrode results from the fatt that a fifteen
megohm resistance was used between the electrode and ground, i.e., the
source of replacement charges. For the alternate possibility of large
scale electron diffusion, one would expect the same biased-electrode
results; however the mesh electrode would develop a negative signal due
to the buildup of electron charge as on a floating plasma probe. The
source of radiation for this photoemission phenomena remeains to be
determined; the heated combustion-driver components and the shock-heated
test gas are two possible sources.

‘We can investigate these possibilities by changing the driver
‘and changing the test gas. Using the combustion driver and helium test
gas, which is transpasrent to radiation down to 530 E (23.5 ev),(26) the

tests produced no short or long-time potential signals ahead of the shock
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weve. -This is strong evidence that the combustion driver does not act
as a radiation source for photemitted electrons.

Further experiments were run with orifices (1/2 and 5/’4 inch
diameter) placed between the driver gas and argon test gas. Such an
orifice, besgides reducing the strength of the shock wave produced (see
Appendix B); acts as a radiation stop to the driver. Comparing the
results with shocks of the same strength produced with lower combustion
loading pressures (and no orifice) showed no essential differences.
Again, this result indicates that the driver is not responsible.

Finally, given the nmeasured time between the positive spike
and the arrival of the shock wave at the potential probe, the local
shock Mach number at the probe, and assuming the measured attenuation
rate is constant over the length of the shock tube, we can estimate the
location of the shock wave when the spike appears. -This location turns
out to be approximately 1.5 meters from the disphragm location. This
is further evidence that the driver is not the source of radiation
producing the photoemission and indicates that the shock-heated test
gas 1s the source.

Pigure 13 introduces a further subtlety to this problem. This
figure compares two experiments with nearly the same local Mach number
in 2.5 Torr argon. As noted on the figure, one result is with a com-
‘bustion driver and the other a cold-helium pressure driver. Notice the
very different long-time potentisl variations (the local-potential data
was practically identical). This at first leads us to suspect the com-
‘bustion process as the radiation source, but in view of all the evidence

presented gbove an alternate explanation was sought. A reasonable
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Fig. 13. Comparison of long-time data for combustion and
cold-helivm-driven shock waves in argon.
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explanation lies in the fact that the combustion driver causes about
fifty percent attenuation in the shock Mach number over the twenty-
- four-foot length of the shock tube, and this must be compared to an
attenuation of two or three percent for the pressure drive case.  We
propose that the gas heated by a much stronger shock wave gives rise
to the radigtion which produces the positive spike for the combustion
shot, whereas the local data reflects the local Mach number and compares
well with the local data obtained with the pressure drive experiment.
It is interesting to note that the positive signal just before shock
arrival (and just before the negative local-precursor signal) is about
the same for both cases.
Figure lha shows a long-time potential anomaly in a high
Mach-number argon shot. This dats shows two positive peaks separated
by almost 500 microseconds; the biased-probe data indicates the presence
of positive ions. -We observed this in only one test. The loecal potential
signal (not‘shown here) was Type III. The two spikes may indicate that
the shock wave forms, decelerates somewhat, and then speeds up. This type
phenomenon has been observed in combustion-driven facilities previously,(27)
Figure 14b shows another feature observed in a few argon experi-
ments. This data shows’a sharp front approximately three hundred micro-
seconds ahead of the shock wave.. The,amplitude of the voltage step was
independent of initial pressure but definitely decreases as the local
shock Mach number was increased. The time between theistep and the shock
arrival also decreased with increasing Mach number.
Figure lhic is an example of the long-time potential variation

with nitrogen as the test gas. We note that it is quite different from
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the argon results. No electrons were found in the nitrogen experiments
with the same biased-electrode probe and sensitivity used with similar
argon cases.

Figﬁ}e 15 shows two long-time potential measurements taken
ahead of argon shock waves in the ten-foot shock tube. These traces
demonstrate two intereéting features observed in the ten-foot tube.
Figure 15a shows the expected signal; however, it seems to be nearly
flat before the arrival of the shock wave, more so than the data obtained
with the shock tube twenty-four-feet long. The level of this signal
was a consistent 1 volt in ninety percent of the seventeen shots where
similar data was taken. Figure 15b shows a stfange negative dip before
the positive rise, this phenomenon occurred in four shots with no
apparent correlation to initial pressure or shock Mach number.

The long-time data could be presented in a more quantitative
manner at this point; however, its gquantitative worth is obscure at
this time. The problem of photoemission relates not only to the source
of the radiation, which we will pursue further in Section 2.4, but also
to the nature of the emitting surfaces. The probable comblexity of
this latter aspect becomes apparent by examining the amplitude of the
positive spike in the long-time potential signasl. We found this spike
in the argon results varied from 1.6 to 2.8 volts with no correlation
to the shock tube parameters, Mach number and initial pressure. The
time at which this spike developed seems to be independent of the argon
initial pressure but does decrease with increasing Mach number. A

rather large scatter was exhibited in this data.

29



a) 10 TORR ARGON Mg= 7.7
5V,.5ms/div

b) 10 TORR ARGON M =75
SV,.5ms/div

Fig. 15. Long-time potential in 10 foot shock tube.

%0



2.4, Purther Qualitative Experiments.

Two radiative phenomena have been observed in this experi-
mental work and have been discussed in the above sections. It has been
fairly'well éstablished that shock-heated argon can produce significant
photoemission from the interior surface of the shock tube. At high
Mach numbers some photoionization of impurity gases or the test gas
does exist. In this section we present the results of a qualitative
experiment aimed at investigating the wave length of fhe radiation
responsible for the above phenomens.

The shock tube was modified slightly to separate the biased
electrode from the mesh electrode by a diaphragm. Figure 16 shows a
picture of the by-pass piping which allowed us to evacuate both sides
of the dlaphragm and to fill both sections with the same test gas at
the same pressure. The diaphragm was located as shown on the photograph.

The basic notion of this experiment is to isolate a part of
the shock tube with a window (disphragm) of known transmission. The
first test was made with an aluminum diaphragm to check‘the zero trans-
mission limit. The usual mesh electrode signal was dbtained and the
bilased electrode detected no electrons. Corning 0211 Microsheet Glass*
(0.020 inch thickness) was used as the next window. The transmission

(28)

characteristics of this glass are reproduced in Fig. 17. The null
result was again obtained. This indicates the radiation is below
3600 A (3.44 ev), i.e., in the ultraviolet. The experiment was carried

- one step further to a 0.0005 inch Mylar window, which also gave the null

*
- We acknowledge the generosity of Corning Glass Works for supplying a
sufficient sample of this glass to conduct our experiments.
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Fig. 16. Photograph of shock-tube installation of the precursor
instrumentation and by-pass piping for qualitative
radiation experiment.
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Fig. 17. Transmission char cgiristics of Corning 0211
Microsheet Glass.\2
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result. To guard sgainst the possibility of not seeing a reduced
result, the biased electrode sensitivity was increased by a factor of
ten compared to the earlier experiments.

-This type of experiment could be carried to more conclusive
results by going to micron thick windows(29) (films). However, this

was not pursued in the current experimental work.

2.5. Summary of Experimental Resultg and Qualitative Conclusions.

An over-all view of shock-tube precursor phenomena has been
obtained. We considered three test gases: .argon, helium, and nitrogen.
Potential precursors were found ahead of argon and nitrogen shock waves.
With the potential probe we have identified three types of precursors
ahead of argon shock waves. The low Mach-number-range (6.5 to 9) po-
tential profiles shead of argon shock waves are smooth, starting negs-
tive at the shock wave and increasing uniformly toward zero as a func-
tion of distance shead of the shock wave. The negative amplitude and
the spatial extent increase as the Mach number increases. These results
are considered extensively in the next chapter. The néxt developmént
in the argon potential profile ccecurs at Mach numbers and initial
pressures where significant resl gas effects start to appear in the
final equilibrium state; The potentisl results at these and greater
Mach numbers change drastically in magnitude and shape. Finally as
the Mach number is increased beyond & higher limit (which also depends
on initial pressure) & marked decrease in amplitude of the potential

and an increase in spatial extent was observed. This last development
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has been linked with photoionization of the test gas and/or impurity
gases. Figure 18 presents a map in Mach number and initial-pressure
space for the argon findings.

The potential ahead of nitrogen shock waves behaves initially
like the low Mach-nunber argon results, with the significant fact that
this behavior persisted to a much higher Mach number (MS = 13.0).
Beyond this Mach number a drastic change occurs both in amplitude and
shape. The new shape was not like tﬁe argon shape at intermediate
‘Mach numbers.

Photoemission from the potential-probe electrode and shock-
tube-interior surface was observed at large distances (meters)vahead
of argon shock waves and to a lesser extent ahead of nitrogen shock
waves. Our experiments indicate that the shock heated test gas 1s the
radiation source. Because of large shock attenuation effects due to
the combustion driver these photoemission effects should not be aésoci—
ated with the measured local Mach numbers. The wave length .of the
radiation responsible for photoemission and/or photoionization was deter-
mined to be shorter than 3600 A.

Experiments were performed with the shock tube ten-feet and
twenty-four-feet long. The severe attenuation problem restricts the
value of these results. Therefore, these experiments have not indicated
whether the precursor-potential profiles are steady or unsteady in the

shock-wave coordinates.
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3. LOW MACH-NUMBER ARGON-PRECURSOR ANALYSIS

It was noted in Section 2.2 that the measured local-potential
profiles shead of the shock wave change character as the'Mach number
is increased. This section is devoted fto the low Mach number (605 to 9),
Type I results where the potential profiles are smooth, starting nega-
tive at the shock wave and increasing uniformly toward zero as a function
of distance ahead of the shock. The potential rises sharply to a posi-
tive value during shock passage. The general shape of this curve sug-
gests a charge double layer or dipole structure at the translational

shock front. Such a structure would result from a slight separation

of ions and electrons due to electron diffusion st the shock front.

3.1. Electrostatic Model.

To test the sbove hypothesis we can employ some simple electro-
static ideas. Consider first the potentisl on the axis of symmetry of
a dipole disk of radius a. For charge separation & much less than

x (see Fig. 19) the potential is

where
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Fig. -19. Sketch of dipole disk.

This dipole solution is shown in Fig. 20. A typical experi-
mental- potential profile has been normaslized and matched at the potential
minimum point with the dipole solution. Note that the dipole strength

parameter is negative by definition . in these considerations so that
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@/Imol is a positive function. The comparison between the experiment
and the dipole disk solution shows that the measured Dotential falls
more rapidly than the dipole-disk solution. This is presumably due
to the grounded side walls of the shock tube. We can show this by
surrounding the dipole disk with a grounded cylinder. ‘The solutioni

for the potential distribution along the axis of the cylinder is

w exp(—kz ax)

o(x) = @ ,
= % jga’kzg T (k 2)

where the kz's are defined by
Jo(kza) =0 .

This solution is also shown in Fig. 20. As expected, the grounded
boundary pulls the potential down 'more rapidly. The experimental
result now compares very favorably to this simple analysis. Note at
this time that x = x/a scales the problem. Many improvements can be
made to this analysis, such as accounting for the presence of the probe
electrode, the square geometry of the shock tube, ete. Rather than
pursue this analysis further, we take the gbove results as a guideline
to examine the gasdynamic situation at and ahead of the shock wave to
gain insight into the behavior of the charged particles,thaf leads to
a dipole structure.

Befpre proceeding, it ds worthwhile to examine the order of
magnitude of the quantities involved in the dipolé strength parsmeter.

For the experiment shown in Fig. 20, the: maximum negative voltage was 1.16
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volts. This would correspond to the dipole strength:

Assuming the charge separation is of the order of the translational
shock thickness, say 0.1 mm, we find the total number of electrons on
a dipole disk with an area equal to the shock tube cross-sectional area
is of the order of lOll. In order to estimate the degree of ionization
needed to explain this phenomenon we assume that the 10:Ll electrons
occupy & volume equal to the volume of the translational shock wave.

3

This volume is approximately 0.25 em”. Thus we take the following as

an. estimated electron number density

10

n =4 X
e
cm
For the shock tube conditions of interest the heavy particle number
1
density behind the translational shock wave is the order of 10 7/cmS.
Thus the degree of ionization is given by

11 -6

0
—_— 10
lO17

|

fo =4

These rough calculations indicate that significant electrostatic effects

are possible with electron number densities very small compared to those

observable by common techniques such as the Mach Zehnder interferometer.
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5.2, ‘BEquilibrium Model and Preliminary Analysis.

Consider a shock wave propagating down the shock tube into

and temperature T. (room

quiescent test gas at initial pressure P 1

1
tem.perature)° A shock wave propagating into a real gas compresses

and heats the gas. The gas initislly behaves like a perfect gas since
the translational degrees of freedom are excited within a couple col-
lision times. This part of the structure we refer to as the transla-
+tional shock and conditions behind it as the "frozen" conditions.
Excitation of internal degrees of freedom, dissociation; and ionization
take many more collisions; hence relaxation to equilibrium among all
degrees of freedom is typified by finite relaxation times. Ilectron
production in the rare gases proceeds initially by atom-atom collisions
and "impurity produced electron' - atom collisions until sufficient
eiectrons,exist for electron-atom collisions to be the dominant ioniza-
tion mechanism. -Electron-atom collisions are so efficient for iloniza-
4ion, that the approach to equilibrium ionization takes on the character
of a front. The approach to equilibrium ionization in rare gases has

received much attentiona(2’25’30)

For the low Mach numbers in. argon
being considered now, the egquilibrium degree of ionization is small
and is far back from the translational shock front (e.g., MS = 8.5,
P, = 1 Torr, a = .002, £ > 10 cm). Hence for the present work, we are
interested in the relatively few electrons and ions at the translational
shock front.

To construct a model for the equilibrium distribution of

electrons immediately ahead of the translational éhock we assume the

followings
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‘a) The ion diffusion is negligible compared to the electron
diffusion.

‘b) The electron diffusion does not alter the macroscopic structure
of the heavy particle translational shock.

c) The electrons ghead of the shock are thermalized among them-
selves at temperature Teo

.d) In addition to electrostatic and pressure forces the electrons
ahead of the shock experience a drag force due to collisions

with the neutral gas-.

It is unregsonable to assume the electric field set up in s
shock tube by electron diffusion is one-dimensional. This is especially
true in the case of a metal shock tube with grounded wslls. However,
it is realistic to assume a high degree of symmetry about the center-
~1line of the shock tube. For this reason we consider & centerline
analysis.

We now formulate an axial electron force balance for a center-
line analysis of the equilibrium distribution of electrons. We take
our coordinate system as fixed to the translational shock wave with
positive x aghead of the shock. Figure 21 illustrates the model we
are considering. We consider three forces in the axisl direction:

1) a positive electron pressure gradient, 2) the electrons ahead of
the shock experience an electrostatic force due to charge separation;,
and 3) a negative friction or drag force due to collisions with the
test gas atoms flowing into the shock wave. The axial force balance

may be written
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kT _?. = en .dﬁ -en D (l)
e e i X e
where

k = Boltzmann constant

Te = electron temperature
n, = electron number density

¢ = electrostatic potential
e = magnitude of electron charge

D = drag force/electron charge

We have assumed the drag term is functionally dependent on the axial
coordinate only through the electron number density. -Thls dependence
has been expressed explicitly in equation (1) for mathematical conve-
nience. The collision model and the dependence of D on the electron
temperature, shock speed, and test gas will be discussed below. The
guantity D 1is always positive.

It should be noted at this point that this model deals only
with electrons which were behind the translational shock and have
diffused forward. This does not preclude the existence of a neutral
plasma cloud ghesd of the shock. If a neutral plasma cloud does exist,
the electrons considered here should be viewed as an excess number

over those existing in the cloud. Also this model should not be confused
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with the models of Weymann and Groenig discussed in Appendix A. These
models deglt with diffusion from the equilibrium electron front as
opposed to the translational shock front considered here.

There are several physical consequences of equation (1) which
we can explore with our experimental knowledge. A typical local-potential

profile is sketched in Fig. 22. Sinee n, is always a positive function,

Fig. 22. Sketch of low Mach-number argon-precursor potential.

we note the following results:

a9 _
dx — Y
(2)
dn eneD
EEE = - ahead of the shock
e

k5



The derivative of equation (1) with respect to x is,

d2 ne d2 dne a dne
kTe 5 = en ——g‘ e = a% - eD 3
dx € ax x
or
2 2 2
d™  n 2 e n
e a0 e e (4o 2
KT, ——=en, —5 + 57— + 55— (G5 - D)
dx dx e e

Now we can investigate the inflection point in the potential profile;

i.e.; the point of zero curvature; we find the following result:

d2¢
mé., = O
dx
(3)
d2 ne e2 ne a
= (2 .D) >0  ahead of the shock
ax kTe dx

Lastly we can integrate equation (1) assuming the approximate boundary

conditions ¢ =0 at x=0 and n_ = n: at x=0,

e
= p¥ — -
n, = n¥ exp[kTe (p - Dx)] =ahead of the shock (&)
The first observation to be made from the above results is
that the only way n, can become zero is for the potential to go to
negative infinity. Hawever, we know from our experiments that the
potential is bounded. This means that specifying n, = 0 at x =

is an incorrect boundary condition and would produce erroneous results.
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Results (2).and (3) show that at the potential minimum the
slope of the n, profile is negative asnd at the inflection point in
the potentisl the -curvature of the ne profile is positive. The posi-
tive curvature depends on the magnitude of the drag, D. -For large drag
the curvature 1s very large which corresponds to a rapld decay of the
n, profile. As the drag and hence the curvature decrease; the n.e
profile spreads . out. The artifiedd)l limit of zero drag causes the
nuMBer density to increase asymptotically to ngﬁ Figure 25 shows &
‘sketch of these different cases.

Considering the simplified sketch in Figure 24 of the experi-
mental-potentigl curve we can estimate the number density of electrons

at the potential minimum (n;)o From equation (4) we have

Y oo
n! = n¥ QXP[EE; (- - D3)]

and assuming that the drag is zero behind the shock, the nunber density

‘behind the shock '(n:) is given by,

o e o0
= n¥* et
o - ng etz o
'thu,s,
e [- ==~ (29 - Ds)]
= = expl- 3% 20 =~--Dp
ne e

" We would expect DB << edw,,therefore we have
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For a typical value of @n, say 1 volt, the above ratio is approximately
10 for T, = 5000° K and 10 for T, = 10000° K.

It should be noted that the drag or friction on the electrons
ahead of the shock may cause significant heating of the electron
precursor cloud. This possibility will be explored in a later section.

In the sbove preliminery considerations we have leaned heavily
on the experimental potential curves shead of the shock, The task now
is to solve the equilibrium equation simultaneously with Poisson's equa-
tion to find both the electron density and the potential in a consistent

manner.

5.3. Approximate Solution to the Equilibrium Model.

In the last section of this chapter we formulated a model
for the steady-state equilibrium distribution of electrons ahead of the
shock wave. The governing equation for the electron distribution on

the centerline of the shock tube is the axial forcé balance;
KT e = ene ‘-— - »en(eD “ (5)

The integral of this equation is

n, = n¥ exp(==2 . %%f) (6)

b9



where n: is the electron number density at the =x location where

ep(x)  eDx
kT T kT
e e

Since both ne(x) and ©(x)  are unknown we must add another equation
to the formulgtion. -Recall from our discussion of the pure electro-
-static model that one-dimensipnal electrostatics are not appropriate

for this problem. Thus in order to complete this formulation the three-

dimensional Poisson's equation

plus electrostatic boundary conditions must be included. Note that
m(x) must be a .solution, specislized to the centerline, .of the above
equation. The exsct solution to Poisson’s equation coupled with equa-
tion (6) is & difficult if not impossible problem.

Rather than attempting to solve this difficult problem we
will seek an spproximate solution. We need s solution which is valid
on the centerline of the shock tube and which takes into account the
three~dimensional nature of the electrostatic field. For electrostatic
considerations we will use gylindrical coordinates with radial symmetry.
The effective radius of the shock tube will be taken such that the cross-
sectional area of the cylindrical tube equals the cross-sectional area

of the square shock tube.
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We conslder a thin disk of the electron gas in the vicinity
of the shock wave .and assume that such a disk may be considered a con-
ductor mnd hence an equal potential surface. Charge placed on a con=-
-ducting disk will distribute itéelf radially so that the disk is at a
uniform potential. We are interested in the potential field along
the axis of symmetry of the charged disk. The potential field of the
conducting disk depends on the radial distribution of charge and hence
the electrostatic boundary conditions at the edge of the conducting
disk. To construct the potential due to the electron distribution
ahead of the shock wave we add up the contributions of many charged
disks. The amount of the charge on each disk depends on its axlial loca-
tion. We take the limit of an infinite number of disks, infinitely
thin, to represent the axial distribution of electrons. The potential
field due to the axial distribution of charge is a superposition of
the disk fields. This superposition is an integral over the charge
distribution weighted by the potential due to each conducting disk.

Since we assume that the positive ion diffusion in the axial
direction is neglibible compared to the electron diffusion, we must
consider the positive charge left behind by the diffusing electrons.
We assume that these positive charges are distributed on a single con-
ducting disk. At the cutset we assume this disk Of positive charge
is located at the translational shock front; after we have solved the
problem; we will examine this assumption by moving the disk back from
the shock slightly. We need to know the number of positive charges
at the origin in order to complete this model. We assume there is no

electron current to the shock tube walls, hence there gre no electrons
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lost  ahead of the shock. With this assumption overall charge neutrality
is preserved, thus the number of excess ions at the shock front is equal
to the number of electrons ahead of the shock.

‘We now proceed to put the sbove model into mathematical form.
Again considering the axis of symmetry, we let h(lx-gl) represent
the electrostatic potential at the point x due to a unit positive
charge placed on an infinitely thin conducting disk located at point
£. Then the potential due to the electron distribution along the center-~
line of the shock tube is given by

o0

o x) = - ! n (&) n(|x-¢]) na® at

The positive charge contribution is given by

0

+ 2
o) = [ n_(8) nlx) na? ag
0
Combining the positive and negative charge contributions, the electro-
static potential, in terms of the unknown electron number density dis-

tribution, is

o) < n) [ n(8) m® at =+ ], (8) () ne® as ()
0

Before discussing the choice of h(Ix—gI) let us complete the formula-
tion of the model by substituting the above expressdion for ¢ in equa-

tion (6)5 This yields the following non-linear integral equation
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n ° 2 |
In 2 = = [h(x) [ ng(e) ma® ag - [ n_(¢) n(]x-t]) na® dé] - 5
e e 0 0 ©

Combining the integresls and non-dimensionalizing the variables yields

the following compact form of the governing equation

oo

Inn =B/ n(E) k(X §) af - ax (8)
0
where
n
n =2
e n*
e
~ X
X ==
a
. £
g’,a
eaD
A=
: e
cenz nag
B KT
: e
k(x,8) = h(x) - n|x - E]) .

The dimensional constant ¢ is assoclated with the choice of the
kernel, k(?,g)o A &and B are the non-dimensional parameters of the
problem. We will discuss the physical significence of A and B

-after we have developed g solution to the non-~-dimensional problem.
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To proceed with the analysis we must choose a kernel. For
the present we ignore the grounded walls of the shock tube and consider
a charged conducting disk surrounded by free space. This is & classical

(31)1

problem of electrostatics which involves mixed boundary conditions.
The potential at point X on the axis of symmetry of .a conducting disk

(radius,-a) located at point E with g unit positive charge is

n(lx - £])

e -1, 1
Trae, tan (=)
0

x-E|

For this case

k(x,E) = tan‘l(%) - tan "t (—2—) (9)
x |x-¢|
and
e2 n: a2

The precursor number density profile is now determined by

lnn =3B fm n (§) [tan_l (%) - tan-l( ~l~ )] dt - Ax  (10)
o °© p 3 |x-¢€ |

We can sketch the solution of equation (10) by inspection. First con-
sider the kernel (bracketed terms under the integral). The first term
represents the ion contribution and the second term represents the
electron contribution to the potential. .Note that at x = O .and
small x that the ion term is greater than the electron term. But

for large x the electron term dominates the ion term. -The number
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density must always be positive and we expect it to be a decaying
function of distance away from the origin. -Thus for s%nall values of

x  the integral will be positive, and negative for large values of x.
Since the magnitude of both the kernel and the number density decay
away from the origin; we expect that for very large x the infegral
term in equation (10) will be negligible compared to the other term in
the equation. Hence, we expect an asymptotic solution for large x,
i.e.; In He= -Ax. Figure 25 shows a sketch of the expected solution

drawn in the 1n ?fe/A vs. x plane.

H
B
s
x2

Fig. 25. Sketch of expected solution to eq. (10).
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A numerical solution of equation (10) has been obtained for
a range of pareameters A and B. See Appendix D for a discussion of
the numerical analysis of non-linear integral equations of the form
shown in equation (8). Figures 26 and 27 show several results of the
numerical calculation.

‘We note from these results that the solutions that yleld a
dipole like structure correspond to large values of A. Since the
1n E;/A vs. X -curves collapse very rapidly to the solution 1n E;/A.=—§
we can seek an analytic asymptotic solution.

By expanding the kernel
H=E)

k(%,E) = tan™t %) - tan "~ (—==
x |x-¢|

around x = O  we can express the potential in terms of successive

moments of the electron number density distribution ahead of the shock,

0o 2]

Bx P~ e~
—E— ] B

e B n (g) dg'*' soo0
(14%°) 0 e

= [ En(¥)daE +
kTe l+x2 0 ©

Now it is straightforward to obtain the potential for succes-
sive approximations of the distribution function. The first approximg-

tion is

~(1) _

n~/ = exp(-Ax)
ecp(l)=_,_§_{ T, 0% +}
kTe A2 1+§<e (1+§c2‘2



Fig. 26. Results from the numerical solution of equation (10).
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The next approximation is

~(2) [‘ ~ B, 1 ]
n = exp| -Ax - = ( + oo )

© AR

(2) ~
- 2D (L o+ B

e 1+x 1+x

‘With this analytic asymptotic solubion we can apply the com-
puter to the detailed structure close to the shock. The two solutions
can then be patched together. An example potential profile obtained
in this fashion is shown in Fig. 28.

The solution shown in Fig. 28 presents several difficulties
of interpretation. First the potential profile does not scale the
same as the experimental profiles, it does not decay rapidly enough. This
is presumably - due to neglecting the grounded walls of the shock tube.
Note from Fig. 28 that the value of ecp/kTe for this chpice of parameters
is approximately -.l. We know from the experimental data that ©¢© is on
the order of -1 wvolt. This means to match this theoretical potential
profile to an experimental profile that the electron temperature has
to be approximately 10 electron volts. This is an unreasonably high
electron temperature. We also expect that the drag on the electrons
ahead of the shock should not be too large. The value A = 100 suggests
that the electron temperature should be very low if the drag is small.

‘We must view the analysis up to this point as preliminary and
perhaps applicable to a glass shock tube; In the next section we will

consider a kernel more applicable to the grounded metal-wall shock tube.
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We will attempt o resolve the interpretation of the parameters by

comparing the theory to our experimental results.

5o4s Equilibrium Centerline Precursor in s Grounded Shock Tube.

In order to improve the analysis developed in the sgbove
section we must use & kernel in equation (8) which reflects the pre-
-sence of the grounded shock tube wall. Thus we must surround the con-
ducting disk with a grounded cylinder. -The: potential along the axis
of symmetry of a grounded cylinder of radius a due toa conducting

disk located at x = & with a unit positive charge is

o e exp(=knai;=gf)

n(]x-£])

oo
ne=l 1
2n €O a( 2 E—E) kna Jl(kna)
m=l "m

where kn”s sre defined by

J’O(kna) = 0
The analysis leading to this result is presented in Appendix E. Thus
the kernel for the grounded shock tube case is

ol ® em(ka®) o exp(-ka [F-E])

k(x,€) = - : (11)
’ n§1 ko J) (k8] ngl kead (ka)

and the parameter B becomes
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©0
1
2e5 ¥T, b §g
m=l "m
Substituting into equation (8) the governing equation for the precursor
number density profile is

. N exp(wkna x) - exp(wkna x-E)1 . .
tang =B/ n(E) % [ CEACEY) ]dg - (12)

Figures 29, %0, and 31 show several numerical solutions of equation
(12)‘9 These solutions were obtained by the method deseribed in
Appendix D.

Figure 29 illustrates the role of parameter A in the solu-
ticn. Parameter A affects both the amplitude and shape of the potential
curve. For comparison to the experiment the influence on the shape of
the potentisl is most important. Figure 30 examines the solution at
A =10 for several valqes of B. We see that at a particular value
of the parameter A, parameter B affects the amplitude with very
1ittle infiuence on the shape of the potential. Figure 31 displays
the electron number density profiles corresponding to the potential

profiles in Fig. 30.
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GROUNDED SHOCK TUBE
A= 10

Bz 5000
]62 a2 3 A 2 | 1 | i
0 .02 .04 .06 .08 .10
X
Fig. 31. Electron number density profiles corresponding

to potential profiles shown in Fig. 30.
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3.5. Parameters A and 3B.

Now that we have obtained solutions for the grounded shock
tube in non-dimensional form, it 1s appropriate to discuss the non-
dimensiongl parameters of the problem.

From gbove, the definitions of A and B are

_ eaD
A =5
n¥* a2
B =

We note that both A and B may be viewed as ratios to the electron
thermsl energy. A is the ratio of drag work to the electron thermal
energy and B 1is the ratio of electrostatic energy to electron thermal

energy. Parameter B may also be viewed as the ratio of the square of

two lengths
_ 1l a°
5 - =) e
2 k &
m=1 "nm
Where
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Thus

We can at this point establish some rough guidelines on A
and B for purposes of comparing theory and experiment. It is reason-
able to expect a fairly low electron temperature particularly if the
electron source at the translational shock is a collisional process.
This follows from assuming that the energy involved in the collisional
process does not exceed by very much the ionization energy of the atom
or molecule being ionized. With this in mind we expect a large value
of B due to the smallness of the Debye length with respect to the
shock tube radius. ©Since the energy transfer between electrons and
neutral particles is very small we should expect a small drag force,
thus a relatively small value of the parameter A.

We can also establish upper bounds on the electron temperature
and number density. We assume the electron temperature cannot exéeed
the frozen temperature behind the shock wave and the electron number
density cannot exceed the equilibrium number density. We expect that

both these quantities should not be even close to the sbove limits.
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3.6. Comparison Between Theory and Experiment.

Our experimental data consists of the shape and magnitude
of the electrostatic-potential profile ahead of the shock wave for
various Mach numbers and initial pressures. The ‘theory for the low
Mach number precursor developed in the past several sections of this
chapter involves an unknown electron temperature and number density.

We are faced with the fact that our experimental data is not sufficient
to determine all the unknowns in the problem. The best we can do with
the information at hand is choose a range of parameters which fit the
deta and examine the physical consequences of our choice.

In Section 3.4 we presented parametric solutions for the
theoretical potential profiles ahead of the shock wave. The A =10
solutions have the same shape as the experimental results. Figure 32a
shows a typical experiment compared to the theoreticasl profiles for
A =10 and B = 400, 1000, 5000, and 10,000, Note for this comparison
we have matched the theoretical snd experimental minimum potential
points. This figure shows that A =10, B = 1000 and B = 5000
results give near perfect agreement and that A = 10, B = LOO and

B

10,000 are not far off. The electron temperature corresponding to

A

10 and the above B values is shown in Fig. 32b. The frozen gas
temperature for this experiment is shown as a dashed line in Fig. 3%2b.

We conclude from this comparison that the choice A = 10 .and B = 5000
is reasonable for this typiecal experiment.

We have found that the range A =8 +to 14 fits all the experi-

mental data as far as the shape is concerned. Figure 33 shows the
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electron temperature, Te’ and the characteristie number density, né,
as functions of Mach number for B = 5000. It should be noted that
this is not a unique value for B. As in Fig. %2 this value of B
is & reasonable choice.

Now that a model for the low Mach-number precursor in argon
has been established, it is appropriate to examine the validity of our
potential measurement. The reader should recall from Chapter 2 that
the mesh-electrode data was read from the potential minimum exhibited
on the "local" data traces. The data can be taken as quantitatively
correct 1f the electron ciloud ahead of the translational shock does
not interfere with the mesh electrode. Note from Fig. 30 that the
potential minimum for A = 10 and B = 5000 is roughly one tenth of
a shock tube radius away from the origin. Figure 31 shows that for
A=10 and B = 5000 +the electron cloud is concentrated within the
distance 0.0l of a shock tube radius. Thus the equilibrium model pre-
sented above predicts a potential profile ahead of the shock in terms
of & charge distribution which does not interfere with the experimental
determingtion of the potential.

‘Recall that we assumed the positive charge was distributed
radially on a conducting disk located at x = O (translational shock
front) in the theory. Since the theoretical electron distribution
corresponding to a low electron temperature has a very small spatial
extent; we must test the assumed location of the positive charge.
Calculations have been performed with the ions shifted back from the
origin. We find that the potential profile ahead of the shock is

insensitive to small changes in the location of the ions. . However,
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quantities at the origin x = 0 are very sensitive, particularly the
non-dimensiongl number density. For example, shifting the positive
charge back .0l non-dimensional unit reduces the non-dimensional number

density two orders of magnitude.

3.7. The Drag Force and Electron Energy Considerations.

Up to this point we have not postulasted a detailed model of
the electron-neutrsl collisions which produce drag on the precursor
electrons. Tt is important to examine this mechanism since the drag
force; through the parameter A, plays a significant role in matching
the theory to the experiment.

Recall that the model developed in this chapter assumed a
steady equilibrium electron distribution in shock fixed coordinates.
In the shock fixed coordinates we view the test gas at room temperature
and pl, as a uniform flow into the shock wave at velocity —us. The
quantity D in the original formulation and in parameter A is the
drag force per electron charge due to collisions with the incoming
neutral test-gas atoms.

The simplest possible model for the electron-neutral collisions
is the hard sphere model. The average momentum transfered to a stationary

electron from a neutral atom moving at the shock speed is

T2



The quarntity D for this simple picture is

where v 1s an average collision frequency which depends on the test
gas number density and temperature and the electron temperature. The

parameter A then becomes

Figure 34 shows the average collision frequency as a function of Mach
number for A and Te shown in Fig. 33,

The equilibrium precursor model proposed in this thesis
assumes that the electrons are thermalized at a particular temperature.
The model assumes that this temperature does not change significantly
in the time that it takes the shock wave to travel one to two shock
tube radii (i.e., the scale of precursor potential). It was not neces-
sary in the formulation of the model to say whether the electron cloud
ahead of the shock consists of the same electrons for all time or that
the electrons are lost to the flow behind the shock and replentshed by
new ones at the proper temperature.

To gain some insight into this aspect we now examine the
heating of the electrons by the drag force. This amoiints to examining
the energy exchange during the electron-neutral collisions. If we view
the electron cloud as a closed system then the electron thermal energy

change due to a collision with & neutrasl atom is
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e

Thus the energy gained by an electron per unit time is

The fractional thermal energy gained by an electron in the time the

shock wave travels one shock-tube radius is given by

A kTe ) é m.e us v & _ g,A‘N p
kTe 3 'kTe 3

This heating is not tolerable in view of our assumptions unless a loss
mechanism is gvailsble.

(255)

-Beveral researchers have observed continuum radiation

at the trenslational shock front in monatomic gases. This radiation

is usually assumed to be due to impurity components in the test gas.

It seems that Bremsstrshlung radistion from the precursor electrons
experiencing collisions may be a source for this radiation as well as
the loss mechanism for the energy gained through collisions. Zel'dovich

and Raizer(ig)

treat the problem of Bremsstrahlung radiation from
electrons experiencing impulsive accelerstions. We find that less than
one percent of the energy gain indicated above can be accounted for

in this menner. Thus we must assume for the presént model that the

heated electrons in the precursor cloud are being constantly carried

™



downstream into the shocked-gas relaxation zone and being replenished

with freshly generated low temperature ones.

3.8, Comparison Between Metal Shock Tube and Glass Shock Tube Low

Mach Number Precursor Theqries.

Recall that in Section 3.3 above we solved for the precursor-
potential profile neglecting the presence of grounded shock tube walls.
We mentioned in that section that this "unbound” solution may correspond
to a glass shock tube. Now that we have determined reasonable values
for parameters A and B for the grounded shock tube case it is
appropriate to present & comparison between the grounded walls case
and the ungrounded walls case., Figure 35 shows such a comparison for
A =10 and B = 1000. We note that the difference in shape and extent
of the precursor potential agrees qualitatively with the difference

gbserved by Hollyer (see Figure 39 in Appendix A).
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4, CONCLUDING REMARKS

In the first section of this chapter we summarize the low
Mach number study and results. In the next section we comment on fhe
theoretical analysis of the higher Mach number experimental results.
-The last section is devdted to the writer's perspective on the subject

of precursorss

4.1. Argon Low Mach-Number Precursor Study, Summary and Conclusions.

We -observed a negative potential profile ghead of argon
shock waves in the Mach number range 6.5 to 9.0. These signals were
smooth, started negative at the translational shock front, and decayed
to zero approximately 1 to 2 shock tube radil ahead of the shock front.
Simple electrostatic ideas were used to lend credence to the postulste
that these signals are due to small scale eleétron diffusion resulting
in & dipole~-type structure at the shock front.

An elementary gés dynamic model for the electron distribution
ahead of the translational shock wave was formulated. We assumed that
the electron distribution and resulting electrostatic¢ field was inde-
pendent of time for the time interval required for the shock to travel 1
to 2 shock-tube radii. An axial force balance for the electrons on

the centerline of the shock tube composed of the electron pressure
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gradient; the electrostatic forces due to charge separation, and
frictional force due to electron-neutral collisions ahead -of the shock
wave was formulated. This formulstion leads to a first order linear
ordingry differential equation with two unknowns, the electron nmumber
density and the electrostatic potential. .This model was coupled to an
approximate three-dimensional model of the electrostatic field. .The
conbined electrostatic-gas dynamic model evolved as a non-linear
integral equation for the electron number density profile ahead of
the shock wave -on the centerline of the shock tube. The kernel of
this integral equation depended on the choice of electrostatic boundary
conditions. Two cases were treated, first the grounded walls of the
shock tube were ignored. A combined -analytical and numerical solution
of the non-linear integral equation demonstrated that the grounded walls
must be considered in order to compare the theory to the«experiment.
The second case included the effect of grounded shoek tube walls.
Parametric numerical solutions for this case were presented.

.1t was pointed out in the main text that the experimental
potential profile is not sufficient to detefmine all the unknowns in
the theoretical model. Thus we presented a range of theoretical results
which agree with the experimental data. The range of theoretical
results is not so large as to make them useless. The results are slso
physically reasonable. The precursor electron teﬁperature turned out
to be roughly half the frozen gas temperature behind the translational
shock (which is just slightly higher than the final equilibrium tempera-
ture for these low shock Msch numbers). The characteristic number den-

sity (i.e., number density at the point where em(;)/kTe = eD%/kTe)

9



turned out to be on the order of 108/cm3 which is three to four orders
of magnitude below the final equilibrium number density. Of course the
relatively low electron temperature énd number density yields a very
small Debye length. -The drag force on the precursor electrons was

found to be an important source of heated electrons in the relaxation

zone behind the translational shock wave.

4.2, High Mach Number Shock-Tube Precursor Analysis.

Theoretical consideration of the high Mach number precursor
data presented in Chapter 2 has not been attempted at this time. How-~
ever, we present some conjectures and observations which may be useful
in the future. Recsll the intermediate, Type II, results where the
potential profile c¢hanges shape, increases in amplitude, and decreases
in spatial extent. Since photoionization was not in evidence, i.e.,
.we found no positive ions with the bilased electrode, we suggest that
the Type II result 1is an evolution of the electrostatic precursor
postulated in Chapter 3. The general behavior of the amplitude and
shape of the potential profile can be attained by increasing both
parameter A and parameter B. The flattening of the profile very
close to the shock could be due to either photoemission from the elec-
trode surface or the presence of a thin layer of photoionized gas.

An interesting psrallel to the present work on the low Mach
number diffusion aspects of the precursor, where emphasis has been
placed on the three-dimensional nature of the electrostatic fields;

has been pursued for photoionization precursors. fWétzel(zo) has
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investigated a one-dimensional photoionization model which considers
the shock wave as a plane radistion source. vDobbins(BB) has recently
refined the radiation absorption considerations and included the three-
dimensional nature of the radistion field. This is g definitive step
toward understanding photoionization precursors in shock tubes. -We
submit that this type model should be combined with the electrostatic
field resulting from diffusion at the shock front. -Hopefully a model
of this sort would predict the decay of the electrostatic field ahead
of the shock wave and the build-up of a large scale (large compared

to the diffusion scale) charge distribution ahead of the shock wave.

4.3, Perspective of Shock-Tube Precursors.

In Section 2.6 above we presented s summary of our experi-
mental results and qualitative conclusions. To reiterate these results
we note that our experiments together with our low-Mach-number theoretical
considerations indicate that smsll scale electron diffusion, photoemission
from the shock tube interior, and photoionization of the test gas or
impurity gases all play & role in shoek-tube precursor phenomens.
Precursor experimentg to date, including the one reported
here, have not determined the -éource of electrons for diffusion in
the vieinity of the shock front or the species which are photoionized
ahead of the shock. Both these questions may be answered in terms of
impurities and/or the test gas. Photoemission from the interior of
fhé shock tube is clearly a "noise” phenomenon, ioe,,-ah inadequacy. of
our laboratory facilities for the study of shock waves into quiescent

gases.
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We submit that the subject of conventional shock-tube precursors
should be divided into two categories: :1) electrostatic potentisl
precursors due to small scale electron diffusion in the vicinity of
the shock wave, and 2) small scale electron diffusion coupled with
photoionization ahead of the shock wave. It remains to be seen whether
precursors are a feature of shock wave structure or whether they are
only associated with shock-tube production of strong shock waves. The
problem of photoemission we know 1ls associated with the facility and

must be dealt with or adequately accounted for in shock tube experiments.
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APPENDIX A

REVIEW OF SHOCK TUBE PRECURSOR LITERATURE

The following paragraphs are devoted to a review of experi-
mental and theoretical work on shock=-tube precursors reported to date.
Data, comments, and results are freedy reproduced from the references
to avoid any misconceived interpretations of the work. We first con-
sider the experimental work in chronological order of publication.

We then consider the theoretical work by groups which logically fit

together according to the approach to the problem.

A.1l. Previous Shock Tube Precursor Experiments.

Hollyery(l)_in the course of developing a new shock tube
facility, . observed charged particles ahead of shock waves in monatomic
gases. The shock tube consigsted of a seamless cold-Grawn steel driven
section. -The driven section was eight feet long with a two inch inside
diameter, Test sections (length not specified) were added to the driven
section. Shock waves were produced with high pressure helium and
hydrogen.

Figure 36 shows & sketch of the two probes used for the pre-
cursor measurements. The primary investigation was carried out at

N% = 09 in argon with Py <1 Torr.
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Fig. 36. Sketch of Hollyer's precursor probes.

With the blunt probe, Hollyer found a negative signal ahead
of the shock with & maximum on the order of -1 volts when the shock
arrived at the probe the signal rose sharply to a positive value. The

p@%ential was measured across a 1 megohm resistor connecting the probe

R A;@}thg grounded shock tube wall. The precursor signal was detected

vapﬁfdximately 45 us before the shock arrival.

: - .To determine if the positive signal is due to induction,

the prdbe was operated with a DC bias voltages It was found that a
bias of -3 volts was required to reduce the signal to zero just ahead
of the shock. With this bias the signal was positive at the beginning
of the trace. Hollyer concludes an induced signal could not be elimin-

sted by this bilas.
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Using the electrostatically shielded probe, a negative gignal
was detected (magnitude not indicated). No signal was observed with
the access hole taped; and a positive bias on the collector increased
the negative signal. With a bias of -6 volts no signal was observed.
‘This test led Hollyer to the conclusion that only electrons are present
outside the access hole. He does note that the massive positive ions
may not respond quickly enough to produce measureable signals.

The ghielded probe was also used for a Mach 12 ghot in krypton.
In this test both positive and negative charges were detected; the
signals were at a constant level as the shock wave approached. -Hollyer
interprets these results as significant photoionization of the krypton
as the Mach number is incregsed. Unfortunately no mention is made of
an argon shot at Mach 12 to be compared to the krypton ‘result.

There are two possible sources of electrons by themselves ahead
of the shock wave: :a) electron diffusion from the ionized gas behind
the shock, or b) photoemission electrons from the shock tube walls.
Two experiments were run to indicate which of these mechanisms was
operative. -Hollyer reasoned that if electron diffusion is important,
the distribution of electrons and the accompanying electrostatic field
should be radiglly dependent. Repeated shots with the blunt probe
displaced radiaslly demonstrated no variation of the signal. He rea-
soned that if photoemission is important, a change in the work function
of the walls should change the results. To obtain a significant change
in the work function the probe was mounted in the last six inches of
a thirty inch glass section. Figure 37 displays two of Hollyer's

signals. They are signals corresponding to identical test conditioms,
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Fig., 37, Bketch of Hollyer's precursor data.
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the same probe but the first in a metal test section and the second
in the glass test section. Hollyer concludes from this modification
that the signal is due to photoemitted electrons.

T6é test for the effects of photemission from the probe surface,
the probe area was increased by using a flat disk of radius 7/8,of an
inch. Hollyer claims photoemission from the disk occurred when the
shock was some distance away. In this case the oscillbdgram trace started
out about 1/2 volt positive but went negative when the shock approached
to within a few inches of the probe. Presumably at this point the col-
lection of photoelectrons from the walls predominates. -In another test,
é disk collector with only the back side exposed led to an increase in
the collected current by a factor of about five.

<Holly6r found his precursor signals to be very much dependent
upon the gas purity. Testing at Mach 9 and with the blunt probe,
Hollyer found: .1) Mechanical pumping only, a signal appeared about 8us
ahead of the shock and reached a maximum of -0.2 volts. 2) Deliberately
contaminating the tube by adding air (5%), the signal amplitude decreased
by a factor of four. 3) Diffusion pumping added, the precursor signal
could be detected approximately 45 ps shead of the shock and the maximum
amplitude increased by a factor of five.

No quantitative analysis of the experimental data was presented.
Hollyer points out that these results are probably very sensitive to
Mach number and initlial pressure, hence the results should not be
generalized to all strong shock waves.

(2)

Petschek and Byron in the course of using electrostatic

probes to measure ionization relaxation times in argon observed a
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potential jump of approximately one volt at the translational shock
front,; but make no mention of a precursor signal.

In the process of measuring electrical conductivity behind
shock waves in argon with electrostatic probes and magnetic search

(3)

coils, Lin .and co-workers encountered a large electrostatic effect
associated with the shock waves. A large precursor voltage signal was
picked up by electrieally flosting probes connected directly to an
oscilloscope. They did not pursue the origin of this signal, but they
made the noteworthy observation that the voltage seemed to be higher
for weaker shock waves. This work was done in a glass shock tube.
Groenig<h),reports on spark plug discharge probe measurements
performed in s metal shock tube. The shock tube had a 1.8 inch square
cross-section and was 9.8 feet long. With the discharge probe data

he infers changes in conductivity as a function of time before shock
arrival. The experiments were: performed in argon with initial pressures
0.7 to 10 mm Hg and a Mach number range of 6 to 10. .The response of

the discharge probe was in the following three steps: :1) The voltage
across the s park gap first drops discontinuocusly (10-30 cm shead of
shock) end after a transient comes to a constant value. Groening inter-
-prets this &as an esteblished discharge in the test gas ahead of the
shock, it is triggered by irradiation of the probe by the radiating

gas behind the shock. 2) As the shock approsches (1-5 cm shead of

the shock) the voltage decreases rapidly until arrival of the shock
wave, This 1s explained gs incresged conductivity of the gas shead of

the shock. 3} As the shock passes the probe the voltage agsin drops

due to further increase in conductivity of the shock heated gas. By
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changing polarity of thevoltage applied over the probe electrodes;
Groenig concludes the increased conductivity ahead of the shock is

due to electron diffusion. Groenig presents s theory to support these
conclusions, which we shall review later with other theoretical treat-
ments.

(5,6)

Gloersen has observed electrical precursor signals in
xenon shock tube tests. The experiments were conducted in & helium
driven glass shock tube, two inches inside diameter, with a driven
section length of ten feet. High purity xenon was used; thé driven
section was evacuated to pressures less than 3 X 10~6 Torr. ‘With an
aversge leak rate of less than 0.5 u/hr, Gloersen estimates an impurity
level of less than 5 X 10n5 Torr at the time of diasphragm rupture.
‘The potential shead of the shock was detected by two rings (2 mm wide
brass shim stock) external to the shock tube connected to the cold
water pipe ground through 1 megohm resistors. -A brass end plate -con-
nected to ground in the same manner was used as & third probe. The
voltage developed across the 1 megohm resistors was recorded as a
function of time after diaphragm rupture by oscillogram. To facilitate
review of Gloersen's results, Fig. 38 presents two sketches of his
experimental data. Traces A and B are from ring probes located
100 and 60 centimeters respectively from the end wall of the shock tube.
Trace C is the signal frpm the brass end wall. The traces are terminated
at the time corresponding to shock arrival at each probe. Time is mea-
sured with respect to diaphragm rupture.

The first case (a) shows a pogitive signal on all three probes

at the same time. Comparison to a photomultiplier output shows that
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these signals appear at the same time radiation from the equilibrium
region (delayed luminosity) appears behind the shock. This signal
is apparently transmitted at the speed of light. -The arrival of the
shock is marked by a positive rise of the measured potential.

Case (b), same initial pressure but lower Mach number exhibits
very different precursor signals. At this test condition the delayed
luminosity did not appear until the shock was within 20 cm of the end
wall. Gloersen does not mention the fact, but the data seems to
indicate the precursor has not reached a steady state in the shock
wave coordinates.

Gloersen postulates the positive precursor signals which appear
simultaneously with the onset of delayed luminosity are the result of
photoemission at the probe location; he does not indicate a clear inter-
pretation as to why they go negative after the initiasl positive rise.
He suggests the second type precursors may he due to short range radia-
tion phenomens or diffusion of electrons. He notes that an impurity
luminosity appears in all the above cases at the translational shock
front. It was found that any impurity on the walls caused inconsistent
electrical data even when the luminosity showed no effect. In all
cases it was possible by sufficient cleaning to attain repeatable
results. A magnetic field of 1200 gauss was placed at the location
of the first ring probe. This failed to modify the results in any way.

Wéymann(Y)

reports two experiments on precursors ahead of shock
waves in argon. -The experiments were performed in a pressure driven
glass shock tube (dimensions not indicated; however, a length of less

than ten feet c¢an be inferred from the data)9 with gbout 5 Torr of argon
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initial pressure. Ring electrostatic probes external to the shock

tube were used st sev§ral stations for the first experiment. The
potential of these rings was monitored by Tektronix low capacity
probes in conjunction with an oscilloscope. Negative precursor signals
were observed with a maximum occurring at shoek arrival. The maximum
signal varied from -1 volt for Mach 8 to sbout -10 volts for Mach 12.
It was found that the speed .of the leading edge of the precursor varied
approximstely inversely with the square -of the time gfter its first
appearance. Also a delay in the appearance of the precursor was found
to be a function of the disphragm materisl. -The second experiment us;d
an induetion eoil around the shock tube. Presuming the precursor was
made up of electrons resulting Trom large scale electron diffusion,

the Tlowing electron gasshead of the shock becomes a current to an
observer in the laboratory. The form of the induction voltage indicates
that the negative current due to electrons diffusing ahead of the shock
front first increases then decreases. This arrangement failéd to work
below Mach 12 dve to noise. At Mach 12, Py = L Torr, Weymann estimates
the electron number density ahead of the shock to be of the order
lOY/cm;o Weymann concludes electron diffusion generstes the signsls

he observed.

(8)

An abstract on work performed by Weymann and Troy indicates
that using s probe capable of measuring relative densities of electrons
and ions; they found equal numbers of ions and electrons up to 5 cm

ghead of argon shocks. They atiribute this to ambipolar diffusion.

For distances between 5 and 50 .cm ahead of the shock they found a much
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higher electron density which decreases exponentially with distance

from the shock. -Their theoretical treatment indicated this is due to
free diffusion of electrons at a temperature equal to the equilibrium
temperature behind the shock. -The abstract fails to say anything about
the shock tube, Mach number, initial pressure, or the nature of the probe.

Holmes(gylo)

reports on experiments conducted in g 13 foot
glass shock tube, 1 1/2 inch inside diameter with a hydrogen driver.
‘Welding grade argon was the test gas, the Mach number range 9-11, and
initial pressures of 2.5, 5, and 10 Torr. Ring electrostatic probes
and a collecting type probe were used at several stations on the shock
tube. The collecting probe consisted of a grounded screen flush with
the inside wall of the shock tube backed up by a biased plate. Holmes
presents a theory for the operation of this probe and indicateslion
and electron densities from 109/cm3 to 1015/cm§ could be measured.
-The potential probes detected negative precursor signals elmost simul-
taneously at all stations; indicating that the precursor propagates
with & speed comparable to that of electromagnetic radiation. The
collecting probes found equal electron and ion density profiles which
inerease monotonically with time as the shock wave approsaches the
position of the probe. Observable plasma densities were obtained up
to 160 cm shead of the shock wave. The density profiles did not become
stationary with respect to the shock front at distances up to 310 cm
from the diaphragm station. Holmes presents a theory of multiple step
photoionization of the argon test gas to explain his results. We will

discuss his theory in a later paragraph.
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The most recently reported experimental investigation of pre=
cursors was conducted by Lederman and Wiison.(ll) Using a metal, 0.891
inch diameter;, 10 foot long shock tube; they have measured electron
densities ahead of shock waves in argon with:ia microwave resonant cavity
technique. The measurements were made for Mach 10.9 to 13.4 and initial
pressure 1 to 10 Torr. With reasongbly sized microwave cavities and
an operating frequency of 2.7 kme, a sensitivity range of 5 X 107/cm§
to 1 X-lOlo/cm§ was achieved: Electron densities between 107/cm§ and
loa/cmj were detected up to 40 cm ahead of the shock. The extent of
the precursor was found to be larger for higher Mach numbers. They
found the precursor velocity to be the same as the shock velocity.
‘Two experiments were conducted to see 1f diffusion or photoelectrie
effects produced the precursor. The first was to insert a teflon block
with holes drilled oblique to the axis of the tube. Such a device would
block radietion but permit diffusion electrons to penetrate, even if at
a reduced rate. -The microwave cavity detected no electrons behind
this obstacle. A bdased grid was also inserted to collect electrons
but pass the radiations this device bissed either positive or negative
had no effect on the precursor. These tests led to the conclusion that
photoionization is‘at least the msjor cause of precursor ionization.
To discredit the possibility of photoemission from the walls of the
shock tube, ion collection probes were inserted which indicated the
presence of ions in the‘same guantities as electrons. A preliminary
theoretical calculation is mentioned for one step photoionization of

02(5 v Hg'O2 in 1 Torr argon) which gilwes good agreement with experiment.
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A.2. Review of Theoretical Precursor Literature.

Qualitative conclusions drawn from the experiments reviewed
sbove indicated three mechanisms for precursor phenomena: 1) electron
diffusion, 2) photoionization of the test gas or impurities contained
in the test gas, and 3) photoemission from the shock tube interior.
Only the first two of these possibilities have received theoretical
attention.

There are two categories of electron diffusion theories and
two levels of sophistication in each category. The first category is
electron diffusion from the translational shock region. Papers in this
category are split into those which assume & source of charged particles
and those which include the chemistry of the charged particle production.
The second category is electron diffusion from the lonization front
which is prominent in noble gas shock structure. This second category
also splits into papers which idealize the ionization profile and
those that include ionization and recombination chemistry. We will
review these theories in the order outlined above.

»Wetzel(lz)

considers electron diffusion in argon. He reasons
that the electrons in the equilibrium region behind the shock wave are
most likely governed by ambipolsr diffusion and that free electron
diffusion is needed to produce the experimentally observed precursors.
Wetzel considers electrons directly behind the translational shock
front. Furthermore, he postulates these usually low energy electrons
may be heated by "thermionic emission” from the equilibrium region.

Wetzel models the electron source as a constantly replenished reservoir

directly behind the shock front. For one-dimensional considerations he
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collapses this reservoir to a plane electron source, with strength
proportional to the shock speed; . located at the translational shock.
Wetzel points out that if diffusion occurs, electrostatic space charge
effects should be inc¢luded; however, he says that the diffusion should
be examined bvefore including these effects, thus he ignores them in
this work. He first presents the equilibrium one-dimensional solution
to the steady diffusion equation which 1s an exponential in terms of
the shock speed; reservolr properties, and the electron diffusion
coefficient.

Wetzel also performs a transient analysis with the plane source
model, again neglecting electrostatic effects. Solving the time dependent
diffusion equation he demongtrates that the equilibrium solution is
recovered as time goes to infinity. This solution: turns out to be a
complimentary error function. Wetzel was particularly interested in
explaining the results of Weymsnn'’s experiment, his success was limited
to finding the same unsteady growth rate of the precursor. He was not
able to predict the shape of Weymann®s results and postulated this may
be due to saturation or sensitivity cutoffs associated with the probes.
Pipkin(lB) supposed that electrons are created by some mechanism
in the vicinity of the shock and escape the positive ions in the region
where they sre produced. He considers the subsequent motion of the
electrons in the upstream region where the positive lon density is
negligible. Pipkin postulates the electron distribution in the precursor
region produces an electric field which extends mainly into the sur-

rounding space rather than along the tube axis (prompted by Weymann's

experiment in a glass shock tube). The voltage to ground at a given
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cross-section was estimgted by neglecting the axial component of the
electric field. He uses the concept of distributed capacitance along

8 conducting wire, which yields a voltage proportional to the charge

on the cross-section. He then fiﬁds the axial component of the electric
field to be proportional to the electron density gradient. This field
then exerts a repulsive force on the electrons which drives them from
regions of higher density to regions of lower density.

‘Pipkin forms a set of governing equations neglecting the pre-
sence of ions and assuming the neutral upstream gas forms a medium of
uniform, constant properties through which the electrons fiow., In
dimensionless form the equations of motion involve a single dimension-
less parameter; ¢, which Pipkin regards as the ratio of the electron
thermsl energy to the electrostatic energy. He points out that when e
goes to infinity his results reduce to Wetzel's results discussed asbove.
Pipkin is interested in small values of € and the limiting value of
ZeTr0.

.He finds a linear electron distribution for the steady state
€ = 0 case. This is essentially neglecting the electron pressure
gradient. For small non-zero values of ¢, the pressure gradient pro-
duces a low density distribution of electrons shead of the € =0
front, which decreases exponentially with distance upsiream.

Pipkin also considers the time dependent problem. For the
limiting case ¢ = 0, assuming the electron density is initially zero
snd for time greater than zero the density near the shock is maintained
constant; he considers the initisl stages of the motion. He finds the

electrons form a wave with a precise front, and that the distance
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‘between this front and the shock front grows as the square root of
time., ~§or small non-zero €, he finds that the pressure gradient pro-
duces a very low density distribution of electrons extending from the
€ = 0 front which destroys its sharpness.

The following paper deals with electron diffusion in the wvieinity
of the translational shock in grgon but includes an electron production

(14)

mechanism. Appleton mekes the following assumptions: 1) the flow
is one dimensional and steady when viewed in the shock-fixed frame of
reference, 2) the temperature of the electrons remains constant and
equal to the downstream equilibrium temperature through the region of
interest, and 3%) the diffusion velocity of the heavy ions is so very
much:smaller than that of the electrons that the ions and neutraels may
be regarded as having the same megn flow velocity.

Appleton employs an electron continuity equation; & positive
ion continuity equation, an equilibrium electron force balance which
includes a friction term due to collisions with the neutrals;and the
oqe-dimenéional Poisson equation. A knowledge of the electron produc-
tion mechanism and the neutral particle shock structure is required
in this formulation. Appleton assumed the presence of electrons and
ions does not influence the structure of the translational shock, thus
he used the Mott-Smith theory for the variation of mean flow velocity,
density, and temperature of the neutral particles as a function of
position through the translational shock wave. For the electron pro-
duction mechanism, Appleton employed the experimental resulis of Harwell

and Jahn.
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Appleton solved this problem numerically and found that the
electrons and ions are distributed within the heavy particle shock so
as to form a charge double layer with a peak in the electric field
intensity where electron and ion number densities are first equal to
one another. Appleton views his results as a "near" solution which
should be matched to a three-dimensional free diffusion "far" solution.
Appleton also makes some comments and calculations pertaining to
photoionizations we will discuss these later on in this review.

We now turn to papers which deal With electron diffusion

(15)

around the ionization f‘ron;co Pipkin deals with a model situwation.
He considers the ion diffusion in g stream of neutral gas in steady
~one-dimensional motion through & zone in which ionization takes place
at the small given rate. With no shock present; and.cnly 8 small degree
of ionization, he regards the neutrsl atom stream as a uniform background
in which the ion diffusion takes place. |

Pipkin found that the small difference between the electron
density and positive ion density due to diffusion is such that a charge
double layer appears at the upstream edge of the ionization zone. The
positive layer is on the downstream side, the negative layer is upsfream.
The electric field was small everywhere except between the two layers.
He found the characteristic length for decay of the electron density

is the Debye length, regardless of how large the electron free path

may be-

(16) (%)

Weymann and Groenig have presented formulastions of &
rather comprehensive model for the diffusion of electrons gbout a step
function ion profile located at the ionization front in argon. Both
analyses fall very short of the model they present. The only solution
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they obtained was that to the one-dimensional steady equilibrium problen.
Thedr force balance includes only the electron pressure gradient and

the electrostatic field resulting from charge separation. Both authors
mention that a friction term due to relative motion between the back-
ground gas and theelectrons should be included. Weymann argues that
this force is small compared to the electrostatic forces. Groenig
includes it in his equations but says he couldn't solve them so he

guotes Weymasnn's solution‘without that term. Both authors consider

the time dependent problem but they neglect electrostatic forces.

Ong and Turcotte(17)

have presented some analysis on the
structure of ionization fronts. They consider a non-linear ionization
wave front moving into a quiescent gas. The front propagates due to
ionizing collisions between electrons and neutrals. The diffusion of
ions 1s neglected compared to the electrons and the temperatures are
assumed constant. They consider the case of electron temperature much
greater than the heavy particle temperature. Their electron momentum
equation includes the electron pressure gradient, electrostatic forces,
-and frictional forces. The formulation inecludes electron production
and loss terms and considers Poisson's equation in a self consistent
manner. .For one range of parameters they verify Pipkin's prediction
of a charge double layer imbedded in the ionization fromt.

'Bond(lB) has performed a perturbation type analysis on this
argon shock structure solution and has found a charge double layer due
to diffusion 1n the ionization front.

We now briefly consider the reports which deal with photoioniza-

(19)

tion precursors. Ferrari and Clarke have presented an elegant

103



analysis of radiative and collisional ilonization processes in monatomic

gases, Wétzel(eo)

has isolated the precursor photoionization aspect
of Ferrari and Clarke's considerations and presents solutions for the
number density profile ahead of a photon source. Ferrari and Clarke
demonstrate that Wetzel's approximstion agrees with their more compli-
cated analysis. These theordies deal with one-step photoionization,
i.e.; no intermediaste excited states are considered in the precursor
region. Both theories demonstrate that one-step photoionization of argon
decays much too rapidly to predict the experimental fesults observed.

Chapin(El) in & study of argon shock structure including
trapped radiation and radiation cooling also considers the precursor.
He too considers only one-step photoionization in the precursor and
his results predict precursors much too small in comparison to the‘
experiments reviewed.

(9)

Holmes examines Ferrari and Clarke'’s anslysis and verifies
the above statement. He goes on to argue at some length that two-step
photoionizatibn of srgon may predict satisfacﬁory precursor profiles.
Holmes was unable to complete his calculations dvue to the lack of
absorption cross~sections for the excited states of argon.

As a final item ih this review we mention briefly a calculation

(14)

by Appleton. Appleton examines Holmes'® experimental results in
terms of photoionization of impurities. He finds that it is very
possible to predict these results with one part per million oxygen

impurity assuming the shock heated argon radiates like g black body

with brightness temperature approximately equal to 11,000° K.
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APPENDIX B

SHOCK~TUBE FACILITY AND PRECURSOR-EXPERTMENT INSTALLATTON

Only those features of the shock tube which are pertinent to
the present experiments will be discussed here. The basic shock tube
consists of a stainless steel driver section, a 4 1/2 inch stainless
steel transition section, two 10-foot and one L4-foot extruded aluminum
sections with square interior cross-section (2 inch by 2 inch)a Added
to this are the test sections and a dump:tank or an end wall (for
reflected shock studies). The scribed aluminum (202&—0) diaphragms
insert between the driver section and the transition section. A
stoichiometric mixture of oxygen and hydrogen diluted in helium and
ignited by spark plugs is the normal driver. The facility can also
be used with high pressure helium drives.

Separate experiments were performed with 10 feet and 24 feet
of the aluminum extrusion. Added to these nomingl lengths were a 2 foot
section with appropriate shock detector ports, the insertable probe
section (see Appendix C), and an 18 inch section with the biased électrode
mounted 2.75 inches from the dump tank diaphragm (see Fig. 59). Pre-
liminary experiments were conducted with 20 feet of the extrusion plus
the shock detector section with the probes mounted in an end wall.

The shock tube was diffusion pumped to 0.1 p Hg or less prior

to each run. The combined outgassing and leak rate was kept to 4 p Hg/hour
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Fig. 39. Photographs of Stanford Aerophysics Laboratory
shock tube with precursor experimental setup.
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or less. After each shot the shock tube was cleaned with dry cheese-
clqth° Cleaning with acetone,; even with considerable pumping, led to
inconsistent results and greatly enhénced photoionization shead of
shock waves in argon. This was attributed to a residve of acetone
vapors in the connecting joints between the extruded aluminum sections.
The data was very repeatable using the dry cheesecloth cleaning proce-
dure.

Two shock detectors separated by 100 millimeters were used to
determine the shock speed. Thin film gauges and barium titanate crystals
were employed in the low and high Mach number regimes respectively.
The shock travel time was measured with a 0.1 ps time interval counter
(Beckman/Berkeley Model No. 7370R). The error in the Mach number mea-

surement was

AMS
= 022

s
The initial pressure of the working gas was measured with a
0-20 Torr Wallace and Tiernan (Model FA 160) vacuum gauge, calibrated
by & McLeod gauge (CVC Type GM 100). The estimated errors in the
initial pressure reading were
A@l
005 < —= < .02
By
for the 2.5 Torr to 10 Torr test range.
Figure 4O presents a block diagram of the instrumentation

set-up used for the precursor experiments. After filling the working
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section of the shock tube with the appropriate test gas to the desired
initial pressure, the driver  was loaded with the combustible gases

and helium. The sequence of events during an experiment was as follows:
The ignition circuit was fired and the accompanying noise signal triggered
a time delay generator (Abtronics Model 200). After a delay of 1 to

5 milliseconds, dependdng on the driver loading, the dual beam oscillo-
scope (Tektronix 551) recording the long-time data was triggered just
before diaphragm rupture. As the diaphragm opened and the shock wave
trayeled down the tube, long-time data from the biased electrode and
the mesh electrode was collected. As the shock wave passed the shock
detectors the resulting signals were amplified (X 30 for piezoelectric
pressure gauges, X 300 for thin film gauges). The time between these
two signals was recorded by the counter for the shock speed measurement.

(35)

These signals also triggered a proportional time delay and one of
them (depending on the experiment) triggered the upper beam of the
"local" data oscilloscope (Tektronix 555). The lower beam was triggered
by the proportional time delay output (preset to put out a trigger
pulse at a fraction of the time between the two input pulses). The
oscilloscope data was recorded with Polaroid LOOO speed film. All time
bases were calibrated with a Tektronix 180A Time Msrk Generator.

Having performed experiments with three different lengths of
driven section engbled us to make & rough determination of the shock
wave attenuation by comparing the performance of the three tube lengths.

Figure 41 shows plots of the local shock Mach number at the test section

for the three tube lengths versus the ratio of the final pressure of the
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combustion loading to the test gas initial pressure. As noted on the
figure these results are for argon. The actual dats points are shown
only for the 24 foot tube to illustrate the scailter and lack of repro-
duecibility inherent in this type facility. From these curves we deduced
that there 1s approximately 2% per foot attenuation in the shock Mach

number .
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APPENDIX C

MECHANTICAL AND ELECTRONIC DETATL OF THE PRECURSOR PROBE

C.:ls Mesh-Electrode Potential Probe.,

The potential probe was designed to effect a measurement of
the potential ahead of g shock wave with minimum distortion of the
precursor phenomens. This criterion requires a probe’which introduces
minimal changes in the boundary conditions. A porous electrode was
chosen to avoid compression of precursor charged particles between the
electrode and the shock front. The electrode was a 1/2 inch diameter
circular piece of bronze wire cloth (200 by 200 mesh). This electrode
blocked less than 4% of the shock tube cross-sectional area. -The
electrode had to be isolated from the shock tube walls,.thus a Lucite
frame was designed to support the electrode. Two pieces of copper
wire were stretched across the frame, the electrode was centered in
the shock tube and soldered to the wires. The frame then formed a
small section of the shock tube wall. The exposed areac of the lucite
and its depth were minimized to preserve as closely as possible the
grounded metal wall boundary condition. The exposed Lucite in the
design required the use of a dump tank to eliminate shock reflection
and hence the extreme temperatures and pressures in the reflected

region. The dump tank also acted as a convenient receiver for the
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used electrodes. The lucite frame and the mesh electrode were nested

in a small section of the standard shock tube extrusion. An sppropriate
BNC connector was provided to mske shielded connections to the electronic
instrumentation. Figure 42 shows an illustrative assembly drawing of

the probe design. Photographs of the probe pieces and an assembled

view are shown in Fig. 43.

The high impedance required to meke & reliable potentisl mea-
surement was provided by a 15 megohm cathode follower shown schematically
in Fig. 44. The time response of the cathode follower, cabling, oscil-
loscope (Tektronix 555 with Type K, Type L, and Type G plug-in pre-
-amplifiers) was checked with a Tektronix Type 107 square wave generator

(3 ns risetime). The rise time of the entire system was 0.1 us-

C.2. Biased Electrode Probe.

The biased electrode probe was used only as a charged particle
detector and thus involved no sophisticated design. The electrode was
a 1/16-inch-wide silver strip (Hanovia silver paint) on the end of a
5/8-inch-diameter Pyrex rod. The holder shown in Fig. 45 isolated the
‘gilver strip from the shock tube wall. The strip was oriented perpen-
dicular to the direction of shock wave travel and flush with the inside
wall. The simple circuit used to bias the probe and measure the voltage
resulting from the attraction of charged particles is also shown in

Fig. 45,
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C.3. ‘End Wall Potential Probe and Pressure Gauge.

It was mentioned in the text that several preliminary precursor
experiments were performed. All these éxperiments employed probes mounted
in the end wall of the shock tube. -This section briefly describes a
represehtative sample of the apparatus employed in these experiments.

A cross-sectional illustration of the end wall probes and housing is
shown in Fig. 46. The potential probe was a 1/2 inch diameter silver
electrode on the end of & 5/8 inch diameter Pyrex rod. The pressure
gauge (used only to detect the translational shock wave) is a minature
version of the type described in reference (3). Further detail on the
pressure gauge construction is shown in Fig. 47. Considerable discolora-
tion of the Lucite end wall was observed after exposure to the severe
conditions behind the reflected shock wave. A photograph of the com-
ponents of the end wall apparatus is shown in Fig. 48.

The electronic circuitry for the end-wall probe is identical
to that used with the mesh-electrode probe. A schematic for the pressure

gauge electronics is shown in Fig. 49.
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a) Probe pileces before assembly.

b) Assembled mesh-electrode-potential probe.

Fig. 43. Photographs of mesh-electrode-potential probe.
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Fig. 4. Cathode follower with 15 megohm input impedance.
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LEXAN PRESSURE
GAUGE BNC CONNECTOR TO

\ | ‘ PRESSURE GAUGE
R | ELECTRONICS

L_‘: BRASS ELECTRICAL
HOUSING
/Z/ //
PYREX END WALL A
POTENTIAL
PROBE /

‘ POTENTIAL PROBE
LUCITE END
WALL ELECTRONICS

/ l.__l \ BNC CONNECTOR TO

STAINLESS
STEEL HOUSING

Fig. 46. Sketch of end-wall potential probe and

Pressure gauge assembly.

CAPACITOR CONDUCTING EPOXY
PLATES

ﬂlﬂlk——""ﬁmms

CONNECTOR

LEXAN

Fig. 47. Sketch of end-wall Pressure gauge.
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Fig. 48. Photograph of end-wall instrumentation.

R, >>R

s
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capacnor__724
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Fig. 49. Schematic of capacitive end-wall pressure gauge circuit.
Vo 1s kilovolt voltage supply. Resistance R 1s the
schematic equivalent of a 15 megohm cathode follower.
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APPENDIX D

NUMERICAL SOLUTION OF THE PRECURSOR INTEGRAL EQUATION

The following non-linear integral equation arises in the low
Mach-number precursor analysis:
[>]

n o, (%) =B [ n(F) k(x,8) af - ax (1)
0

The kernel of this equation is a function of the following form
k(x,€) = £(x) - £(|x-E]) (2)

where f(g) is non-zero at the origin and decreases monotonically
away from the origin.
The first step in the numerical snalysis of this equation is
to expand the integral into a finite sum. We choose to use the trapezoidal
rule; for n steps of size h we have

b £ f

~y ) n
= h(~—= + + coo e
£ £(x) dx = h( 5t f) F + =)

where
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fo = f(a)

£, = f(a+h)
fg = £(a+2h)
£ = f(a+nh)

In the text we indicated the expected behavior of the solution
to equation (1) in the (1p Ee(g))/A vs. ‘X plane, where (ln E;(E))/A==§
is the asymptotic solution. For numerical purposes this provides a
.convenient means to determine the integration interval of interest. We

must carry the integration out to X values such that

The solutions of interest will have electrons concentrated at
the origin. Thus the unknown function will be a rapidly varying func-~
tion close to the origin. A very small step size is appropriate close
to the origin but is not necessary away from the originf In order to
keep the computation time at a minimum but still retain a high degree
of accuracy, the integration intervsl was broken into three parts.

The step size and number of steps in each part is controlled by the
input.

We can now expand the non-linear integral equation into a system

of non-linear algebralc equations as follows:
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11

~

ng(€;) k(x;58) +n (€;) k(x,,85) + <+« + 0 (E)) k(xy,E5) - Ax,

in ne(xj)

wWhere

J = total number of steps in the three integration
intervals
X3 =&

Factors of 1/2 and coefficient B have been absorbed into the
definition of k(;;?)o This system of equations may be expressed in

matrix form as follows:

1in ne(xl) k—(xlsgl) k(XlS gg) c0e k-(xl?gj) ne(xl) Xl
1n ne(xg) ) ne(xg) . X,
_ln ne(Xj)_ ’k(xjsﬁl) k(inge) cer k(xjﬁgj)_ _ne(Xj), _XJ"_
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An investigation of the elements of the k(zi,gi) matrix yields

the following properties when k(E,E) has the form given in equation

(2):

1) =0, k(X%,8) =0 for all X
2) X =0, k(x,£) >0 for all £ >0
3) ; = g» k(;.e;) < 0

4) X 40, E<X, k(X,£) >0

v
v
e

x # 0, k(;éyg) >0
The first property reduces the system of equations by one by eliminating
the first equation. The k(zi,gi) matrix with the first row and first
column deleted has negative diagonal elements which increase in magnitude
from the upper left to the lower right. The elements in each row increase
positively to the right of the diagonal and decrease to the left of the
diagonal. All off diagonal elements are positive.

The reduced non-linear system of algebraic equations may be

written:

0y (5, () = B, () k(i E,) + o 4 B (8) K(E,,E) - 4%, - 1n § ()

05, (5))) = B () K(EE) + oo + (E) R(EHE) - A - 1n B (F))

o
'y
o

~

0, G50 = B () KELE) + oo v B () K(ELE) - & - m )
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This system of equations may be solved by an iteration scheme.
We chose the Newton-Raphson iterstion pr‘ocedu:r'eo(3 6) Let Héo)(?éi)
be an approximate solution or initiasl guess at the solution. The

Newton-Raphson procedure assumes the next approximation Eél)(zl) is

given by
zél)(;i) = Eéo)(;i) by

where h, are corrections to Eéo)(;i)o

Now by Taylor'’s theorem we have

: o0,
~(0) ,~ _ o =(0) i
CPi(ne (Xi) + hi) = CPi(ne (Xi) + hgm (0)
e 2" 'ng (Xi)
30, A0,
+ h§ T—%—s 4 o000 b hj «———%— = O
Bne(xs) E£O)(§i) an(xj) HQO) (;1)

This expansion yields the following system of algebraic equations for

the unknown corrections, hig
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£p) - ;‘(5’5%‘;3‘ k(xg5t,) k(x,,t,) h,
e 2
1 ‘
k(x; 9&5) k(X3,§5) - m asa h5
e
k(Xgﬁgu) . h}4
k(%56 ;) Coe KGxpt5) - 15 J(LX) n,
| e |1
-0, (200 (x,))7
-0,(a{% (x,))
-2, (x))

The above equations are linear algebraic equations which may be solved
exactly. The Crout version of the Gauss eliminastion method(Bé)

employed here. With values for the corrections added to the initial
gueés, the above linear system is solved again for new corrections.
This process is repeatea until’ the corrections are negligibly small.

-The initial guess required to start the abové method can be

obtained in at least two ways.

for values of the parameters close to those desired.

The first is to input a known solution

This is not
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convenient. The second method involves obtaining a function which
generates an initial guess compatible with the iteration scheme.
Reference (36) discusses criteria for convergence by iteration. We

found that the following expression provided a good starting solution

HéO) (gi) - l‘k"‘(""’il:""""’fx
Xisxi)
where ¢ 1is an input constant which is made smaller until the first
correction are all positive or less than the initial guess.
The gbove method was coded in Fortran IV Level H language for
an IBM 360/67 system. Four decimal place accuracy was obtainable in
less thanfifteen iterations. With a total of 40 steps in the three
integration intervals, fifteen iterations plus extraneous calculations
with the resulting solution used approximately 0.4 minutes of IBM 360/67

central processing time.
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APPENDIX E

SOLUTION FOR THE GROUNDED-SHOCK-TUBE KERNEL

Consider a grounded cylinder of radius a with.a conducting

disk located at x = O as shown in the sketch below.. Since the disk

is a conductor it must have uniform potential; say ¢ = Vo The
potential distribution inside the cylinder is given in terms of Yo
as follows(37)
.-kzx
2 k
orr) = 5] v, e JO( zr)
5 = -

7 kga Jl(kza)
where the k's are defined

Jo(kza) =0



Gauss' law permits us to relate the charge distribution on the disk

to Voe Gauss’ law may be written

or in terms of the potential

g == €
0 52 x=0

We find the surface charge density on the disk is given by

2v e, Jo(kzr)
a Jl(kza)

olr) =§

To find the total charge q we must integrate over the surface of

the disk as follows

a
qa= [ 2n or dr
0
Thus we have
.- Lge Vo€ 8 _ T Jo(kzr) dr
a o Jl(kﬂa)
we find
q = b ¢, av L
070 §>kza

thus we have
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Now we can write the potential inside the cylinder due to charge q

on the conducting disk as follows

—k)ex ,
q e J (k r)

?(r,x) =},

2 1
J) or e, 8" k (ka));l}-}-{——

Figure 50 .shows a plot of intermediate sums for the first few terms
of the above solution specialized to the axis of symmetry of the cylinder.

This demonstrates that five -terms should be retained for & good repre-

sentation of the solution for X > .25.
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Fig.

50.

Convergence of the grounded-shock~tube kernel.
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