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ABSTRACT

The preionization of a shock tube's gas before the shock passes
through it is called the precufsor effect. An experimental and theore-
tical study has been carried out on precursor ionization in an
electrémagnetic shock tube. |

The precursor ionization was detécﬁed with‘different types of
electfic probes and also withvphotomhltipliers;l{Ekfenéive experiments
indicated that thevionizaﬁion was not due tdaéiffﬁSidn'éf particles from
the dischargé in thégshock tube driver, The?iéiiéétién_is pPrimarily
caused by radiétion'from the discharge of wa?elghgths less than 2000 A
Radiation from the shock front makes a negliéibie'éphtribution to the
jonization. Lghgmuir double probe measurehénﬁs;inaiéatéd that the gas
" was about 0.1% ionized and ﬁhat the electtthﬁfﬁéthé,precursor were not
in thermal equilibriumvﬁith the gas atoms and ibné;' The time interval
between detection of jonization at two statipnsvwﬁs independent of the
shock tube gés (air,>argon, helium), and corresponded to a propagation
speed greater than 1/20 the speed of light. The»precursor had a main
component lasting about 50 microseconds with ionization proportional to
the square of the discharge current. There was also a weaker component
which lasted for about 500 microseconds.

The experimental results can be_understood.in terms of a theoretical

model based on black body radiation. Considering the driver to act as an



o densxty, one can explaln the varlation of the:s(oc;

-ii-

1nf1n1te slab radlator, whose temperature 1s a functlon of the discharge
parameters, an expre831on is derlved for the number of photons emitted

in some frequency 1nterval. Assumlng the electron den51ty to be pro=

portional to radlatlon absorptlon from.suchga radlator, the. electron

density varlatlon wlth dlstance from the drlver‘can be adequately under=

.stood. When the shock tube:s consmdered to be 've as a transm1331on
1ine, whose r331stance per unlt length is proportional to the electron

”tube S gas potentlal

both with dlstance from the driver and mth tme. o
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NOTATION

,Wharé possiblé the recommendations of the article titled
SYMBOLS UNITS AND NOMENCLATURE IN PHYSICS appearing in the June 1962
issue of'PhySios.Tdday were followed. Liberal use was made of the
symbols for various powers of 10 e.g. § mtorr = 5 10'3 m Hg of

pressure; 6 Mm g™

= 6x 106 meters per second. .Some other
symbols were: |

N'(z,t)  denoting the derivative of N with
respect to z

N (2,t) denoting the derivative of N with

respect to t.
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CHAPTER I

INTRODUCTION

High speed shock waves are commonly generated in the laboratory
by discharging a condenser bank through a spark gap (shock tube driver)
located at the end of a tube containing gas. The pressure pulse pro-
duced by the diséharge is propagated down the tube as a high speed shock
wﬁich ionizes the gas through which it passes (see MéLean 1961). Early
experiments (Shreffler & Christian 195, Voorhies & Scott 1959) showed
however that the gas in the shock tube waé ionized before the shock
arrived, This ionization is known commonly as precursor ionization
(Gloersén 1960).

Since the precursor effect influenceé the bfoperties of the shock
wave propagated in the shock tube, a detailed investigation of the
phenomenon has been carried out by several ﬁorkers (see appendix D).
However due to the wide variety of experimental conditions and methods
of invéstigation employed by previous workers it is difficult to establish
the fundamental properties of precursor ionization. One of the reasons
for the difficulty ié the wide variety of ionization detectors employed.
Up to the present, the comparative performance of these detectors has
not been studied. .One of the major contributions of the work presented’
in this thesis has been to rectify this situation.

The results of others indicate that ionization develops in shock

-8

tube very rapidly ( ~ 107" seconds) and that the degree of ionization
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produced is relatively low (~~ 0.1%)(see appendix D).» Since the ioni=-
zation travels very rapidly, it might possibly be due to fast electrons
emitted by the spark at the end of the shock tube (Weyman 1960, 1962).
It may also arise as a result of photo-electrons emitted from materials
in the shock tube when photo-ionizing radiation from the driver (i.e.
Aspark)'falls upon them'(see_appendix'b).‘.These efféctS’form the chief
topic of investigation reported in the thesis. “

The main results of the experiments show that fast particles emitted
bj the source‘do not contribute'signifidgntly to the precursor effect.

The use of light filters‘deﬁonstrates that at least 7% of the precursor
ionization is produced by electromagnetié radiation emitted by the driver
at wavelengths between 160 and 200 nm. The precursor ionization density
also depends on the square of the current passing through the shock tube
driver,

The ionized gas in the shock tube constitutes a resistive impedance
connected to the shock tube driver. By treating this gas as a conductor
of a transmission line having variable resistance per unit length it has
proved possible to deduce the initial changes of gas potential as a funce
tion of time. This method of studying the precursor effect is also one
of the new results presented in the thesis. For the transmission line it
is assumed that the gas resistance is proportional to the electron density,
and that the resistance varies exponentiaiiy with length along the shock
tube. The time dependence of the resisﬁance corresponds with the variation
of current in the shock tube driver.

If the pfécursor ionizatidn results from the absorption of radiation:
emitted by the shock tube driver then one mﬁght expect the exponential

dependence of the electron density, assumed in the transmission line theory.
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The correlation of the electron densiﬁy with bank current is also reasonable,

A crude attempt has therefore been made to explain the results by attri-
buting the precursor ionization to absorption of radiation from the shock tube
driver, The driver is assumed to behave as a black body source whose tempera-
ture varied with time in the same way as the square of the driver current.

This theory is presented in dhapter>II'ﬁhere the number of photons being
absorbed at any point in the shock tube is related to the experimental para-
meters. More detailed calculations for this model appear in the appendix A.
Chapter IT also contains a one dimensional diffusion theory for the motion
of electrons produced in the shock tube dfiver., The purpose of the theory is
to see whether the bredicted dependence of electron density on position agrees
with the experimental results. Finally the double pfobe theory of Johnson
and Malter (1950) is discussed, since double probes are used for the deter-
mination of precursdr electron density and temperature.

In Chapter III sufficient details of the apparatus are given to eﬁable
its cqmplete duplication. The iack of such detail ih the reports published
by others has made it very difficult to compare their results with those
obtained by the author. The experimental conditions and procedures are des-
cfibed in detail in Chapter IV, An outline of the'purpose of these experi-
ments is given as an introduction to the chapter. The results presented in

Chapter IV are discussed in Chapter V. Chapter Vi cbntains a summary of the
main conclusions of the work reportedbin the thesis, as well as suggestions
for further work.

Published data on precursors is summarized in Fig. I-1l; a resume of the
research reported here is found in Fig. I-2. The experimental conditions of
the work reported in the literature.and those iq the work reported here are
listed in Table I-1l. A survey of both experimegtal and theoretical precursor

work is presented in the appendices.
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LEGEND FOR FIG. I-1

1 Schreffler-Christian (1954)
2 Hollyer (1957)
3 Jahn-Grosse (1958-59)
L Voorhies-Scott (1959)@
S5 Weyman (1960-61-63) -
6 Gloersen (1959-60)
7 Mclean et al. (1961)
8 Fowler-Hood (1962)
9  Schoen et al. (1962)
10 Groenig (1963)
11 Russel et al. (1962)
12 Quinn-Boden (1963)
13 Mshaffrey et al. (1963)
ih Charvet (1963)
15 Liepmann (1961)
16 Gerardo et al. (1963)
17 Jones - (1962)

Je—7- Indicates the pressure range used by 7, i.e. McLean et al.
7  Indicates work done at a single pressure by 7

(:) Indicates work done at. some unknown pressure by 7
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TABLE I-1

EXPERIMENTAL CONDITIONS OF PRECURSOR INVESTIGATIONS

MECHANICAL SHOCK TUBES

50-

500 torr

Gas and Shock Tube
Worker Pressure Diameter Driver Shock Speed

Type I precursor
Schreffler & |He, Ar, Cl, SFg, 8" and
Christian air, 50/50 A-No o x 5" Solid explosive

butane propane -
. 1l atm

Jahn &

Grosse N> 10 torr 1-3/8 28.6 atms of He
Weyman Ar, =6 torr 1.5 cm high pressure gas [mach 8-12
Types I and II precursor
Gloersen Xe, 1 & 1.3 torr 2" 4-8 ktorr of He [mach 9-11
ELECTROMAGNETIC SHOCK TUBE R T Shock Tube

' ' C(pF) [L(uH) E(kA) [V(kV) |T(ps) | Diameter

Types I and IT precursor T
Groenig Ar, 0.1 torr 15 12
Type II precursor
Charvet Air 0,1-0.2 torr | 30 0.60 | 140 | 18 8.3 7.3 cm

' |Voorhies &  [90% D,-10% He

Scott 0.15 torr 200 | 21
Gerardo |Ar, He, 1=5 torr |1L.S 20 0.8"
Fowler & Hood.Ar;sz, 0.1-1 torr 10 5 em
Schoen, Sanga,

Mahaffey. . |Ar, O.1-1 torr 150 17.5 6n
McLean et al He, 1 torr 0.65 L2 3 em
This thesis |Ar, Np, He, air

0.2 mtorr-100 torn L4148 | 0.051 186 | 2: inn 1
@#-FINCH DISCHARGE |

Russel et al.|Ar,D3,0.005-1 tory 2 30 7.6 em
Quinn & Bodin|Do, 0.1-0.5 torr | 178 15 10 x 10 cm
INVERTED Z-PINCH
Jones Air,Ar, N, He 1800 em™t in L cm of 6.8 mil Cu wire




CHAPTER II
THEORETICAL CONSIDERATIONS

In this chapter various equations will be derived, with the
assumptions listed at first. Some of the derived equations will be
referred to in one or more of the subsequent sections. Others will

be used in the discussion of the experimental results, Chapter V.

II-1 Diffusion Model

The electron density as a function of position and time, n(z,t),
will be investigated, using the following assumptions:

1) the particle concentration is low .enough to consider the
diffusion coefficient independent of position and time

2) the diffusion process is one dimensional

3) initially the density is zero everywheré except at the
source |

i) the initial density is produced by a condenser discharge
and is proportional to the square of the initial voltage
across the condenser

5) 2° ) Lot

6) the diffusion.coefficient, D, is related to the ambient gas
pressure, D, an@ particle temperature, T, by the relation
pD = const. T.

Using assumption 1) we may write the diffusion equation (Margenau &
/
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Murphy, 1956):
A= a% d% - (1-1)

where a2== D, the diffusion coefficient and 32 denotes the laplacian
operator. Incorporating assumption 2) into equation 1) and putting

n(z,t) = £(z) T(t) yields

2 52 .
a az f(Z) — T('t) -

= - 2% 1-
£(2) T(t) 2%k (1-2)

where k is an arbitrary constant. From (2) we get the solutions for f(z)-

and T(t) as

T(t) = const exp (-a2k2t) (1=3)

£(z) = c(k) exp (ikz)

Thus the general solution for n(z,t) is

S

n(z,t) = v( c(k) exp(ikz - a2k2t) dk B (1-)
At £=0 we have
n(z,0) = jt c(k) exp(ikz) dk (1-5)

N SV

c¢(k) is related to n(z,0) by the fourier transform, thus
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+00

f n(z%,0) exp(-ikz') dz® ' (1-6)

1
k)= ——
e(k) 21T

-olD

Using equation (6) we may rewrite (L) as

n(z,t) = E%F./ ]/ n(z',O) exp(ik(z=z') - azket) dz' dk (1-7)
. -00 0oQ

Integratirig over k leads to

n(z,t) = L ‘ / n(z',0) exp { (z';'i }dz' .»(1-8)

On using assumption 3), equation (8) becomes

2
n(z,t) .ﬁQ:.QL‘L {- ﬁ } (1-9)

(Lm'D*c)2

‘Assumption L); which is equivalent to saying that the electron
the ' :
density in,source is proportional to the electrical energy dissipated

in it, renders (9) as

b Vg2 22}
= e - = -
n(z,t) -(‘;5% XPp { Dt (1-10)

where b is a constant,
Requiring that the density be a constant would be equivalent to

having the experimentAal' parameters satisfy the relation

VB2 (Dt)m%T exp(-z2/LDt) = const (1-11)



-] 2=

This equation is applicable to experiments involving detectors that
respond to electron densities exceeding some minimam,
Under conditions when assumption 5) is valid equation (11) may be

simplified to
2 ) _
Vg exp(-2/LDt) = const C(1-12)

since the exponential variation will then dominate. When VB is constant,

and assumption 6) is used, equation (12) may be written as
pz2 = const t T, (1-13)

for electron diffusion.

II-2 One Dimensional Radiation Absorptilon

Consider radiation abéorption subject to the following assumptions: .
1) The source effectively behaves as an infinite slab of
radiating gas so that the intensity of the source at a
distance z from its surface is the same as the value at
the surface mims the absorbed intensity.
2) We may consider the source to be a'black body radiator.
3) The Lambert-Beer law of radiation absorption is valid
(Weigsler 1956).
Using assumptions 1) and 3) we may write for the mumber of photons

having frequency ¥ to ¥ + d¥ that

N (V) = No(v) e™7 2 O (2-1)
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where ky 1is related to the absorbing gas temperature and pressure by

ky = Cym==22 (2-2)

and

O

is the absorption cross section
is Loschmidt's constant (2.6872 x 1019 cm-3)

g &

is the gas pressure in torr

is the gas temperature in %

-3
®

For the mumber of photons at position z from the source, in the

frequency interval 2/, to 2/ 5, we write

N, (2 t02y) = Wy(¥ 1 t03/,) exp(-kay 2, 2) (2-3)
where
= (¢ \ _p_273 . #
ky12/p = <6_"1 z/2> Mo 373 Tg <k V12/2>¥'g' (2-L)

Taking the derivative of (2-3) with respect to z yields
* B
N;(.V1 toz/z) = = <k Yy yz) %g— N, (27 to 2/2) e'axp.‘(- kz/:lyz z) (2-5)

If the source acts as a black body radiator then (265) méy be"

written as (see (A7) in the appendices)
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| _ 8T v '
N(Vy tedp) = - (k*"/lﬂ2> % 3 exp(ky/ 10, 2)
(2-6)
2 ' -EhTZ;
E i*l 3 2 [2 (kT 2 fir 1 (kT kT
iul(-) Vi é (Era(h—?l\i+ ;-2(117’)2‘{’ -ﬁb):; e .

The average value of the absorption coefficient, <k*z/1 ;/2> , can

be calculated from the known values of k; at individual frequencies.

ITI-3 Transmission Line with Time Dependent Resistance per Unit Length
In this section, the voltage écross a transmissibn:line at some
position z from one end at some time t, V(z,t);‘is_derived subject to
the following assumptions:
1) the resistance per unit length varies with both time and
~distance along the line such that we may write R(z,t)= R(t) exp(kz)
2)‘the voltage drop along the line is determined mainly by the
current aloqg the line and the resistance per unit length,
i.e. RI» Liwﬁhere L is the inductance pér unit length
3) the current across the line between the conductors due to the
capacitance per unit length is much greater than that due to the
resistance between the conductors per unit length, i.e. V> GV
L) exp(kz) ~1
The équations (sometimes called the telegrapher's equations) for

the change of voltage and cdrrent along a transmission line are:

Vi(z,t) = -R(z,t) I(z,t) - L I(z,t) (3-1)
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I(at)= 0V -CHEY  (32)

- where the prime denotes differentiation with respect to z and the dot
differentiation with respect to time.
Incorporating assumption 2) into equation (3-1) and assumption 3)

into equation (3-2) gives
V'(z,t) = -R(z,t) I(z,t). L (3-3)
I'(z,t) = =C V(a,t) (3-L)
where C is constant with respect to both 2z and t.
Again differentiating (3-3) with respect to z and using assumption
1) with equation (3=4), we get

Vi (z,8) = k T (z,) + B(z,5) C ¥(z,%) (3-5)

Writing V(z,t) = W(z)X(t) enables the varisbles to be separated

and (3-5) to be expressed as

"(y) - kW _CR(E) X(t) = o2
2 ’é%%T exp(kéi) ‘i ( %(f§') B (3-6)

The solution for X(t) is
t
v,
B
o, dt
CR(t) )
)

X(t) = const exp( (3-7)
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The equation for W(z) is
W) - kW) - BW(z) exp(ka) = 0 (3-8)

which is a non-linear differential equation. If assuﬁption L) is valid

we may set k=0 approximating (3-8) by
2 o

W'i(z) =B W(z) = O , (3-9)
which has the solution

W(z) = const exp(-Bz) _ (3-10)

This approximation is only valid if B> k. This means approximat-

ing the resistance per unit length (assumption 1) by a resistance per
unit length which is time dependent but independent of the position

along the line, i.e. R(z,t) == R(t).

IT-); Shock Tube as Transmission Line

A shock tube's behaviour as a transmission line is investigated under
the follgwing assumptions:
1) The conductivity is proportional to the free electron density, ng.
Any ionic contribution is negligible. |
2) The electron mobility times the gas-pre5suré is a éonétant.
3) The cross sectional area of the shock tube remains a constant
for all z, the distance from the drivef; |

L) The electron density at a distance z from the driver is
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" proportional to the radiation absorbed at that point in the
?requency‘ range 7 1 to Y4 X '

5) The driver acts as a black body radiator whoée intensity
diminishes with distance from the driver as a result of
absorption. This is equivalent to considering the driver
to be an infinite slab of radiating gas.

6) The line's resistance per unit length, R, may be considered
that of the shock tube gas. |

When -assumption 1) is valid, the conductivity may be expressed as
S=apn, (k-1)

where Qg is the electronic charge, p, is the electron mobility, and ng
is the electron number density.

Bquation (L-1) combined with assumptions 2):and:3) enables us to

write
R(z,t) =< p/n (z,t) / (k-2)

Assumption l;) combines with (L~2) to yield
R(z,t) = Bop/-N (7, to 2 ,) (L-3)

where Ry is a constant depending on the shock tube cross sectional area
and the average number of electrons produced by the absorption of a

photon in the frequency range Z/I_to 2)2.
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Incorporating assumption 5), and equation (2-6) with equation (L-3)

gives
Rngc39xP<k¢)12)22) 2 i+l Z (o /fir B 2 fkr ¥
R(z,t) = N ' Z ()" 713 2 ;j('ﬁ_ﬂj (h7> +
k"zjlyz 8Ty izl n=1
1 (kT -
= (%7) exp(-nh Z/i/kT) N (L=k)

Separating out the z and t dependence we may write

R(z,t) = R(z)T(t) e (L-5)
vwhere R(z) = exp(k 2/} 2/52) | (L-6)
and
v (£ Z\: 2
B (ot L 2 k1
R(t) 8TV Ic"".,/l,/2 o1 7 = nB(h'V +—=5 (‘dyi) +
i | gy | (1=7)
) exp(-nh 7/

The time dependence arises from the black body temperature's time depend-
ence T(t) (see A5 in the appendices).

Applying assumption 6) and comparing equation (L-5) with assumption‘
1) of section 3 iﬁdicates that we should identify the k of assumption 1)
KB

with kﬂlﬂZ of equation (L4-6) and that R(t) with (4-7). If kyly2
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the approximate solution (3-10) may be used with (3-7) to give an
expression for the voltage between the gas at some point along the shock

tube and ground as

' t
V(z,t) == const exp(-Bz + ZBE j dt/R(t) ) (L-8)

0

where R(t) is given by (L-7).

II-5 The Double Probe

In this section expressions are derived for the current density, J,
to a probe, and for the electron temperature and mumber density of a
plasma, as measured by a double probe. The expressions are subject to
one or more of the following assumptioﬁs:

1) The plasma consists of electrons and one or more species of
ion, each of which may be regafded as a perfect gas.

2) The sysfem, composed of the plasma and sheaths around the
probes, is in equilibrium.

3) The temperature of any type of particle is the same Whether
the particle is in the sheath or in the plasma outside the
sheath region. Different types of particles may have
different temperatures.

L) The characteristic length of the plasmé,is greater than the
sheath thickness which in turn is greater than the Debye
length., If this condition is not satisfied the concept of .

a sheath cannot be used.

5) The mean free path is greater than the sheath thickness.
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6) A probe's sheath does not intersect any other sheath.

7) The ion current to elther probe of a double probe system is
not appreciably affected by the variation in potential dif-
ference between the probe and the plasma.

8) Kirchhoff's law holds; therefore the sum of the electron
currents to the probes is the same as the sum of the ion
currents.

9) The only important characteristic of a probe is its surface
area,

lO)AEach type of particle has a Maxwell-Boltzmann distribution.

11) The temperature of the ions is very close to the gas
temperature.

12) The plasma consists only of singly charged ions, electrons,
and neutrals.

13) The ion current to a probe is space charge limited.

Consider a probe which is maintained at some potential, negative
with respect to the plasma potential. The potential energy of any
species of particle>will drop to that of the mean kinetic energy of the
equivalent particle in the plasma at some distance from the probe. Thus
a sheath or region of disturbed plasma is assumed to form around the
probe. If the probe were simply immersed in the plasma, the sheath
thickness,woﬁld be of the order of the Debye length (Thompson 1962,
Delcroix 1960). When the probe is maintained at some potential such
that the potential energy of a particle in the probe's sheath can be
greater than the mean kinetic energy of the particle, the Debye theory

is not valid. The resulting deficiency in knoﬁledge about the sheath is



~2]1=

one of the obstacles yet to be overcome before probe measurements are

fully understood (Boyd 1950,51).

A. The Current Density at the Probe

Let us consider the thermodynamic system composed of the sheath
region 8| and the rest of the plasma r. Using assumption 1) we may

write, for a species of particle

fng = -§n, (5-1)

where 5ns is a small change in the mumber of particles in the sheath
and Snr is a small change in the number of the same species of particle
in the region outside the sheath.

Equation (5-1) and assumption 2) combine to give
SS = BnSSs Sns-\* %) nrsrg—nr = (5nSSS - anrsr)gns = 0 (5-2)

where S 1is the entropy (see Kittel 1958).
Since gns is arbitrary, the expression between the brackets must
be zero, Using this and the definition of the chemical potential; the

condition for equilibrium is

Pe/Tg= p/Ty (5-3)

where A 1is the chemical potential and T 1is the particle temperature.

Thus when assumption 3) holds, the chemical potential of any type
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of particle must be the same in the sheath as in the region outside the
sheath.
In the absence of any field, the chemical potential of a perfect

gas is
Po = kT 1n p + £(T) (5-L1)
In the presence of an electric field the chemical potential becomes
P =pot W (5-5)
where Q is the charge of the particle
V is the potentlial at the point where pm 1is considered.
Assumption 3) and equations (5-3) to (5-5) combine to yield
kT In p + QV = const.
or o : ~ (5-6)
p = const. exp(=QV/kT)
This means that the pressure must vary to maintain the equilibrium if T
satisfies assumption 3).
The pressure on, and the current density through, an arbitrary

surface element in the plasma are both proportional to the number density

and the average speed perpendicular to the surface. We therefore assume
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that the current density varies in the same manner as the pressure.
Because of assumption 5) particles entering the sheath perpendicular to

the probe surface will be collected by it, We therefore write
. d = Jo exp(-QV') (5-7)
kT

where J, is tﬁe random current density that enters the sheath
perpendicular to the probe surface
Q is the charge of the particles
Vt is the potential of the probe minus the potential of

~the plasma.

B. Temperature Determination

We now consider a system consisting of a plasma in which two probes
are immersed. Under conditions of assumptions 6);and 7) (see Johnson &
Malter 1950 for further details)

EI1.= ZI, 5 Igq% Ig (5-8)

e

In terms of the electron current to the probes this becomes (using (5-7))
ZI,.= Ay Jg1 exp(-e V/k T.) + Ay Jop exp(-e Vp/k Ty) (5-9)
where Vl and Vo are the potential of the plasma with respect to probes

1 and 2 respectively

A4 and Ap are the areas of the probes
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k is Boltzmann's constant

Jol and J02 are the random current densities to the probes.

The probe potentials are related to one another by the

expression
Vp= Vy+ V4=V, (5-10)
where Vg3 is the potential of probe 2 with respect to probe 1
Vc is thé plasma potential outside the sheath of probe 2
with respect to the equivalent potential for probe 1.
Writing

4 = e/k Ty , | (5-11)

and using the relation between the probe potentials we obtain for the

sum of probe currents
E1, =2 1= Ay Iy exp(-B(Vo Vg = Vo)) + A, Jop exp(=f V2) (5-12)
This expression, coupled with the expression for I, in (5-9); gives
L Iep= EL4/(6 exp(=f V) + 1) (5-13)
where

6= (A1 Jo1 /Ay Jop) exp(-g V,) (5-1k)
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Taking the derivative with respect to V4 yields

S 1404 exp(-f Va)

= ~ (5-15)
d V4l (6" exp(-g Vg)+ 1)2
Evaluating (5-15) at Vg =0 we arrive at
(2 y I lgio =T I4T#/(6=1)° (5-16)

If probe 2 is less negative with respect to the plasma than probe 1,
more electrons will flow to the former. There will be a flow of elec-
trons from probe 2 to probe 1, Ig, through the external circuit, such

that
Teo = I+ 214 (5-17)
Equation (5-17) and assumption 6) give
3 10a = (gD 1 tad™ (S vgled™  (5-18)

Combining equations (5-11), (5-15) and (5-18) we may write an expression

for Teg as

-
Te = Em Z I.'.(a Idvd)vd=0 ) (5“'19)

The expression for Te can be expressed more conveniently by using
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the substitutions

éI_\.
¢ = - 1) en (5-20)
I, Vg=0 .
Ie2 - 1
= - - -21
2“I+)Vd‘° 1+g™~ (5-21)

We may now rewrite (5-19) in the form
To= (@-G°)R, £ I, (inev)
(5-23)

| =11,600 (G - G2) Ry ZI; (in °K)

C. Determination of n,, ng

An estimate of the ion and electron number densities is made in the
following way. Using the assumptions S5), 6), 10), 12}, and 13) we may

write an expression for the positive ion current

J = <I+>/AS= n,e (V)M-B/MS (5=-2L)
where n., 1s the ion density ’
e 1is the electronic charge 1.6 x 10°19 coulombs
(V)M_B is the average speed of the ions over a Maxwell-Boltzmann

distribution.
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Ag is the area of the ionic sheath surface which is in common
with the rest of the plasma.
From equation (5-24), upon rearranging and using the expression

for the average velocity, one finds that

Gl x 108> (ToK\%

n = A, 1.87 e M (5-25)
Using assumption 11 ), equation (5-25) yields
I

n,= 634 x 1011‘l %t> on™> (5-26)

S

If assumption 12) is valid, then the mumber density of the electrons

is the same as that of the ions.
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CHAPTER III

APPARATUS

Figure III-1 is a block diagram of the apparatus used in this
thesis. Those pieces of apparatus connected by a solid line were
always used together and those by a broken line were sometimes used
together, In this chapter a general description of the apparatus is

given and the specific applications are discussed in chapter IV,

III-1 The Driver

The driver consisted of the discharge chamber portrayed in
Fig. III1-2. The materials used were brass and perspex, which are easy
to work, and glass, which is a good resistor of erosion by the discharge
and furthermore enables one to photograph the discharge. Rapid ablation
of the perspex was prevented by covering the surface exposed to the dis=
charge with glass, An annular piece of glass 1/16" thick, when cemented
on with epoxy resin, was satisfactory for this purpose. The auxiliary
anode permitted the driver's breakdown voltage to be lowered since it
shortened the cathode to anode distance., Gas was admitted to the
apparatus through a hole in the section of brass tubing connecting the

end plate of the driver to the glass section of the shock tube,



-29-

[Saws

Power Gas Pressure
Supply Input Measurement,
¥ \
Bank Driver Shock Tube
: ' \
y T o
) !
Pick=-up = Trigger Pump
Coil | Unit
! ! !
¥ g 4
L * i
[
|
! Kerr Cell
Delay e .
|
Integrator | Unit Unit
i S — . |
|
e R B i s
Camera < Oscilloscope Probes

o — e e — — -

Fig. . III"'lo

Block Diagram of Apparatus




-30-

cathode

124 m

iSh mm 1L

\

glass
shock
tube

gas in

e

brass

3] anode

glass
cylinder

/

[

[t

Z

i

N\

——] brass

Y Jucite

EEes glass

ipS

:

1

[

Y

trigger input

to
bank

Fg. I1I=2.

Discharge Chamber




-31-

IIT-2 The Capacitor Bank

A bank was constructed by connecting two Cornell-Doublier NRG 212
capacitors in parallel. Copper leads 9" and 14" wide were bolted to
the center terminals and the case connections respecti&ely. Insulation
between the leads consisted of several layers of polyethylene. 6% wide
copper leads carried current to a standard spark-gap switch and thence
to the driver. All leads were constructed from copper stock 1/16"

thick?

ITI-3 Circuit Parameters

The circuit parameters of the assembled bank discharge circuit were:

Bank Capacitance (nominal) LL8 pF
Discharge Circuit Inductance 51 mH
Maximum Bank Operating Potential 5 kv
Maximim Bénk Energy 5.6 kJ
Maximum Current L6l kA

Discharge Period
from first quarter cycle 30.4 ps
from first half cycle Ll ps
The circuit inductance was calcﬁlated from the measured first
quarter cycle of oscillation to be 51 nH. Over the first two cycles,
the time per half cycle of oscillation remained approximately constant.

This time yields an inductance of 109 nH.

IIT-l; Power Supplies

A power supply capable of supplying 8 kV at 0.3 A was used to

charge the capacitor banke As is shown in Fig. III-=3 the supply is
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divided into two units. The unit containing all high tension components
Wa?‘mgunted inside a wire cage just above the bank. Low voltage leads
caﬁhéét this unit with the control unit thus ensuring a maximum of
saféty for the operator.
_Figure III-l is the scheme of a regulated supply that supplies
OJi to 1.5 kV at 20 mA either positive or negative with respect to ground.
Other special power supplies for the trigger unit, the delay unit,

and the Kerr cell are discussed with the respective units.

III-5 Gas Input

The gases used in all experiments, except for the atmospheric air,
were obtained from Canadian Liquid Air. The high pressure cylinders were
comnected tq an Edwards type LB2A needle valve by copper tubing in which
the gas pressure was maintained at approximately 10 psi, Before being
admitted to the shock tube the gas from the needle valve passed through
a trap that was immersed in a pool of liquid air. Throughout the duration
of ap experiment gas was contimuously admitted and pumped from the system.
The information supplied by Canadian Liquid Air on the gases is sﬁmmarized

in Table ITII-1l.
TABLE III-%:

IMPURITIES OF EXPERIMENTAL GASES

Gas Purity (%) Nominal Impurities (%)
Ar 99.995 N, (0.0033); O (O.dOOS);

: H, (0.0002); Hy0 ( 0.0001)

N, 99.5 0, (0.487) ; Hp0 (0.0128)
He 99.995 Hp (0.0020); Ne (0.0015)

05 & N, (0.,0002); H,0 { 0.0001)
2 & N ) ,
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LEGEND FOR FIG. III=l

Ry 100 fL 108 W Gy -0:1 pF 600V
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Ry 100 f- Cy 0,02 pF 2kV
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Ry 100 k(v vV, 6DQ6
Ry 22 k SL V, 12AT7
R, L.7MOL Vy 5651
Rg 100 k Sw V), 5651
Ry 500 k f. - Vg 5651
Riy L7 M SL Vg - 12AT7
Ry 10 k Su Dy BY100 (Philips)
Ry, 1M SL D, BY100
Rj3 1ML Dy  BY100
Rlu 180 k Su Ty Hammond 262 E 6
RlS L7.5 kL steps T, Harmond 21560
(10 steps) 1% 1w
, F 34
potentiometer 1% N NE 51
Ry7 470 kL steps 5 Double pole single
(10 steps) 1% w throw toggle switch
Rqg L70 kS\. 1% IW M 0 - 1.5 kV voltmeter

O, 16 uF 600V

Co 1 pF 2kV

Note: All resistances are 10%, % watt unless otherwise specified
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III-6 Trigger Unit

The spark gap switches were activated by reducing the resistance of
the gas between the electrodes with a high voltage pulse. The pulse
was generated by discharging a length of charged coaxial cable with a
thyratron (5¢22)(Theophanis 1960). Diagrams of the equipment used are
shown in Fig. III-5 and 6. Power was fed to the trigger unit by a
regulated supply“(;\ model 28) and the 115V a.c, mains. The unit was
set into operation by either shorting input 2 to ground or applying a

negative pulse to input 1.

III-7 Oscilloscope -

A Tektronix model 551 double beam oscilloscope served to observe
electrical signals. The callbration of all oscilloscope plug-in units
was checked before taking measuremenfts. This calibration was carried
out using the oscilloscopels square wave generator, whose calibration
was also checked. All Tektronix probes were compensated to match the
plug-in units with which they were used.

Svynchronization of the beams and vertical amplifier rise times were
checked using a Tektronix model 107 square wave generator. The beamszgire
phase to within about 1 ns and the rise times were the manufacturer's
specified 13 ns.

A DuMoﬁt oscilloscope camera was used to photograph traces on the

oscilloscope screen.

III1-8 Pick=up Coil

To observe the discharge circuitt!s I waveform, a small coil

(Cormack (1963), and Hart (1962)) was placed between the leads from the
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bank tp the driver. The coil consisted of 307;1.2 mm diameter turns of
AWGL3 copper wire. A length of RG 58/U cable fed the signal to the

oscilloscope input, which was shunted with a 50 (L. resistor.

I1I-9 Integrator

Integration of I to give I was accomplished using the circuit of
Fig. III-7. The integrated signal could be observed on the double beam

oscilloscope screen simultaneously with I.

RGB/U 5 RG 8/U

R = L7 I
R2=; 10 k Q-
C = 25 nF

FIG, III-7. Integrator

. III-10 Shock Tube,

The shock tube was made from standard 1" Corning Double Tough
Pyrex pipe and fittings. Apiezon type M vacuum grease was used on all
stop.cocks and joins. Small lesks were readily eliminated with acrylic
spray. The system was evacuated by connecting a Cenco Hyvac 1L pump

through a series liquid air trap and stop cock to the shock tube's

downstream end.



IIT-11 Préssure Measurement

Pressures were measured by a U tube filled with mercury for pressures
greater than 10 mtorr, Edwards type 1G and 2G vacustat gauges for
pressures between 1 mtorr and 10 torr, and a Consolidated Electronics
Phillips gauge for pressures less than 1 mtorr. The Phillips gauge was

calibrated against the vacustat at 1 mborr.

III-12 Impurities

Impurities arise from leaks in the system as well as those associated
with the working gas (see Gas Input). Since the system was a continuous
flow one, the amount of impurities may be assumed to be time independent.
The 'usual base pressure was about 1 mtorr. Assuming constant impurity
" influx, a base pressure of 1 mtorr would give rise to leak impurities of

*about 1 mole % at a working pressure of 100 mtorr.

TII-13 Photomultiplier Units

- Optical radiation from a small cross section of the shock tube was
detected by placing two collimating slits in front of a photomltiplier,
Fig., TII-8 depicts the arrangement of the slits and the RCA 931 photo-
multiplier tube. Each unit was built into a Hammond 1llii-1l chassis
(2" x 5" x 9"), which provided both optical and electrical shielding.
With slit widths of 2 mm, a cross section of the shock tube, 2 ¢m or less
thick, could be viewed by L mm of the cathode when the unit was placed.
against the shock tube.

Two types of circuit were used with the photomultiplier tubes and
their schema are shown in Fig. III-9, |

Sénsitivities of several photomultipliers'were compared by using
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the tubes, in turn, in a single photomultiplier unit. The light source
used was a General Radio Stroboscope (neon bulb) and the operating
voltage of the tube was 840 V. The largest output voltage,fé% measured
with an oscilloscope, was about 20 times the minimum. This indicates
great variation of sensititivy can be found even among new photo-
multiplier tubes. Two units having equal response were obtained by

adjusting the slit Wid@hso

III-1; Capacitative Probes

Capacitative probes consisted simply of Belden 20 AWG wire. Both
the single loop, using insulated wire, and the completed ring, using

bare wire, were constructed, Both types are illustrated in Fig. III-10,

ITII-15 Ring Electrode Probe

Brass rings, having the same internal diameter as the shock tube
inserted in the pipe section junctions,- formed ring electrodes in contact
with the shock tube gas. A vacuum tight seal was ensured by the use of
teflon washers between pyrex and brass surfaces. This probe is depicted

in Fig. ITI-10.

I1I-16 Pin Electrode Probe

One millimeter diameter tungsten wire was inserted into the walls of
a six inch section of piping, at diametrically oposite points (see Fig.
ITI-10), with several millimeters of wire exposed to the shock tube gas.
However, the pins protruded less than two millimeters beyond the normal

position of the wall's inner surface.
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I11-17 Two Wire Probes

Several two wire probes were used and these are illustrated in
Fig. II1-11.

Probe I ~ This probe was made from a perspex cylinder 6., cm long
and 2,5 cm in diameter (see Fig. III-11). A slot, 1 cm wide and 3.8 cm
long, was cut in the cylinder L.5 mm from the front edge. A 1.5 cm
hole through the front edge extended to the slot. Forty mil tungsten
wires, parallel to the slit width axis and through the perspex cylinder
axis, were centered 0.9 and 1.9 cm from the cylinder's front edge.
Leads embedded in the perspex connected the tungsten wires to external
circuits. Thus only 1 cm of each tungsten wire was in contact with the
shock tube. gas.

Probe IT - A modification of probe I by blocking some of the
openings with Apiezon Q compouhd.

Prove III - As probe II but with the outside of the cylinder
painted with black acrylic spray.

Probe IV - This probe differed from IIT in that more of the
openings were blocked and the effective distance between the wires was
réduced to 1 mm,

Probe V - Identical to IV except that the opening at the front
edge was enlarged.

Probe VI - This probe was constructed using a perspex cylinder
3 cm long and 1.3 cm in diameter., Along the cylinder axis holes,
diametrically opposite and having centers separated by 0.5 cm, were
drilled to take LO mil tungsten wires. These wires were affixed so

that 0.5 em protruded from the front edge of the perspex cylinder,
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At the rear of the cylinder, adjacent holes were drilled next to those
for the tungsten so that leads could be firmly clamped against the
tungsten by;set screws, - These leads passed through the brass tube

probe holder to external circuits.

III-18 Probe Positioner

By mounting the brass tube probe holder on a carriage, the probe's
position with respect to the shock tube axis could be continuously

adjusted to within 0,1 mm (Fig. III-12).

III-19 Delay Unit

The delay unit_consisted of a ramp generator, three delay channels,
and a-power supply. The application of a negative pulse to C, of the
ramp generator, Fig. III-13, causes a ramp pulse to be generated across
Cqo, the output. In most cases the input was the charge of an 0.5 PF
condenser, charged to 300 V. The ramp's rise time depended on whether
.013 or ClL was employed.

Three delay channels were connected to the ramp generator's output.
Connection was made to Ry, Fig. III-1L, of each delay channel. Each
chammel produced a 4O V positive output pulse, of 10 ps duration.
Variation of Rh adjusted the delay to the desired amount.

The regulated power supply, Fig. III-15, delivered plus 300 V at

300 mA, minus 300 V at 100 mA, and 6,3 V at 10 A,
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Fig. ITI-13. Ramp Generator
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Delay Unit's Regulated Power Supply

Fig. III.15.
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ITI-20 Kerr Cell Unit

The Kerr Cell System in Fig. III-16, Avco type KC5-020-2, consisted
of a Kerr cell and a pulse generator. Pulses were generated by shorting
one end of a coaxial cable with a spark gap in freon gas at a pressure
of 8 pounds per square inch. This pulse opened the Kerr cell for 100 ns.

Triggering of the spark gap was effected with a trigger unit. The.
pulse from the line terminating network, Fig. III-6, wasvfed to the Kerr
Cell System.

The light passed through the Kerr cell and then through a baffle
with a circular hole, and was then foeﬁssed on the film of a modified
DuMont oscilloscope camera. The baffle reduced stray light from the
sides of the cell. Boﬁh polaroid 47 and roll film could be used in the
camera, The camera shﬁtter was opened just beforé operating the Kerr
céll and closed again after the Kerr cell shutter closed.

An Avco type PS-060-1 power supply was employed to charge the pulse

generator!s coaxial cable.

? Kerr |
Camera b—<—| Baffle < Coll L < Sggg‘;
System
§
A '
Trigger
Unit

Fig III-16. Block Diagram of Kerr Cell Unit
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CHAPTER IV.

EXPERIMENTAL RESULTS

IV-1 Introduction

This chapter will be devoted to a detailed description of the
experiments which have been performed. The interpretation of the results
will be discussed in Chapter V, but occasionally these interpretations
may be anticipated in this chapter in order to clarify the reason for
performing a particular experiment;

Several different types of detectors have been used by other workers
for detectiﬁg the precursor effect. There is very little information
available about the felative merits of these detectors so the initial
project undertaken in this research has been a systematic comparison of
detectors performance. These experiments are described in section IV-2
to IV-6.

While investigating the performance of the detectors it became
apparent that the precursor parametefs are markedly dependent upon the
bank current. The investigation of this dependence is described in the
next five sections. In section IV-7 and IV-8 it is shown that the poten-
tial of the shock tube gas,depends on the rate of change of bank current.
The‘relationship_between bank current and several precursor parameters is
discussed in section IV-1ll. The i dependence indicates that the pre-

cursor potential may be strongly dependent on the driver potential
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relative to ground (Li) and this aspect is investigated in seétions
IV-9 and IV-10.

In the work reported in the next three sections (12-1L), an attempt
has been made to determine whether the precursor ionization is due to
radiation from the driver or to some form of particle transfer. In
section IV-12 the results of placing radiation filters (ILiF and quartz)

" between the driver and the detector is reported. Sections IV-13 and
IV-1); discuss attempts to deviate.the flow of charged particles by means
of applied electric and magnetic»fields. The precursor ionization is
apparentl& due to radiatioﬁ and not to partiéle transfer.

Sedtions»IV-lS.to IV-18 report on a series of investigations into
the presence of ionization in a side tube-perpendicular to the main
shock tube. This series of experiments indicates thatﬂthis side ioni-
zation is probably due to radiation from the photo=-excited gas in the
main tube. | |

Thé difect dépendence of the gas potentialvon the driver potential

mentioned earlier, suggests that the shock tube méy be considered as

" one arm of a transmission line. This model is further investigated

in section IV-19 td IV-22, in which variation of gas potential and
jonization is determined as a function of time and distance along the
tube.

The theoretical studies of the radiation model of the precursor
predict the relationship between the longitudinal distance between two
probes and the difference in the times at which each probe responds to

the ionization (see equation V-1lL, p. 136). Experimental investigations



-6la-

of this relationship are reported in sections IV-26 to IV-28.
Measurements made of the electron density and temperature in the
precursor are reported in section IV-29.
The position of the probes along the shock tube was measured
from the driver's back plate when the auxiliary anode was not in use,

- and from the auxiliary anode when it was in use,

IV-2 Photomultiplier vs Capacitative Ring Signals

The precursor effect was simultaneously observed at a point along

the shock‘tube by a type I photorultiplier unit and a bare wire capaci-
“tative ring. The_caﬁacitative ring potential was observed on the
oscilloscope!s upper beam. The ring was connected t0 a Tektronix P6000
probe's center conductbr, which was in turn connected to a type L
plug-in unit. A similar plug-in unit in the lower beam circuit was con-
nected via RG SB/U cable to the photomultiﬁlier outpute

~ The apparatus was set into operation by triggering the delay unit.
After some arbitrary delay a pulse from one of the unit's channels
triggered the oscilloscope sweep. After some arbitrary delay one of the
other channel's pulses set a trigger unit into operation. This trigger
unit's outpuf was simultaneously fed to the cathodes of the main bank
switch and the drivef. Normally the oscilloscope's sweep was triggered

before the trigger unit, thus enabling easy examination of the first few
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microseconds of the bank's discharge. Argon was used as the shock
tube's working gas. The bank was initially charged to 2 kV.

In Fig. IV-1 are examples of signals due to the precursor, traces
a) and b), and signals due to the shock arrival at the observation point,
traces c¢) and d). Traces a) and b) show that during the fast precursor
the gas potential oscillates while the photomultiplier signal remains
negative, Neither trace returned to the base line within the sweep time.
Traces c¢) and d) taken over a longer sweep time illustrate the return to
the base line,

At the lower pressure of 280 mtorr, the potential of the gas had
returned to ground before the arrival of the shock and upon its arrival
became positive, tracesﬁe)gand—f)y_

In contrast to this, at 3 forr, the potential of the gas attained
that of ground and remained there at the shock front's arrival, traces
g) and h). A difference in signal shape is to be noted, as well as the

variation of the observation point,

IV-3 Photomultiplier vs Pin Electrode Signals

The same experimental arrangement that was used to compare the
photomultiplier and capacitative ring signals was used in this experiment
with a pin electrode substituted for the capacitative ring. In Fig. IV-2
are shown examples of pin electrode signals due to the precursor effect
in argon (trace a)), and due to the effect of the shock front's arrival
(trace c¢)). The corresponding photomultiplier signals are shown in
traces b) and d) respectively. An initial bank voltage of 2 kV was

employed. The response to the precursor starts at the same time for each
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e)

f)

pressure 280 mtorr - sweep 100 ps em™L

e) capacitative ring at 8L4.0 cm - vertical scale 0.5 V cm™t

f) photomultiplier at 84.0 cm = vertical scale 0.05 V em™t

g)

h)

1

pressure 3.0 torr - sweep 10 ps cm-

g) capacitative ring 35.9 cm = vertical scale 20 V em™1

h) photomultiplier at 35.9 cm - vertical scale 2 V em™L

Fige IV=l. Capacitative Ring vs Photomltiplier Signals
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a)

pressure 280 mtorr - sweep 10 ps cm™L

a) pin electrode at 73.1 cm - vertical scale 50 V cm"1

b) photomultiplier at 73.1 cm - vertical scale 1V em™t

c)

d)

pressure 1 torr - sweep 100 s —

;i

a) pin electrode at 73.1 cm = vertical scale 2 V em™

b) photomiltiplier at 73.1 cm = vertical scale 0.05 V emt

Fig. IVv-2, Pin Electrode vs Photomltiplier Signals
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detector and the duration of the response pulse is independent of the

detector.

IV-} Capacitative Ring vs Pin Electrode Signals

With the same experimental set-up except that type K plug-in units
were used for type L, the pin electrode signal was compared to that from
a capacitative ring. -
The traces observed are shown in Fig., IV-3. We see that the éﬁape

of the signals is the same but that the amplitude of the pin electrode

signal is about 20 times that of the capacitative ring.

IV-5 Ring Around Tube vs One Adjacent to It

A capacitative ring signal was compared to the signal from an
identical ring adjacent to the tube at the same position, 57.8 cm.
The signals were identical except that the one from the ring wrapped

around the tube was about five times larger in amplﬁpude than the other,

IV-6 Two Wire vs Ring Electrode Probe

By\centering the intersecting axes of a glass tee Junction at a
position of 111.2 cm, a type I two wire probe was inserted into the
shock tube. At the points where the tee éeétion was bolted to the rest
of the shock tube, 10L.2 and 118.2 cm, ring electrodes were inserted.
Fige IV-L depicts the arrangement,

In this figure is also shown the circuit - used to observe the probe
potentiéls. Each ring electrode was connected to a P6000's central
electrode. These P6000 probes were then connected to the inputs of a

type G differential amplifier in the oscilloscope's upper beam circuit.
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b) capacitative ring at 73.6 cm - vertical scale 10 V em™t
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Fig, IV-3, Capacitative Ring vs Pin Electrode Signals

A similar arrangement was used to monitor the potential of the
two wire probe on the oscilloscope's lower beam. Assuming that the
impedance between the probe's wires is infinite; the probe voltage is
about 27 V. The time to attain this potential difference, 1.6 ms, was
mich longer than the experimental time, 20 pse Thus battery current
has a negligible effect upon the probe potential during the observation
time,

When the probe impedance drops below 200 M.Cl,the probe potential

will drop below 27 V at a rate dependent on the rate of change of the
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impedance. The new probe potential will depend on the probet!s impedance
as compared to 20 ML o« Thus a change in probe voltage indicates a
change in gas impedance.

Upon shorting the trigger unit's input 2 to ground, an output pulse
was applied to the driver's cathode. This initiated the bank discharge.
Before triggering, the bank was charged to a potential of 0.4 kV and
the shock tube filled with argon to a pressure of 180 mtorr.

Fig. IV-5 shows pairs of traces with the two wire probe center,

1.4 cm from the capsule's front edge, at 5.6, 7.6, and 9.9 cm perpendi-
cular to the shock tube axis. We note that as the probe moves away from
the axis it takes longer to detect ionization. It is also to be noted
that the potential difference between the ring probes was not reproducible

for the first 5}13 and did not return to zero during the experimental

time.

a)

b)

-1
sweep 1 ps cm

a) two wire probe 5.0 cm from shock tube axis - vertical
scale 10 V em~1

b) ring electrodes - vertical scale 0.5 V cm~L

L A i T O AN 58 SO AP S, Ol a0 it o A AN A R A s B 5

1V-5, Two Wire Probe vs Ring Electrode Signals
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sweep 2 ps cm"1

a) two wire probe 7.6 cm from shock tube axis -
vertical scale 10 V em™ L

b) ring electrodes = vertical scale 0.5 V cmm1

=l
Sweep 2 pus cm

e) two wire probe at 9.0 cm from shock tube axis =
vertical scale 10 V em~l

) ring electrodes - vertical scale 0.5 cm

o

IV-5. Two Wire Probe vs Ring Electrode Signals
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IV-7 I vs Capacitative Ring Signals

The bank current's time derivative, f, was compared to the capaci-
tative ring probe's signal. The observed signals depended on the values
of the gas pressure, initial bank voltage, and position along the shock
tube., The working gas was argon and the experiments were performed
using the shock tube as described in Chapter IV-2.

Pick-up coil signals were transferred to the oscilloscope's lower
beam by a length of RG/58U cable, The plug-in unit used, K or L, was
matched to the cable by shunting its input with a 50 (0. resistor. Using
a P6000 probe's central conductor and the same type of plug-in unit, the
capacitative ring signal was displayed on the upper beam.

For times greater than 10 Sy the observed signals were independent
of the experimental parameters (Fig. IV-6 traces a) and b)), except for
an initial bank voltage of 1 kV (traces c¢) and d)). The effect of gas
pressure variation is illustrated by traces e) to f) and that of position
variation by traces g), h) and m), n). Traces o) and p) show that while
T goes to O after about 50 Jps the ring signals may last for some 150 us.

IV-8 I vs Gas Impedance

The shock tube was operated and the I waveform observed in the same
maﬁner as that described in the preceding comparison. A measure of the
gas impedance was obtained by comnecting the two diametrically opposite
pin electrodes, at 73.1 cm, in series with a 39 k(. resistor and a 90 V
battery. Neglecting battery resistance, the voltage across the 39 k.SL
resistor determines ﬁhe gas impedance between the pin electrodes, This

resistor voltage was monitored by connecting each of its ends to central
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pressure 1 torr - bank 3 kV - sweep 5 ps em™t

a) capacitative ring at 85.5 cm - vertical scale 50 V cm

b) I - vertical scale 2 V em—1t
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pressure 1 torr - bank 1 kV - sweep 5 ps em™t
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b) T - vertical scale 2 V cm.-1
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Fig, IV-6, I vs Capacitative Ring Signals
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3)

pressure 3 torr - bank 2 kV - sweep 1 us cm_l
i) capacitative ring at 85.5 cm - vertical scale 20 V cm~t

3) I - vertical scale 2 V cm™t
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k)

1)

1

pressure 9 torr = bank 2 kV -~ sweep 1 us cm™

k) capacitative ring at 85.5 ecm - vertical scale 20 V cm1

1) T - vertical scale 2 V emt

Fig, IV=b6. .ti§ Capacitative Ring Signals
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P6000 probe conductors attaching the latter to the inputs of a type G
plug-in unit in the oscilloscope's upper beam circuit. The P5000 outer
conductors served as shields for stray pick-up. All observations were
performed using argon as the working gas and 2 kV as the initial bank
voltage.

Traces a) to d) in Fig. IV-7 illustrate the observed signals for
the first 50 Js as well as the first 10 ps. Only the first 10 ps showed
any significant change with a variation in pressure, this being depicted
by traces c) to h). We note that the rise time of the gas conductivity

increased as the gas pressure was increased.

IV-9 Shock Tube Potentials with Respect. to Ground

The time variation of the driver's potential with respect to the
earthing point and to a ring electrode at a position of L8.7 cm was
observed, The driver's potential, considered tp be that of its.front
plate with respect to ground, was the same as phe potential difference
across the return lead, from the driver to the outer case of the bank.

The shock tube was operated as in section IV-2 for all experiments,
which were carried out in argon. All potential differences were
measured in the same way as was the voltage in the preceding experiment.

Traces a) to d), Fig. IV-8, show the effect of varying the initial
bank voltage while maintaining a constant gas pressure. Duration,
amplitude, and shape of the observed potential difference pulses-were
affected. We see that although the driver stays negative with respect to
earth for 10 ps, the gas along the tube attains the driver potential after

a few ps, 1i.e. less than 20 V.
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a)

b)

pressure 1 torr - bank 3.0 kV - sweep 1 us em™t

a) V(driver) - V(ground) = vertical scale 200 V em™t

b) V(electrode) = V(driver) - vertical scale 200 V em™t

pressure 1 torr - bank 2 kV - sweep 1 us cm™L

¢) V(driver) - V(ground ) = vertical scale 200 V emt

d) V(electrode) = V(driver) vertical scale 200 V om™L
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Fige IV-8. Shock Tube Potentials
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£)

pressure 9.0 torr - bank 2 kV - sweep 1 ps em™1

e) V(driver) - V(ground) - vertical scale 200 V em™t

f) V(electrode) - V(driver) - vertical scale 200 V em™t

h)

pressure 0,3 torr - bank 2 kV - sweep 1 ps em~1
g) V(driver) - V(ground) - vertical scale 200 V em™L
h) V(electrode) - V(driver) - vertical scale 200 V em~l

Fige IV-8,  Shock Tube Potentials
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Traces c) to h) show thaf when the pressure is varied, while
maintaining constant initial bank voltage, pulse shape and duration
may vary but the maximum pulse amplitude remains constant.

Other experiments showed that the potential difference between the
driver and ground was the same as that between the ring electrode and
ground after some initial interval. A comparison of waveforms indicated
that the same potential difference occurred at the same time that the
driver to ring potential difference became zero. The ring electrode
was found to remain negative with respect to ground by at least L V for
over 500 ps. However, the driver potential became zero with respect to

ground (to within 0.1 V) in less than 50 ps.

IV-10 Bank Polarity Reversal

A foil cylinder L" 1ongAﬁas placed around the shock tube's external
surface just downstream of the ring electrode. This foil showed the
same potential variation as the ring electrode but at a reduced
amplitude. The same experimental conditions as were .used to:.observe
shock tube potentials with respect to ground were maintained.

For traces a) and b) of Fig. IV-9, the bank was charged in. the
normal way, negative with respect to ground. Reversing the polarity of
the bank with respect to ground while keeping all other parameters
constant resulted in traces c) and d). Thus we see that the reversal of
the bark polarity caused the polarity of the observed potentials to be

reversed and that the waveforms were otherwise unchanged.
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pressure 1 torr = bark 2 kV - sweep 1 js em™t

a) V(ground) ‘- V(cylinder) = vertical scale 200 V cm"l

b) V(driver) - V(electrode) - vertical scale 200 V em™t

g IIIII!IIII

w“"
vv
: I

pressure 1 torr - bank 2 kV - sweep 1 ps on
e¢) V(ground) - V(cylinder) - vertical scale 200 V cm~1

d) V(driver) = V(electrode ) = vertical scale 200 V cm

Fige IV-9, Bank Polarity Reversal

-1
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Iv-11 I vs il Gas Impedance and Driver Luminosity

Observation of i was made using a 20 turn pick-up coil. Omitting
the delay unit, the trigger unit was manually activated. The oscillo-
scope was triggered by the input to the type K plug-in unit. Trace a),
Fig. IV-10, shows the observed waveform.

By feeding a 30 turn pick=up coil output via RG/58J cable to the
integrator at the input of a type L plug-in unit, the waveform of I was
observed. The shock tube was operated as in section IV-6 and the result-
ing signal is shown in trace b) and on a longer time base in trace c),
where it is compared to the i waveform, trace d). We note that I's
waveform has shorter rise than fall time, has a period of about 32 ps
from the first quarter cycle and about Ll ps from the remainder of the
trace, and is insensitive to pressure and gas type variations. Trace b*

indicates the rise of driver luminosity in the sensitivity range of the

931 photomultiplier tube.

pressure 10 torr argon = bank 2 kV - sweep 5 ps cm"’1

) A

N

a) I - vertical scale 1 V cm™

e b N 0. AT s e S B -

Fig, IV=10. I vs is Gas Impedance and Driver Luminosity
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8l

pressure 90 mtorr air - bank 0.9 kV - sweep 2 jis em™L

b) I - vertical scale 0.0l V em™t

b*) photomltiplier lookin,% at driver discharge -
vertical scale 1 V cm™

pressure O.1 mtorr air - bank 0.9 kV - sweep 10 jus em~1

¢) I - vertical scale 0.05 V em~L

d) T = vertical scale 1V em™ T

Fige IV-10, I vs ].Z,Gas Impedance and Driver Luminosity
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e)

f)

pressure 75 mtorr air - bank 2.4 kV - sweep 10 ps cm-'1

e) two wire probe at 188 em-- R = 10 kf{l - vertical
scale 0.5 V em™L

f) two wire probe at 50.2 ecm - R = 10 k (. = vertical
scale 10 V cm™1

g)

h)

pressure 75 mborr air - bank 2.l kV - sweep 10 us em~L

g) two wire probe at 188,0 em « R = 10 kNl = vertical
scale 0.5 V cm~1

h) two wire probe at 50.2 cm - R = 0.1 kfL = vertical
scale 1 V em-1

i O P P S S P01 0 A W O e T S AT T S S ST o

_ . Fig, IV-10, IvsI s Gas Impedance, and Driver Luminosity |
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Gas impedance was observed by the two wire probe circuit of

Fig. IV-11l, All components were insulated from{.init78hielded by,

y

" the probe carriage and terminal unit.

€7
J ] R P6000 probes to
—_ -~ — type G plug-in
| units
type VI ]! 2 |
two wire -2
probe ‘

Fig IV-11. Two Wire Probe Circuit

Using R = 10 k {) in each probe ecircuit, ﬂraces e) and f),
Fig, IV-10, were obtaineds Upon changing R in the probe circuit nearest
the driver to 0.1 k{1 , while maintaining R = 10 k) in the other
circuit traces g) and h) were obtained. We note that the impedance of
the two wire probe changed with the same rise time and period, hhjls, as
the I waveform. Furthermore, R may influence the waveform and several
oSciilations not detected by the pick-up coil seem to have occurred.

The polarity of the two wire probe signal did not change.

IV-12 LiPF and Quartz Windows

‘With type VI two wire probes at positions 50.2 and 88.0 cm, the
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shock tube was operated as in section IV-6, The probe circuit of Fig.
IV-11 was used with R = 10 k{L in each circuit. Measurements were
made without a window and with IiF and quartz windews 3.3 mm thick,

at 165.8 cm,

The probe current was found to be insensitive to argon pressures
from 65 to 120 mtorr and initial bank voltages from 2 to 3 kV. However,
marked current changes accompanied voltage changes below 2 kV,.

From the results at pressures around 85 mtorr and voltages around
242 kV the probe current was found to be 1.2 mA without a window, 0.2 mA
with a LiF window, and 25 pA with a quartz window. However, the pulse
shape was not affected by the windows. The two wire probe signals were
found to have the same rise and fall times (10 to 90%) as the bank cur-
rent pulse, Fig. IV-10. The maximum amplitude of the second, third, and
fourth probe current peaks were about 5/8, 1/L, and 1/10 that of the first
peak respectively. Since the period was about LbL Fs,the probe signal life

time was 34.2 ¥ 6.0 pus.

IV-13 Wire Mesh Electrode

Wire mesh, 12 wires to the inch, was inserted into the opening of a
brass ring electrode at L9.9 cm. Capacitative ring probes were positioned
at 29.8 and 84.7 cm. The ring potentials were monitored as described in
section IV-L and the shock ﬁube operated as in section IV-11,

The capacitative ring signals were found %o be independent of whether
the ring electrode contained the mesh (traces a and b Fig. IV-12) or did
not contain it (traces ¢ and d). No effect was produced by earthing the

ring through 170 c¢m of copper braid, when either a 2 nF condenser or a
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300 V battery (both polarities) was inserted between the end of the braid
and the ring. This was not the case when the ring was directly connected
to the braid. The change occurred during the first 10 as of operation,
as is illustrated by traces e) to h). Smaller changes were produced by
putting between the braid and the ring resistances of 100{L and 1£1!1.,
and a 0.5 pF condenser. With a 10{L resistor the capacitative ring
signal at 84,7 cm was 30% of the value obtained with the floating ring.

The maximum current through the resistor was 1.5 A,

IV-1l, Applied Fields

A. Electric Field .

Using a 300 V battery the érounded mesh electrode at L9.9 cm was
biased positive with respect to another ring electrode at 33.8 cm..>With
this change, the capacitative ring signals manifested only the effect of
the grounded mesh, as discussed above.

B. Magnetic Field

Horseshoe magnet poles were aligned parallel to the shock tube axis
on its outside surface at the position 60 cm. The magnetic field varia-
tion across the shock tube diameter was approximately 0.1 T. Betweeh the
poles was placed a three turn pick-up coil (Pain and Smy 1960) formed by
wrapping RG SS/U cable around the outside of the shock tube. One end of
the outer shield was grounded to eliminate electrostatic pick-up. The
pick-up coil's output voltage was measured by connecting its ends to
PA000 probe's central conductors and then connecting the probes to the
inputs of a type G differential amplifier.

No effect was produced in the capacitative ring signals and any

induced voltage in the pick-up coil was less than 0,1 V.
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pressure 1 torr argon - bank 2 kV ~ sweep 0.5 us em™1

a) capacitative ring at 29.8 cm - vertical scale 20V em L

b) capacitative ring at 8L.7 cm = vertical scale 20V cm"l

TN T o A A L T b RO NN P A AT S s 5 T TV 00 AN TN 4 T i g e SO POO——-

{
e = W s L L e O .

e e e e

1

pressure 1 torr argon - bank 2 kV - sweep 5 us cm
¢) capacitative ring at 29.8 cm - vertical scale 20 V em™t

d) capacitative ring at 8L4.7 ecm = vertical scale 20 V cm-l

. Fig, IV-12, Bffect of Wire Mesh Electrode
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f)

pressure 1 torr argon - bark 2 kV - sweep 0.5 ps en~L

e) capacitative ring at 29.8 cm - vertical scale 20 V cm"l

f) capacitative ring at 847 cm = vertical scale 20 V em™t
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h)
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pressure 1 torr argon - bank 2 &V - sweep 5 us cm

cm - vertical scale 20 V cm

,
o+
o

pe

e
co

g) capacitative ring

' R ‘ . AT s y -1
h) capacitative ring at 8Le7 cn - vertical scale 20 V cm

2., ' Bffect of Wire Mesh Electrode
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IV-15 Variation of Probe Position Perpendicular to the Shock Tube Axis

A type ITI two wire prbbe at 50.2 cm was moved to various positions
perpendicular to the shock tube axis, by means of a probe carriage and a
side tube. The time that the probe voltage varied from its initial
value of 27 V, indicating a change in gas impedance, was measured. The
shock tube was operated as in section IV-6, with 15 mtorr of air as the
working gas and an initial bank voltage of O.l kV.

Fig, IV-13 shdws a plot of the logarithm of this time against the
distance of the front edge of the probe capsule from the shock tube axis.,
Points to the left of O em on the graph correspond to a position nearer
the probe carriage.

We observe that while the capsule's front edge is within % ¢m of the
shock tube axis, the variation in response time is small. However,
increasing this distance to 1 cm causes an increase in response time of
over 50%.

Two wire probe measurements at somewhat greater perpendicular dis-
tances from the shock tube axis were discussed in section IV-6. For
comparison purposes a similar plot of these measurements is depicted in
Fig. IV-14., Instead of air, however, the working gas was a mixture of

60 mborr of air and 120 mtorr of argon.

IV-16 188 cm Probe's Response vs 50 cm Probe's Position

The 188.0 cm probe'!'s response to changes in gas impedance was
studied as a function of the 50.2 cm probe's position perpendicular to
the shock tube axis. The experimental conditions were the same as those

of section IV-15. Type I probes were used.
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shock tube axis

Fig. IV=-13. Probe's Response Time vs Perpendicﬁlar Position
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Fig. IV-1L. Probe's_Respbnse Time vs Perpendicular Position




The plot of measured values of this relation is given in Fig. IV-15,
We note that the 50.2 cm probe affects the response time of the 188.0 cm

1

probe at distances greater than 0.5 cm from the shock tube axis.

1v-17 The 188.0 em Probe's Response Time vs Its Perpendicular

Distance to the Shock Tube Axis

Maintaining the shock tube operation of section IV-16, the 50.2 cm
probe capsule's front edge was placed on the shock tube axis.

The 188 cm probe's response time as a function of its perpendicular
distance from the shock tube axis is plotted in Fig., IV-16. We note a
similar variation to that found for the 50.2 cm probe but the increase

in response time with distance from the axis is much greater in this case.

Iv=18 ©50.2 and 188,0 cm Probes Moved Simultaneously Perpendicular

to the Shock Tub8 Axis

Using the same experimental conditions of section IV-16, the per-
pendicular probe positions were varied such that both probes were always
the same distance from the shock tube axis., Starting with a base pressure
of 15 mtorr (probably air) argon was added to give further working pres-
sure of 17 mtorr, 1.2 torr, and.9°1 torr,

The results showed that, except for 9.1 torr, minirmum probe response
time occurred when the probe wires straddled the shock tube axis. At 9.1
torr, this minimum occurred with the probe capsule's front edge on the
shock tube axis. Greater response time changes accompanied position
changes as the pressure was increased, Furthermore, the signal shape‘
varied with pressure such that determination of response time at high

pressures was difficult.



B

et

Sy R

1 e Fra

1 e T

P AR e

10

1188 em -

probets
response ),

(ys)

2

1

o 1

50.2 cm probe!s position perpendicular
to the shock tube axis

- Fig. IV-15. 188 cm Probe's Reéponse vs 50 ecm Probe's Position

10
8
188 cm
probel's 4
response
(ps) b
2

50 cm probe's position perpendicular
to shock tube axis.

Fig. IV-16, 188 cm Probe's Résponée vs Its Position




IV-19  Precursor vs Shock Photomultiplier Signals

Using the shock tube as in section IV-2, the type I photomltiplier
unit response to precursor effect was compared to the response to the
shock heated gas, as a function of position along the shock tube, All
measurements were carried out with 1 torr of argon as the working gas
and an initial bank voltage of 2.0 kV. Bach photomultiplier unit output
was conveyed by RG 58/U cable to a type L plug-in unit input which was
shunted by a 1 kL resistor.

All the upper beam traces in Fig. IV-17 were made using one photo-
multiplier unit and all the lower beam traces with another. Traces a) to
d ) show that the precursor signal remains almost independent of position,
despite large changes in the shock signals. Traces e) and f) were taken
with the entrance slit of the units blocked to light so that these traces
indicated the electrical pick-up. Traces g) and h) indicate that although
the precursor signal becomes very small after about 50 ps, 1t may remain
comparable to the shock signal for much longer times.

An extra effort was made to detect precursor signals at about 50 cm
along the shock tube using air at pressures from 2 to 350 mbtorr. Using
the more sensitive type II photomultiplier circuit and an initial bank
voltage of 1 kV, any signal was smaller than an 0.1 V noise signal from
the discharge., It was concluded that any precursor signal was less than

an 0,1 V signal from the bank discharge.

IV=20 Variation of Capacitative Probe Signals with Probe Position

Traces a) and b), Fig. IV-18, depict the capacitative ring signals

similtaneously observed at two different positions along the shock tube,
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b)

pressure 1 torr argon - bark 2,0 kV - sweep 50 ps cm -l

a) photomltiplier unit at 35.9 em - vertical scale 0.2 V cm

-1

b) photomltiplier umt at 50.3 em - vertical scale 0.2 V cm -

4 IIIII!.III

T
-
B

RN N

pressure 1 torr argon - bank 2,0 kV - sweep 50 ps cm

-]
¢) photomltiplier unit at 73.1 cm - vertical scale 0.0l V cm

-1

d) photormltiplier unit at 84.0 cm - vertical scale O.1 V cm
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Fige IV-17, Precursor vs. Shock Photom]:tipl_ie;’ S}_g‘gﬁl«g




e)

f)

pressure 1 torr argon - bank 2.0 kV - sweep 50 js cm'1

e) photomltiplier unit at 73.1 cm - vertical scale 0.01L V om L

f) photomltiplier unit at 8L4.0 cm - vertical scale 0.1V cm-'l

g)

L8 8 o o |

h)

pressure 1 torr argon - bank 2.0 kV - sweep 100 us em™1

g) photomltiplier at 73.1 cm - vertical scale 0.005 V em~t

h) photomltiplier unit at 8L.0 cm = vertical scale 0.01 V cm ™~

Fig, IV-17. Precursor vs Shock Photomultiplier Signals




=98

B B
) [
% g0 8

SO | L e

pressure 1 torr argon - bank 2.0 kV - sweep 2 pis —

a) capacitative ring at 29.8 ecm - vertical scale 50 V cm"l

b) capacitative ring at 85.5 em - vertical scale 50 V em~t

d)

pressure 85 mtorr air - bank 1.4 kV - sweep 0.2 ps cm-l

-1
¢) capacitative loop at 190.5 cm - vertical scale 10 V cm

d) capacitative loop at 52.7 cm = vertical scale 20 V em~t

e v 2

Fig. IV=18. Gapacitatlve Probe Signals




;e)

f)

pressure 130 mtorr air - bank 0.8 kV - sweep 0.5 ps cm™t

e) capacitative loop at 190.5 c¢m = vertical sweep 10 V cm":L

f) capacitative loop at 52,7 em - vertical scale 20 V cm™t
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Fig. IV-18. Capacitative Probe Signals
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The shock tube was operated as in section IV-2 and the initial bank and
gas conditions were 2,0 kV and 1 torr of argon respectively. Ring
potentials were measured using P6000 probe central conductors and type K
Plug-in units.

We note that the 29.8 cm probe's signal deviated from the base line
first and that the potential rise of the 85.5 cm probe was not abrupt
but quite gradual,

Capacitative loop potentials with respect to the driver were
measured in the manner described in section IV-9. The loops were axially
positioned at 52.7 and 190.5 cm. The driver discharge was initiated by

increasing the bank's voltage until the driver gas broke down.

¢
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We again note the gradual rise of probe potential and the variations
accompanying changes of pressure and bank voltage.
No differences were detected between capacitative ring and capacita-

tive loop probe signals,

IV-21 Time taken by Copacitative Ring to Attain Potential Variation

Proportional to i

On signals similar to traces a) and b) in Fig, IV-18, measurements
of the time that the capacitative ring started to manifest potential
variations proportional to f were made. The following definition of ty
was used., Let the maximum slope of the signal before the i variation be
projected (dotted line A,B in Figure IV-19). Similarly let the first
portion of the trace which exhibits variation proportional to I be
also projected (dotted line C,D in Fig, IV-19. The projection of the
intersection of these two lines on the abscissa defines the time by

The experimental conditions consisted of the tube being operated as
in section IV=11l, an initial bark voltage of 2.0 kV, and argon gas
initially in the shock tube at pressures from 0.3 to 9;3 torr. For the
measurements tabulated in Table IV-1l; the oscilloscope was triggered by
the bank's T.

Measurements of t4 from the signals of capacitative rings at 29.7
and 84,0 em as a function of shock tube gas pressure are given in

table IV-~1.

IV-22 Vi vs t4 Using Capacitative Ring Probes

In Fige IV-19, let the intersection of A,B and C,D be projected onto

the ordinate. This intersection with the probe potential axis defines V.
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Probe
Potential

Fig. IV-19. Determination of ty and Vy

TABLE IV-1

Times that 29 and 8l cm Capacitative Ring Probes Exhibit

Potential Variation Proportional to the Driver Potential

Bank Voltagé 2.0 kV

Capacitative Argon
Ring Position Time (ty) Pressure
(cm) (ps) : (torr)
29.7 2,05 * 0,05 1.0 £ 0,05
13 9.0 £ 0,05
84.0 1.40 ¢ 0.1 0.3 ¥ 0,05
3.30 £ 0.1 1.0 ¥ 0,05

5.0 & 0.2 3.0 & 0,2

5.7 * 0.1 9.0 £ 0.5

S5 * 0.5 9.3 £ 0.5
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In Fig. IV-20 is plotted Vy against ty obtai_ned from traces taken using
an initial bank voltage of 2.0 kV and gas pressures from 0.3 to 9.3
torr of argon.

-We note that a line through these points cuts the time axis at
about 7.5 fis.

Measurements using an initial bank voltage of 3 kV when plotted in

the same way also lead to a cut in the time axis at about 7e5 LS.

60
Lot
Ve
(volts)
200
O |
by,

Fige IV-20. Plot of Vi vs ty
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IV-23 Time for Ring Electrodes to Attain Driver Potential

As discussed in section IV-9 with sample traces, ring electrode
potentials with réspect to the driver were monitored. The times at
which a ring at 96.3 cm attained the driver potential are given in
table IV-2 for various argon gas pressures and an initial bank voltage
of 2 kV, Similar measurements for a ring at 49.9 cm are also given
using an initial bank voltage of 3 kV and argon at 1 torr pressure.
All these time measurements were made with respect to the leading edge
of the bank current derivative which was used to trigger the oscilloscope
sweep. The shock tube was operated as in section IV-1l.

.We note that the time decreased as the initial bank voltage was
increased and that the spread of points was sometimes greater than the
measurement error of a single point, e.g. at 0.3 torr for the ring at
49.9 em.

After the initiation of the driver discharge it was found that the

potential difference between two ring electrodes varied from zero and
again returned to_?aro at the end of some interval. This interval
depended on the_initial bank voltage, the gas pressure, and the distance
between the rings. The return to zero indicates that the ring furthest

from the driver attained the driver potential.

IV-2); Six Inch Diameter Driver vs Three Inch Diameter Driver

The time difference for two points along the shock tube to attain
the same potential was measured for both a six and a three inch
diaﬁeter glass cylinder in the driver. Measurements similar to those

described in section IV-20 were made with the 6 inch diameter driver's
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TABLE IV-2

Times that Ring Electrode Probes Attained

Driver Potential

Ring Probe Bank Voltage Time Pressure
Position (kV) ~ (ps) (torr )
33.8 em 2 1.4 £ 0.1 0.3 ¥ 0.05
2.9 * 0,1 1.0 * 0,05
2.7 % 0.1 1.0 ¥ 0.05
L3 % 0.l 9.0 £ 1,0
L9.9 cm i 2 1.7 + 0.1 0.3 * 0.05
2.4t 0.1 0.3 * 0.05
3.1: 0,1 1.0 £ 0.05
3.1 % 0.1 1.0 * 0.05
3.3+ 0.1 1.0 * 0.05
3.3t 0.1 1.0 * 0.05
L6 t 0.1 9.0 * 0.5
5.12 0.1 9.0 ¥ 0.5
3 2.5 ¢ 0.1 1.0 £ 0.05
2.6 £ 0.1 1.0 * 0.05
96.3 cm 2 3.0 0,1 0.3 * 0.05
3.9 * 0.1 1.0 1 0.05
6.3 £ 0.1 9.0 * 0.5
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glass cylinder replaced by a 3-inch one of equal length. No difference
between the two cases was observed for the interval from L9.1 to 96.1 cm
in the pressure range .3 to 1 torr. All measurements were made using
an initial bank voltage of 2.0 kV and argon as the working gas except

at 0.1 torr where air was used. The measured points are plotted in

Fig. IV"'le

IV-25 Ring Measurements Using Applied Potentials

Further attempts to observe A% at higher pressures for the positions
i9.1 and 96.1 cm proved impractical. The potential difference between a
ring at one of these positons and another 6 inches closer to the driver
became quite small at these increased pressures.

A more sensitive detector of changes in gas conductivity was made by
connecting a 300 or 600 V battery in series with a 100 k {L resistor
- between rings at the above positions and other rings about 6 inches up-
stream from them. The potential difference was set to some value and
changes in this initial value looked for. These potential difference
variations were expected to be due to changes in gas conductivity. The
behaviour of the ring pair was much like that of the two wire probe dis-

cussed in section IV-6.

Measurements of the time difference, that two pairs of rings at
different shock tube positions detected changes in gas conductivity, are
plotted against gas pressure in Fig. IV-21. The shock tube was
operated asin Section IV-2 with an initial bank voltage of 2.0 kV.

Nitrogen and argon were used in the pressure range 2 to 100 torr,
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Legend

+or argon using changing gas pot‘gntial

v+ argon 600V
~ mitrogen. 3007
™ nitrogen 600V:
¥t as +o4 but using 6" diameter driver

0.2 10 10,0

Fig. IV-21. At' (ring pairs) vs In p

IV-26 Methods of Applying Voltage A'cross Two Wire Probes

Two methods were employed to apply voltage across the two wire
ﬁrobes. The first was used for voltages up to and including 136 V; the
second for voltages from 137 V to 3 kV.

* Method 1
A modificétion of that shown in Fig. IV-L, this method consisted
in conveying, by means of RG 58/ cable central conductions, the battery's
output or the output of a voltage divider across the battery to the probe

positioner termination units, At the teminal unit, each central



conductor was connected, in series with a 100 ML) resistor, to one of
the probe's wires. Thus each probe was isolated from the applied
voltage source by 200 ML) and from the other probe by 40O M2 , The

cablets outer conductor served as a shield for the inner conductor.

Method 2

" Instead of the battery, two O = 1.5 kV supplies were used. One
supply delivered a positive voltage with respect to ground and the other
one a negative voltage. Thus with both supplies set at the same output
voltage, one of the probe's wires would be blased positive with respect
to ground and the other wire negative with respect to ground by the same

amount . IMD. resistors replaced those of 100 M.QL .

IV-27 Two Wire Probe Precursor Investigation

The time difference for the detection of the precursor effect at
the ‘shock tube positions of 50.2 and 188.0 cm was studied as a function
of initial probe voltage, probe type, gas pressure, and initial bank
voltage.

Using type III probes, and an initial probe voltage of 27 V, the
time difference between the precursor detection at the two shock positions
was measured as a,funcpion of imitial bank voltage. Variation from the
initial probe voltage was considered to constitute precursor detection.
The measurements obtained for different pressures of air are given in
table IV-3. |

For these measurements the shock tube was used as described in

section IV.6. Probe voltages were monitored uéing the circuit of Fig. IV=lL.



TABLE IV-3

At Using 27V Across a Two Wire Probe

Pressure At Initial Bank
(mtorr) (ps) Voltage (kV)|.

0.3 % 0.1 2,00 £ 0.1 0,40 ¢ 0,05
' 1.0 + 0.1 0.60 * 0,05
0.9 % 0.1 0.80 * 0.05

1.00 £ 0.05 | 1.20 % 0.05

0.50 ¢ 0.05 1.60 *+ 0.05

0.70 £ 0.05 2,00 £ 0.05

1.5% 1 2.2 * 0.1 0.40 * 0,05
2.7 * 0.1 0;50 + 0.05

1.5 = 0.1 0.80 # 0.05

1.30 ¢ 0.07 1.00 ¢ 0.05

1.50 * 0,05 1.50 ¢ 0.05

1.20 * 0,05 1.60 * 0.05

1.10* 0.05 2,00 & 0.05

15t 2 L.O * 0.1 0.40 * 0,05
3.3 * 0.1 0.60 % 0,05

2.70 * 0.05 0.80 * 0.05

2.40 * 0,05 1.00 * 0.05

2.35 % 0,05 1.20': 0.05

1.85 * 0.05 1.40 £ 0,05

1.50 £ 0,05 1.60 # 0,05

1.35 * 0.05 2,00 * 0,05
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TABLE IV-3 (cont'd)

Pressure At Initial Bank
(mtorr) (ps) Voltage (kV)

30 5 2.10 # 0.05 0.10 % (0,05
1.80 # 0.05 0.20  0.05

1.20 * 0.05 0.L0 % 0.05

0.70% 0.02 0.80 * 0.05

0.50 * 0.02  |*1.60 * 0.05

0.50* 0.02 1.80 £ 0.05

100 * 10 14.,0% 0.5 0.10 * 0.05
7.2 ¥ 0.2 0,20 * 0.05

5.1 % 0.1 0.40 % 0.05

3.55 % 0.1 0.60 * 0,05

3.05 * 0.1 0.80 * 0.05

2,75 % 0.05 1.00 = 0.05

160 * 10 5.0 * 0.2 0.10 * 0.05
3.05 * 0.1 0.20 % 0.05

2.15 * 0.05 0.40 * 0.05

1.80% 0.05 0.50 ¥ 0.05

420 t 25 7.4 % 0.1 0.20 * 005
L.3 * 0.1 0.40 t 0.05

3.8 * 0.1 0.40 * 0,05

3,3 * 0.1 0.80 * 0.05

920 * 50 15.0 * 0.5 0.20 £ 0.05
9.6 * 0.2 0.40 % 0.05
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In a similar way At was obtained for other imitial probe voltages
and the results are given in tables IV-l ﬁo.IV-S For probe voltages of
109 V and higher Tektronix P6002 probes Wwere-used. 1nstead of the type |

P6000 probes used at the lower voltages. An 1n1t1al probe voltage of

245 V gave the same results as 27 v at a gas pressure o flS mtorr but

O. 28 V 1ncreased the time dlfference sllghtlyo ‘.f,f

The modlflcatlons to the type I probe were made to ellmlnate any
p0531b111ty of direct phot01on1zatlon of the gas between the probe w1res,

Probe IV‘proved too insensitive sorlb was modlfled to Probe Vo

TABLE IV-l

At Using 54V Across a Two Wire Probe

Pressure At Initial Bank
(mtorr) (ps) Voltage (kV)
305 2,55 * 0.07 0.25 t

1,05 ¥ 0,07 0,70 %
0,60 % 0.07 1.40 *
160 * 10 1.95 % 0.07 0.20 *
1.00 % 0,07 [0.40
920 * 50 20,0 * 0.5. oeoi

696 e 0.2 w O,hO PRI b R
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TABLE IV-5

109 V Across a Two Wire Probe -

Pressure At |Initial Bank |
(mtorr) (ps) Voltage (kV)
15 2 3.8 % 0.2 0.10 * 0,05
3.2 = 0,2 |
L.0 £ 0.2
0.7 1 0.1 0.50 # 0.05
) 0.7 * 0.1
0.75 % 0.1
0,60 * 0.1 1,00 £ 0.05
0.7 £ 0.1
9,65 % 0.1
0.30 * 0.05 1.50 £ 0.05
0.30 % 0.05
0.35 % 0,05 2.00 £ 0,05




“112-

TABLE IV=6

At Using 136 V Across a Two Wire Probe

Gas Pressure Dt Initial Bank
(mtorr) (ps) Voltage (kV)
211 .20 £ 0,05 0,10 = 0,05
3oho -t OoOS
0.75 * 0.05 0.50 £ 0,05
0.90 = 0.05
0,20 * 0,05 1.00 £ 0.05
0.L40 * 0.05
0.70 * 0.05 1,50 * 0,05
0,30 * 0.05 2,00 % 0.05
0.55 +.0.05 :
R 1.90 ¥ 0,05 0.10 * 0,05|
' 106037 0005 ‘
1.50 * 0,05 N
1.10 * 0,05 | 0.50 £ 0.05| '+
1.05 £ 0,05 | . . |
0,80 * 0,05 -
0.50 £ 0,05 | 1.00-% 0:05;
0.40 * 0.05 : R
0.28 % 0,05 |
0.28 £ 0,05 2,00 * 0.05.| .-
0,30 % 0,05
0.20 ¥ 0,05
705 0,20 ¥ 0,05 0.50 £ 0.05
0.10 %°0.05
0.10 * 0,05
0,10 * 0,05 1,00 * 0.05
0,15 * 0,05 1.50 £ 0.05

2,00 * 0,05
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TABLE IV-7

At Using 1.L kV Across a Two Wire Probe

Gas Pressure At ITnitial Bank
(mtorr ) (ps) Voltage (V)
70%5 3,55 0.1 1,00 * 0,05
2.10 ¥ 0,05 2.00 £ 0.05

TLBLE IV-8

Ot Using le6 kV Across a Two Wire Probe

Gas Pressure AR/ Initial Bank
(mtorr) (ns) Voltage (kV)
12 =2 3,05 * 0,1 0.30 £ 0,05
1.55 £ 0,05 1.00 £ 0,05

1.00 ¥ 0.05 2,00 * 0.05
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Iv-28  Comparison of Air, Argon and Helium

Using type V probes, different géses were compared under the same
ékperimental condiiionswas in sécfion IV=27; Chénges in probe sensi-
~ tivity with gas type and pressure were reduced by operating the probe
just below the breakdown voltageo '

The probe voltage was set by increasing the probe voltage until a
‘glow‘diSCharge occurred and then exxinguishing thé‘diécharge, and re=
‘adjusting the voltage to a value just below .the breakdown value. After
taking a shot a glow discharge usuélly remainéd between the probe wires
which indicated the effectiveness of the adjustment made.

'The results are presented in table IV-9.

IV-29 Double Probe Measurements

| Density and temperature of the precursor electrons were estimated
using the double Langmuir-probe technique. AThé.doﬁble probe‘s'signal to
noise ratio was improved by operatihg the shock tube as described in
-gectioh IV-20 and earﬁhing the driver's backﬁplate instead of the outer
case of the bank as was done in ‘bhe:previous.section'é‘.° With a base pres-
sure of less than 1 mtorr, argon at 90 mbtorr had to be used to operate
the bank at 2 kv; The 56.5 cm double probe signal triggered the
oscilloscope.

‘The ‘type VI two wire probe!s voltage and current were determined by
the cifcﬁit of Fig, IV-22, The voltage across R3 was determined from the
oscilloscope trace. This voltage, when subtracted from the voltage across
€, yielded the probe voltage, and when divided by the value of Ry yielded
the probels current. Since the leakage resistance of C was much higher

than R2, the voltage across C was determined from the measured baifery



TABLE IV-9

A+t Using Just Below Breakdown Voltage Across a

Two Wire Probe
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e

2 Cc —

Type VI Two Wire

g Probe
CH

100 pF
— 2 —>

P6000 to G Unit
R Tektronix ' in
3

probes oscilloscope

_ o, ., Vertical

amplifer

Fig. IV~22, Double Probe Circuit

Probe current (mA)

x Ry = 1k
® Ry = 100

181 ' ' ®

12 ¢

12 18

probe voltage (V)

-12 1

Flg. IV=23. 56.5 em Double Probe V-I Curve at 5 ps
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voltage and the values of Rq and Ro. \All the reéistances uséd were
within 2% of their rated values,

Typical double probe traces are depicted in Fig. IV-10; traces e)
to h). The P6000 probe capacities and the G amplifier balance had to be
readjusted each time the oscilloscope'’s vertical sensitivity was changed
or the polarity of the applied probe voltage was reversed. Traces were
obtained with C shorted for each sensitivity and each polarity. When
double probe measurements were made at 56.5 cm, thefZOB.S.cm probe was
used to check shot to shot reproducibility and vice versa. Care was
téken_to ensure that no current limiting was caused by the value of R31

From traces of the first-SOjls after the drivér discharge excita-
tioh;vméaéﬁrgments of the voltage across R, were made at 5, 10 and 30
J8e These values were then corrected using the.correspondingwmeasure—f
ment with C shorted. 'Thus each setting of the resistance values of the
double probe .circuit yieldéd*a probe voltage and its corresponding
cﬁrfent for the three times of interest. »

Points obtained in this way enabled the construction of double
probe V-I curves. V-I curves, for the specified times, are given in
Fig. IV-23 to 28 for the 56.5 cm probe and in Fig, IV-28 to 30 for the
208,5 cm probe.

Measurements were then carried out on these V-I curves t6 determine
their slopes, the positive ion currents (I), and the electron ‘current
Igp. These vglueé and the electron number densities and temperatures
that were calculated from them using the methods of section II-5 are
given in table IV-10.

In the calculation of the electron numberﬂdensity (ng), no correc-
tion was made for the effect 'of sheath thickness. The area used was that

of a probe wire (7 x 0,040 x 2.54 x 0.5 em?).
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probe current (mA)

18 4

®
®

probe voltage (V)

1

Fig. IV-2L. 56.6 cm Double Probe Vi Curve at 10 ps

probe current (md)

fammsto e s

probe voitage (V)

Fig. IV-25, 56.5 cm Double Probe V-I Curve at 30 ps




<
-18° -12 -5 18
probe vo'lté_ge (V)
Fig. IV-26.  208.5 cm Double ‘Probé V-1 Curve at 5 ps
6 L
10 ps
o : . X
probe current (md) 3 K
' ] } 1 1 1 | | I
18 X 12 s 6 12 18
probe voltage (V)
Fige IV-27., 20845 cm Double Probe V-I Curve at 10 ps
probe current (mi) 3L 30 ps
| i | I | | cole— T | 9 i L >
e 6 12 18
- - -6
18 12 -3 |
probe voltage (V)

Fig. IV;-28. 208.5 cm Double Probe V-I Curve at 30 ps
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TABLE IV-10

Time | Slope Io(nor) [Ty(rev) |=I. |@y [T, [Ro1lan To

(us) (mA V-1) | (ma) ) ()" () [(REY [ (en3)® |(eD)
56.5 e¢m Probe

5 1.3 16 13.7 30.2  [15.1 [15.2 15.3 6.0

10 1.2 16.7 12.0 28.7 k.4 (2.4 14.5 5.9

30 0.6 3.8 .2 8.0 L.0 Lol L0 3.3
208.5 cm Probe

5 0.6 3.5 1.0 L5 2.3 0.9 2.3 1.2

10 0.4 10 1.2 5.2 2.6 1.2 2.6 2.2

30 0.1 0.9 0.5 1.k 0.7 | 0.5 0,7 2.5
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CHAPTER V

DISCUSSION OF RESULTS

V-1 Comparison of Precursor Detectors

Various workers have reported observing a precursor effect under
widely varying experimental conditions with different detectors.
However; no comparison of the signals obtained from the various detectors
has, to my knowledge, been made.

A. Capacitative Ring Potential vs Photomultiplier Output

As is illustrated by the experiment described in section IV-2, the
signal from the capacitative ring could be correlated with that from the
photormltiplier. During the bank's discharge (about 50 us) bdth detectors
exhibited a response., The capacitative ring's potential oscillated with '
a méximum amplitude of about 4O V and the photomultiplier produced a
negative pulse with a maximﬁm amplitude of the order of IV. The response
. of the photomultiplier commenced approximately at the time that capacita-
tive ring's potential attained its first maximum.

At times later than SO‘ps, both the capacitative ring and the photo-
ﬁultiplier signals were negative by about 0.1 V. This negative signal
lasted until the shock arrival which was up to 500)1s after the driver's
discharge initiation. The capacitative ring signal remained approximatély
constant during this interval before the shock arrival but the photo-
mulﬁiplief signal decayed toward zero. Both the amplitude and shape of

the signal varied with pressure.



-122=

Upon arrival of the shock front the capacitative ring signal became
positive by about 0.2 V and gradually returned to zero after a time
interval which was pressure dependent. The photomultiplier signal again

_became negative by an amount depending on the gas pressure and distance
from tﬁe driver. Larger signals_accoﬁpanied increases in the pressure.

The greater amplitude of the capacitative ring signal indicated

greater sensitivity to the precursor effect than the photomultiplierqhad.

B. Pin Electrode vs Photomultiplier and Capacitative Ring Signals

The experiment discussed in section IV-3 shows that the pin electrode
potential4output,varried in tﬁe same way as. the capacitative ring potential.
A direct.comparison of the pin electrode potential variation with that of
the Capacitative ring, sectioﬁ'IV=h, indicated that the pin electrode
signgl waé about .20 times larger than the:.capacitative ring signal at an
argoh-pressure of 1 torr. | L |

C. Two Wire Probe

‘The response time of a two wire probe. (the time after driver.dis-
éharggminitiatioﬁ that the voltage across the two.wire probe Yaried from
itS'presetivalue) waébfound to be dependent:on'the distance of the probe
from'the shock tube:éxis, the gas pressure, the initial probe voltage,
and the amount of light reaching it from the driver. It is therefore
diffibult to correlate the two wire probe respbnse'tiﬁe'With-Other
detector signals.

D' Corparison with Signals of Other Workers

The amplitude of the positive_capacitéti&e ring sigﬁal'éﬁserved in
_this WOrRZWasvéfvﬁhe.same ordér df mééﬁ{iudétéélﬁhat‘OBsérQEdiby'Weyman

using a mechanical shock tube. The negative signal observed just‘pefore
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the shock arrival by Weyman (1960) was not observed in this work. This
signal is possibly dependent on shock strength and luminosity as was
found by Gloersen (1960).

A photomltiplier response‘ during the bank discharge was also
observed by Schoen (1962). His discharge consisted of a single current
pulseu}astipgwabgut 80 ps whereas the discharge of this work consisted

of several oscillations and lasted for about So‘ps.

V=2  Optical Aspects of the Precursor -

"A.Optical Signal vs Electrical Pick-up "' -

Photomultipiier signals were found to be only slightly, if at all,
affected by electrical pick-up from the bank discharge. A heavy black
cloth over the photomultipliert®s entrance slit caused the response to
both the precursor and shock to disappear., The large variation of photo-
miltiplier response to changes in position along the shock tube and to
gas pressure also indicate insensitivity to pick-up#since the time
derivative of the bank current was practically independent of the gas
pressure.

B. Photomultiplier Observations

Using an RCA 931‘photomu1tiplier tube radiation of wavelengths
between 300 and 700 nm was observed up to 85 em from the driver in
1 torr of argon and up to 50 cm in 3 torr of argon. The photomultiplier
units were aligned to accept light emitted perpendicular to the shock
tube axis. On increasing the gas pressure from 0.3 to 3 torr; the
radiation due to the precursor effect increased from 1/20 to 1/5 the

maximum intensity of the radiation from the shock, which remained
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approximately constant. Greater radiation at higher pressures can be
caused by the increase of the absorption cogfficient with increased
pressure,

The photomultiplier signal was more dependent on the envelope of
the bank current than the current itself. Since the bank current
lasted for only 50 ps, continuing radiation to 0.5 ms indicates that
the precursor excitation was determined by radiation from hot gas through-
out the entire shock tube and driver. The lack of any increase in the
radiation due to the approach of the shock front suggests that con-
tributions from the shock itself to the precursor effect are quite.small.

C. Precursor Produced by Radiation

Inserting a LiF window between the driver and a two wire probe
caused the impedance of the gas between the probels wires to increase
to 100 k(L. as compared to 8.3 k L. without the window. Assuming the
gas conductivity proportional to the absorbed fadiation, 92% of the
ionization is attributed to radiation from the driver of wavelengths less
than 160 nm (160 nm being the wavelength for 50% transmission by the LiF).
A similar measurement using a quartz window indicated tﬁat 99% of the
ionization was due radiation of wavelengths less than 200 nm.

Since the windows were sealed to the shock tube wall these measure-
ments rule out the possibility that the precursor was due to some shock
phenomenon or to particles from the driver,

D. Estimation of Driver Temperature

Assuming ionization directly . proportional to the number of photons
emitted by the driver, a black body temperature of 1.1 eV is required to

have 92% of the emitted photons with wavelengths less than 160 nm.
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Similarly a temperature of 1.2 eV is required to have ?9%;of radiated
photons with wavelengths less than 200 nm,

This estimate is very crude since the ionizatioﬁ is also dependent
on the absorption coefficient and the ionization efficiency of an
absorbed photon which can vary greatly with changes in wavelength.

E. Comparison with Other Investigations

Voorhies and Scott (1959) also observed precursor excitation that
varied as the bank current. However, they did not specify if the
variation was similar to the periodic behaviour or to the envelope as
found in this investiggtion° No other worker seems to have observed the
slight amount of excitation that existed even after the bank current had
died out. Since this excitation had a much longer life time, there seems
to be contributions from both the hot spark discharge and the hot gas
remaining after the bank current cessation,

The .1large precursor accompanying thé bank’ current discharge reported
by Schoen et al (1962) is in accord witﬁ'the results of this investiga-
tion.

The measurements using'windows confirm Klingenberg's results (VIth

Int. Conf, Abstracts) using microwave equipment.

V-3 Electrical Aspects of the Precursor

A. Precursor vs Pick-up

The capacitative ring, ring eleqﬁrode, and pin electrode probes
showed a potential variation proportional to the time derivative of the
bank current, i._ However, this signal was not attributed to electrical

pick-up. A capacitative ring wrapped around the shock tube showed a
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much larger potential variation than a similar ring touching the tube's
sidg. This suggests that the potential variation of the ring'was due

to capacitative coupling with the shock tube gas rather than to pick-up.
A time delay, before the probes exhibited the potential variation;v
further supports this suggestion. This time delay was both gas preésufe
and shock tube position dependent.

B. Precursor vs I and f

Pin electrodes, at diametrically opposite positions in the shock
tube wall; connected in series with a battery and resistor indicated
that the shock tube gas impedance decreased during the bank's dischérgen
The rate that the gas impedance decreased was pressure dependent, being
lower at higher pressures. The impedance change is complicated
by the fact that the driver discharge is also pressure dependent (see
appendix) .

Further evidence to connect the precursor ionization with the bank
current was provided by the measurements of double probé current. The
current was found to be approximately proportional to the bank current
squared. Thé probe current was about % its value at maximum bank
current when the bank current first became zero after ﬁhe discharge
initiation. This supports the long lifetime precursor excitation as
observed with the photomultipliers,

The plot of V4 vs ty in Fig. IV-20 suggests that the gas potential,
as observed with a capacitative ring probe, varies as the driver potential
with respect to ground (i.e. A where‘L is tﬁe bank lead indﬁctance)°
The capacitative ring potential variation proportional to i.occurred

_following a time delay of less than 10 us after the bank current discharge
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initiation. An increase of pressure caused a longer time delay and a
more gradual rise of the ring potential. For any'ohé'préssure, positions
closer to the driver showed a smaller’time delay and a more gradual
potential rise thén poéitioné further away. Radiation from the cathode

" trigger spark was found to affect the gas conductivity and mayjhave
contributed to the gas potential rise. :

The shock tube gas potential change can be undérstood in terms of
the transmission line model. In Fig. V=1 are ploﬁted points from the
potential rise of trace e), Fig. IV-6. Points from trace k) of the same
figure have béen'plotted in Fig. V-2, We now discuss the manner in which
the theoretical curves were obtained.

The measured electron density varied as’the bank current squared
(ioee sinzcoBt). This variation is consistent with that predicted by
the high temperature approximation to the black body radiator (see
equations A7 and A1l in appendix A). The observed variation is not
consistent with the low temperature approximation (A9), since it predicts
‘that the photon intehsity'will increase by a factor of 100 in the inter-
val betﬁeen 6.5 ps and 7.5 ps, when the bank current is a maximum.

An effective temperature of about 10 &V or higher must be ascribed
to the driver gas to be consistent withxthis approximation, since the
window measurements indicated that the important ionizing wavelengths
are of'the order of 100 rm. .The discrepancy between this temperature
and that estimated in section V-2D is not‘surﬁrising considering the

approkimations made fn that section.
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Fig. V-2. Rise to I variation of trace k), Fig. IV-6
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Upon making this approximation to (A7) we may write (Al2) as
=1 2 2
No(+)q to+)p) = const p Vg sin a)Bt_exp(-Zat) (v-1)

Integrating this expression with respect to time yields
t
N (<. to /) dt = p~V2 £(t) (V=2)
o) 1 1 = P B :
o
vhere (A5) has been used to determine the variation with the experimental

parameters and f(t) is given by

2
w -
f(t) = ;‘ 5 22 (1‘”8 28.t) - (a siant - CL)B cos W Bt) X
x sin Wyt exp(-2at) } (v=3)
Q)z 2
a‘
- e B ¢ ir wpt and 2at are & 1. (v=l)
2 2 :
a" + LOB

A plot of f(t) for the experimental values of a and W B is given in

7" Pig. App-2 of the appendices.

For fixed z and pressure p, equation (L=8) of chapter II indicates

that the potential at a point along the shock tube should vary as
V(t) o< cos( LUBt),exp'(const pfl £(t) - +/10.4) (v-5)

Cos Wyt and t/10.l; are due to the boundary conditions that V(z?t)

mist satisfy, namely V(0,t) = cos Lyt exp (=t/10.4). This is the



=130=

voltage across the lead from the driver to ground (LI). Using this
expression the theoretical curves in Fig. V-1 and V=2 were calculated
from the experimental points,

From the experimental points of Fig. V-1 the coefficient of f(t)
was 36.2 * L.3 and the proportionality constant was 1.34 * O.45. This
value of the coefficient of f(t) was arrived at by determining it from
four sets of two experimental points and taking the arithmetic average.
The error quoted is the root mean square error assuming that the

formula

Wi

(3 &/(n-1) ) (V-6)
can be used, where di is the deviation from the mean. Using the experi-
mental data of Fig. V-2, the coefficient of f(t) was found to be

5,56 £ 0.81 and the proportionality constant was 0.55 * O.1l.
Theoretically the proportionality constant should be independent of

the gas pressure and should be the same for the two cases. Furthermore,
the constant in the exponential of (V-=5) should be pressure independent.
Even though the constants do not agree within experimental error, the
shape of the curve required to fit the experimental points is predicted
by the theoretical model.

The ionic contribution to the gas conductivity could be neglected
because the mobility of electrons in argon is about 250 times that of the
ions (Brown 1959). The approximation RI )) Li is valid when the resist-
ance per unit length is larger than 20 mlil s assuming that the current

changes in about 1 ps and that the dominant inductance is the self
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inductance of the gas conductor (about 20 nH). For characteristic

times of 1 ps and a capacitance to ground of 1 pF per cm, the approxi-

mation CV »  GV is valid vwhen the resistance to ground is greater

than 1 M) . Using the value of B from the graphof Fig. V=3 and
<1c) estimated in section 3L, we see that the approximation

B % (k) is valid for pressures less than about 1 torr.

.C. Driver potential vs Shock Tube Gas Potential

When the shock tube gas attains the driver potential we should

expect the relation
V(0,t) = V(z,t) (v-7)

to be valid. Combining this condition with equation (L4-8) of chapter

II and (Vaé) the experimental parameters should satisfy the condition
2 -1
Bz = const Vg p " £(t) (v-8)

Using this relationship and the capacitative ring data of table
IV-1l, a plot of ring position vs const V; p"lf(t).is given'in Fig, V-3,
A similar plot for the ring electrode data of table IV-=2 is also
presented in this figure. The errors were estimated assuming formula
(V-6) to hold.

‘Wé see that to within experimental error all the points fall on a
straight line through the origin. . Thus the capacitative ring and the
ring electrode probes gave compatible results.

-From the coefficient of f(t), obtained from section B, and the

slope of the graph of Fig, V=3, B was estimated to be 5.5 10~2 cm'le
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x ring electrode measurements

o capacitative ring measurements

100 |

80 |

. 601
position
‘ from L
: driver
(Cm) L0

1 | |

51 & 8
constwvg.pfl £7(t) '

Fig. V-3. Position from Driver vs. Const. Vg_p'l £(t)
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D.;Applied Fields

The lack of any applied field effect indicated that the preéursor
was not due to a flow of charged particles from either the driver or
the-shockhfront.

.BEs Screen Electrode

A screen electrode in the shock tube between a capacitative ring
probe and the driver did not affect the ring's signal unless it was
grounded by a smali.impedance (10_(1-)¢ This indicated that the pre-
cursor was not due to a flow of electrons from the driver and that the
impedance between the driver and ground affects the detector signal.
This is consistent with the discussion in the previous sections,

F. Shock Tube Potentials with Respect to Ground

The results of section IV=9 support the conclusion of the above
section. Aftef a short time interval (10 PS)’ the gas at a point in-
the shock tube became equal to the driver potential to within a few
volts, The gas then stayed at the driver potential,

G. Bank Polarity Reversal

Reversal of the bank's polarity caused the polarity of a capaci-
tative probe signal to reverse. Thus the conclusions of sections 3E
and 3F were again supported.

H. Transverse Variation

The fact that the two wire probe contimied to respond as the
distance perpendicular to the shock tube axis was increased could have
been due to either electrons diffusing into the side tube or to
radiation from the excited gas from the main tube into the side tube.
The shock front arrived long after thé ionization change was detected

so its effect was not relevant,
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Assuming that the two wire probe responds when the electron density
exceeds some minimum’value, equation (1-13) of chapter IT predicts that
the response time of the probe should vary as the square of the distance
from the shock tube axis., The graphs of Fig. iV—lB and IV-1); show that
this relationship, valid for a diffusion process, is not followed. The
relationship is that the logarithm of the response time is proportional
to the distance from the shock tube axis,

This relationship can be understood in terms of the radiation model.
Equation (2»5) when combined with the high temperature approximation for
N (Y 1 to 2/2) (A12), predicts that the number of photons absorbed per
unit length at position z and time t is related to the experimental
parameters by

Ni( 2/ 9 to 7/ p) = const vg p~

sin’ W gt exp (=2at - k2/17/22) (v=9)

Assuming that the nmumber of photons radiated into the side tube
from the gas in the shock tube is proportional to the mumber of photons
absorbed by the gas in the shock tube, we may say that the number of
photons absorbed by the gas in the side tube between 771 and 2/2 is
related to the experimental parameters by

Ny( 7/ L ,) & vg p~L sinw t exp(-2at-k ¥, 2 2k 2 x) (V-10)

B
where x is the distance from the shock tube axis to the point of obser-
vation in the side tube. For small t (i.e. 2at K7W gt € 1) and

constant z; Vg, and p we may write that x and t are related to N;,
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the total mumber of photons absorbed at x per unit length, by

N A 2

exp(=kx) . (v-11)
where k 1is some average absorption coefficient., For a detector that
responds when the electron density is above some minimum value and
assuming that the electron density is proportional to the radiation
absorption we expect the parameters x and response time t, for

variation of the probe position; to be related by

32 exp(-kx) = const (V-.12)‘
Og taking the logarithm we get that

2 Int = kx + const (v-13)

This is the relationship exhibited by the graphs of Fig. IV-13 and
IV-1l. We therefore conclude that the ionization in the side tube is
due to absorption of radiation from the excited gas in . the sﬁock tube.

Using equation (V-13) and measuring the slopes of the graphs k
was estimated. .From Fig, IV-13 the value of k was 2,1 and from IV-1hL
it was 0.62, Using equation (2-2) of chapter II, the average absorption
coefficient was L300 Mb from Fig. IV-13 and 10L Mb from Fig. IV-1l,

Both these values are higher than the maximum experimental value for a
single wavelength ( —~ 35 Mb Rustgi 196L). A higher value can be

expected for two reasons: 1) as x increases the effective volume of
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the xfadiator, as geen by the gas in the side tube, decreases and

2) unless t & 7 ss the above approximation leads to a higher value
of k than the true value. The higher value of the cross section
from the graph of.Fig. IV-13 is in accord with reason 1).

I. Longitudinal Variation

Assuming a detector that responds when the electron density is
greater than: some minimum value, and that the~-e1ecti'on-density is pro-
portional to the absorbed radiation; equation (V-9) predicts that the
response time of the detector t should be related to the experimental

parameters VB, p, and z by

V§ p'—1 sin2w Bt exp(~kz~2at) = const (v-1l4)

Upon taking the square root of (V-14) and assuming at « wBt (( 1,

we may write
1
VBt =2 const p? exp(kz) (V-15)
2

We would expect A\ t; the difference in time that probes at two

positibns Z2s 27 respohd, to be related to thevparamet.ers by
L
Vg & t = const p? {exp(k_gz) - exp(l;zgl)} (v-16)
2

Therefore for constant z, and zq we should expect to find VB A ¢ constant
for any one pressure and to increase with an increase in pressure.
Applying (V-16) to the data of table IV-3 shows that VAt is

approximately constant for any one pressure. Deviations are larger
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when It is large but the approximate formila is not valid for times
of the order of 5 ps. The expected increase of VBZS.t with an
increase in pressure was not always adhered to. The observed variation
could be due to changes in the probe sensitivity with pressﬁre and to
the state of the probe wire surfaces. In Fig. V- the average value of
Vg At has’been plotted against the logarithm of the‘gas pressure.
Also plotted in this graph are points obtained using the data of tables
IV=ly and IV-8 for other probe voltages.

The points obtained using the higher probe voltages suggest that
any increass of VB'A-t with pressure could be masked by change of
probe characteristics with pressure. However,’the measurements do
indicate that the precursor ionization is not some shock phenomenon.
Any ab;upt change in the gas ionization should be insensitive to probe
voltage changes. Formula (V-6) was used to calculate the error in
VB At and the pressure error was that due to reading the vacustat,

These measurements indicate that anmy limiting precursor velocity
is greater than 1/20 the speed of light.

From this we conclude that precursor ionization is due to the
absorption of radiation from the driver. This‘éuppérts the conclusions
of the pfevious sections,

Jo Driver Geometry Variation

The data of Fig. IV-21 indicates that there was no detectable
difference between the three inch and the six inch diameter drivers.
This suggests that the radiator's effective volume was considerably

smaller than the total driver wolume.
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K. Precursor Electron Temperature

Since the first bank current maximum occurs approximately’7.5jps
after the discharge initiation, the measurements at 5 and 10)1s‘shou1d
give approximatély.the game value for the electron temperature, if
the radiation is approximately proportional to 12° If the radiation
rate varies slower than the discharge period then this would not be the
case. The difference between the two values at 208 cm is thohght to be
due to experimental error,  Since the electron temperature was quite
high and the gas did not glow it seems probable that no equilibrium
existed between the electrons and the other types of particle.

Probe studies are still subject to many difficulties (Loeb 1955):
so that quantitative data should be regarded with some degree of caution,

ES

L. Precursor Electron Density

The electron number density during the second current pulse was
about 1/4 that of the first current pulse, Thus the number density
showed the same time variation as the current.. Since the double probe
traces showed the same time variation as the current except fér the
polarity reversal, it seems that the electron density was proﬁortional
to the magnitude of the current. This suggests that radiation from the
driver was due to arc heating of the gas rather than any cathode or
anode phenomenon. These results are in agreement with the measurements
made using capacitative probes and reversing the bank pqlarity.

It is difficult to check the assumptions made in the density deter-
mination. The assymetry of the V-1 curves suggest that the probe wires
were not identical. Since the gas was only about 0.1% ionized it is
reasonable to aésume.that the gas molecules or atoms were only singly

jonized. The effect of the sheath thickness was ignored as this thickness
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was not measured. The sheath effect would enlarge the effective probe
area and thus reduce the measured electron density. In any case the
quoted electron density should only be considered as an order of magni-
tude estimate, It is noﬁ possible to be more certain than this using
the techﬁique at its present state of refinement.

Upon averaging the 5 and 10 ps densities, we sée that the electron
density at 56.5 cm is 5.9 times greater than the density at 208.5 cm,
The ratio‘is less than the ratio of the square of the positioné. This
suggests ionization by photoabsorption rather than some interaction
between radiation and the shock tube wall, which should vary m;fe with
position. Furthermore fhe process seems one dimensional Jjustifying this
agsumption in chapter ITI. The variation in eléctron-density infers that
the average absorption coefficient is 93 per cm at standard temperature
and pressure and that the source must be capaBle of radiating more than
10" photons for ionization. For B >> <k> we require p < 1 torr.

M. Comparison of Gases

From the graph of Fig, IV-2l, we see that A t for nitrogen was
generally larger than for argon. This does hot necessarily mean that
nitrogen absorption was greater. Besides'fédiation absorption one must
also consider the change in driver conditions with gas as well as the
detector sensitivity changes. One might expect the delay times for
argon to be smaller than thosé-for nitrogen, since argon's sparking
potential is lower than nitrogen's. PFurthermore, nitrogen has lower pd
value than argon (Cobine 1958, p°165).

In Fig. V-5 is a plot of VgAt)  for the data of table IV-9,
There does not seem to be any difference amoﬁg the gases and the increase

with pressure was negligible over an order of magnitude of pressure, The
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1arge value for air at. 0.42 torr is not thought to be significant because
gf_the'large[ At used to compute it. The computational method of
section I was used. |
Since the probe voltage used was just below the breakdown value,
there should be no effect due to chanées in probe sensitivity. This
means that the only significance one can safely give to the points in
Fig. IV~21 is that precursor ionization occurs up to pressures of 100 torr.

N. Comparison with Other Investigations

It is difficult to compare these results with those of other workers,
The work of.thié'thesis indicates that precursor ionization is primarily
due to the discharge in the driver. The electric aspects of precursor
investigations have beén carried out in mechanical shock tubes and there-
fore under different experimental conditions,

The observed electron densitieS'are'of<approximate1y the same order
of magnitude as thosé observed by others using microwave techniques,

No other double probe investigation of the precursor effect, to the best
of my knowledge, exist in the literature to date. Therefore the estimated
electron temperature cannot be checked against another report.

The results obtained using applied electric fields corroborate those
obtained using the magnetic field. Similar experiments with magnetic
fields are reported in the literature (see appeﬁdices) and all indicate
that the fast precursor is not effected by the fields,

Similar effects to those reported in this thesis resulting from con=-
necting points along the shock tube to ground were reported by Barach
and Sivinski (196L) . They were primarily interested in the resulting

increase in shock speed.
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»It_is felt that the experimental discharge‘parameters,_especially
phe discharge period and current amplitude, are very‘importént in deter-
mining the magnitude and rise of precursor electron density. Therefore
a useful comparison with the work in the literature is not possible since
these parameters have not been specified in sufficient detail.

.The results of this work are not.compatible with those of Klingen-
berg'(63),who found that the electron density was inversely proportional
to the initial bank voltage and proportional to the square root of the
gas pressure.

- The results obtained using windows contradict the hypothesis that
the precursor might be due to a fast hydrodynamic wave (Fowler 1962) or
to particles either charged or uncharged escaping from the shock front
(Weyman 1960,_Pipkin 1961).

| The electron density was much larger than that found by Weyman under
different experimental conditions. Weyman's method, while perhaps useful
in the case of diffusion processes, is not applicable for radiation
absorption., This method leads to a signal that is proportional to
difference between the ion and electron density.and. should not give any
result 1f the electron density is equal to the ion density.

Observation of an ultraviolet contimuum radiation from electrical
sparks-has already been reported in the literature (Tanaka 1955,
Roth:1959) .-
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CHAPTER VI
CONCLUSIONS

Precursor ionization in én electrdmagnetic shock tube was detected
with Langmuir double probes, capacitative ring, ring‘electrode and pin
eiecﬁrodé probes. The light emitted by the excited gas was.observed
with a photomultiplier,.but this detector was less sensitive than the
eléctric probes.

.Measurements,using applied electric and magnetic fields and a
screen electrode shdwed that the precursor effect was not due to charged
particles from the driving discharge. Observations using quartz and
lithium fluoride windows to isolate thé driving discharge supported this
conclusion and also indicated that the precursor was not due to a fast
shock wave. More than 99¢ of the ionization is due to absorption of
radiation of wavelengths less than 200 nm.

Langmuir double probe measurements showed that the gas is about
0.1% ionized, and that the electrons are not in thermal equilibrium
with the rest of the gas. It was also found that the wall effects were
negligible. The precursor ionization consisted of a main component that
varied as the square of the discharge current  (lasting 50 PS) and a
smaller component lasting about 0.5 ms. Photomultiplier measurements

indicated that the ionization from the shock front is negligible.

The time interval between detection of ionization at two different
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stations was the same for air, helium and argon. The effect propagated
with a speed greater than 1/20 the speed of light.

Tonization could be detected in a side tube prior to the arrival
of the shock front. This has not been observed by other workers,
presumably due to the lqwer sensitivity of their probes,

Capacitative ring, ring electrode, ahdApin electrode probe measure-
ments showed thét, following some time intervallafter the dischérge
initiationg-the éhOCk tube gas potential became equal -to the driver
'poteﬁiial.  . |

The dépendence of the precursor effect on the experimental parameters
can be understood by considering the driver to act as an infinite slab
black body radiator whose temperature.is about 10 eV, The BehaviOur of
the shock tube gas potential agreed with a theory treating the éhock tube
as a transmission line with a time dependent resistance per unit length.
The resistance was assumed to vary prbportionally to absorption of
radiation from the driver.

A useful comparison with the work of others is not possible at
present since the pertinent parameters have not been given in sufficient
detail. Further work is necessary to determine whether or not observa-
tions under different experimental conditions can be explained by the
proposed theoretical model. A check.on the point source approximation,
discussed in the appendices, would be useful. More detailed information
on the important radiation wavelengths would lead to a better under-
standing of the energy itransfer mechanisms. Such information would
enable a more refined theoretical interpretation of the results. Such an
interpretation should take into account the precursqr component with the

0s5 ms lifetime,
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APPENDICES

Black Body Radiation

Consider radiation from a hot gas under the fbllowing assumptions:

1)

2)

3)

L)

' 5)

6)

Energy is supplied to the gas by a damped sine wave current
and this energy is then radiated. The'current is obtained
by discharging a condenser,

About 10% of the initial condenser energy is dissipated

in the gas.

The energy is dissipated into a fixed volume of gas,
independent of the experimental parameters.

The gas may be considered ideal to determine the mumber of
molecules per unit volume.

A1l the energy delivered to the molecule raises its
effective temperature,

The gas acts as a black body radiator,

Using assumption 1) we write that the energy radiated per unit

time is that supplied by the condenser at time t, per unit time,

which is

2 - .
v U, sin®o gt e 22Y (A1)

where B is the angular frequency of the discharge circuit, and

a is the current damping constant.
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Using assumption 2), U o Mmay be determined by equating the time
integral of (A1) to the appropriated fraction of the initial bank

energy, thus

o) oV 2
2 L2 =2at B
VB f Uo sin” @ Bt e dt = —-—-20 (A2)
(o)
Upon performing the integration we get
2 2 :
;- La(a®+ wp) _5(_:_)_ Jouls/(kV)2 (a3)

o] 2
w B

~Assumption l) enables the number density of molecules to be
written as (

P
n= no

760 (AL)

N
=3
QW

Equating the energy supplied to the gas, divided by the mumber of
gas particles, to the average particle temperature times k; gives

using (A1) and (aL)

2 N 2 =2at
760 U, Vg sin gt e 1 .2 L2 =2at
kT = Tg: Ap VB sin Q)Bt e 'J'.‘g

273 n, p V

where k is Boltzmamn's constant
T is the temperature of the radiating gas
U, is a constant of the apparaius given by (A3)
ny is Loschmidt's constant

p 1is the gas pressure in torr

(AS)
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V is the volume of the radiating gas
Tg is thé gas temperature before the discharge initiation.
Considering the gas to be a black body radiator, then under
conditionsqu thérmal equilibrium the numbeg.of photons emitted with

frequency 2 to 2/+4 d2/ is given by (Kittel p.10L)

(46)

where V! is the radiator's wolume.

. The'total mmber of photons emitted in the frequency range

) to 25 'is obtained from (A6) by expanding the denominator in
a binominal expansion and integratihg term to term. The result of this
integration is

2 ), /kT
J 8wy S
NV > 2,) = | () 4= (—-) dx

2 A ), k%) | -vh2y/kT
8TV i+l hfl) kY O\ i
= =5 Z0 2/132 e R B

¢
i=1

When h-/ >) KT we may approximate (A7) by

,BTTV' ( ='h‘1/l/kT

th/k'r 2
Y 2 (7/2>)

NV SV = o (Y2 - (48)
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2at

AN A2 . 2 -2at {92 '[ 1 ]
: = L= sin“wgrt e 2 .. 2 i
N(7/1—71)2) ) T P VB B” © Tg A.VB sin"wgt

.\)
- z e-'[ 5 s ] (29)

A VB s:.n LOB

Bquation (A9) indicates that the number of photons radiated is very

small except when sin wBt is large.
When hv & kT we may approximate (A7) by

Yy
Ny to ) =

_h—'\_) dv (A10)

Upon performing the integration, (A10) becomes

LAk .
N(vy to vy = o K[y 22 ]

1 (A11)
2¢c

(A11) and (AS) combine as

N('\jl tO '1/2) = ).LTTVB".

c

=l by
g |

VB_2 sin?(_aon) Tg e:;p(-zat)-(-u22 - "/12)
(A12).

Typical experimental vlaues for the work reported in this thesis
are: |

a

“p

1.56 10°° ps™t

(estimated from double probe current decay
1 values)
0.143 }1’5'
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Vg =2k
C = L50 pF

V = 50 cm3(as estimated from Kerr cell photos of the discharge)

Ve = 20 cm3 (also from Kerr cell photos)

p = 0.1 torr
- 0
Tg = 293 K
V=19 to 15 x 10 z*

KT = 1.1 eV from the measurements with windows
Using these values we get that

Uo = 1.40 joules/(kv)gx S

KT = 170 eV (from AS). . - -
| A = 8,48 107
N{ (1.9 to 15) x 1915 THz) = 3.9 10lh (using kT = i.l eV)

o= 2.2'1021'(using KT = 170 eV)

~ 3% The frequency range's lowef limit}was estgblished‘by the window

measurements and the upper limit was eStimatga from the average

absorption coefficient as balculateq from th§ne1ectron mmber density

and the tables of absorptioh d6efficient vs wavelength (Allan 1963).
We note that the driver temperature:as estimated from window

measurements is about %% that expected from the energy input and

equation A5,

B, Kerr Cell Photographs

To determine the variation of the driver discharge with pressure,
.Kefr cell photographs were taken at various time intervals after the

discharge initiationo In Fig., App-1 are shown photographs taken
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ay O.l,!l.O, and 10 torr of argon. . All photographs were taken using
the shock tube as in section IV-2. One channel of the delay unit was
used to trigger the oscilloscope and the bank; a second to trigger
the Kerr cell.
Thelphotographs show that the discharge is both time and pressure
dependent, .An initial bank voltage of 2 kV was used for all measurements.
Photographs were also taken with the driver not triggered. These
photos differed from the triggered driver case in two ways. The initial
discharge to the front driver plate was absent and the apex of the
advancing cone of luminous gas was blunter,
Photographs taken with the inside of the glass cylinder 1ined with

brass gauze were identical to one taken without the brass gauze.

D. Survey of Experimental Work on Precursors

There is a dichotomy of precursor effects. One precursor extends
only. a short distance ahead of thé shock front and moves at the same
velocity or‘just slightly fastef. The second type moves mich faster
than the first and in fact seems to appear throughout the shock tube
simultaneously.

a) The low speed precursor (type I)

1. Apparatus and operating c¢onditions. - Precursors of this type

were observed.by Schreffler and Christian (1954) in a variety of gases
at atmospheric pressure: the pure gases He; A, and Cl; the molecular
gas SFg; and the mixtures of éir, butane propane, 50% Al 50% No The
shock tube consisted of a solid explosive (a mixture of TNT and RDX)

driver made into a block having a square face 8" per side and a
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1,5 ps = 0,1 torr

2.5 ps = 0.1 torr

3.5 ps = 0.1 torr |

2,0 ps - 1,0 torr
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Fige. App~-1. Kerr Cell Photographs of Driver Discharge
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thickness of 2". This driver operated into two types of tes£ sections
1) a cardboard tube 8" in diameter and 16" long with a 1 mil Dural féii
over one end, and 2) a lucite box 5" x 5" x 16" having wails 1/8n thi;k.

The apparatus of Jahn and'Grosse consisted of a driver made froﬂ
a brass pipe 37 long and having an internal diameter of 1=3/8". The
\ driver was designed to burst a diaphram‘when filled with helium a£ a
pressure of 28,6 atms. The high'pressure driver gas was then allowed
to expand into a brass pipe having the same diameter and a length of
5 m. At the end of the 5 m section of pipe was a further 1.3 m long
section where the observations took place. A mach L.L. shock in 10 torr
of nitrogen was obtained at the end of the 5 m section,

The apparatus used by Weyman to observe precursors ahead of Mach
8-12 shock waves in argon at pressures of l to 6 torr was described by
the author as a conventional pressure driven shéck tube having a low
pressure section made from l.5 cm diameter glass.

Gloersen also used a pressure driven shock tube, The driver was
a 2" diameter steel section,; 7' long. The brass diaphram was designed
to rupture when the driver was filled with helium to a bressure of L-8

ktorr. Xenon at pressures of 1 and 1.3 torr was used in the low

pressure section., Shock speeds of macﬁ 9 and 11 were obtained°

A report of the first type of precursor using an electromagnetic
apparatus was made by Groenig who used an inverted pinch discharge
chamber as described by Liepmann., Although Liepmann does not give many
details of the apparatus he does state that the bank capacitance was
15 pF and the system had an initial current rise of 130 kA Psﬁl. Groenig

states that the discharge chamber was operated at an initial argon pressure
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of 0.1 torr and that the bank was charged to an initial voltage of 12 kV.

Charvet also used‘an electromagnetic device, His drivef?s shape
was that of a truncated cone. The positive .electrode was at the apex
and ‘at the base was a conducting ring that served as the cafhode. The
hgight of the cone was 17 ¢m and at the.base the diameter‘wasﬁ7.} cm
which was also the diameter of the shock tube. The bank consisted of
two Tobe 15 pF condensers normally operated at 18 kV., The driver circuit
inductance including the bank was 600 nH and the measured ringing fre-
quency 120 kHz, This system was capable of producing a maximum current
of 140 kKA. The apparatus was operated using air at an initial pressure
of 0.1 to 0.2 torr.

2. Results. Schreffler and Christian found from their framing
éamera photos of 'the shock front evaluation and its precursor that the
precursor intensity increased when the shock front intensity increased.
Furthermore both t he shock and precursor luminosity became undetectable.
throughout the shock tube simulf.éneouslyo . The precursor disturbance
glong the wall of the shock tube was similar to that found along the
surface of rods placed on the axis of the shock tube. Mechapically
shielding the hot exploding gases of the driver from the shock heated
gas did not eliminate the precursor. A spectrogram of the gas close to
the wall and shead of the shock showed only a trace of the wall material.
Partially blocking the tube at a position down stream from the driver
caused the gas at the front of the biock to become luminescent before
the arrival of the shock front and the precursor to be strongly
attenuated in the region behind the block.

Schreffler and Christian’obsérved that the precursor velocity in
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1

1 as compared to a shock velocity of 8 kms

argon‘was abdut 10 km s~
Weyman found that in argon (at a lower initial pressure) the velocity
of the precursor was 10 km s=1 as compared to a shock velocity of
Lkm s~t. Gloersen, working with an initial pressure of 1 torr,

1

observed a Xenon precursor velocity of L.5 km s~ and a shock velocity

1

of 1,7 km s~ at the same position. 50 cm further down stream the

precursor velocity was 2.4 km s”L and the shock velocity was 1.7 km s'lo
Changing the pressure to 1.3 torr while maintaining the same mach
number, Gloersen found that at the position nearest the driver both
the precursor and the shock had a velocity of 1.5 km s™Fo At the

1

position 50 cm down stream the precursor velocity was 2.5 km s~ and

the shock velocity was 3.5 km 51,

Schreffler does not give any details about the sensitivity of the
framing camera that he used to observe luminescent precursors. It was
quite probable that the gas was considerably ionized before a luminous
precursof.could be detected. This was demonstrated when a block was
used to partially stop up the shock tube since the gas in front of the
block became luminous before the arrival of the luminous shock front and
precursor,

Weyman, by comparing the signal he obtained from coils with a
ferroxcube core to the signal from the same coils due to an a.c. current
through a wire on the shock tube axis, concluded that net charge density
was.lO? cm."3° To arrive at this value he assumed that the precursor
was -a cloud of electrons moving at the precursor velocity. Gloersen
tried using the same method in the case of his own precursors and came
to the conclusion that the method was only good for densities of 106 cm°3

or less, whereupon he let the matter rest.
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Groenig, by comparing the current of his measuring diode when a
field (1xG) was applied to the section of tubing between the discharge
apparatus and the sensing apparatus with the current of the same diode
when the field was not applied, concluded that the electron density
was about 107 cm‘3o

Jahn and Grosse using a test section of rectangular dimensions
L x 3/8" found large precursor leaders on the shock front at the wall
boundaries. The observations were carried out using an interferometer,

Weyman observed that the gas in the shock tube became negative
with respect to ground before the arrival of the shock front. As the
distance from the driver increased the slope of the potential fall
became more gradual and the duration of the negative pulse became
longer. The arrival of the shock front, as determined by means of a
photomiltiplier, caused the potential to return to the base line while
the driver slug of gas caused it to g§ negative again. This potential
vafiation was observed using a capacitative ring made by wrapping a
wire 1/32" in diameter around the outside of the glass tube and monitor-
ing its potential with respect to grouﬁd with the input probe of a
Tektronix oseillosecope, The input circuit of the probe was equivalent
to a 20 M Sl resistor in parallel with an 8pF condenser.

Gloefsen used capacitative rings made from brass shims 2 mm wide
grounded, via 1 M. resistors, to the cold water pipe., At an initial
pressure of 1 torr, a mach 9 shock exhibited the same type of precursor
6bserved by Weyman. Increasing the mach mumber to 11 while maintaining
‘the initial pressure resulted in the loss of the negative dip before the

arrival of the shock. For mach 9 and an initial pressure of 1,3 torr
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the precﬁrsor before the shock became positive instéad of negative as
found with the lower pressure at this mach mmber.

Groenig, observing the mumber & electrons in a side chamber to
the discharge chamber, found that the mumber of electrons increased
when thé shock reached the walls of the discharge chamber. The pressure
in the side chamber was maintained at 1 mtorr‘és compared to 0.1 torr in
the discharge chamber,

Charvet observed that the signal from the shock was preceded by
a signal of 5 ps duration and that the' time interval between the short
duration signal and the shock increased as the point of observation
became further from the driver.

b) High speed precursor (type II)

1, Apparatus and operating conditions., In the literature to date

the only discussion of the high speed precursor by a worker using a
mechanical shock tube seems to be that of Gloersen. There are also
some indications of this type of precursor in the sample traces of
Weyman's report. Gloersen observed the high speed precursor effect
under the same experimental conditions as the low speed precursor.

The first report of precursors in an electromagnetic shock tube
was that of Voorhies and Scott (1959). They used a shock tube of
similar design to that of Josephson as did a rmumber of other workers
(Charvet 1963, Fowler and Hood 1962, Gerardo et al 1963). The apparatus
of Voorhies when operated at an initial bank voltage of 21kV was capable
of producing a peak current of 0.2 MA when the gas in the shock tube was
a mixture of 90% D, and 10% He at an initidl pressure of 0,15 torr.

The shock velocity at the point of observation was 50 km s=l. The

i mlemeitben s A
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dimensions of the tube were not given. Charvet's apparatus and
operating conditions are discussed in the section on low velocity
precursors. Gerardo's driver differed from that of Josephson in that
its geometry was not conical but cylindrical, A pyrex tube having an
inside diameter of 0.8 inches was ﬁsed° The bank consisted of low
inductance capacitors of rated working voltage 20 kV and total capaci¥
tance 1b°5)uF, The experimental gases were argon and neon at initial
pressures of 1 to 5 torr. Mach mumbers of L to 1l were produced under
these conditions., What presumably was an improved version of the
apparaﬁus of Fowler and Turner, reportéd in 195, was used by Fowler &
Hood. Their apparatus generated a column of driver gas 1 m lohg that
could produce shock speeds of mach LO in a tube 50 mm in diameter, when
an initial bank voltage of only 10 kV was used. They used argon and
hydrogen at initial pressures from 0.1 to 1 torr,

The apparatus used by Schoen et al. and by'Mahaffey et al. con-
sisted of a driver that had a funnel shaped electrode and a coaxiaily
positionéd rod electrode at its apex. The funnel base opened out into
a pyréx shock tube with an internal diameter of 6", The working gas
was argon at initial pressures from 0,1 to 1 torr.

The apparatus used by MclLean et al. was the same as that used for
earlier work (McLean et al 1960), It consisted of a T-tube driver that
operated into a quartz shock tube 3 cm in diameter and 30 cm long. Thé
gas used was helium at an initial pressure of 1 torr., The driver was
operated with a capacitance of 0065,uF charged initially to 42 kV,

Groenig's discharge chamber is described above in the section on

low velocity precursors. Jones used the exploding wire technique and
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fed enérgy into 6.8 mil copper wire L cm long at the rate of 180 J em™l.
The wire was exploded in a chamber with air, argon, nitrogen, or heiium
at pressures fromvSO to 500 torr,

The electrodeless @-pinch technique was used by Russel et al. and
by Quinn & Bodin. Russel et al. workéd with the discharge machine at
AWRE knowﬁ as MIDGE. A capacitor bank of 2 uF, initially charged to
30 kV, was discharged through a copper plate loop wrapped around a
quartz tube 7.6 cm in diameter. .The loop's width was'705 cm.. Argon
and deuterium at initial pressures of 5 mtorr to 1 torr were used.
.Quinn & Bodin described their apparatus as a 20 kJ bank operating at
15 xV. The bank was discharged into a pinch coil, wrapped around a
square perspex tube of cross section 19 cm x 10 cm, Initial deuterium
pressures from O.1 to 0.5 torr were used.

2. Results. Gloersen found that when the shock (mach 11 = 1 torr)
became luminous a precursor signal seemed to appear throughout the
shock tube, This precursor, which appeared with the shock luminosity
onﬁet, was only observed at maximum shock speed. Capacitative ring
signals differed from those of the brass end plate. The ring signéls'
seemed to be approximately the derivative of the end plate signal.

Voorhies and Scott observed the 587,6 mnm line of helium and found
that the precursor excitation intensity was about 90% that of the shock.
They also stated that the precursor intensity varied with the bank
current and that the precursor and current time variations were the same.

Looking at a spherically shaped rod end down stream from the driver
with a streak camera Charvet found that the gas in front of the rod

became luminous for a few Ps after the initiation of the discharge and

{
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then remained dark till the shock front'!s arrival. This observation
was made using an initial air pressure of 0.1 torr and an initial
bank volfage of 10 kV., Using an initial neon pressure of lj torr and
12 kV bank voltage, Gerardo et al. found that the microwave trans-
missibility, 15 c¢m from the discharge chamber, dropped for 2}&3 at
about 1 ps after the discharge initiation and again at 21 jps when the
shock arrived. It was also found that the electron density dropped
from 1043 cm”3, at 12 ecm from the discharge chamber, to 10%2 em™3 at
2y em from the discharge chamber. These observations were made at
maximum bank current. .The mumber density decrease with distance
from the driver was a function of both the initial neon pressure and
tﬁe initial bank voltage. |

Fowler and Hood found the same luminous precursor effect for both
argon and hydrogen., At 2 m from the driver, Schoen et al. observed
maximum precursor signal amplitude when th; bank voltage became
minirﬁum° 3.5 m from the driver of the same shock tube Mahaffey et al.
detected an electron density greater than 1010vcm53° McLean et al.
.obgerved a 587.6 nm helium precursor which was about 2% as intense as
the same radiation behind the shock front. Presumably both measurements
were made at the same unspecifiéd distance from the driver. The inten=
sity of tﬁe precursor 587.6 nm heliumlline that he observed in the main
tube was only about 1.5% that of the shock intensity. Precursor
intensity in a side tube was found to be about 1/10 the intensity of
the precursor in the main tube. .The distan¢é from the shock tube axis
was not specified. The pressure line width was smaller than the shock
1ip.evwidtlh° Groenig found that the gas in the vicinity of diode probes

became ionized when the discharge was initiated. "This ionization was
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not effected by the field as was a slow precursor. dJones; observing
the transmission losses in the gas of the discharge chamber, found that
the rise times of the losses were longer for the higher pressures.
Increasing air pressure by a factor of 10 also increased the time for
half transmission by a factor of 10, The transmission % decreased
for an interval soon after the initiation of the discharge, increased
and decreased again more slowly later. The initial decrease came about
bups after the start of the discharge for argon and helium and 10 us
after the discharge initiation for air and nitrogen. The initial drdp
was found to be quite preésure sensitive, being higher for lower values
of pressure.

_Russel et al. found that deuterium ionization was pressure depend~-
ent from 30 mtorr to 1 torr. .At 1 torr it was small; at 30 mborr it
was undetectable, and at O.l torr it was a maximum, Between 10 mtorr
and 0.2 torr argon ionization was so high that it did not fall below
the monitoring apparatus saturation value in the interval between the
fast precursor and the arrival of the shock front. The rise and fall of
the electron mumber density was found to depend.on both gas type and
gas pressure., -Quinn and Bodin found that the time derivative of the
electron number density for any given time decreased as the distance
from the pinch coil increased,

From the sample traces of Gloersen®!s work the precursors he observed
seemed to have had a speed of 50 km s%l or greater., McLean et al. esti=-
mated that the precursor velocity was 100 or more times greater than
the unspecified-shock velocity. Fowler and Hood's rotating mirror

experiments resulted inthe detection of argon precursors having a
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speed of 2 Mm.s“l at pressures from Ool to 0,5 torr. For a 1 torr

pressure, the speed was 0.5 Mm s=l

. Schoen et al. concluded from
their photomultiplier observations that the precursor speeds we£e
greater than 5 Mm sml° Quimn and Bodin found that the slectron density
along the tube rose Fo 1012 cm“3’at a speed of 80 km s=l, This speed
was found to be independent of the deuterium. pressure from 0.2 to 0,5
torr,

By using spaced'thin conducting filﬂs on the inside of the shock
tube Jahn and Grosse, assuming the gas between the films to be of
uniform resistivity, estimated that the charge density was about ,
10lh cmeQ By the method of microwave transmission different workers
observed electron densities in the range 1010 to,lO13 cmf3. Mahaffey
observed the lower value 3.5 m from the driver., Gerardo made obser=
vations in the range 1012 to 1013 for distance of 12 to 2L cm from the
driver., Observations in the same range were made by Jones, Russel (at
30 cm from the pinch coil), and by Quinn and Bodin at histances of 30
to 65 cm from the pineh coil,

A report of Hollyer's work was not obtainable so that information
on his investigations had to be obtained from the reports of others.
Gloersen found it difficult to decide whether Hollyer observed either
the fast or slow precursor or both, He claims that Hollyer observed
precursors in argon up to 0.5 m ahead of the shock and considered wall
effects in detail, Weyman revealed that Hollyer found precursors to
travel further in glass shock tubes than steel ones, In order to

establish the presence of photoionization Hollyer looked for positive

ions ahead of the shock. In krypton he found them for mach mumbers
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greater than 12 but not in argon. He concluded that photoemission
from the walls was therefore the dominant mechanism. Jshn and Grosse
reported that Hollyer investigated the difficulties of using the
Langmuir probe technidue for transient discharges.

c) Applied fields

Magnetic fields of from 0.1 to O.L T have been applied to shock
tubes in which precursors were observed by a nurber of workers (Voorhies
&‘Scott, Groenig, Mahaffey et al., Gerardo et al., Fowler & Hood, and
Gloersen), In all cases it was observed tﬁat the field had no
observable effect on the observed precursor,

‘Erom this it Was‘concluded that the precursor was not due to a
flow of electrons and that any electrons appearing in the gas at any
position are produced locally. Xt also follows that any electron
interactions are short range. |

d) Polarity reversal

Voorhies and Scott reversed the polarity of the bank that energized
theif shock tube and found that this produced no detectable change in
the observed precursor,

e) Purity and boundary condition

The work of Schreffler and Christian showed that the shock tube
wall strongly influenced the nature of their precursor. They found a
precursor effect at the wall which started at some distance from the
driver, For shock tube radii of 2" or greater the point of the pre-
cursor initiation was the same; however the distance increased for tubes
of smaller diameter. For example, in argon it was found that a reduction

of diameter to 1" caused the distance to double. It was further found
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tha# the same type of disturbance could be observed at the boundary
of a rod at the center of the tube. Rods of copper; birch dowel, and
threaded brass indicated that the di sturbance velocity was independent
of the boundary composition. A steppéd barrier at the wall showed
that the wall disturbance became turbulent when the barrier thickness
became LO mils,

The work of Hollyer showed that precursors travelled much further
in glass tubes than in steel ones.

Jahn and Grosse fbund, using an interferometer, that the reflected
shock had prominent precursor at the walls in a rectangular tube 3/8"
by L",

Gloersen, using a light pipe and photomultiplier, studied the time
différence between the initial light spike attributed to impurities and
the main luminosity pulse., He found that the time delay was independent
of the density immediately behind the shock. The delay times in the 2"
tube were 2 times greater than those for a 1" diameter tube. The
addition of 02 as an impurity if done in small quantities decreased the
delay time. No variation resulted from using different supply bottles,
Initial light spikes were enhanced by driving impurities from the wall
by the application of a tesla coil, No special significance was attri-
buted to the factor of 2 occurring from the change in diameter., It was
found that the addition of Q.2 mole % of Fe(CO)5 to the driver caused
the delayed 1uminosity‘to be entirely quenched and this effect was. also
produced'usinglbenﬁeneo In order to obtain reproducible results it
was found necessary to clean the.shock tube walls between shots. This

seems to indicate the possible importance of wall effects, as contrasted
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with the results of Schreffler who found that the wall composition was
unimportant., The Xe used as the shock tube gas was considered
essentially transparentVfo ultraviolet radiation and interaction with
the walls or impurities was deemed a necessary part of the process,

At sufficient concentration, all tﬁe energy in the shock front can go
into dissociation of any O2 impurities since oxygen-rare gas collision
cross sections are large.

Quinn and Bodin proposed a model that accounted for t;e ionization
of the gas in their @-pinch di scharge as due to a combinaﬁion of the
processes of photoelectric emission from the shock tube walls and photo-
ionization. A study of the variation of n, with time and distance from
the driver permitted them to conclude that since the variation with
ambient gas pressure is so insignificant the walls play an especially
important role, the dominant source of the ionization is photoelectron
emission from the walls and that the most effective wave lengths seem
to be 5 = 100 nm,

f) Energy transfer mechanism

Schreffler and Qhristian concluded that the energy carried forward
by the precursor can be quite appreciable. An experiment in argon
(blocking the shock tube after some distance) indicated ﬁhap when the
éhock front was no longer visible to portions of the tube the precursor
was quite attenuated in these blocked portions. Since this block was
quite rigid, it is also possible that the barrier seriously inferfered
with the shock front properties so that blocking the radiation may not
have been the only effect., Photographs of the luminosity suggest the

possibility of shock front radiation.
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_ExperimentsAby'Hollyer indicated the absence of positive ions ahead
of the shock in argon. On this basis, photons from the shock front
might detach electrons from the wall which can then excite the shock
front's gas molecules, giving rise to the luminatioﬁo

Voorhies and Scott attributed the precursor théy observed in a
He-Dy mixture to a 3D - °P transition. Their proposed energy transfer
mechanism was that resonant photon absorption produces a 31P state which
is changed to a 3D state via a spin change due to collisions. They
| found that the precursor varied as the bank current. Furthermore 20 eV
electrons are required so that the driver seemed to be the source of the
observed precursors., The absence of any effect due to polarity reversal
and application of a field was taken as evidence against the possibility
of the precursor being a cloud of energetic electrons from the driver.

Weyman, on the basis of magnetic coil measurements;, concluded that
the precursor is probably due to electron diffusion from the shock
front. He gave three reasons for this hypothesis: the thermal velocity
of. the electrons is about 300 times that of the ions, the mean free path
of 1 eV electrons is very long due to Ramsauer effect, and the electric
field except in the immediate vicinity of the ionization is stfongly
three dimensional,

Upon the basis of the detedted presence of an ultraviolet continuum
radiation from rare gases (Tanaka 1955, Roth 1959) excited by electricéi
discharges and shock waves, Gloersen concluded that since ultraviolet
absorption by Xe is very small, the precursor he observed was due to
photoermission from the shock tube walls. It is also more probable that

the sustaining mechanism for luminosity is also due to the ultraviolet
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radiation since it has a long life time resuiting from the fact that
metastables decay through three body collisions., Resonance radiation
can be ruled out since its life time is very short. This ultraviolet
continuum radiation can also account for the rapid cooling of the

shock heated gas, the occurrence of which is borne out by the fact that
Fe(CO)S was not excited at the interface while small impuriﬁies at the
shock front do get excited,

:By comparing the radiation from a point in a shock tube with that
from a side tube McLean et al. found that the signal in the shock tube
was much greater than that in the side tube indicating‘that 90% of the
precursor radiation came from the arc discharge and the rest possibly |
from the shock front,. iThey also attributed the observed precursor to
ultraviolet radiation.

Fowler and Hood én the basis of their studies with a rotating
mirror camera postulated that precursors'in.kr and H2 could be caused
Hy either radiation from the driver or heat conduction processes.
Possible photon processes were:

Mt + Mt—> M 4+ e~ t K.E.
h/+ M — M + & ~+ K.B.

Shoen et al. (1962) also tentatively designated ultraviolet radia-
tion as'the;cause.of a precursor they observed,

Other experimenters using a pinch coil driver attributed the cause
of precu;sors to radiation from the center of the driver coil (Russel
et al. 1963, Quinn and Bodin 1963),

_ Charvet concluded that the precursor signal he observed was not

caused by light being transmitted along the glass of the shock tube, as
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night‘hgve been observed with a photomltiplier, but was of an electro-

magnetic nature and that the shock tube acted as a wave guide.

g) Measuring apparatus

| Prééursérs have been studied by means of various types of measuring
apparatus. We find it convenient to divide these various apparatuses
into two groups, optical and electrical, depending on which aspect of
the precursor is most relevant to the measurement.

1, Optical. A framing camera was used by Schreffler and Christian
for their study at atmospheric pressure. This was a 25 lens framing .
camera after Brixmer (1952) and the frames werebtaken at intervals of
0.9 pso

Jahn and Grosse found that most of the reflection flows in their
apparatus were too bright to permit interferometric or Schlieren studies
of the wave or density patterns. The use of the thin 3/8" section per=
mitted this measurement which was not possible with the cylindrical tube,

Voorhies and Scott did their study of the 587.6 mm He line with a
500 mm Jaco monochromator. Their radiation detector was a IP21 photo-
multiplier. This instrument®s resolution was 70 pm and the precursor
line half width was also measured to be this.

Gloersen,using a f/8 Ebert spectrometer coupled with a standard
image orthicon television camera to increase the sensitivity by two or
three orderé of magnitude over tﬁat of a photographic plate, did not
observe any precursor in the spectral range .3 to .6 pm orvat points
along the‘épectrum to 1 pm using an infrared converter.

":The 587.6 nm line of He was also observed.by McLean et al. using
an f,/27 grating spectrograph with an 0,68 nm/mm resolution and photo-

miltipliers of én unspecified type as radiation detectors. The precursor
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was observed only after special efforts had been made to increase the
signal_to”hoise ratio,
~.No details of the camera used by Fowler and Hood were given.

2, Electrical sensors. Hollyer investigated the difficulties

involved in using conventional Langmuir probe techniques to measure
electron densities in shock heated gas.

nCapacitative probes were used by Weyman and Gloersen. Weyman's
probe consisted of 1/32" diameter wire wrapped around the outside of
the shock tube., The probe potential with respect to ground was mormitored
using a Tektronix low capacity probe and a Tektronmix 551 oscilloscope.
A similar probe used byVGloersen was made from 2 mm brass shim,

The magnetic probe used by Weyman consisted of coils wrapped around
a ferroxcube core. An output of about 1 nV was obtained froﬁ a mach 12
Sthko

Groenig attributed diode saturation currents of 200 pA to eleétron

7 ém=3, The diode consisted of a § mil cathode inside a

desnities of 10
1t diameter cylinder. .The length of the diode was 3/4%,

8 mm microwave equipment was used by-Ruséel et al., Quinn and Bodin;
and Gerardo et'al° to observe electron densities from lO12 to 1003 em™3,
‘Mahaffey et al. made microwave measurements of densities from 1010 to
1012 cm=3, | |

". Charvet detected electromagnetic radiation with a V-antenna whose

output was applied across a neon bulb, The light from the neon bulb was

observed with a DARIO 53 AVP photormltiplier.
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E., Survey of Theoretical Work

Severalvpapers have been published to give an explanation of the
obserﬁed precursor effects. Some have considered precursors as being
due to the diffusion of electrons, others consider radiation from the
shock front, and still others have considered radiation from the driver
discharge in the case of electromagnetically driven shock tubes, Let us
therefore review the work under these headings.

a) Diffusion

In 1961, Pipkin published a paper in which he considered the gas
t0 stream in one dimension through a region where it was slightly
ioﬁized. .The fraction of ionization wasAa3sumed to bé small as éompared
to one but large epqﬁgh so that.the Debye 1eng£h was ruch smaller than
the mean free path of the ions through the neutral gas. The electron
mean free path was in turn larger than the ion mean free path. Momentum
was assumed to be only affected by a one dimensional electrical fieid and
the diffusion coeffibient of the ion or elecﬁron'with the neutrals,
-When compared with the experimental values for electron density, as
found by Weyman in 1960,~the predicted values are much smaller than
those ‘observed. Pipkin observed tﬁat this might be due to the assump-
tion aboutAthe electric field being only oﬁé dimensional. The
ionization mechanism was not discussed.

Wetzel in 1962 again considered diffusion of electrons, He did
not discuss-the mechanism of the production of the electrons at the
shock front. A model was proposed cohsisting of a source that moves
with the shock velocity and has an electron numbef density n and a

temperature T. The electrons from the model are assumed to have a
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diffuéion constgnt D for diffusion into the neutral gas ahead of the
§§§gk f?Qnt.w By assuming that the probes used by’Wéyman responded
gply'ghen the number density was above some minimm and plotting a
family 6fvcurves for different minima, he found that the model pre-
dicted the same behaviour for one of the curves as found by Weyman for
variations with distance from the shock front.

Pipkin again in 1963 considered précursor ionization including the
modification of the electric field to the three dimensional case as he
sugéested in 1961. The gas in the shock‘ﬁube was considered to form
a éapacitor wifhfground and this capacitor was aésumed to have a
relation between the excess charge in the gas (electrons} and the
potential distribution in space. The potential distribution along the
axis of the tube gave rise to‘the accelerating field. Both field and
diffusion effects on the electron distribution are ponsidered° Neglect-
ing the pressure effect the field caused the electrons to have a sharp
front thaf moved from the driver so that the distance was proportionél
fo t%° The effect of diffusion from tﬁe pressure gradient was to
produce a low electron density distribution ahead of the electrostatic
front, thus destroying the sharp front. A spherical approximétidn was
used to estimate the potential variation ahead of the shock front. The
theory gives the same shape‘fbr éhe initial stages of the electrostatic

 éigna1s as observed‘by-Weyman and a similar sﬁape to the experimental
values of the precursor velocity.

Schoen et al, used two colminating slits in front of a photo-

mltiplier to observe their precursor. No information was given about

the photomiltiplier or its associated circuits.
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b) Shock front radiation

The theoretical treatment of the precursor effect from the point
of view of radiation was first done by Biberman who considered a one
dimensional shock front of infinite area, The radiationbwas assuméd
to be biack body around the spectrél region of the resonahce lines of
tﬁe shock heated gas. Conceritrations of excited atoms were considered
rather than ionization ahead of the shock.

The following year, 1960, Lin, who was interested in estimating
the effective reflector for microwaves when an objeét re-entered the
atmosphere; considered_radiation of a given frequency to have a character-
istiec mean free path in a given gas. The loss of a photon was considered
to result in the pfoduction of a single electron and the radiétion was
assumed to be isotropico ‘The dominant mechanism in the atmosphere was
considered to be O, absorption in the wave length gamt 88 to 103 mm.
From the ionization cross section and the required electron density,
for the sensitivity of the radar use, it was calculated that the mean
free pathy for the radiation conéidered, was of the order of 5 m,

In a later paper‘by'Wetzel he also seems to favour radiation instead
of diffusion as in his earlier paper. He considered a one dimensional
shock front to be replaced by a photon emitter that radiated according t&
the Planck radiation laﬁ"s high frequency limit. The effects of the
abSorption'cross section and the ionization cross section are discussed
but no application to any expérimental data is made,

] ‘The spate of the gas ahead of the shock front was considered to be
effected by the presence of both excited atoms and electrons by Lagarfkov

and Yakubov in 1963, They contimed the work of Biberman taking account
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of the effects of the shock tube diameter and theApresence of meta-
stableso Expressions were obtained for thg concentr;tlons of the
'egnited atoms at different positions ahead of thelshock, considering
the numberof excited atoms to be due to radiation from the shock and
‘the excited atoms in.other portions of the shock tube. Concentrations
of the order of 1071 to 1072 of the Boltzman concentration behin@ the
‘éhoqk are predicted. In the case of eléctrons in argon the ‘mber of
electrons expected éhead of the shock should be less than lpfgﬁtimes
thé number‘of neutrals, The amount varies witﬁ the speed of thé shock
wave and when the resultsof weymaﬁ were con31dered in the llght of the
theory it was concluded that photoionization could account for the
msésured electron density. The possible contribution from photoelec-
trﬁn emission from the walls was mentioned but not accounted for
otherwise,

¢) Radiation from the discharge

The first publication that consideres precursor effects as due to
radiation from tﬁe discharge in an eleétromagnetic shock tube seems po
be that of Gerardo et al. in 1963, They found that assuming the pre-
cursor to be predominantly due to photoionization b& soft X-rays readily
explained their eiperimental results, A_time independent cpnsideyation
wéé made mindful of the effects of gas and pressure, wave 1ength,‘§olid
angle and wall effects, and the distance from the source. Allowancéjwas
also méde for secondary electrons produced by photoabsorption of the
primary radiation and by »interécfion of phé primary radiation with the
shock tube ﬁalls, From the experimental results it was concludéd\that

no -electrons traveled any distance of significance to the theory and
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that the ionizing radiation was from a narroﬁ band of wévé lengths
(1 to L4 K), Becaqse of the number of unknpwns, no definite corrobora-
tion of the theory was inferred from their experimental data.

In ord?r to explain their experimental fesults§ Quinn and Bodin
in 1963 considered two models involving radiation from the pincﬂ dis=.
charge of their apparatus. At any point along the axis of tﬁe shock
tube, the radiation present was assumed to have the same time variatidn
as the source and an exponential &ecay of intensity in accordance with
the mean free path concept. On the basis of experimental data of their
work they could assume that time and spatial variation were independent.
GQnSidération of justphdtoionizationpmediéted thattthe time rate of
¢hange of'eleétron mmber density should fall off as the square of the
diéténce. A consideration of photoemission indicated that the féll off
shdhld be inversely proportional to the cube of the distance from the
source, Comparison of the two rates indicates that when the'mean
free path for absorption is greater than the distance from the source
oné should expect photoemission to be the more probable of tﬁe two
effecﬁs,

The most recent treatment of precursor radiation is that of
Phillips in 196L. He considers models attributing the precursor to
bl&ck body radiation from the discharge and to the effect of thé dis-
cﬁérge's field at some distance from the discharge, Wall effects and
fluorescence were neglected and ﬁhe point of‘ébservation wa; considered
to be much further from the discharge than the‘éhock tube radius. The
: raéiatidn model predicted that the time rate of change of the electron

nuﬁber density was proportional to the mumber density of the neutrals
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and_inyersely proportiohal to the square of the distance from the
dischafge region. The field model considered ionization build-up.
due to far field effects predicted inverse variatioﬁ with the sixth
poﬁer‘of the distance from thé discharge. The models coula account
for thé reportga fime,rate of change of electron mumber density but

not the variations with pressure and distance.

' F: 'Radiation Model.w Point Source Radiator

" ‘Considér radiation absorption subject'-to the following'assumptions:

1) A point source radiates intensity-Io within a region dA

. A
about the wavelength 7\ &

'2). The Lémbert-Beer law of absorption holds.

3) Ioh;== Ié%.'(p’ V; sinz(UJBt) exp(=2at)). The source's
intenéity'is a function of its gas pressure and the
electrical énergy dissipatea in it by a condenser discharge.
Vg is the iniﬁialrcondenser voltage, C»B is the angular
frequency of the discharge circuit, and a is the damping
constant.

At some distance z from the source the intensity will be reduced

due to variation in solid angle to

E
I =.

ZN il z2 (FL)

The effect of absorption will be to further reduce this intensity to

I
I .= 09N _kyz

= (F2)
N2
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where k7 is the absorption coefficient for radiation of wavelength N\ »

From (F2) it follows that

I .
- 2y o0 A |
I = -(kpt ) e © (F3)

Thefirst term accounts for change in intensit&‘due to absorbtion and
the secénd term for that due to change in solid angle.

.For processes that require | I; to remain‘éonstant, equation (F3)
determines the relation that the experimental parameters should follow.

. If assumption 3) is valid, the condition may be written as

L2 IoAf( 2 .2 ~ =2at) 3 _
(knt =) Tt ,‘p’ Vg sin“(wpt) e. ) exp(-ky z) = const. (Fk)

If p,z remain constant, then from (FL) we get that the energy input to

the source must remain constant or

VB sin'(&)Bt),e"at;= const. (F5)

If just the distance from the source is fixed, I! is constant when the

parameters are related by

=2at

2 ..2
,Io7\<b, VB,sln (a)Bt) e ) = const. (F6)

‘For processes that require I; due to absorption to'remain constant

equation (Fl) states that the variables should satisfy

LN IOA eEnZ _ const.22 | (F7)
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For processes requiring the contribution due to change in solid

angle to remain constant, the parameters should be related by

mk'A V4 3 .
I°7\ e = const z (F8)

When kp 2 < 1 we may approximate equations (F7) and (F8) by

~= const 22

ka1, (F9)

n

and

I =22 const z3 (F10)
on

Similarly when k., z > 1 we may write for both (F7) and (F8) that

IORsQﬁ const exp(=kﬂ\z) (F11)

Thus one can distinguish which change in intensity is the more important
uéing equations (F9) and (F10) provided that the condition kﬂ z D) 1

is not satisfiede

G. Transmission Line - Point Source Radiator

’iAssuminé that the conductivity is due to absorption of point source

radiation and using (F3), we write the resistance per unit length as

R(z,t) = R(t) 22 exp(kz) | (G1)
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~ Using equations (3-5) and (3-6) with (G1l) we obtain upon separat=-
ing the variables that

Wi(z) - (k+ 2 ) Wi(a) :

' z o _ R(b) X(t) _

Lg2
‘W(z) exp(kz) z° x(t) B (c2)

" The solution for the time dependent part is given by (3-7).
Putting k=0 (G2) becomes

W(z) - 2z;°lW“(z) =l|5‘222 w(z)= 0 _ (G3)
whicﬁ has the solution
W) = const (B2 YV Ky 08 (o)

where K is the modified Bessel function of the second kind defined as

k(%)= —T0 f 1 /2P (e . (@)
P 2 sinpmT =0 | ki _(ksp)[vj(k-*-p)'.‘

and has the properties

Kp(x)—,-)ZP"l-»(pél)! x"P as x=0
(G6)

py
R
2 e

— (T/2x) as x =¥ oo
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