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ABSTRACT

A heated shock tube has been constructed as a new fluid-
dynamical device, in order to study strong shocks in the
mercury gas, to investigate the relaxation phenomenon in
thermally ionized mercury via shock heating, and to utilize
the shock tube flow as a spectroscopic source for the
measurement of atomlic constants of metallic elements.

Extensive theoretical calculations of the Rankine-
Hugoniot relation in mercury and mercury-neon mixtures have
been performed for a wide range of shock strengths, extending
far beyond the scope of heated shock tube. Two stages of
ionization are fully considered in the calculations. Various
partition functions and degrees of ionization as well as the
equation of state in ionized mercury gas have also been
calculated for temperatures from 5,OOO0 to 30,000 OK, all
irrespective of shock relations.

A performance study of the heated shock tube has been
made with shocks in mercury and mercury-neon mixtures. The
usual discrepancy between the ideal shock tube theory and
the observed shock strength has been noticed in the heated
shock tube., A novel observation of the reflected shock
bifurcation in the monatomic gas of mercury has been made,
and a detailed quantitative analysis of bifurcated shocks is
presented. A " Y -model' of the reflected shock bifurcation
in monatomic gases 1s proposed and the criterion for the

disappearance of the bifurcation discussed.

viii



The approach toward ionization equilibrium has been
investigated by measuring the lonizational relaxation times.
The activation energy of lonization in shocked mercury gas
i1s determined and 1is found to coincide with the resonance
energy of neutral mercury in the temperature regime of 7,300O
to 11,000 OK. The important mechanism in achieving the
ionization equilibrium 1is shown to be a two-step process of
electron-atom collisions in the electron density regime
where the present measurements are made. It is demonstrated
that the heated shock tube 1s particularly suitable for this
type of investigation.

The absolute gf-values have been determined in the
heated shock tube for 37 neutral mercury lines, using the
method of "curves of growth". Photographic photometry has
been employed for absolute intensity measurements., Modified
high speed photographic photometry has been devised, which
can be used in the spectral region of A < 2800 X. It 1is
shown that many other metallic elements can be worked on
with relative ease for similar measurements,

Related future researches are suggested.

ix






CHAPTER I

INTRODUCTION

1. Shock Tube Spectroscopy—A Historical Note

The shock tube is a fluid-dynamical device which
basically consits of two or more chambers separated by means
of one or more diaphragms. The chambers are assembled in
such a manner that their longer axes are lined up along a
straight line. The characteristic width of a chamber is
substantially smaller than its length. The chambers are
filled with the same gas or gases of different kinds. The
pressure in a chamber at one end 1s much higher than in
other chambers. In order to generate a sequence of shocks
and rarefaction waves of interest, one would cause the
diaphragm(s) to rupture by suitable means.

The origin of the shock tube goes back to 1899 when
Vieillel observed that the compression wave generated by
breaking a diaphragm separating two chambers containing gases
of different pressures travels with a speed greater than the
local sound speed. Many different versions of the shock tube
came into general use with varying purposes durlng and after
World War II. 1Its use ranged from the investigation of
supersonic flow patterns past various models within the tube2
to studies of the structure of shocks3 and of the boundary
layer growth in uniform flow,l’L and even to the calibration
of pressure measuring devices.5 Developments of optical
techniques6 such as shadowgraph, schlieren system, and

interferogram; of high speed photography by means of the

1



2
7

rotating drum camera

8

second rise time”; and of various electronic counter

and pulsed light source of submicro-

chronographs all helped to bring shock tube research into
the realm of exact science.

A decisive turning point in the research came about
in 1952 when Laporte and associates9 at The Unlversity of
Michigan observed a "faint yellow flash" in a two chamber
shock tube of constant rectangular cross section (2" x 7")*,
which turned out to be due to a moderately strong shock in
nitrogen. At the same time two other independent groups
reported similar observations, one at Cornell University
under the direction of Kantrowitzlo and the other by

11 5t the Los Alamos Scientific

Shreffler and Christian
Laboratory.

The one-dimensional flow in a shock tube of constant
cross section 1s shown in the x-t-p dlagram of Fig. 1. At
the time t = to the expansion and compression tubes are
filled to pressures of P, and p,, respectively, where P& P,
From the instant of the bursting of the diaphragm, there
develops a rarefaction moving from the dlaphragm position
into the compression tube, its pressure profile being a

smooth curve between P, and 19} as shown for t = t As a

10

*From this point on we will deal exclusively with two chamber

shock tubes of constant rectangular cross section.
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result, an interface between the gases which were originally
on eilther side of the diaphragm moves at high speed into the
expansion tube., As it moves 1t pushes the gas in the
expansion tube as a piston would. A primary shock is then
generated in the form of a compression front traveling into
the gas contalned in the expansion tube. The shock is a
discontinuity in pressure, density, and temperature, moving
supersonically followed by the gas at high speed. The
interface, on the other hand, is a discontinuity surface in
density and temperature but not in pressure, since the gas
ahead of 1t is shock-compressed and consequently heated,
while the gas behind 1t has been expanded and cooled, both
resulting in one pressure, p- Both the rarefaction head
and the primary shock proceed toward either end of the shock
tube and are reflected. The effect of respective reflections
on the pressure distribution is seen in the plot of pressure

distribution at t = t,. The reflected shock will again

X
undergo reflection at the interface. In this manner multiple
reflections take place between the interface and endwall.*
It is this region of reflected shocks that was responsi-
ble for the observed luminosity mentioned earlier. 1In 1553,
Turner12 at Michigan built a so-called "luminous shock tube"

(inner cross section 2.625" x 1.625") expressly for the

As the reflected shock meets the interface to undergo its
second reflection, also a shock will be transmitted into
the cold gas.
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strong shocks, and investigated such problems as spectral

line broadening of Hp in partially ionized hydrogen-neon
mixtures and lonizational relaxation in shocked xenon.
Turner's investigation established a few noteworthy facts,
which now characterize shock tube spectroscopy. They are

the following: 1) the luminosity in the shock tube is due
to the spectral emission of the shocked medium, élthough
impurities from the walls and in the gas will also contribute;
ii) the boundary layer growth behind the strong shock is

not severe enough to complicate the optical uniformity of

the shocked zone, if the medium is of noble gases*; ii1) it
is, in fact, possible to obtain high temperature gas in a
local thermodynamic equilibrium, which may last as long as

one hundred microseconds; and iv) strong shocks can produce
temperatures as high as 18,000 %Kk in the region of reflected
shocks. The third point together with the fact that thermo-
dynamlc variables of shocked gaées can be adequately evaluated

13

by well-established shock theory - constitutes the basis
essential for quantitative spectroscopy, and establishes the
pressure driven shock tube as a spectroscopic source.
Doherty14 at Michigan developed a program of measuring
oscillator strengths of spectral lines of gaseous elements
by applying the astrophysical method of "curves of growth"

16 refined the

to shock-tubery. Wilkerson15 and Charatis
method and extended it to the measurement of similar quanti-

ties for metallic elements by introducing them into shocked

See Chapter III for a detailed description.
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neon via metallo-organic compounds evaporable at room
temperature. They also produced much experimental evidence
indicating the success of the shock theory, e.g., in
providing level populations, by using methods of pressure
transducers and spectral line reversal. Brown17 further
elaborated the technique involving metallo-organic compounds
as additives, aided by a simple scheme of measuring electron
pressures based upon the calculated Hp line profile.18
Following the work of Turner, some metallic elements
have been introduced in the shocked zone by suspending
powdered solid compounds near the test section. This
method 1is widely used, especlally for the quantitative
19

study of molecular spectra.

2. Heated Shock Tube

The observation of shock luminosity described in the
previous section actually did not come as a total surprise
because of the existence of a one-dimensional ideal shock
tube formula developed by Geiger and Mautz,2 using earlier
developments by Schardin20 and by Taub.5 This formula
relates the initial pressure ratio pc/p0 to the shock

strength pl/poz

The heated shock tube was conceived by Laporte far back

in 1958, specifically for the study of shocks in mercury
gas. For this reason, i1t used to be called the "mercury
shock tube" in the earlier stages of present undertaking.
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where p = ( ¥ +1)/( Y - 1). Subscripts o and c refer to the
gases in the expansion and compression tubes at t = to,
respectively. s stands for the sound speed in the gas and
Yy the specific heat ratio. Note that u equals 4 for
monatomic gases and 6 for diatomic gases at room temperature.
Equation (I.1l) states that for a given combination of
the driving and driven gases, a stronger shock can be
obtained the greater the initial pressure ratio, pc/po. This
notion, however, has only a limited usefulness because pl/pO
is a very slow function of pc/po. pC can not be made
indefinitely large due to the technical limit in the struc-
tural strength of the compression tube and accessories, and
Py must not be too small or the duration of the shocked zone
will be too short to be of any value.
For a given pressure ratio, pc/po’ on the other hand,
a stronger shock can be produced the lower the sound speed
in the shocked gas. For attaining strong and high température
shocks, the best driving gas is obviously hydrogen., Helium
is commonly used as driving gas also. Neon, argon, krypton,

and xenon proved to be acceptable as driven gas because they

Taub's relation predicts pj/po con81stently too large
roughly by a factor of 2, where p of actual primary
shocks are measured mostly about %hree meters downstream
from the diaphragm positions. See Chapter III.
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all are monatomic gases,* heavy, and readily available.
Shock strengths in respective gases increase in the order of
atomic weight. (See Table I.)

As was stated by earlier investigators, especially by
Turner, the temperature attainable in an ordinary lumlnous
shock tube is limited to about 18,000 °K, even with the best
combination of gases dealt with thus far and the pressure
ratio. This temperature limit of course refers to the regilon
of multiply reflected shocks. It would be, however, highly
desirable to have in a shock tube a high density plasma
in a local thermodynamic equilibrium at a temperature far
above 20,000 °k behind the first reflected shock, especially
now that other plasmas of medium densities and higher
temperatures (as high as 105 OK) such as those in the electric
shock tube** are being severely challenged over the question
of local thermodynamic equilibrium. This directed our

attention to mercury gas as a shéck medium. Mercury is much

In order to minimize the boundary layer growth in the hot
flow behind the primary shock, the driven gas must be of
monatomic molecules or at least dominated by monatomic
gases. For detailed discussion, see Chapter III.

¥ The electric shock tube was invented by R. G. Fowler23 at

The University of Og&aggma back in 1952, elaborated by
many investigators,<"2““and is known to effectlvely pro-
duce highly ionized gases at low pressures. The shock (2)
in the tube moves at a speed as high as a few cm/usec,

but lacks a bearing to the shock theory.2® There is a
growing opinion that the shock is not entirely responsible
for the plasma in the electric shock tube and the plasma
mgy not be in a local thermodynamic equilibrium at all,
20,27 4in spite of the fact that there are a great nugber
of investigators who explosively claimed otherwise.2%,29



9

heavier than those inert gases (Table I), a practically
monatomic gas, and the boiling point of liquid mercury is
reasonably low. At low temperatures, mercury vapor of
course consists of diatomic molecules of mercury, but the
dissociation potential of Hg2 is so small (less than 0.06
eV22) that 1t decomposes fully into mercury atoms above

room temperature. Numerical calculations show that the
temperature of mercury gas behind the primary shock can be
as high as 18,000 °K within the 1limit of laboratory practice

(see Chapter II). Table I compares various monatomic gases.

Table I
Atomic Constants of Monatomic Gases

* %
Element At. No. At. Weight Tonization Potential (eV)

i Ay i Xi1r 11T X4IIT  XAIV
Ne 10 20.183  21.559 40.96 63.43 96.90
A 18 39.944  15.736 27.62 40.68 61
Kr 36 83.80 13.996 26.5 36.94 68
Xe 54 131.30 12.127 21.20 32,12 ~46
Hg 80 200.61 10.434 18.75 34.5 ~72

It 1s quite clear now that the shock tube must be

heated if mercury gas 1s to be used as a shock medium.

Handbook of Chemistry and Physics W4PP edition (1963);
based on 1959 International Unit of 0, = 16,000,

* % )
Coincidence Table for Atomic Spectroscopy, Edited by

Kubor, et. al., (Elsevier Publishing Co., Amsterdam, 1965)
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Saturated vapor pressures of mercury are tabulated up to its
critical temperature in Table II. The tube temperature of
200° to 400 °C turns out to be suitable for dealing with
shocks in mercury gas, noting the fact that Py must lie in
the vicinity of one cm Hg or greater in order to have an

appreciably long duration of the shock luminosity and at the

Table II

Vapor Pressure and Critical Data of Mercury

T % Psat. vap. oM H8 T % Psat. vap, oM He
o  1.85x 107" 500  1.611 x 102
50 1.267 x 1073 * 500 6.351 x 102 ***
00 2.729 x 107° ¥ 600  1.828 x 105 ***
150 2.807 x 107 ¥ 800 8.158 x 103 *¥
200 1.7287 1,000  2.38 x 107 ***
250 7.4405 1,200 5.111 x 107 ***
300 2.7k x 100 1,500 9.121 x 10%
M. P. = -38.87 %, = B. P. = 356.58 °¢
Critical Temperature = 1,490 t 15 ¢ X%

* %%

Critical Pressure = (1.13 £ 0.02) x 10° cm Hg

Handbook of Chemistry and Physics, 440 Baition (Chemical
Rubber Publishing Co., Cleveland, Ohio, 1963).

**

Spedding, F. H. and Dye, J. L., J. Phys. Chem. 59,581
(1955).

e Heusel, F. and Franck, E. H., Ber. Bunsenges. Phys. Chem.

70,1154 (1966).
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same time 198 must bé substantially smaller than the saturated
vapor pressure so as not to complicate the situation through
van der Waals correction.3o

Speaking of a metallic element as a shock medium,it
should be pointed out that the technique of using metallo-
organic compounds as additives has a definlte drawback in
that since these compounds are usually unstable, it 1s often
questionable how much metal is actually present in the
shocked zone. On the other hand, the heated shock tube
could handle directly as additives a number of metallic
elements such as cesium, cadmium, sodium, and potassium
besides mercury for spectroscopic measurements.

Extensive baking of the entire tube helps reduce the
impurity level on the inner wall of the tube and make the
mechanism of collisional excitation behind the shock front
simpler. This turned out to be a very significant contribu-
tion (see Chapters III and IV).

The construction of the heated shock tube at The
University of Michigan began in June, 1965, and was completed
at the end of 1966, followed by a few months’debugging‘
efforts. Preliminary observations were reported to the 6th
International Symposium on Shock Tubes, Freiburg, Germany,

in March, 1967.31

Initial constructional detaills are
described in a report to the U. S. Air Force Office of

Scientific Research.3o
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3. Outline of the Dissertation.

The general theory of shock is described in Chapter II.
The internal dissipative processes in the shocked gas, such
as the lonization, are extensively discussed. Calculational
schemes 1lnvolving strongly ionized gases are suggested for
three representative types of shock media—namely, one-
component monatomic gas, two-component monatomic gas, and
mixtures of monatomic and polyatomic gases. Numerical
calculations for shocked mercury and neon-mercury mixtures
are summarized in the last section.

In Chapter III a brief description of the heated shock
tube is given, together with that of accompanying equipment.
Fluld-dynamical observations of strong shocks in mercury gas
are described. A bifurcation of the reflected shock in a
monatomic gas is observed for the first time and its
connection with the boundary layer growth is discussed in
detaill. A theoretical model of shock bifurcation in
monatomic gases, which we will call the "y -model", 1is
proposed and its generalization to gases other than mercury
considered. A possible method of removing the shock
bilfurcation in the regime of very strong shocks in monatomic
gases 1s suggested, based upon the ¥ -model.

The ionizational relaxation in shocked mercury gas is
discussed in Chapter IV, Measured relaxation times (7°) are
plotted as a function of temperature, and are related to
the resonance energy. The comparison with available data

for argon, krypton, cesium, and xenon is made. The influence
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of impurities upon the radiation level from the shocked gas
is discussed in the light of measurements showing that
radlation overshoot 1s absent when the tube is baked
thoroughly.

In Chapter V, measurements of oscillator strengths of
neutral mercury lines are described. DMeasurements are
made for 37 lines of neutral mercury which range from
2537 A° to 5491 A°, using the method of curves of growth.
To measure the absolute intensity of far ultraviolet lines
a somewhat modified photographic technique had to be used.

Results of our investigations on ionized mercury gas
are summarized in Chapter VI and related future researches

are proposed.



CHAPTER II
THEORY OF SHOCK

1. Introduction

The formation of a plane shock does not take place
in the immediate neighborhood of the diaphragm due to a
finite time of dilaphragm opening and to the attenuation of
shock for reasons which will be discussed later. The plane
primary shock emerges when the attenuation diminishes a few
feet downstream from the diaphragm, with speed nearly con-
stant but now substantially smaller than predicted from the
ideal shock tube formula of eq. (I.1l).

Let us turn our attention to this plane shock after it
has reached the approximately constant speed regime.
Experimental observations of strong shocks indicate that
there exist steady-state flows behind the shock front and
that the influence of the growing boundary layer on
thermodynamic variables of respective flows is small within
a limited region of observation. This renders possible the
treatment of the shock tube flow as a one dimensional
steady-state problem in a non-viscous fluid, — an approxi-
mation which promises to have a potential merit of
simplicity.13

The shock transition from a state of low pressure and
low temperature to another of high pressure and high
temperature is governed by the conservation laws of mass,

32

momemtum, and energy~ : across the shock front

14
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pv = const. (I1.1)

eve + p = const. (I1.2)

ov (h+ 3°)
where the specific enthalpy, A, is

b=e+ /¢ (II.4)
P’ Vv, P, and e are the density, the flow velocity in the

= const. (II1.3)

local coordinate system fixed to the shock front, the
hydrostatic pressure, and the specific internal energy.
The equation of state

p=nkT (II.5)
where n, k, and T are the particle number density, Boltzmann
constant, and the temperature, respectively. If n were a
constant, or if the gas particle had no internal degrees of
freedom, eq.'s (II.1) to (II.5) would be sufficient to
determine the numberical values of the variables behind the
shock in terms of those in front. Since in all practical
cases this 1s not so, the following developments are
necessary.

At temperatures above 5,000 OK, which a weaker shock
of our interest 1s capable of generating, most gases are
internally excited. Therefore all real gas effects must be
fully taken into account. Let us consider the specific
internal energy of a general shock medium which consists of
several different gases of varying degrees of freedom and

define an effective molecular weight, G , by

GEZGEYIL ) %ﬂa’*i (1I1.6)
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th

where G‘i is the molecular weight of the 1 Species and

Y 4 its fractional abundance (by particle number densities).

Then

E=Etterg*Cr ~rEp + &

@“T}; (‘S’TL‘\'&R'\. + %VL+'&‘EB) + %_ XL"’(L gi. (I1.7)

n

20

where f f fVi’ and f are the effective translational,

Ti’ “RY’ Ei
rotational, vibrational, and electronic degrees of freedom of

the 1tP

species. N° is Avogdro's number; Xi’ 0(1, and Si
are the dissociation or ionization potential, the degree of
dissociation or ionization, and the number of particles of

the 10

species per unit mass avallable for dissociation or
ionization, respectively. At the amblent temperature of the
shock tube the vibrational and electronic degrees of freedom
are not fully excited for most gases, while the translational
and rotational degrees of freedom are. Therefore fVi and

fEi have to be evaluated as functions of state variables by

taking an ensemble average of energy levels for each mode:

.S. = 2&Evi> - 20n/T
VLT TRT exp(Bvi/T) + 1 (II.8)

. -Ea'/
S 25> oLy “*T)
%EL" 2T 57 b T3 € (1I.9)

where the vibrational constant ()V.= hyY /k, h being Planck's



17

constant. Eij 1s the energy level difference (from the

normal state) of the 1th

species and gij its quantum weight.
2. Shock Relations

As described in Chapter I, the arrival of the primary
shock flow at the endwall immediately generates a reflected
shock, which moves upstream until it encounters the interface.
Another shock reflection takes place at the interface. Many
more slmilar shock reflections follow between the endwall
and interface as the "hot region" becomes narrower and
narrower, Labeling these shocks which remain on the hotter
side of the interface by n=1, 2, 3, ****++ in their
chronological order, one observes that eq.'s (II.1l), (II.2),

and (II.3) apply to each of these shocks: for nth shock

Q:ﬂ_\ Vo E Qn Vo (I1.10)
PN N
Q“._\vy\.-\ i n-t = ?'ﬂ, UY\. ~ Y)n R (II.ll)
1. -') i _l b3
b #3000 = Aotz (II.12)
and
_2 | ¢
"e\'“( ?\\)'Ph\) = 2 fh K/?th 1) +3 &n ) (II1.13)
where

ﬁv\ = Y+ };(%Ri +§v‘k +£E;\)Wl-\' (II.14)

Bo=2) Lk (I1.15)
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The quantities with subscript (n - 1) must be known and, in
fact, these establish a set of initial conditions together
with the shock speed.  Equations (II.10), (II.11), and
(II.12) can be solved for ?n/ fn-l expressed in terms of

p,/P,_1 by eliminating v , i.e.

b BnBa/Paa t |

FPn-t Po/Pret Ky»n_‘ (I1.16)
where

Kn,n—l = Pn-\ “(r&n‘&nﬂ) %;ii (I1.17)

The equation (II.16) is generally known as the Rankine-
Hugoniot relation. Eliminating ?n/ ?n-l from equations

(II.11) and (II.16) and solving for pn/pn_l, one gets

%‘_‘ = 3}[;“ [((5,\4)( I+ o) /(p“-\):"(\-»f Y},‘_\}Z-l—lwmk\-#— Vet =Vne) Knm-d]
(I1.19)
where
My = \FU—rm *uv\)l %:\ ; Yo=0 (11.20)
U, , ; 15 the shock speed of the (n + 1)°® shock and u_ the

)th

speed ahead of the (n + 1 shock, both in the laboratory

It should be noted that this treatment differs from the
usual presentation of shock reflection in that e.g. for

the first reflection (n = 2) the condition that the fluid

be at rest is not used. 1Instead, the speed of the reflected
shock is regarded as known through observation.
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coordinate system. Therefore one can write

Tw CR “ﬂ )(’ih.j (1220}
— S\ I\ e % I1.2
Ty\—| 0.;\--\ 'Ph'l fh .

In view of the fact that quanties such as Pn and Kn’n -1

appearing as they do on the right hand sides of eq.'s (II.16)

th

and (II.18) call for the knowledge of the n’ state

variables, it seems almost inevitable to achieve the evalua-

tion of the nth

state variables from the (n - 1)th state
variables by means of an iterative process between eq.'s
(11.16), (I1.18), and (II.20).

It has to bé pointed out that the role of the measured
shock speed in the success of the theory is very vital because
any fluid-dynamical non-ideality in the shock tube flow is
strongly indicated in this quantity once the plane shock is
formed some distance away from the burst diaphragm. For
instance, the attenuation of the shock, which is caused by
the leakage of the shocked gas into the region behind the
interface through the boundary layers, does not complicate
matters because it is then closely monitored by the measured
shock speed at a'specific point of observation. Furthermore,
any non-uniformity in the flow field near the endwall into
which a reflected shock peneratrates will result in a
systematic variation in shock speed.

One obvious underlying assumption throughout the
development is that there exists a local thermodynamic
equilibrium behind the shock, which in essence states that

the collisional processes establish the Maxwellian
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distribution in each ensemble of various modes of the shocked
gas. In coming to the state of local thermodynamic equi-
librium, the complex system of shocked gas undergoes several
stages of relaxation: the translational relaxation emerges
in about 0.01 pusec after the passage of the shock fron’c,33
followed by the rotational and vibrational relaxations if
these modes are present in the gas. Concurrently to the
vibrational relaxation there comes the dissociation, and
finally the ionizational relaxation together with the relaxa-
tion in the electronic mode takes place. In the crudest
approximation it can be said that the characteristic time of
each relaxation 1s governed by the inherent energy associated
with each mode.

One can readily anticipate that the fully-relaxed
translational temperature of the gas immediately behind the
shock front 1s much higher than the equllibrium temperature.
In fact, this translational temperature can be predicted
from eq.'s (II.16) through (II.20) if one neglects all those
internal structure dependent terms. This temperature
gradually decreases as the translational energy is pumpeq into
various internal modes until the complete local thermodynamic
equilibrium 1s established. Other thermodynamic variables go
through similar readjustments durlng the entire period of
relaxation.

It becomes self-evident that any experimental measure-
ment which calls for the advantage of the shock theory should

be performed well synchronized to the region of local
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thermodynamic equilibrium,

3. Ionization Equilibrium

A) Law of mass ac’cion34

Let us consider a very general reaction in the form of

ZL VLAL =0 (I1.21)
where Ai is the ith reactant and ‘vi the number of molecules
of the ith reactant necessary to complete one reaction. In

an equillbrium one observes that the specific thermodynamic
potential at given pressure and temperature tends to be a

minimum, i.e., the thermodynamic potential (the Gibbs free

energy)
¢ =h-TA

satisfies the extremum conditions

23.:? ({:/l'\.:o V= |2

T OWn ) ’

where ny is the number of ith particles, say, per unit volume

ot (II.22)

participating in the reaction and 4 the specific entropy.

From the constraint conditions (II.21), one gets

d W Vi

- ma—-
—

d \\j V‘)

to arrive at

R T aiv; =
: W, ':V‘; =0 o . ;M,_v( = O (II.23)
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where the chemical potential of the ith species

>
P= S

For a multicomponent system, one may write out the canonical

ensemble partition function in the following form:

n,
(Z%)
Q -.-.];[ T (II.24)

where the partition function for an isolated particle of a
microcanonical ensemble is given by

1
2 =y Zg 2y Iy, (11.25)

the index T standing for translation, etc.
The specific chemical potential can be deduced from Q, 1.e.,

&
Mi= —hT 5 ~Q

/

Z.

2 —RT 2
n; ) (II.26)
where Stirling's approximation is used because n1 is large.

Substituting (II.26) in (II.23), one gets
4
ZL)VC

}% QM(';;L =0 . (1I.27)

Now we turn to the specific reaction of interest, namely,
thermal ionization. Denoting the neutral atom by AI and its
first ion by AII, we have for the first stage of ionization
taking place in the system of a heavy monatomic gas

AIjJ-E:AII+€ .
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One can identify the quantities in (II.21) as below:

A AT, A, = AII, A

2 3=°¢

Vl =1, Y, = -1, v3 = -1

1

For the first ionization the equation (II.27) reduces to

Nap Ne

IO%: (Ze)pr ’ (11.28)

\Zp)e (2o Zede

—— s
-

since if mAI = mAII’

- _ (2T kT \ %
(ZTBM_=<AT%E."‘( ”"ﬂﬁ“” )
Note that the volume has been taken to be unity for
convenience. m, stands for the nuclear mass of the species

A, Likewise for the second ilonization one can write out

Nam Ne _ [\ZT)Q (ZE‘)AW (‘g?)e

— e U o o

Mg (Zar (11.29)

and so forth, Let the discussion be limited, however, to

only two stages of ionization in view of the probable

temperature range in the shock tube. In equilibrium the

relations (II.28) and (II.29) should hold true simultaneously.
The electronic partition function of isolated atomic

Z Z

or ionic species ( (Z etc.) diverges

E)AI’ ( E)AII’ ( E)AIII’
due to the convergence of the discrete states toward the
ionization potential, But in the presence of neighboring
particles, charged or neutral, the upper states near the

ionization potential merge into the continuum because of
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various perturbing mechanisms, the most significant belng
the Stark effect, resulting 1n the lowering of ionization
potential and, in turn, in the finite partition functions.
In the system of an ionlzed gas where the average number of
electrons per Debye sphere is less than one, the extent of
lowering of ionization potential is best expressed by the

Debye-Hlickel formula

N

Az

(2o ¢y e RT
T ke Mre*(nﬁ};_z*ni’z) y (II.30)

taking, of course, the Stark effect as the major mechanism
of perturbation. i?D is the Debye radius and z = 0, 1, 2,
for the neutral atoms, singly ionized ions and so forth,
respectively (or according to spectroscopic notation, z = I,
II, III, *°*). See Appendix A for more discussions on
various models for the lowering of ilonization potentilal.

Now we define a function, F, Z(p,t) by
3

F. K’P T) = kT (ZI)Q(ZE)l,Zﬁ LZF_)e

L,z

kZE)L)Z *
Mk TV (Z)iam - H2 (1I.31)
g ) ez o7 R
l\ (ZE)L}z )

where the zero point of the energy scale in each partition
function is taken at the ground state of each atomic or
ionic species and each partition function is labeled so by

the superscript °. Notice that (ZE)e = 2. m, stands for
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the electron mass. The pressure dependence of Fy Z(p,t) is,
E)
of course, indirect and rather weak, coming from the

lowering of ionization potential. Here

)£,2==Xi,z A, (II1.32)

From now on, and for the sake of simplicity, the notation

o}

will be simplified by writing Zy for (Z unless
3

Z E) i,z

otherwise stated.

The numerical evaluation of relations (II.28) and
(II.29) needs some further elaboration with a few specific
examples because the method of calculation may depend on the

type of mixture of gases.

B) 1Ionization equilibrium in one-component monatomic gas
We define the degrees of first and second ionizations

of the species A by

W + Nam N pmr
°<M = °<A2.5
"Mt N )

— II.
Yap +am (11.33)

respectively. Noting that the total number density

r\‘;
ht‘ = Y\.AI +YLAH- +Y\'AII[ +Y\,e = ‘E‘.T:

>

one may write

W = | = Xt o
AL l"f"’(Ai"‘r' °(A1 O<A2~ IQ\T )

. = by ~Xmaz X
\.Ml [+ O(As'{* Q(Ai dxz h\T )

°<AL°(A2 r

Niw = | +olpy +asay T
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and

oy q -+ g X
AL T TAL TAZ
)\f:y\AE*—lnﬁmm — ,P

(+tpy +%gaslga T

The equations (II.28) and (II.29) then reduce to

°<A1_("*Az\(“m'f%«i"(@g:)m _ Faxle,T) (1.5
- B IT.
(1=oat) (1 %y + 41 o7 ¥ 3
and
(7 ~as) [ r+gs + pr #pa) i (11.35)
respectively. The elimination of aA2(0r<xA1) from the above
two equations leads to a cubic equation in anq (0r<xA2),

which is rather disagreeable to deal with. 1Instead one may

proceed to solve for the aA's by a successive approximation,

. * ~
i.e., 1in solving for @,, oOne can assert aAE = 0 and xi,z =
Xj_z’ 1ifting the pressure dependence of FAI(p,T).
J
- . B (o)
Similarly, aA2 can be found by asserting aAl = 1, Then aA2

and aii) of the zeroth order approximation can be used to,
find, respectively, <xg%) and a g%) of, say, the first order
approximation, now taking Xl,*z = X 1,2 ~ A)(,Z. And so forth.
In fact, only one iteration of this sort is sufficlent to
glve rise to the true a,'s within 0.1% (see Appendix A).
Alternatively one can introduce the notion of the

electron pressure here and proceed to calculate aA's for
given p and T using the scheme of approximation described in
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the next example. Under any circumstances, the iterative
process 1s necessary, considering the fact that the lowering

of the ionization potential depends on the a,'s, A fortunate

A
break is the fast convergence of the successive approximation,

as mentioned, which stems from the weak dependence of

*
Fi’z(p,T) on AYZ.

C) Ionization equilibrium in the binary mixture of
monatomic gases

It is often convenient for spectroscopic studies to mix
a small amount of the species of interest, perhaps a heavy
element, in the bath of an inert gas. Imagine a case in
which this heavy element, A, undergoes two stages of loniza-
tion while the inert gas, B, experiences only the first stage.
Define the concentration of A in the gas by

0 Nt Nan MR y,fﬁ.__,,,. i

C T i T - Py ( II.37 )
A Ny = Ne Py +Ps

wherex)x andx>§ are the partial pressures of nuclel of the

species A and B, respectively. The total number density is

We should like to refer back to Section 2 of this chapter,
where successive reflections were discussed and distin-
guished by an index n., 1In eq. (II.6) we defined the
effective molecular weight G . For a one-component gas
0p/ Gn - 1 of eq. (II.20) can be expressed in the follow-
ing fashion:

L% _ T T G
28 —— TP e
Tho o On Gy 7

(II.36)

= ] a4 X+ KX -
] Al ALTAZ ) e g,
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given by

\)’Lt = Y\AI ~+ Y\A]I +Y\A-ﬂ +Y\BI *’Y\BI[ +Ne = %

Keeping the definition of the degrees of ionization shown

earller in mind, we may write down the electron pressure in

the following manner:

Q;(O(Ai‘f‘ °<A1°<Ay_> "f’(‘- C,OA )0( B4

Po = NekT = . .
|+ i (Kpg+ons %az) +(1~C5) Ay (11.36)

Then we obtain three simultaneous equations of ionization
equilibrium:

“pal1-z)  Far(p, T)

W ————
- [OERT———

I e | (II.39)
% _ FazlpT) (II.40)
/= %42 Te ’
and
Kpy Forle, T
I =gy Te , (II.41)

Note that the Debye radius of eq. (II.30) can be written as

- hT
b 2¢ [am(p, +Ppp)

(II.42)

where p stands for the partial pressure of the second

ATIII
ions of A. 1In iterating, one may start by guessing péo) for
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given p and T to solve i) the equation (II.49) for a&i)

with an assertion that a,, = 0, 1ii) the equation (II.50)

for aﬁg) with an assertion that a 1, and iii) the

Al ~
. 1 1
equation (II.51) for dgy. Then pé ) and A)(lé ) can be

estimated using (o) a(o) and a<o), and used for the next

%172 %po Bl
iteration. This process continues until it is seen that
pén-l) = pén) within the acceptable accuracy, when the true

values of ay . become available. Again the convergence of
3

*
iteration is very rapid.

D) Ionization equilibrium in the mixture of polyatomic and
monatomic gases

Apart from the immediate interest in the molecular
structure there often are cases where one has to introduce
certain polyatomic gases into the bath of an inert gas. One
typical situation is that certain metallic species of
spectroscopic interest are difficult to obtain in the gaseous
phase except via metallo-organic compounds which have high
vapor pressures at room temperature, Another common case
arises when one wishes to vary the shock strength over a w;de

range so that the luminosity level behind the primary shock

It should be noted that for a two component mixture

\ ° °
Eo-_-.(\~cA\(l+°<,51)+CA(\+°<A1*°‘A1°%1). (II.43)

/

See eq.s. (IL.20) and (II.36).
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may become very low. The use of some polyatomic gas with a
rich molecular spectrum as a low concentration additive helps
one to see the details of the flow without seriously affect-
ing the thermodynamics of the shocked medium. In the present
experimental work the additive sometimes used was tetra-
methylsilane. Of course, the complete dissociation of the
additive 1s highly desirable immediately behind the primary
shock because, although the influence of the dissociated
additive on the thermodynamic variables of the shocked medium
is taken into account in any event, it nevertheless simpli-
fies the theoretical computation to a great extent.*

Let us consider a mixture of two different monatomic
gases, A and B, and a polyatomic gas, P. Denoting CX, Cg,

and C; their respective concentrations, it is true that

O_ _O_O
A=1-Cg-Cp.

C
It is sufficient to consider the first ionization of each
species only. Let E be the number of atoms in the poly-
atomic molecule. Then there are (& + 2) simultaneous

equations of the following type:

iy (T
= T L =lr"o-‘- ;A:B
| - X Pe > E ’ (I1.4%)

For the molecules having large dissociation potentials,

one can write out the relations for the dissociation equi-
librium from the equation (II.27) by defining the degrees
of dissociation in the same manner as for the ionization.
The relations thus obtained should be solved simultaneously
with those of the ionization, e.g., equations of (II.L4).
For more detailed discussion, see references by Wilkerson
and Brown.
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It is also asserted that
Note that

?: FurtT)
~ L b+ Pl (I1.45)

Tje’_ = Z LT T’f

where the pressure of the nucleil
pe = P~ fe
L=+ ¥ C

In order to find the various degrees of ionization, one pro-

(II.46)

ceeds to estimate p_ for a given p and T from (II.U5) by
trial and error. It is found helpful that usually pe«: p
under these conditions, thus allowing one to put p - b= P.

P, then furnishes o«'s through eq. (II.44).

4, Numerical Calculations on Shocked Mercury and Mercury-
Neon Mixtures

The Rankine-Hugoniot relation (see eq. (II.16)) is

evaluated for pure mercury and mercury-neon mixtures by assign-

. ¥
.

ing the primary shock parameter, r,, as defined by (I1.19)

* The shock parameter ro is related to the shock Mach number

M, by
S G},Ui by
ro = RT: = \ﬂo MS

where o 1s the specific heat ratio of the gas ahead of
the n = 1st shock front. At To = 2009C ry = 100 corres-
ponds to ITl = 1,381 mm/usec or Mg = T.51.
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The pressure ratio, pl/po, 1s first calculated and then the
density ratio, fi/ ?o’ using equations (II.18) and (II.16),
respectively. Quantities such as ZHgI’ ZHgII’ ZHgIII’ fEHgI’
fEHgII’ and fEHgIII (see eq. (II.9)) needed in the course of
shock calculation are evaluated using spectroscopic data on
mercury tabulated by Charlotte Moore.50

Fig. 2 shows the Rankine-Hugoniot relation in pure
mercury for p = 0.5, 1, and 5 cm Hg and T, = 473.2° and
673.2 %. Only two stages of ionization are considered in
the entire calculation. Each stage of ionization is clearly
recognized in each curve through its characteristic peak,
which, 1n fact, corresponds to the nearly complete ionization
in a respective stage. If there were no higher stages of
ionization than the second, all curves would fall into the
dotted line (------- ) after the completion of both ioniza-
tions. Notice that the increase in Py tends to make the
curves smoother, i.e. the peaks in the curve tend to merge
as the pressure behind the shock increases. This is so
because the greater the pressure of the shocked gas for a
given temperature, the more the degrees of lonization over-
lap (see Fig. 7).

In Fig. 3 the Rankine-Hugoniot relation in mercury-neon
mixtures is plotted for fixed Py and To’ but with different
mercury concentrations Co of 0.01, 0,10, 0.50, and 1. 1In the
calculation, two stages of ionization of mercury are consider-
ed and only one stage of neon, The curve corresponding to

c©® = 0.5 reveals rather clearly the role of the first and
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second ionizations of mercury and finally also of the first
lonization of neon. Again 1if there were no further stage of
ionization than these, the curve of ¢© = 0.5 would fall into
the dotted line (------- ) as the gas becomes a mixture of
second ions of mercury, first lons of neon and electrons
only. The curve of pure mercury (CO = 1) approaching the
1imit of the same dotted line as for ¢° = 0.5 is a mere
coincidence stemming from the fact that the ionization
potentials of neutral neon and singly ionized mercury happen
to be nearly the same. However, it is of course true that
any Rankine-Hugoniot curve will ultimately approach the ideal
gas limit as pl/p0—>oo

Other quantities arising from the shock calculation for
pure mercury (see Section 3B) are shown in Fig. 4. Plotted
are the electron density, n o1, and the temperature, Tl’
both behind the primary shock (n = 1) as functions of ry for
p, = 0.5 1, and 5 cm Hg and T, = 473.2 °%k and 673.2 °K.

r_ = 500, for example, corresponds to shock speed of

(e
Il

1 3.131 mm/usec or M, = 16,67 at an ambient temperature
T = 473.2 OK; this is in the region of very strong shocks
in pressure-driven shock tube practice. It is very
interesting to see that for large ry an effective way of
raising the electron density is to ilncrease not TO but Dy»
while for small Ty TO plays a role equal to that of Py in
controlling Dgpe This can be explained in the following
manner: for small ros i.e. for low Tl’ the degree of

ionization is small but very sensitive to a variation in

Tl’ resulting 1n the strong dependence of N, on Tl and, in
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turn, on To as well as on Dye For large L i.e. for high
Tl’ the degrees of ionization are large but do not undergo
any drastic change because of the upper bound of the a's,

thus allowing Py to emerge as the only alternative left in

changing N, by contributing to n b, or pg for that

t1°
matter 1s so effective in spite of the fact that for a given
temperature the degrees of ionization decrease when the
pressure lncreases, as seen in Fig. 7. Fig. 4 shows that the
temperature, Tl’ on the other hand, depends strongly on TO
for an entire range of roe It 1s of great significance
that the pressure driven shock tube can produce thermal
plasmas with electron densities rising as high as lO19 cm'3.
In order to see the thermal behavior of mercury plasma
lrrespective of any specific shock, quantities such as the
partition functions Z

Z and the effective

HgT’ “HgIT’ ZHgIIT’

degrees of freedom f f f are calculated as

EHgI’ "EHgII’ "EHgIII

functions of T for a given set of pressures and plotted in
Figs. 5 and 6. As discussed in section 3 of this chapter,
these quantities for an atom and its ionic derivatives are
dependent on p via the cut-off of discrete energy levels

due to interactions with neighboring particles. As the
pressure increases, the electronic partition function generally
decreases, as shown in Fig. 5, due to the fact that the

number of physically possible ways of distributing the atoms

over the electronic states decreases because the available

discrete levels are reduced by the increasing number of
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perturbing particles (charged or not charged) in the
neighborhood of the atom or ion in question. Similarly

do the electronic degrees of freedom ( f

'Engr’ TEHgrr 20¢
fEHgIII) decrease as shown numerically for neutral and
ionized mercury in Fig. 6. For fE = 3 one can say that the
electronic and translational modes are being excited at the
same rate (recall the definition of fp in (II.9)). The fact

that f becomes very large at high temperatures is

Ei,z
actually immaterial because by then most of the species iz
will have been ionized.

Plotted in Fig. 7 are the degrees of first and second
ionizations of mercury. The pressure dependence of the a's
comes 1) from the pressure explicitly appearing in the right
hand sides of equations (II.34) and (II.35), and 1ii) from
the lowering of ionization potential which in turn depends
implicitly upon the pressure. It is worthwhile to notice
that for low pressure the curves of first and second
lonizations are well separated, but for high pressure they
overlap each other. Though dealt with separately, quantities
plotted in Figs. 5, 6, and 7 are strongly interdependent and
no single one of them can be evaluated independently. The
whole process of iterative method described in section 3 of
this chapter has been employed in the calculation,

Lastly the equation of state for high temperature

mercury gas
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Mg (11.47)"

is plotted in Fig. 8. Again the pressure dependence is
present through a's. Furthermore, the linearity between p/g
and T drifts from the ideal gas limit to the first ionization
limit and then to the second ilonization limit as the tempera-
ture increases. This 1s to say that the fraction of energy
stored in the translational mode increases drastically as

the ionization becomes active because the free electron thus
released add substantially to total particle number density

(nt), resulting in a sharp rise of the pressure.

It should be observed thatthis equation of state is
equivalent to eq. (II.5).
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Figure 8. Equation of state in mercury gas



CHAPTER III
FLUID-DYNAMICAL EXPERIMENTS

1. Introduction

The objective of this chapter is to study the overall
performance of the heated shock tube as a new fluid-dynamical
device, and to examine the detail of shock-induced high
temperature flow in the hope of evaluating 1ts usefulness as
a spectroscopic source and pinpointing its drawbacks, if any,
together with remedies.

The heated shock tube and accessory equipment are
briefly described in Section 2, followed by a broad sketch
of shock tube flows in Section 3. Also reported is a novel
observation of the reflected shock bifurcation in the
monatomic gas of mercury. In Section 4 detailed quantitative
analyses of the boundary layers in the flows (n = 2) are
presented and empirical relations descriptive of respective
flows are obtained. A theoretical model of the bifurcation
is formulated and applied to other monatomic gases via
numerical calculations in Section 5.

The entire analysis depends heavily on measured shock
speeds and thermodynamic variables calculated from them via
the shock theory discussed extensively in Chapter II. Most
of the quoted data and discussion refer to pure mercury gas.
Cases of neon-mercury mixtures are mentioned accordingly.
For the constructional detail of the heated shock tube, the

reader is referred to the reports by Kim and Laporte31 and

L4
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by Kim3o.

2. Description of Equlpment

Fig. 9 shows schematically a sldeview of the entire
heated shock tube., It consists of three major parts: the
main shock tube, the cylindrical furnace surrounding it, and
the large outer tube within which they both are contained.

The maln shock tube is constructed entirely of stainless
steel, type 304. The expansion tube consists of five sections
and two interchangeable test sections that are made of
seamless rectangular tubing with inner dimensions 1.510" x
2.560", wall thickness 0.375", and inner corner radius 0.300".
The total length of the expansion tube is 144,75". The inner
surface of the entire expansion tube 1s highly polished with
a specially desligned tool. The interior of the test section
1s treated with molten sodium dichromate to reduce the
surface reflectance., The sections are assembled so as to
be vacuum and high pressure tight by squeezing nickel-plated
copper gaskets between each palr of matching flanges. The
quartz windows are sealed onto the test sections using O-rirngs

of stainless steel and monel. Direct contact between optical
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The compression tube 1s made of 48" long tubing of the
same kind as the expansion tube, enclosed within another
cylindrical steel tubing of 6" diameter. The space between
the two tubings is filled up with refractory cement. Copper
or aluminum sheets, 0.050" to 0.080" thick, are used as
diaphragm material. Due to the fact that the diaphragms are
held withlin a pair of matching circular grooves cut in the
flanges, no additional gaskets are needed. The diaphragms
are scored diagonally in the usual way. The entire tube
proved to be well sealed from the vacuum of 5 x 1072 torr
to the high pressure of 1000 psi. The compression tube can
be filled with HE’ He, or N2 to 2,500 psi (170 atm) by means
of a remote-controlled high pressure system.

The cylindrical furnace of 8" inner diameter is divided
into six indicidually controlled electrical heating units,
each with Chromel "C" #16 wire windings. The maximum total
power 1s rated at 20 KW, making it possible to raise the
shock tube temperature from room temperature to 400 oC in
five hours. The furnace is wrapped with fiberglass insula-
tion and placed within an outer tube of 14" inner diameter.
The outer tube likewise consists of sections and is wrapped
again with fiberglass and asbestos insulation to an outer
diameter of 18", For safety reasons the pressure in the
outer tube may be kept at a subatmosphefic level.

Fig. 10 shows the completed shock tube in operation.

Shown in Flg. 11 are the vacuum system connected ultimately
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to the main shock tube and the gas mixing complex for the
handling of all non-mercuric gases.

The mercury reservolr is installed within the furnace
and connected to the expansion tube via a set of all-metal
valves. The pressure of mercury gas in the expansion tube
is measured for each shot with a stainless steel sylphon
bellows gauge which is also installed within the furnace.
This gauge 1s designed on the following principle: the
space within the bellows is exposed only to the mercury gas
present in the expansion tube, resulting in the expansion
of the bellows along its axis. This can be counteracted by
the build-up of air within another vacuum-tight chamber which
houses the bellows. The change in the pressure of air
needed to bring the bellows back to the initial position
when no mercury was present 1s a measure of the mercury gas
pressure., It is independent of the temperature gradient in
the air as long as the alr pressure is kept high.

In locating the initial position of the bellows, an
insulated electrical feedthrough mounted on the outer
chamber 1s put to make a gentle contact with the top of the
bellows when both sides of the bellows are pumped to vacuum.
A very weak current is allowed to flow through the contact.
The pressure outside the bellows is then raised slowly until
the current drops to, for instance, one half of the initial
current when the electrical contact was firm. This pressure
reading obtained constitutes the zero point in pressure

measurements that follow,
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When mixing mercury and other gases, another small
metal contalner is employed to temporarily keep pre-mixed
non-mercuric gases (prepared outside) at an appropriate
pressure. After the mercury gas has filled the tube, the
mixture in the container is released into the tube and the
final total pressure is measured with the bellows gauge.

The concentration of each component 1s thus accurately
determined.

Diagnostic equipment consists of two rotating drum
cameras, three grating spectrographs, one prism spectrograph,
photomultipliers, and various chronograph counters. One
rotating drum camera is used for the wave speed picture and
aims normally at a long, narrow slit, either horizontal or
vertical, mounted on the test window. An additional optical
arrangement is made in such a manner that an oblique view
of the shock 1s recorded in the same rotating drum camera
as that which takes the normal wave speed pictures (see
Fig. 13). Shock speeds are measured from wave speed pictures
and checked often with photomultiplier measurements. The‘
maximum error in a measured shock speed is 2%, owing to the
inaccuracies in drum speed measurement (1/4%) and in reduc-
ing necessary parameters from the wave speed pictures.
Spectrographs render possible the recording of spectral
lines ranging from 2400 X to 8000 X, all time-resolved to
the order of a microsecond, elther photographically or

photoelectrically.
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3. General Observations

Many shocks in mercury gas have been generated and
observed, their shock Mach numbers ranging from 4 to 16 and
the initial temperature varying from 200° to 320 OC. When
the pressure ratio pl/pO across the primary (n = 1) shock
front 1s related to the initial pressure ratio, pc/po, before
firing, one obtains the plot of Fig. 12 for two different
driver gases—mnamely, hydrogen and helium. Also plotted and
compared in the figure are the theoretically predicted
relations. The familiar disagreement between theoretical
and experimental values is attributed to the fact that the
opening of the diaphragm is not abrupt enough to establish
a well-defined pressure discontinuity and the shock atten-
uates while moving downstream indirectly due to boundary
layer growth. This latter fact 1s confirmed here by using
two different lengths of the expansion tube as shown in the
f'igure.

Figure 13a shows typical wave speed pictures (normal
view) of the primary and reflected shocks in pure mercury
gas, where measured initial conditions together with calcu-
lated variables pertaining to Fig. 1l3a are as listed in

Table ITT.
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Table III.

Shock Variables Pertaining to Wave
Speed Pictures of Fig. 13a (MHgVIII-11)

T, = 502.9 °K T, = 8,098 % T, = 10,195 %K

P, = 1.953 cmHg Py = 162.1 cmig P, = 790.5 cmHg

Uy = 1.457 mm/us Ny = 6.62;(10160111’3 Ny o= 8.71}:1017cm'3
U, = 0.225 mm/usa Uy = 1.161 mm/usb u, = 0.174 mm/us®

It will be noticed that the point on the endwall where the
primary shock terminates and the point where the strong
luminosity due to the first reflected shock (n = 2) begins

do not coincide. However, when an additive such as
tetramethylsilane (Si(CH3)4) is used (less than 0.06%),lthe
wave speed picture shows the sharp luminosity at the position
of the primary shock front.* In Fig. 13a, since no

tetramethylsilane was used and since the tube was baked

a. Measured at the instant of reflection at the endwall.
uy = Uyl - 0/ §y)
. B Upl P/ 9y - 1)
f2/ 91

The sharp luminous line in the usual luminous shock tube
was found to be mainly due to the transient molecular
spectrum of Cp, coming from hydrocarbon additives (and wall

impurities).12’15
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extensively, no luminous line 1s seen. A generally bright
region follows the shock front some time later, and the
delay is considered to be the ionizational relaxationl2 of
the shocked mercury gas. The relaxation time in shocked
mercury gas has been measured for a variety of shock
strengths, and the data will be analyzed in Chapter IV.

A close examination of Fig. 13a seems to show two
reflected shocks, which we should like to explain as a
bifurcation effecto” (see Fig. 16, which however will be
discussed in more detail later). Fig. 13b (space direction
reversed!) is a wave speed picture taken not at right
angles to the flow, but at an angle of 15° from the normal.
In Fig. 13a the spreading legs of the bifurcated shock on
the side wall can be seen as apparently two reflected shocks,
while in Fig. 13b the diminishing size of the main or normal
reflected shock shows up clearly as a diminishing bright
triangle. This shock disappears completely even before the
encounter with the interface. This explanation is consis-
tent with the fact that many mercury lines are strongly
reversed 1in this region, indicating that the forked portion
of the reflected shock has a more complicated structure than
the simple discontinuity and the region behind the bifurcated
shock is possibly even turbulent. Furthermore, it implies
that the flow behind the primary shock has a growing boundary
layer—growing much faster than expected in the monatomic

gas., This in turn agrees well with the observation that, 1n

the time trace of the spectral intensity in the strong
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primary shock region, the intensity plateau reached after the
relaxation period is maintained briefly and then deteriorates
rapidly.

Many different tests have been made in order to pin-
point the possible cause of bifurcation. It was learned
that the length of the expansion tube plays no significant
role and neither do the initial pressures. The roughness
of the inner surface of the test section and the geometry of
the test window mounting seem to be somewhat responsible,
but only to a limited extent. However, 1t has been seen
possible to remove the bifurcation by either going for the
weaker shocks in pure mercury gas or diluting the mercury
gas with an inert gas such as neon. What it amounts to here
is that the bifurcation in the monatomic gas of mercury,
which 1s novel in itself, is dependent indirectly on the
equilibrium temperature of the flow behind the primary shock,
mainly through the lonization of the shocked gas. More about
this point will be in Section 5.

For MS)> 6.5, the reflected shock speed, Ug, never
exceeded 20% of the primary shock speed, Ul’ owing to the
strong ionization in this region and the energy loss to the
endwall as expected. The empirical fact that for a given
ratio, pc/po, a longer reflected region is attained the
greater the pressure, Dy is not realized in the case of
mercury because 1n most cases the significant range

of the reflected shock is limited by the bifurcation

independently of Pys rather than by the interface. And for
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the same reason no distinctive re-reflected shock (n = 3) at

the interface 1s observed in the instances of strongly

bifurcated shocks.

4., quantitative Analysis of Shock Bifurcation

The analysis in this section centers around the
previously mentioned shock bifurcation, As shown in Fig.
13b, the plane portion of the reflected shock diminishes when
the shock moves away from the endwall, and one can in fact
establish the size of the plane portion and relate it to a
specifiic location via both Figs. 13a and b.

In concluding that the first reflected shock was
bifurcated, a z-t diagram of the reflected shock proved to
be useful, as shown in Fig. 1l4a., =z is the vertical axis of
the shock tube configuration, Fig. l4a was taken using a
vertical slit mounted close to the endwall on the test
section in contrast to Fig. 13 which utilized a horizontal
slit. The side wall at the bottom is not seen by the rotat-
ing drum camera because of the round corner (corner radius of
0.300") of the rectangular tubing used. However, the figure
shows quite clearly a "foot" preceding the reflected shock
front near the side wall. It turns out that the "foot" grows
as the shock moves away from the endwall. A y-t diagram is
constructed for the reflected shock from Fig. 1ll4a and shown
in Fig. 14b. y i1s the axis along the line of sight which is

perpendicular to the side wall facling the camera. Notice
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Figure 14, Vertical slit pictures of a shock in mercury
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that Fig. 1l4a and b differ by respective shock tube widths
in the z and y directions. Fig.'s 13a, 13b, and 14b give a
complete geometrical description of the reflected shock as

a function of either the distance from the endwall or the
time elapsed after the arrival of the primary shock at the
endwall, AB in Fig. 13b and AB in Fig. 14b are an identical
measure of the plane portion of reflected shock along the
y-axils at a given time, except that the first i1s an oblique
view while the latter is a full view. Let us use Yo to
denote the depth BD of the "non ideal" region of the n = 29

shock, measured from the side wall, i.e.,
v, = BD = 3(38.4 - TB) , (ITI.1)

where measurements are to be made in mm. Measured values
of y, are plotted against X5 in Fig. 15 for shocks listed in
Table IV.

An inspection of Fig. 15 immediately reveals that y2 is

a quadratic function of x, to a good approximation. Of

2
course, for y2<< 1.0 mm» the uncertainty becomes too large
for the quadratic relation to be conclusive. The proportion-
ality constant 1s best expressed by variables uy and Xl of
the n = 1St region. Xl is the specific heat ratio and is

calculated using eq. (III.4) derived in the next section and

Appendix B. Thus one obtains an empirical formula

Uy
Falz2) = K (?;) %, (1II.2)
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where

0.192 Tt 0,015

P
Il

1 =5,23 % 0,40

m=27%0.13

and the numerical constant, K,may depend on the type of

gas and the geometry of the shock tube.

nd

In Fig. 16, the n = 2 shock profile (Series MHg VIII-

12) is reconstructed for several values of Xy from measure-

ments of Fig. 13a and b. The angle e(xg) between the main

shock plane and the "foot" increases with x., but their

2’
relation is not very clear partly due to large uncertainties

in the region of small x It should be noticed that yg(xg)

2.
1s merely a trajectory of a point (B or A in Fig. 14b) on
the edge of the reflected shock plane, which has no direct

bearing on such questions as what the boundary layer profile

in the n = 2nd flow looks like at a given time. The flow

behind the reflected shock will undergo a readjustment in

the region along yg(xz) —— that is, at a given time yg(xg)

will be spread over an area bounded by dotted lines y2' and

"

y,' as shown in Fig. 16. (Note that plots of ¥,' and y2” are
merely qualitative illustrations.)
The notion that y2 depends on Uy and (1 may seem

strange at first, but it becomes more plausible if one

considers how the n = 2nd shock is generated in the first

place. The endwall of the shock tube at rest plays the role

of a piston against the n = 1St flow moving at a speed, u, .
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Figure 16, Profile of bifurcated
reflected shock (Series MHg VIII-12)

A thin layer (on the y-z plane) of the flow immediately
behind the n = ISt shock front will undergo a momentum
exchange with the endwall and be bounced back to be
encountered by the other such layers that follow. The net
effect is that the flow is brought nearly to rest after the
reflection and a "pile up" of molecules takes place,
resulting in a sharp rise in pressure, temperature, and
density far above the n = ISt state. The extent of the
discontinuity in these variables 1s determined solely by u

1
for a given gas, neglecting the internal dissipative
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processes. As more molecules are trapped into this "pile
up" at a specific state, its volume increases, i.e., the
surface of discontinuity moves away from the endwall, thus
becoming a reflected shock.

The moving surface continues to be a surface of
discontinuity because the region behind the surface (n = 2)

1s again supersonically separated from the region ahead, i.e.,

Up +uy > j J1RTy/ 0y

The surface will be plane if and only if the primary shock

flow 1s uniform, i.e., gﬁ% = %%g = 0 along an entire

span of x-axls pertaining to the primary shock zone. If the

boundary layer is to grow in the flow behind the n = ISt

shock to a substantial extent—that is, if the flow (n = 1)
U A,
consists of a central region where 3y T a2z =0

and an outer region where Uy is smaller than it is in the
k YU,

center and g%f = fl(x,y,z), S5 = fg(x,y,z), the reflected
shock 1s bound to undergo a structural change as it moves
upstream, because, as pointed out earlier, the reflected
shock compression in each locality is fixed by ul(x,y,z) and,
as a result, the rate at which the volume of piled-up gas
grows changes from point to point on the y-z plane. The
portion of the reflected shock corresponding to the outer

st

region of the n = 1" flow with lower values of u, compresses

1
less than the central portion, and consequently precedes the
plane portion of the shock, forming a "foot", BC, in Fig.

14b.
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A detailed consideration of the bifurcation phenomenon
makes 1t possible to draw rather definite conclusions
concerning the build-up of the boundary layer in the flow
behind the primary shock. It 1s intended to present these
conclusions in a separate paper.

In view of the above discussion, 1t can be said that
strongly bifurcated shocks are not suitable for generating
a uniform spectroscopic source. The hot gas of the non-ideal
region in the n = 2nd flow absorbs the radiation from the
uniform gas of the central region, resulting in strong
reversals at the line centers. The continuum radiation from
the central region of a strong reflected shock especially
is severely affected by reversal. 1Its absorption profile
is very broad, supporting the notion that the gas in the
non-ideal region is indeed highly excited, though it is not
uniform and definitely cooler than in the central region.

Much of this can be said of the n = 1St flow, even though

the line reversal is not as severe as in the n = 2nd flow.,
Instead, a fast decline in line intensity after the plateau
takes place as the "non-ideal" region begins to dominate the
flow. The intensity decrease instead of strong reversal 1is
a mere consequence of the difference in temperatures and

st and n = 2nd flows, i.e., spectral

st

pressures of the n =1
lines are broadened less in the n =1 flow so that the
absorption in the non-uniform region appears in a less

conspicuous form—a rapid decrease in line intensity.
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5. [—Model of Reflected Shock Bifurcation in Monatomic
Gases

Now that the details of flows behind the bifurcated
shocks have been analyzed, it is of special interest to see
1f one can remove the shock bifurcation and if there is any
distinctive rule which sets a pattern in the appearance of
the reflected shock bifurcation in monatomic gases.

As pointed out in Section 3 of this chapter, it was
possible to obtain reflected shocks free of bifurcation by
i) reducing the strengths of primary shocks in pure mercury
gas so that equilibrium values of T1 are of the order of
5,000 %k or less; and 11) reducing the mercury concentration
in the neon-mercury mixture. "At what concentration of
mercury does the bifurcation cease to appear?" is an
involved question because there are yet many other variables
which ultimately influence the final state behind the
primary shock. However, it should be pointed out that in
neon-mercury mixtures with mercury concentrations as large
as 5%, strong shocks were generated with no trace of bifurca-

tion for T, up to 6,000 °kx.

1
The reflected shock bifurcation in di-and poly-atomic

gases had been observed earlier by Hollyer35, Mark36,

37 +38

Strehlow and Cohen”', Byron and Rot , and others. Gases

dealt with ranged from N 02, NO, and 002 to mixtures of

2)

air-argon and Ng—argon. Most of these investigations were
concerned with rather weak shocks, which at best were able to

exclte the vibrational modes in the shocked gas and to cause
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some dissociations. Mark formulated a scheme which described
the appearance of reflected shnck bifurcation in terms of two
critical Mach numbers—that is, the bifurcation would take
place whenever the stagnation pressure of the laminar
boundary layer in the primary shock flow seen in the
reflected shock coordinate system becomes smaller than the
equilibrium pressure behind the reflected shock. The
critical Mach numbers are determined by the specific heat
ratio, X » Which was considered canstant at first, of the
polyatomic gas in question. The existence of the lower bound
in shock Mach number was substantiated by experiments (Mark),
while the upper bound beyond which the bifurcation was to
disappear was not confirmed by any clear-cut evidence, the
supposed explanation being that the upper bound would move

up higher with decreasing ¥ due to the excitation of
vibrational modes in the gas. Byron and Rott elaborated
Mark's criterion and arrived at the conclusion that § o was
more critical than Xl in the appearance of the bifurcation,
and for YQ less than 1.52 the bifurcation would be

expected for all values of Mach number above 1.5 in all gases,
with the specific exception of monatomic gases.

In the light of the development in the present investi-
gation, certain assumptions underlying those earlier
developments, such as the one asserting a completely laminar
boundary layer in the n = 1St flow throughout, are not
completely acceptable. However, it 1s important that the
specific heat ratio, Y , has something to do with the presence

of the reflected shock bifurcation, because ¥ seems to be the
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only variable which can bring together the two categories

of shock bifurcation—one taking place for weak shocks

of low temperature in polyatomic gases and the other occur-
ing in monatomic gas of mercury at high temperatures. The

X -values of a monatomic gas can now become smaller than 5/3
because at high temperatures the energy can be stored in

the gas internally by exciting the electronic mode and
inducing the ionization. The search for one common variable
which influences the shock bifurcation of both categories
simultaneously of course stems from the assumption that they
both are basically of an identical nature. The validity

of this assumption 1s subject to furthér investigation.
However, now that a greater portion of the total energy per
particle is being stored in internal modes rather than in
the translational mode at high temperatures, it 1s quite
plausible to say that under these conditions variables such
as the flow speed Uy and T1 are readily affected, for instance,
by a disturbance caused by the wall at To, where the inten-
sity of the disturbance 1s dependent on the total average
energy of a particle in the free stream. ¥ is a measure of
what fraction of the total energy exists as an internal
energy in contrast to the translational energy.

The specific heat ratio, Z , can be written as

A P
Y = %}; = (?Z"T)/(ﬁ-) (111.3)>
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where the specific enthalpy,ik ,» and the specific internal
energy, e, are defined by eq.'s (II.15) and (II.18)

respectively. For doubly lonized gases, one obtains

¥ lL3(H'°<\*"’(w‘z.)-i-el (1 -6(\ (i ,::;. ffi[- &I)[g(w«x&)
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where it 1is assumed that

I -- -

’

Il

’

l §E12 - <(2%)1> \ « {.EZ ) z=1,

See Appendix B for the complete derivation. X of ionized
mercury 1is calculated using eq. (III.4) for p = 50, 500, and
5,000 cm Hg, and is plotted in Fig. 17. The pressure
dependence of Y originates malnly from that of the a's via
equations of ionization equilibrium (see Chapter II). Dips
in the plot of X‘ correspond to respective ionizations and
the separation in the temperature scale between two neighbor-
ing minima of Y is determined roughly by the ratio of
ionization potentials concerned. Note that once the ioniza-
tion becomes active the change in )} 1s more strongly
influenced by the ilonization rather than the electronic
excltation. Recalling that in the pressure range of shock
tube flows the successive degrees of ionization of mercury
overlap considerably (see Fig. 7), the return of Y -values to
5/3 1n between consecutive ionizations seems unlikely, and

it 1ndeed proves to be the case as shown in the figure. ]
continues to fluctuate more or less around 1.2 as T increaées
beyond 7,000 °K.

According to the X-model of reflected shock bifurcation,
it appears extremely unlikely that the bifurcation will
disappear at all at higher temperatures, i.e., for stronger
shocks in mercury. In fact, the reflected shock bifurcation
had been observed for all shocks in pure mercury gas whose

equilibrium temperature, Tl’ exceeded 6,000 oK, and it began

to disappear as T, decreased below approximately 5,000 k.
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Similar calculations were made for xenon as shown also
in Flg. 17. It shows that if the X -model works properly
for mercury one shold expect the bifurcation to happen for
strong shocks in xenon. Such shots in research grade xenon
were made 1n the luminous shock tube of this laboratory (used
earlier by Turner, Doherty, Wilkerson, Charatis, and Brown),
and the bifurcation in xenon was observed. In order to con-
firm earlier observations of the bifurcation in polyatomic
gases, strong shocks (all luminous in this case) in air and
alr-neon mixtures were generated in the luminous and heated
shock tubes and all showed the reflected shock bifurcation.

One may conclude at this point that the specific heat
ratio of an ionized gas will remain for large temperature
intervals far smaller than 5/3 if successive ionization
potentials of the atom are not very much different from each
other as 1s the case for mercury and xenon; therefore
bifurcation will persist. The experimentally established
method of removing the bifurcation (by means of depressing
the ionization) is not very significant in view of the fact
that one of the main objectives of the present investigation
is to find a source of very high temperature in a local
thermodynamic equilibrium., Instead, a search for another
heavy evaporable element expressly with widely separated
first and second ionization potentials led us to cesium as
a shock medium, Its first and second ionization potentials
are 3.893 and 23.45 eV, respectively, and as one sees they

differ from each other much more than the corresponding values
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for mercury, which are 10.434 and 18.75 eV. Y for cesium
has been calculated accordingly and is plotted in Fig. 17.
Y undergoes a sharp drop at about 4,000 OK(not shown in
the plot) and resumes the value of 5/3 from 5,000 %k to
15,000 OK. It appears possible to generate a strong shock
in cesium gas free of any fast-growing boundary layer, which
produces a high density, high temperature (5,000 OK to
15,000 OK) plasma in a local thermodynamic equilibrium
consisting only of the first ions of cesium and electrons
behind the primary shock. This would make it possible to
have an even denser and hotter plasma behind the reflected
shock, free of the bifurcation.

It is proposed to undertake an investigation of shocks
in pure cesium, involving a heated shock tube capable of
functioning at an ambient temperature of 600 °¢ or higher,
Bits of technical know-how and constructional materials
employed in the present heated shock tube should prove
useful and nearly sufficient for such a new project. It
would constitute a decisive test of the validity of our
understanding of the reflected shock bifurcation in lonized

monatomic gases.



CHAPTER IV
IONIZATIONAL RELAXATION IN SHOCKED MERCURY GAS

1. Introduction

In Chapter II it was pointed out that the shocked gas
undergoes a period during which the system is initially far
removed from complete local thermodynamic equilibrium but
approaches it gradually. In other words, after the shock
has passed, 1t is possible to speak of several different
"effective temperatures" pertaining to various species (atoms,
ions, and electrons) and internal modes (atoms and ions in
various electronic states). Generally speaking, the length
of the relaxing period depends on the characteristic energies
and the effectiveness of the collisions that carry out the
energy equilibration among all particles.

The ionizational relaxation in shocked mercury gas in
particular takes place for the following reason: at an
equilibrium temperature of 11,000 %k behind a typical strong
shock 1n pure mercury the average translational energy is
approximately 1 eV, which is far too small to knock an
orbital electron of a mercury atom in the ground state over
the potential barrier of 10.434 eV. The number of particles
having energies as high as 10.434 eV amounts to only one
per e9'L’L particles with the average energy, while the
equilibrium degree of ionization is expected to be over 45%
for p = 100 cm Hg. Therefore, a large number of neutral

mercury atoms need to undergo many elastic collisions to
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accumulate enough energy before scoring the ionizing
collisions—a process which takes time because the collision
frequency 1s finite and determined by the equilibrium
condition.
It has become generally known through studies by a few

33,40

earlier investigators that the ionization equilibrium
in a shocked gas comes about by two different processes: i)
the atom-atom collisions and 1i) the electron-atom
collisions. The electron-atom process is known to be more
effective 1n ionizing a gas than the atom-atom process, but
this process can take place only when the gas contains a
sizable number of electrons initially. Naturally, the first
process 1is considered to play the role of supplying electrons
at a rather slow rate,* and it turns out that it decisively
dominates the rate of ionization as long as the electron
density stays less than 10'5 times** the number density of
atoms; the second becomes fully rate-controlling as the
electron density*** goes beyond 10_3 times the atom density.

In the intermediate region the two porcesses are mixed and

more or less equally active.

There are indications that the atom-atom process is not
the only mechanism which supplies electrons necessary
for the electron-atom process to become active. See

Section 3.

¥ This figure 1s so conservative an estimate that the
chance of the other process occuring concurrently is
practically non-existent.

* %X

A time-dependent density during the relaxing period—
not the equilibrium density.
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Since the average particle energy is much lower than
the lonization potential and since there are also many
intermediate electronic levels in an atom, it is very
possible that each of the two previously mentioned processes
consists of two or more steps leading to the ionization.
Earlier measurementsul of the ionizational relaxation times
in shocked gases such as argon, krypton, and xenon pertaining
strictly to the atom-atom collisions show that a two-step
process 1s actually taking place, the first step being the
excitation of the atom from the ground state to an inter-
mediate excited state and the second leading the atom in the
excited state to ionization. The intermediate potential for
each case coincides well with the group of first excited
states above the ground state. Another‘experiment42 on
cesium-argon mixtures (argon constituting more than 97% of
the mixture remains practically neutral) shows that the same
holds true for the electron-atom process. The present
experiment on mercury strongly supports the indications
stated thus far as will be discussed in detail in the follow-

ing sections.

2. Measurements of the Ionizational Relaxation Time in
Mercury

Measuring the ionizational relaxation time utilizing
the shock tube is relatively easy and free of complications
because i) the strong shock "turns on" a high temperature

in the gas of interest, establishing a translational
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equilibrium among all atoms approximately within 0.01 usec;
ii) the ionization is the slowest of all internal excita-
tions; and 1iii) yet the ionization and electronic excita-
tions are so closely related that the progress of ionization
can be monitored by means of the time-dependent light
intensity of emission from the shocked gas..

It is often observed that impurities may obscure the
whole phenomena through the violation of the point iii)
above, In this respect the heated shock tube 1s especilally
appropriate for this type of investigation because the
impurity level can be kept low through an extensive baking
and pumping.

Fig. 18a is a schematic reproduction of typical wave
speed pictures for shocks in pure mercury. The region between
the shock and luminosity fronts corresponds to the relaxing
period of ionization because in pure mercury there are only
three modes of excitation—translational, electronic, and
ionizational. In view of the fact that the flow speed is

lower than the shock speed, i.e., from eq. (II.lO)

v Ve S

e e o (IV.1)
\ro U\ e‘
the spacing, At, between the two fronts along the time axis

is not the relaxation time, ", itself but gives rise to T

in the following manner: noting that in Fig. 18a the group

In the case of low electron density (<_lOl3cm—3) the 1
microwave reflection-transmission technique can be used.
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of particles at b was shocked earlier at a, one may write

f H
to obtain
Vi e
T =m""ot = & ot
Up- % (1v.2)

where

g X J z,

| = =R

In Fig. 13a, an actual wave speed picture exhibiting the
relaxation time 1is shown. The primary shock front is not
visible in the case of pure mercury gas in the heated shock
tube, providing stong evidence that the impurity level is
low.* However, the reflected shock front can be identified
at the endwall, thus making it possible for one to locate
the primary shock front and in turn to measure At. The
ionizational relaxation time associated with the reflected
shock 1s very short because Tg, the temperature behind it,
is higher than Tl’ the temperature behind the primary shogk.
Also the reflected shock front goes through a medium which
has a substantially large number of electrons provided by

the primary shock.

Recalling the processes of lonization described earlier,

The primary shock front in the luminous shock tube is
visible due to the molecular spectra of impurities. These
have very short relaxation times.
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one can write approximately

T = ’L;_A -+ ’TQ_A (1V.3)
where ’FA—A stands for the period of the atom-atom process,
and AZe-A for that of the electron-atom process. Fig. 18b
shows (only schematically!) a tracing of the spectral intensity
across the shocked zone along the time axis. The shock front
1s presumed to be at the origin of the t-axis. The solid line
shows a typical time-resolved intensity profile* for the pure
shocked mercury gas. The intensity plateau is briefly main-
talned, indicating that the establishment of an equilibrium
distribution is complete, and decreases steadily due to the
boundary layer growth as extensively described in Chapter III.
Notlce that the so-called radiation overshoot which is
commonly observed 1n luminous shock tube experiments is absent
in the present case. It occurs when the upper levels of

atoms become temporarily overpopulated beyond the equilibrium
population due to the presence of impurities sizable in

number density 1in comparison with the density of emitting
atoms (1ts detailed mechanism will be discussed in the
following section). The absence of radiation overshoot
constitutes further evidence of the very low impurity level

in the heated shock tube.

Note that the white light from shocked mercury has practi-
cally the same profile as that of any neutral mercury line
(at least in the visible region), meaning that the shock
excltation of electronic modes 1s indiscriminatory. This
check was made by taking wave speed pictures through a
number of interference filters.
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Also shown in the figure is the electron density, its

increase being closely represented by the spectral intensity

0 -
rise. When ne(t)/an begins to exceed 1075 as a result of, e.g

*)

the atom-atom process, the electron-atom process is likely

to take over and continue to produce mercury ions until

Nl Neq
T e—

o - =
hHa Y\/Ha

Hgi_

All together thirteen shots in pure mercury were used
to determine the pattern of ionizational relaxation as a
function of thermodynamic variables, which are listed in
Table V. The plot of 7 versus l/Tl in Fig. 19 yields a
straight line and shows hardly any dependence of T on such

variables as Pys 1 and nel’ despite the fact that each of

0
Hg’
these variables varies extensively. The slope of the straight
line gives rise to the so-called activation energy of the

ionizational relaxation, i.e.,

o"8 _E_(_L_
T = conal. Vh% e KT (1V.3)

where the activation energy is found to be

1+

4,88 T 0.28 ev

=
I

and

$ = 0.00 t 0.04

0

8 in particular is found by plotting T‘e'Ea/kT Versus ny.
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S being zero 1s not exactly an obvious outcome because
one tends to think that the greater the number of particles,
the more frequent the ionizing collisions would get, thus
speeding up the ilonizational relaxation. In order to explore
the matter further, mercury-neon mixtures were used as the
shock medium, the mercury concentration varying from 4 to
50%. Over the temperature range (Tl) of 6,900° to 8,400 %k
the value of activation energy remained unchanged and
practically the same as for the case of pure mercury. But
5 -value showed a distinctive dependence on the equilibrium

electron density, which are summarized as follows:

§-0.86 T 0.11 for n_ = (4~ 5.2) x 107 cn™>

0 -
where an varied from 4.4 x 1016 to 1.3 x lO17 cm 3, and
S = 0.39 £ 0.09 for n, = (1.4~ 3) x lO16 cm_3
with nﬁg ranging from 9.3 x 1016 to 6.3 x 1017. Throughout

the runs of mixtures a small amount of tetramethylsilane
(0.046 to 0.069%) was added in the shocked zone in accordance

with the requirements for flow variable measurements.

3. Interpretation of Results and Comparison with Other
Related Experiments

In their investigation of the ionization rate of argon,
krypton, and xenon, Harwell and Jahn41 treated the atom-atom

collisions as the sole mechanism of ionization by choosing
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the shock variables in such a way that the equilibrium
electron density was of the order of 1O13 cm'3 or lower.
Incidentally, lO13 cm.3 also represents the upper limit to
the microwave technique of measuring electron density,

which Harwell and Jahn employed. Their findings are note-
worthy, though hardly unique: 1) for all three elements
the measured activation energy embraces unmistakably a
number of first excited states of each element, indicating
that the atom-atom collision for ionization is very likely
to be a two step process, at least in the case of the noble
gases; and ii) the dependence of the ionization rate on the
number density of atoms is "nearly" quadratic, or the
ionizational relaxation time 1s inversely proportional to the
number density of atoms.

Somewhat earlier Haught42 reported his observation of
ionizational relaxation of cesium using shocks in cesium-
argon mixtures (cesium concentration of 0.50 to 2.60%). For
an electron density range of 2.0 x lO15 to 8.5 x lO15 cm-3,
the relaxation time attributed to the atom-atom process,
yielded 6 = 0.61 t 0.05, while T

e-A
atom process showed no remarkable pressure dependence, i.e.,

Y“A-A’ of the electron-

5 =0.00 0,11, 7T, , and T,_, both shared one activation

A-A
energy which was again in the neighborhood of first excited
states of neutral cesium. —FA—A was greater than ’re-A by
a factor of 1.6 to 4.4, 1In measuring T,_p» Haught identifies
the radiation overshoot as the period of the electron-atom

process as shown in Fig.18b, by arguing that the internal

excitation responsible for the emission of spectral lines
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is a faster process than the ionization so that once the
electron-atom process begins to dominate, the upper level
population of ceslum temporarily exceeds the equilibrium
population.

The indication from the present study 1s that the
identification of 7¥__, with the time span of the radiation
overshoot is acceptable, but 1its reason given above 1s of
doubtful nature. No radiation overshoot 1s observed in pure
mercury, or in mixtures of neon and mercury, with the mercury
concentration as low as 2%. To produce the radiation over-
shoot, let us take this 2% mercury and neon mixture and
gradually add more and more of tetramethylsilane. At first
still no radiation overshoot will be seen, It is not until
the tetramethylsilane content reaches 10% of the mercury
concentration (or 0.02% of neon) that this phenomenon is
observable. One may speculate at this point that the role
of impurities 1s dual, one being the excltation of emitting
atoms to the point of overpopulation in upper levels through
direct impurity-atom collisions during the electron-atom
process, the other being the excitation through collision
of emitting atoms with additional electrons* supplied by the
impurities whose ionization rate is greater. However, the
latter explanation is the likelier choice because at first

the presence of neon, for instance, does not cause the

The electrons thus freed from the impurity atoms during
the electron-atom process of the emitting atoms will not
quite have the chance to become highly energetic when they
begin to interact with the emltting atoms.
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radiation overshoot at any level of concentration, and
secondly, the impurity elements such as silicon and carbon
are indeed i1onizable faster than mercury.* Also one should
observe that typical impurities in the luminous shock tube
are elements of low ionization potentials such as sodium
(5.138 eV), and potassium (4.339 eV), in contrast to the
emitting elements of higher ilonization potentials such as
chromium (6.761 eV)and lead (7.415 eV) whose spectral lines
showed the radiation overshoot.lB’17
In Fig. 20 the energy level diagram for argon, krypton,
xenon, cesium, and mercury are shown in a normalized scale
through division by the respective ionization potential.
The measured activation energy Ea is 1n each case indicated
by a small box of dotted lines surrounding a few of the first
excited states. It is clear from Fig. 20 that in each case
the activation energy closely agrees with the group of first
excited states. This is not a unique aspect for the inert
gas as was thought by Harwell and Jahn, but holds true for all
five elements. It should be noted especially that the ground
to first excited state energy gap in cesium amounts to only
35.6% of i1ts ionization potential. None the less it is
important that the largest gap between two neighboring levels

is that of the ground to first excited states so that the

The atomic species of silicon and carbon are made available
through the dissociation of tetramethylsilane. It 1s well
known that such a dissociation does not produce atoms in
the ground state alone, but it provides many atomic species
in excited states, making them even more favorable agents
in exciting the emitting atoms.
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population in the first excited states constitutes the
majority of the population of all excited states. In other
words, the rate at which the first excited states are popu-
lated will determine the ionization rate in the atom-atom
process as well as 1n the electron-atom process.

Moreover, it is fair to conclude that the pressure
dependence of the ionizational relaxation time is character-
istic of the atom-atom process, whereas the electron-atom
process was found previously to be independent of the pressure.
In this context, the empirical relation of eq. (IV.3) can be
understood as an indication that for equilibrium electron
densities exceeding 3 x 1016 cm—3 the ionizational relaxation
in shocked mercury gas 1s predominantly an electron-atom
process. This 1is further substantiated by the results from
the neon-mercury mixtures mentioned earlier, results which
showed that as the equilibrium electron density decreases, the
role of the atom-atom process gradually becomes significant,

and it finally begins to dominate when ng reaches the level

1
of 5 x 1072 cm™3,

A recent theoretical calculation on the electron—mercgry
atom collisions shows that the total excitation cross sections
from 6slS to 6p3Pg, 6p3P§,
large and almost linearly proportional to electron energies

and to 6p3P§ (see Fig. 24) are

in the range of energles slightly greater than the energy
level difference involved in the respective excitation.43
Earlier experimental results on the total ionization cross
sections by electron impact showed a similar energy depen-

dence.44 These results are consistent with the present
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plcture of two-step processes of ionization. It is possible
to show by writing out the lonization rate equation based on
the Maxwellian distribution among participating particles of
each kind, that the activation energy 1s indeed the resonance
energy as has been found in the present investigation. On
the other hand, the fact that T is independent of the
pressure 1n the electron-atom process does not find any
straightforward explanation at the moment, although a detailed
numerical calculation of the ionization rate using the avall-
able cross sections appears capable of providing an explana-
tion.

One more question that remains to be answered is what
mechanism actually provides the electrons that are necessary
in initiating the electron-atom process in the case of shocked
pure mercury. The atom-atom process appears an extremely
unlikely one in this role in the light of the fact that 1)
there 1s not any evlidence of the pressure dependence of T
as emphasized earlier and ii) actual densitometer tracing
of time-resolved spectral (or white 1ight) intensities fails
to show any sign of ’FA-A period. An alternative is the
process of photcexcitation and -ionization and in fact this
is rather favorable in view of the fact that i) oscillator
strengths of neutral mercury lines are generally large,
thus making the photo-excitation and -ionization cross
section large (see Chapter V), ii) the spectral radiation
field originating from shocked mercury gas is very strong due
to high equilibrium temperature and pressure behind the

primary shock, and iii) the continuum emission, arising
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from the recombination of mercury ions and electrons in the
equilibrium zone, has been observed to be strong especially
in the neighborhood of the resonance line of 2537 X for all
shocks dealt with in this analysis. It 1s very likely that
the actual photo-ionization process takes place in the dark
region between the shock front and the equilibrium zone
because it is optically denser than the region ahead of the
shock. Of course, a mlld photo-excitation can take place
far ahead of the shock during a period often lasting as

long as 1 msec.



CHAPTER V
MEASUREMENT OF OSCILLATOR STRENGTHS
OF NEUTRAL MERCURY LINES

1. Introduction

The program of measuring osclllator strengths of
neutral mercury lines has been carried out for two different
reasons. One is to demonstrate the relevance of the heated
shock tube as a spectroscopic source for handling metallic
elements in the gaseous phase elther by letting them
evaporate in the tube or by relying upon such agents as
metallo-organic compounds that can be evaporated at the shock
tube temperature. The other reason is that measured oscilla-
tor strengths of mercury available in the literature45’46
have rather questionable accuracy in spite of a few notable
attempts in the past largely because the spectroscopic
sources employed for those measurements lacked the local
thermodynamic equilibrium which is essential to the evalua-
tion of level populations. Absolute oscillator strengths are
of special interest in astrophysics for the measurement of
elemental abundances in the stellar atomosphere.

The spectroscopic measurement with which we are concerned
here is performed in the region behind the n = 2nd shock be-
cause the flow comes nearly to rest in this region, the equil-
librium temperature is high enough to excite most of the neu-

tral mercury lines, and the duration of the hot flow is long

enough for the completion of measurements. In order to make
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certain of the presence of alocal thermodynamic equilibrium
in this region, one must observe the following points: i)
the shock strength should be chosen in such a manner that
the ionizational relaxation time of the species in question
is substantially shorter than the duration of the n = 2°9
flow, and all other relaxation times that may be present are
shorter than that of the main species or much longer; 1ii)
the impurity level should be maintained low so that the
contribution of electrons by the impurity toward the
equilibrium electron density stays minimal—especially so
when 1ts relaxation time is shorter than that of the main
species; 1ii) the specific heat ratio, X 10 of the flow
behind the n = 1st shock must be kept very close to the ideal
gas value of 5/3 so as not to encourage the growth of the

S . . *
¢ region and in turn the occur-

boundary layer in the n =1
rence of the reflected shock bifurcation.

As discussed in Chapter IV, a violation of the second
requirement above leads to the radiation overshoot which
would interfere with the absolute intensity measurement.
The third requirement can be met by diluting the mercury
gas with an inert gas (neon in this case) which also helps

to keep the shocked gas from becoming excessively optically

thick.

2. Preparation of the Shock Medium
The typical shot is made in a mixture of neon, mercury,

and tetramethylsilane (Si(CH3)4) with helium as the driving
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gas. D, varies from 0,950 to 1.950 cmHg, while To is
maintained at 505 %k with only a few degrees variation. As
far as the impurities deposited on the inner wall of the
tube are concerned, the shock tube 1s made spectroscopically
clean by means of continuous baking and pumping over several
thousand hours at temperatures of 200° to 320 °¢ and by means
of numerous previous shots. The concentration of mercury
and tetramethylsilane in neon range from 2.3 to 6.7% and from
0.023 to 0.060%, respectively.

T

1ies between 4,900° and 6,000 %k, while T, varies

1 2
from 8,500° to 10,200 %K. The reason for using S1(CHs)
as an additive is that at T1 in the above range the
ionizational relaxation time is so long and the level
population so low that the method of using the shock lumin-
osity for the flow diagnosis is difficult without the aid
of a molecular spectrum from a sultable compound such as
Si(CH3)4. Tetramethylsilane is a colorless, toxic liquid
with a very low boiling point (26.6 °C). Ample precaution
must be taken in containing its vapor because there 1s much
evidence that the vapor reacts (dissolves!) with silicone
vacuum grease, thus causing a leak in the vacuum cock seal.

Preparing the mixture of neon and gases of mercury andgd
tetramethylsilane calls for some attention mainly because
of the presence of mercury. The followlng procedure has
proved to be suitable:

1) Prepare a mixture of neon and Si(CH3)4 gas with
the silicon concentration of 0.3 to 1.5% in a 1l-liter flask

at room temperature. The pressure of the mixture is about
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one atm. The reason for making the Si-concentration much
higher here than its final concentration is to keep the
influence of the adsorption of Si(CH3)4 to the flask wall on
the resultant concentration minimal after the passage of
several hours from the time of preparation.

ii) Dilute the mixture prepared in step i) with neon
to the final silicon concentration in a stainless steel
container installed within the furnace and connected to the
expansion tube via a bakable vacuum valve. This should be
done only a few minutes before firing the shot. The pressure
of the resultant mixture should be such that after its re-
lease into the expansion tube the resultant pressure becomes
only a few percent short of the anticipated final pressure,
Py During this step the vacuum of the expansion tube should
remain unaffected.

iii) 1Introduce mercury gas into the expansion tube (now
the pumping system is disconnected) to a designated pressure
(on the order of 0.05 cmHg) from the mercury reservoir also
installed within the furnace. The mercury gas pressure is
measured by means of the stainless steel sylphon bellows
gauge.

iv) Release the diluted mixture in the container into
the expansidn tube and measure the final pressure, Py» with
the bellows gauge. Measured Py generally agrees well with
the pressure predicted in the course of preparation. Allow
at least two minutes between steps ii) and iv) in order for

the diluted mixture to come to a thermal equilibrium at TO.
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The molecule Si(CH3)4 is thermally unstable and in fact

decomposes completely above 800 00.47

It is then reasonable
to assert that the molecule undergoes a complete dissociation
into its constituent atoms all in the gaseous phase behind

the n = 1St shock, i.e.,

dilthy), — Si~+ 4C +iaH ~306 Y
s o A

The large value of the effective dissociation potential does

(v.1)*

not undermine the assertion because the complete dissociation
is brought about in many intermediate stages, each with a
small dissociation potential.

The change 1In the effective molecular weight due to the
dissociation and ionization of all species involved can be

written for this particular mixture as

\ 1“ ey

(4] [
= (1= Coleryy™ (’:\g) t Cug(‘+°<“31+°(“%’“°<“’%2> (v.2)

T Qu(cm)l' %o {16+ Xy + AsuWsiz + 4 Ky + 12 o(m)]

where @, stands for the degree of the dissociation of eq.

(V.1) and is asserted to be unity. This ratio must be

evaluated to complete the calculation of thermodynamic

variables behind the n = 2nd shock from measured Ul and U2

and initial conditions. If one wishes to neglect the

influence of tetramethylsilane and if this 1s justifiable,
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an approximation can be made by setting c® = 0 in eq.

Si(CH3)4
(V.2) and by disregarding all contributions of Si, C, and H
toward the specific internal energy (see eq. (II.?))through—
out the shock calculation. But this approximation is not
advisable in the present range of silane concentration in
view of the fact that the complete dissociation of Si(CH3)4
and subsequent ionizations can lower the equilibrium tempera-

nd

ture T, behind the n = 2" shock by as much as 200 °K (see

2
Brown on tetraethyllead also).

3. A Solution to the Equations of Radiative Transfer in
Optically Thick Plasmas

Now consider the situation of aiming an optical system
at the hot gas in a local thermodynamic equilibrium. The
gas 1s bounded by two parallel plane surfaces w cm apart and
the line of sight of the optical system 1s perpendicular to
the confining surfaces. Define the specific intensity of
emission at a frequency, ¥ , as the energy emitted from the
hot gas per unit time, unit surface area, unit solid angle,

and per unit frequency, i.e.,

AE
dtde dw dy

1y = (v.3)

The change of the specific intensity along the line of sight

can be best expressed by

Y~ kY IBW,T) —IV]
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where y 1s the coordinate axis along the line of sight

perpendicular to the surface and B(), T) the Planck's

black body function, ky' is the absorption coefficlent of

the gaseous radiator, corrected for the stimulated emission:
_k‘ﬁg

, hY5
hy =y Povwy By (1 - e KT (V.5)

J' and j label the upper and lower levels of the transition
responsible for the emissions, respectively. P(y ) is the
line profile function in the neighborhood of the central

frequency,\)o, and is normalized so that

)
S Py dv =1 (V.6)

o

Bjj' is the Einsteln coefficient of absorption and 1s

related to the other Einstein coefficients of emission (A., ;)

J d
and of stimulated emission (Bj'j) by
2h vy ‘
vle = 31 . 0\/ Va7
éj'A,\lj s i B).\ (v.7)
and

. B.., = 8. B, . V.8
gJ 33 ng 3vJ ( )

and also to the oscillator strength by

Lo = hvme g,



100

where

g.f = gf (v.10)

jtggr T8

NIy
m and e are the mass and charge of the electron, respectively.
The g's are the quantum weights of the respective energy
levels. fjj' and fj'j are the absorption and emission
oscillator strengths, respectively.

Eq. (V.4) is often called the equation of radiative
transfef%%hose solution is to give rise to the evaluation
of the oscillator strengths via egs. (V.5), (V.9), and the
measurements of respective intensities. Note that in a
complete thermodynamic equilibrium +— = 0, i.e., the
radiation field becomes nothing else but that of the black
body.

Eq. (V.4) can be readily solved for Iy by integrating

wlth respect to y over the path between the two confining

planes. We obtain
- koW

(Vv.11)

A constant of intergration is neglected in the process because
there 1s no external source of radiation along the line of
sight. k~v'wg the product of the corrected absorption
coefficient and the width of the luminous region is a measure
of the optical thickness of the radiating gas; quite under-
standably the radiating gas of small ky 'w 1s considered

"optically thin" and that of large ky 'w "optically thick".
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The solution (V.1ll) states that the specific intensity from

a radiator in a local thermodynamic equilibrium at tempera-
ture, T, cannot possibly be greater than or equal to that of
the black body radiator at the same temperature., In other
words, I~v becomes equal to B(y , T) only when ky 'w goes to
infinity, which 1is either the case of a complete thermodynamic
equilibrium or the case of an infinitely deep, optically thin
radiator in a local thermodynamic equilibrium.

It is customary and convenient to measure the 1lntegrated
line intensity at a given frequency rather than the specific
intensity. The integrated intensity can be written as

be o \k\:w
ba

I = g I,dy = BW,T)& (\~e, )ol\)

LAY - (v.12)
B(y, T) is a slowly varying function of y and is assumed to
remain constant in the neighborhood of the central frequency,
Yo For an optically thin radiator one may Taylor-expand
the exponential term in the integrand and retain only the

first order term to arrive at

N Y (vV.13)

It should be noted that

_E;
9.’ -y~ E) 93¢ B
= e Y\_- K - PR A——
W= o Mt N o=y (V.14)

where n is the number of emitting atoms (mercury).
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The relation (V.13) has only a limited use because of
difficulty in attaining a optically thin, yet very bright
radiator. If such a condition is achieved, one can not only
measure the absolute gf-values by measuring I absolutely,
but also use egs. (Y.l3) and (V.14) inversely to measure
the temperature of the source by measuring relative intensi-
ties of several emission lines of one element present in the
source, provided that their relative gf-values are known.
The temperature in the latter case is calculated from egs.

(V.13) and (V.1L4):

T (@)3 Qﬁ)nl (V.15)
>"\ (%f")w\
where the subscripts n, m, *¢*-°- label the various spectral

lines observed. (gf)n and (gf)m are the relative gf-values

of the ntt th

and m lines, respectively.

For an optically thick plasma the evaluation of the
integrated line intensity of eq. (V.12) calls for the
explicit form of ky 'Ww because the integration now has to
be rigorously carried out—that is to say that an analytic
expression of the line profile, P(y ), suitable to the
present experimental circumstance 1s necessary. A brief
review of all mechanisms of the spectral line broadening is

in order, which can be classified into the following three

categories:
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1) Doppler broadening due to the thermal motion of
emitting atoms has the profile of a Gausslan type
()

2Vp

€ (V.16)

where its 1/2 1/e-width, A\)D, is given by
Vo [2RT
AVp= T | F (V.17)

11) Generalized Lorentzian broadening due, at first,
to the perturbation of the emitting atoms by neighboring
atoms via collision, resulting in the interruption of
emission, and secondly to the natural damping of atomic
oscillators resulting from the radiation of electromagnetic

energy. Both have the profile of one identlcal type

\
- (v.18)

V-=Vo\ 2
| *-(ZELB

where the 1/2 half-width of the generalized Lorentzian.

profile, AvL, is

\

= 4) a4, ¥ ———
AV, * 2T g (v.19)

P

A‘vp and A‘VN are the 1/2 half-widths of the profiles per-
taining to the collisional broadening (alternatively called

the pressure broadening due to its dependence on the gas
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pressure) and to the natural damping, respectively. tcoll.
is the time of collision between particles and under the
experimental circumstance is considered much longer than the
finite lifetime of a non-metastable excited state, thus
giving rise to the approximation in eq. (V.19).

1i1i) Stark broadening due to the interaction of emitting
atoms with neighboring charged particles such as lons, elec-
trons, and polar molecules (the last contribution is very
small compared with the ion or electron broadening). It
breaks down to two basic classes—namely, the first order
Stark broadening due to the presence of a permanent electric
dipole in the atom and the second order Stark broadening due
to the emergence of an electric dipole induced in the atom by
an external electric field. The extent of the broadening
therefore depends heavily on whether the electron orbits respon-
sible for the emission of an individual line are of a penetra-
ting kind or a non-penetrating kind. For a penetrating orbit
the permanent electric dipole is extremely small because the
time average of the electric dipole along the orbit has the
contribution coming only from the portion of the orbit tpat
stays outside the electron core around the nucleus, thus
resulting in only the second order Stark broadening which is
a small effect in itself.

The pertinent electric field in the case of ionized
gases 1s not static but randomly directed and has contribu-
tions from the neighboring ions as well as from the electrons,
which complicates the theoretical treatment together with the

difficulty of evaluating the radial wave function of heavy
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atoms. There 1s not a single successful theoretical Stark
broadening profile for the complex atoms worth mentioning

here at the moment.

Notice that the broadening of the first category is
completely different in nature from that of the second
category so that the two profiles can be elther superimposed
or separated freely, while those of the second and third
categorles are deeply interwoven under the experimental

condition. The latter point indicates that if the Stark

broadening is made not to dominate over the generalized
Lorentzian broadening, one can very well approximate the
combined profile by that of the second category with only
a minor adjustment of the 1/2 half-width so as to fit the
combined profile. A close examination of the electron
configuration of the mercury atom shows that the quantum

50

defects are large for all of the following terms:

65°1s 7838 7sts 8s3s 9s3s

6p3p° 6p>p°

64-D 643D 7a%D 743D 841D

i,e., all the pertinent electron orbits of these terms are
deeply penetrating. Therefore the lines originating from
these terms are subjected only to the second order Stark
broadening. This together with the low electron density in
the hot gas will indeed assure that the half-width of the

Stark profile remains on the order of the Lorentzian
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half-width.

Under these conditions P() ) can be expressed as the

convolution of two profiles (V.16) and (V.17), i.e.,

% (&
&)
PV = UMAI'X V=Y, - € 2 de

where & 1is the frequency deviation from the central
frequency in thé Doppler broadening. A\)L' is the 1/2
half-width of the two profiles combined, excluding the
Doppler width. The constant can be found via the normali-

zation condition (V.6): Thus we obtain

Puy =2(aq, &)

L
a \“’ Uy
TP aYy ) a6V (v.20)
where
/
AVL_ Y =V, e
O‘EED, e“"‘AD »\QEA\,{D (V.21)

Eq. (V.5) can be rewritten with eq. (V.9) as

hyw = [T 2%, C Pla, &)
(v.22)
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where
Vo b (v.23)

The integrated intensity of the emission line is obtained
by substituting (V.21) for ky, 'w in eq. (V.12):

g I V[ -ﬁm:,,cm,e,)l L
- 249 By, T - . |-¢ (V.2oL)

The integration of (V.24) can not be carried out

analytically in closed form. However, numerical values of
,9 as a function of C and A had been evaluated by van der
Held and by Penner and Kavanaugﬂ? when plotted as functions
of C, with as peramater, they are called curves of growth
(Fig. 21).

For small C, ,ﬁ is linear in C, while Lo varies as C%
for large C. The physically possible region is bounded by
two limiting curves of Aa=% and A = 0, Now that the \
relation between Lﬁ and C 1s quantitatively established for
any glven & , one can evaluate the gf-value of a given line
by experimentally determining both J and & together with
the thermodynamic state of the radiating gas.

4, Measurement of Absolute Integrated Line Intensities
A two prism quartz spectrograph and a grating spectro-

graph coupled with a rotating drum camera, are alternately
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used for the line intensity measurement. The first spectro-
graph 1s used for lines with wavelengths of 2400 X to 4000 X
and the other for those above 4000 X. The time-resolved line
intensity is recorded on 35 mm film strip of Kodak 103-F
(4500 K ~ 6800 X) or Kodak 103-0 (2400 X~J5OOO K). A typical
exposure time of the shock tube exposure is of the order of

8 to 20 usec, while the time resolution of the recorded
intensity is better than 1 psec.

The spectrograph aims at an aperture (5 mm diameter,
located 2.5 cm upstream from the endwall) provided in the
mask covering the side window of the tube, by means of the
following optical arrangement. Two collimating lenses (focal
lengths 8" and 6") and a stop with a circular aperture
between them are placed between the spectrograph and the
test section. The stop 1s used in order to keep the solid
angle of the shock tube radiation fixed. The image of the
stop 1s focused at the center of the shock tube by the first
collimating lens. The lecation of the second lens 1s
adjusted in such a manner that the image of the entrance slit
of the spectrograph is formed NOT on the stop but halfway
between the stop and the first lens, in order to insure a
uniform illumination on the entrance slit.

The integrated line intensity of a gilven spectral line
can be measured in two different ways: One is to set the
entrace slit width of the spectrograph in such a way that
its effective width, (S'W')eff’ on the image plane is

slightly greater than the line width at its base, 8\, . .-



110

The center of the resultant profile thus recorded on the film
directly corresponds to the integrated line intensity. (The
profile is obtained by tracing the exposed film with a
microphotodensitometer.*) If (s.w.}eff, is much larger than
SA base’ one observes a flat maximum, as wide as the quantity,
(s.w.)eff - é)\base’ at the center of the recorded profile.
This can in turn be regarded as positive evidence that the
integration of the specific intensity 1s duly performed.
Another method, used when (S‘W')eff‘< gAbase due to
difficulties with over lapping neighboring lines and with
severe line broadening, is to measure the area surrounded by
the traced line profile and then to fit this area into a
rectangular profile with its base width same as (s.W.)_pp-
The height of the resultant rectangular column gives rise
to the integrated intensity.

Following is a detalled description of the photographic
photometry which has throughout been employed to determine
the intensity absolutely.**

The densitometer tracing of an exposed film is a

display of the relative transmission coefficlent, ef, of its

The recording microphotodensitometer was provided through
courtesy of Professor C. E. Nordman of the Chemistry
Department of the Unilversity.

¥ Photoelectric photometry can also be used, following the

exactly same method as described for the film, simply by
replacing the film with suitable photoelectric censors.
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emulsion, regarding the unexposed area of the film as fully
transparent. The film blackening 1s usually expressed in

the unit of the neutral density which is defined as

\
Neutral Density (N. D.) = leg I
t

The neutral density of the exposed film 1s generally a

function of the exposure which can be expressed as

Exposure (E) = Intensity (I) x Exposure Time (tE).

(v.25)
It i1s then necessary to establish the exact dependence of
N.D. on E in order to measure the intensity of radiation.
For the evaluation of the absolute intensity the exposure
scale must be fixed absolutely by means of an absolute
radiation standard because ef alone provides only a relative
exposure.

The absolute intensity measurement becomes rather
complicated because i) the dependence of N.D. on E is not
completely linear, i1i) the film sensitivity is wavelength—
dependent, and 1ii) the film is subjected to the reciprocity
law failure. The reciprocity law fallure 1s an effect which
gives rise to a difference of the neutral density as a result
of one exposure of Il and tEl from that corresponding to the
identical exposure but with I, and t_,/gx . § isa
constant substantially different from unity. Therefore, in
order to calibrate intensities of wide range, exposure times

involved throughout the entire process of fim calibration
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must be kept systematically close to one fixed value.

Actual plots of N.D. versus log E pertaining to any
type of film show that there i1s a region where N.D. =
const.log E, but as the exposure becomes very small or very
large the "toe" or "shoulder" region developseach with a
decreasing proportionality constant. The search for a
suitable function of N.D. which becomes linear in log E for
the entire range of the exposure resulted in the Seidel

function defined as

-6
S = Ly (10" 1) = Leg l"éif (v.26)”*

Now that S o< log E, the calibration of the film for its
spectral sensitivity can be done in the following manner:

1) Choose a spectrograph suitable for the spectral
range of interest and set its entrance slit height at about
14 mm., The slit width can be set in such a way that (s.w.)eff
is in the order of 10 X. Then place a step filter (a seven-
step filter of rhodium evaporated on quartz; produced by
Jarrell-Ash) right in front of the entrace slit. The ‘
relative coefficients of all seven steps must be calibrated
beforehand because the density of each step is wavelength-
dependent, especially 1n the ultraviolet region.

1i) Expose the film placed on the image plane by

illuminating the entire entrace slit uniformly with a xenon

flash lamp (or a spark gap in air). It is important that the
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effective duration of the pulsed light source* 1s short
in order to avold the reciporcity law faillure and in the
present experiment 1t is set to be 30 usec.

1ii) Trace the exposed film along the length of the
slit image by means of the densitometer. The film density
corresponding to each step of the step filter is then
numerically determined in terms of N.D. of ten reference
neutral density filters** (Kodak Wratten Gelatin filter; N.D.
varying from 0.1 to 1.0 in an increment of 0.1) by tracing
the neutral density fillters with the same densitometer.
Calculate S for each of traced film densities (steps).

The use of the step filter is equivalent to having
seven different light sources of known relative intensities,
all with an identical exposure time. Denoting the flash

lamp intensity at a given wavelength by I the relative

L,

intensities seen by the film are eS.F.IL’ where eS.F. stands

for the relative transmission coefficients of the step

filter. One may write

S = R(A) 1log E=R(A) log (a_ Bg o I ty) (j.27)

aop is a constant characteristic of the optical path. IL and

and tE are constant also. The effective sensitivity of the

*  Vhether it is of a line radiation or continuum is imma-
terial as long as it has a wide, well distributed spectrum
so that the sensitivity calibration at various wavelengths
can be made,

*%

It is absolutely necessary to use only one set of neutral
density filters consistently throughout the entire
experiment.
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film, R(A), can be found by plotting S versus log 6y 5.2

i.e.,

45
4 ‘Q"’ﬁ 65-\:. N

(v.28)

RIA) =

Since the exposure (E) found above by eq.'s (V.27) and
(v.28) is in a relative scale and since the detail of a given
optical path (shown symbolically as aop) strongly influences
the deviation of the resultant intensity seen by the film
from the initial intensity of the radiator, the relative
exposure scale and the entire optics involved must be
calibrated by means of a known radiation standard. For this
purpose the results of Euler62 on the carbon arc have been
used.

Euler observes that the radiant energy of the anode
crater of a carbon arc stabilized just below the hissing
point (with the current of about 11.5 amp) is that of a
plack body at 3995 T 15 °K with its emissivity, &, , varying
with wavelength ( €, varies roughly from 0.69 to 0.76 over
the wavelength range 2000 X to 7000 K). By utilizing the
same spectrograph and external optics in observing the
radiation standard as used for shock tube exposures, we
effectively cancel out all absorbing and scattering by the
optics as well as difficulties with the solid angle into
which the radiation is emitted. In order to make certain

that £.27C ag tEline

E , the rotating drum 1s used for the arc
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exposure, the drum speed being nearly equal to that for
shock tube exposures. A shutter 1is placed in the optical
path to insure that no more than one revolution of the
drum 1s used during the exposure.

Since the black body temperature 1s much lower than the
shocked gas temperature, it 1s often necessary to lncrease
the effective intensity of the arc in order to achleve a
substantial blackening of the film. In view of the stringent
restriction on the arc exposure time, thls can be done by
widening the entrance slit of the spectrograph because the
arc is continuum radiation and B(VY, Tarc) is rather a slowly
varylng function of V .

The densitometer readings (traced along the A-axis) of
the film are converted to S values. We can write, using eq.'s

(v.25) and (V.27),

arc
A

arc
Sy

R(A) 1log E

arc arc
R(A) 1log [aop AY €y B(vy, Tarc) 2 ]
arc . -1
where Ay is the effective slit width 1in sec on the
image plane of the spectrograph. A comparison of the S value
arc

of the shock tube exposure at a given frequency with Sx

completes the absolute calibration of the exposure scale:

Eline
-1 line arc
log EQT= RN (8,77 - 837°)

A )
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which gives rise, by virtue of definition (V.25),

e (T
Iy- | Tvb
Zo
live anc
] (E:“‘“) e o)

(v.29)

arc line
Each of tE and tE

height of the entrance slit image by the speed of the film

can be found by dividing the

mounted in the drum camera. Although we do not know absolute

E}\1ine alone, since now the ratio Ex

experimentally appears in eq. (V.29), we can find absolute
line

line/EAline obtained

IA .
In the reglon of wavelengths shorter than 2800 A, the
calibration of the exposure scale with the carbon arc
encounters a difficulty in that B(y, T, ) becomes so small”
that the arc fails to produce an exposure necessary to yield
a measurable film blackening (N.D. of 0.1 or greater) as
long as one maintains to avold the reciprocity law failure.
This continues to be so even when (s.w.)eff is ‘made as wide
as 25 X. In such a circumstance, an additional calibration
of the film for its reciprocity law failure has proved to be
very useful. Results show that the reciprocity law failure

is wavelength- and intensity-dependent. Essential stages

are the following: 1) Expose a film strip with the carbon

o)

The value of B( §, Tgpe) drops from 5.045 x 1OLL at 5461-A
- o}

to 2,117 x 102 erg/cmg—cm 1 -sec-sterad at 2500 A.53
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arc in the same manner as for the normal calibration but
with an exposure time long enough to give rise to a signifi-
cant blackening at each desired wavelength. ii) Use only
one flash of the spark gap in air to expose another film
strip (of the same kind as in step 1)) through the seven-
step filter, following the procedure used in measuring R(A).
Repeat this with two, four, eight flashes and so forth, while
keeping all other conditions identical. The net effect 1s
that the exposure time is made to vary extensively, while
the seven different intensities seen by the film remains
unchanged. The range of the exposure time should cover the
arc exposure time of step i). Then plot the traced N.D.'s
corresponding to each fixed intensity as a function of
exposure times and connect these points for each of the
seven steps into a smooth curve.* iii) Locate among the
family of curves obtained in stage ii) the measured N.D.
corresponding to the integrated line intensity of the shock

line

tube exposure at ¢t Then find from these calibra-

E = g
tion curves the new N.D. value which would have been the

true N.D. value of the shock tube exposure, had it beenvthat

line _ ¢ arc
E - E ’

can obtain leine

The above method 1s quite laborious but helps to extend

t

line) thus evaluated, one

Using (S, corrected

via eq. (V.29).

significantly the scope of photographic photometry in shock
tube spectroscopy into a spectral range which had been

completely left out in the past.

One should notice that they are not straight lines but
curves with diminishing slopes with increasing exposure
times.
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5. Measured Oscillator Strengths
Fig. 22 shows a typical shock tube run. A wave speed
picture and the time-resolved spectrum together with
densitometer tracings of four spectrum lines along the time
axis are arranged in such a way that they all share one
common time axis. This is a shock in a Ne-Hg-Si(CH3)4
mixture, their concentrations of which are indicated on
the figure. As was sald earlier, a small but quite definite
amount of silane is necessary, to provide with 1ts luminous
line the essential measurement of the primary shock speed.
Also shown are the numerical values specifying the equilibrium
state of the shocked gas. It should be noticed that for
each line the spectral intensity from the region behind the
n = 2nd shock rapidly rises to a plateau without showing any
sign of radiation overshoot, and this plateau is maintained
until the n = 3Pd shock is generated at the interface. This
indicates that the local thermodynamic equilibrium is reached
behind the n = 2nd shock and the role of impurities is
negligible. Furthermore, the rise of the intensity to a
plateau takes place simultaneously for all lines which
originate from widely scattered levels above the first excited
state (6p3Pg), confirming the notion put forth earlier
(Chapter IV) that the process of ionization and excitation
takes place via the intermediate step of excitation to 6p3Pg.
This period of intensity plateau behind the n = 27¢

shock is when the data toward gf-values are gathered. One

evaluates ,9 from the measured absolute intensity of a
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given line through eq. (V.2L4). J thus obtained turns out
to be large for all neutral mercury lines dealt with in
this investigation and ranges typically from 10 to 250 with
only a few lines having J < 10. Large values of 3 stem
from the fact that the mercury concentration in neon is
chosen rather large (more common concentrations of emitters
in the bath of inert gas are in the region of 0.0l to 0.5%)
in order to keep the uncertainty in measuring the partial
pressure of mercury gas small,

In order to aid the evaluation of nj appearing in eq.

(V.23) (see eq. (V.1l4) also), the fractional population’
-E '

IS K%('p,'w has been calculated for seventeen
different levels as a function of temperatures (the pressure
dependence 1is so weak that in the temperature range of 7,OOOO
to 17,000 °K one can not recognize it), and it is plotted in
Fig. 23. The levels are indicated in terms of respective wave
numbers measured from the ground state of neutral mercury.

In determining the optical depth A4, it should be point-
ed out that AvL' and AV, (see eq. (II.17), (II.19), and
(II.21)) both vary with wavelengths and with shock strengths.
AV can be computed from eq. (V.17) with the aid of a shock
calculation., Considering the fact that the emltting atoms

(mercury) are much smaller in numbers than the foreign atoms

— — ] ~

It 1s at this stage that the cut-off in the divergent
partition function (ZEi Z) mentioned earlier is important.
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(neon) surrounding them, one can write

l - =2
m = M? v T (v.30)

where np, V.. and ?Xz are the number density of perturbers
(neon), the average relative speed between emitters and
perturbers, and the optical cross section (of the broadening
collision) for a line with wavelength A. ?*i is a constant
for a given combination of emitters and perturbers and has

to be measured. It 1s possible then to evaluate A\)L from
eq. (V.18). On the other hand, a calculation of AY L' is not
simple because the adjusted optical cross section is no
longer constant due to the contribution from the Stark
broadening which depends on the charge density in the plasma.
Instead, we will utilize the method of Hinnov and Hedwig Kohn

in the flame spectroscopy.54’55

54

Hinnov~ calculated the theoretical intensity density
graph, which is a plot of log LQ versus the common

logarithm of a quantity

W C 23;

with A& as parameter. Just as was the case in the curves of
growth, each curve in the intensity density graph has an
a symptote of slope 1 for a very small concentration of

emitters and another of slope 1/2 for a very large concentra-
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tion. Hinnov shows that when these two asymptotes for a
given A are extrapolated, the point of intersection furnishes

the optical depth, i.e.,

AL«,\I}MLJ@\\ = A4 (v.31)

Noting that r& = const f (CO), c® being the concentration
of the emitter for given temperature and emitting specles.
One can very well establish an experimental intensity-
concentration graph by measuring J for widely varying c°
with an otherwise constant plasma condition. Hinnov and
Kohn55 proceed to demonstrate that such an experimental
intensity-concentration graph can indeed be superimposed on
the theoretical intensity-density graph precisely within
experimental accuracy, and consequently this superposition
furnishes the value of 4 by fixing the pair of asymptotes
corresponding to the experimental conditions.

In applying this method to the shock tube spectroscopy,
one must recognize the difficulty with keeping the tempera-
ture constant throughout while varying the mercury concentra-
tion. And because of the contribution to AV Ll from the
Stark broadening, & is dependent on the mercury concentration.
Thus the method of intensity-concentration graph appears
impractical in the present situation.

A close examination of the theoretical intensity-
density graph reveals that the greater the value of &, the
more abrupt the transition from the low density asymptote to

the high density asymptote becomes and that for A< 2 the
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asymptotic region (of high density) begins with J becoming
10 or greater. It is then possible to locate the high density
asymptote with only one value of J that is greater than 10,
provided that its position relative to the low density
asymptote can be established, which 1n turn calls for the
knowledge of fjj" At this moment we propose to use an
iterative method, which yields satisfactory results within

a few steps due to the fact that all cases considered lie in
the asymptotic part of the curves of growth (see Fig. 21).

The following steps of iteration can be used for this purpose:
i) Guess aﬂo) for a given line, whose A is measured, and
determine an fjjéo) from the curves of growth, ii) locate a
point in the theoretical intensity-density graph with
Lomeasured and T{o) a(o) and draw a straight line of slope
1/2 through the point until it intersects the low density
asymptote, iii) find therefore an improved Lh(l) via eq.
(V.31) and iv) repeat steps 1) to 1ii) with a(l) until

n) n—l)'

af falls within an acceptable range of aé The steps

1i) and 1ii) are equivalent to manipulating the relation

;9 vv\;zufww,(‘ &“)
[—— }
- ) \ V.32
3221 #pt)ap\\ ( )

The optical cross sections of the combined profile,
evaluated from the values of & thus found, show as expected,
a dependence on the mercury concentration and temperature

owing to the contribution from the Stark broadening. For
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the resonance line of 2537 X, the result of Kunze57 on the
optical cross section ( T;Q = 35.7 Xg for mercury in neon)
is used to evaluate A because the Stark broadening is
expected to be extremely small for this line.

Table VI lists the measured lines of neutral mercury.
Column 1 gives the wavelengths, columns 2 and 3 the low
level designation and its term value in cm-l, and columns
4 and 5 the same data for the higher level. A HgI term
diagram with spectral transitions is shown in Fig. 24. 1In
Table VII the measured gf-values of HgI lines are summarized
together with results from earlier measurements by Ladenburg

56, Schouten and SmituS, and Corliss and

and Wolfsohn
Bozman .46 For lines which are difficult to separate, the
combined gf-values are given as indicated with brackets.

The uncertainty in our measured gf-values (last column
of Table VII) stems from uncertainties in\i) measured shock
speeds (the maximum error is 2%), ii) measured absolute line
intensities (4% at most for all lines with A > 2800 X), and
1i1) estimated value of & (5%). The error in the absolute
line intensity results in twice as large an error in the
gf-value. For lines of A< 2800 X, there is an additional
uncertainty of about 4% in the final gf-values arrising from
the calibration of reciprocity law failure (see Section 4).

It should be sald that earlier results by Schouten and
Smit and by Corliss and Bozman Were obtained by measuring

at first the relative gf-values of emission lines from the

copper-elctrode arcs and readjusting them to the known
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Table VI

Measured Spectral Lines of HgI

A air Classification
A 1w (5) Ejen™) nign (51)  E,(cm
5790.66  6p'P  54068.78  6a'D, 71333.18
5789.66  6pTPS  54068.78  6a°D, 71336.16
5769.60  6p'PS  54068.78  6a’p, 71396.22
5460.73  6pP3 Lhoke.98  Ts%s, 62350.46
4358.33  6p B0 39412.30  7s7S, 62350. 46
4347.50  6p'P°  54068.78  7d'D, 77064,10
4339.22  6p'B0  54068.78  7aD, 77107.92
4077.83  6pB0  39412.30  Ts's, 63928.24
LO46 .57 6p3P8 37645.08 7s3sl 62350. 46
3906.37  €pTP®  54068.78  8a'D, 79660.79
3903.64  6pES 54068.78  8a°D, 79678.71
3901.87  6pTBS  54068.78 84D, 79690. 30
3663.28  6p B k042,98 6a'D, 71333.18
3662.88  6poP)  Mhoke.98 67D, 71336.16
3654.84  6poR3  4Mou2.98 64D, 71396.22
3650.15 6p3Pg L4hok? .98 6d3D3 71431.31
33U1.48  6poB  4MoN2.98 8B5S, 73961.30
3131.84  6poS  39412.30  6a'D, 71333.18
3131.55  6poBY  39412.30 6D, 71336.16
3125.67  €pBS  39412.30  6d°D, 71396.22
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Table VI: continued
A air Classification

A low (J) Ej(cm'l) high (j') Ej,(cm'l)
3027.49  6p3BY  4koke.98  7d'D, 77064,10
3025.61  6poBY  4Mok2.98  7a%D 77084.63
3023.48 6p3Pg L4hol2,98 7d3D2 77107.92
3021.50 6p3Pg Lhok2 .98 7d3D3 77129.54
2967.54  6pp,  37645.08  6d'D, 71333.18
2967.28  6poP_  37645.08  6a°D, 71336.16
2925.41  6poBS  Luok2.98  9s75; 78216.26
2893.60  6p B0 39412.30  8s°S, 73961.30
2806.77  6poBS  Lhoke.98  8a'D, 79660.79
2805.35  6pBy  4ON2.98  8d°D 79678.71
280444 6p3B0  4Mou2.98 84D, 79690, 30
2803.47  6p B3 4kok2.98 8d3D3 79702.63
o752.78  6pB0  37645.08 8873, 73961.30
2655.13 6p3P§ 39412.30 7dlD2 77064.10
2653.68 6p3P§ 39412.30 7d3D1 77084.63
2652.04  6pP  39412.30  7aD, 77107.92
2536.52  68°°8 0 6p3p° 39%12.30
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Table VII

Measured Absolute gf-Values of HgI

A air Ladenburg Schouten Corliss Present
o and and
A Wolfsohn and Smit Bozman Work

5790.66 4.539
5789.66 E3.217 %9.4 T,
5769 .60 3.544 3.827 10,0 T 1,
5460.73 4,918 33.82 2.83 T 0
4358.33 2.335 21.36 2.72 £ 0
4347.,50 0.47 £ 0
4339,22 0.19 T 0
4077.83 | 0.084 0.570 0.021 T 0
LO46 .57 0.761 7.832 1.69 T o
3906.37
3903.64 0.10 T o
3901.87
306328 }0.805 o 10.36 to.
3662.88 0.37
3654.84 1.4 0.61 T 0
3650.15 7.830 13 5.66 £ 0
3341.48 0.22 0.08 T 0
3131.84 }0.038 0.819
3131.55 0.819 1.97 £ o
3125.67 0.979

A4
L1
.07
.03
.003

.25

.01

05

.09
.85
.01

.29
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Table VII: continued

A air Ladenburg Schouten Corliss Present
o and and
A Wolfsohn and Smit Bozman Work
3027.49
3025.61
1.67 T 0.25
3023.48
3021.50 0.481
2967.54
0.238 0.23 £ 0,03
2967.28 2.58
2925, 41 0.037 T 0.006
2893.60 0.205 0.046 T 0.007
2806.77
2805. 35 .
2.60 T 0.39
2804, 44
2803.47
2752.78 0.107 0.041 t 0.008
2655,13
2653.68 6.90 T 1.3
2652,04

2536, 52 0.0255 0.027 0.303  0.021 * 0.005
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absolute gf-value of one line (e.g., 2537 X), while in the
present investigation an absolute gf-value has been measured
individually for each line. The result on the resonance line
(2537 K) by Ladenburg and Wolfsohn is considered very accurate
and was obtained by means of the "hook method" (an absorption
method involving the anomalous dispersion in the neighborhood
of a resonance line). It also compares fairly well with

8

a theoretical value of gf = 0,028 by Garstang5 . In view

2537
of the quite involved process of the present measurement on
this resonance line, the present result appears most satis-
factory. Present results on other lines differ considerably
from those earlier ones and this discrepancy is mainly due
to the lack of local thermodynamic equilibrium on the part
of arc measurements and the inhomogeneity in the temperature
and density across the arc.

In performing the measurements on the resonance line
(2537 Z), a speclal care was needed in order to prevent the
line reversal and to depress the continuum radiation. The
most satisfying run was obtained by making the shock as weak

Al

as possible without violating the requirements necessary to
achieve local thermodynamic equilibrium behind the n = 2nd
shock and by using the smallest mercury concentration that
can be tolerated within the frame work of photographic

photometry.



CHAPTER VI
SUMMARY AND CONSIDERATION OF RELATED FUTURE RESEARCHES

In this present dissertation, an extensive investigation
of various problems in the heated shock tube, starting from its
construction, has been presented. It largely consists of
numerical calculations en shocked mercury (and neon-mercury
mixtures) over a very wide range of shock strengths,
experiments on the overall performance of the heated shock
tube as a new fluid dynamical device, a study of the approach
toward the ionization equilibrium in shocked mercury, and
finally the measurements of absolute oscillator strengths of
neutral mercury lines.

In presenting the shock theory in Chapter II, it has
been pointed out that usual three laws of conservation hold
true not only across a primary shock but also across each of
all reflected shocks. Subsequently a set of very general

shock relations has been derived for an nth shock only with

an additional assertion that the nth shock speed and
thermodynamic state ahead of the shock are known, without
making any assumption on the mechanism of reflected shock
generation, This modificatlion was motivated by the persis-
tent failure of the usual reflected shock theory in predicting
the reflected (n = 2) shock speed from a known primary shock
speed, which results in a noticeable disagreement between T

2

(calculated) and T, (measured), and it indeed showed a

5
substantial improvement in providing the equilibrium tempera-

132
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ture T2 when applied to the previous line reversal data by

Charatis.l6

The shock relations coupled with the ionization equilib-
rium relations written out from the general law of mass action
have been numerically evaluated for primary shocks in mercury
and mercury-neon mixtures, and respective Rankine-Hugoniot
curves have been obtained. Thelr value remains mostly
academic at the moment because of the limitation of attainable
shock strengths on the part of the laboratory practice, but
never the less the influence of first two successive loniza-
tions upon the density ratio ( Ql/ go) is shown very clearly.
Due to an overlap in two degrees of successive ionizations,

a complete return of ?l/ P to an ideal (purely translation-
al) value was absent.

It would be of great interest 1f at least the first
maximum in 91/ 90 can be experimentally observed. This
appears extremely difficult for gases such as mercury and
xenon even with an aid of explosives as driving gas because
of severe boundary layer growth, ever increasing in degree
with increasing shock strengths as long as the ionizat;on is
"active". However, in the cesium gas the possibility of such
an investigation seems rather favorable because the first
ionization potential is so small that a nearly complete first
ionization can be achleved in the shock tube without any
complication arising from the second ionization.

The equation of state in ilonized mercury has also been
evaluated for temperatures from 5,OOOO to 30,000 OK and

pressures from 50 to 5,000 cm Hg, together with the
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electronic partition function, the effective electronic
degrees of freedom and the degrees of ionization, all
irrespective of shock relations.

The novel observation of the reflected (n = 2) shock
bifurcation in the monatomic gas of mercury has been described
in detail in Chapter III, together with the shock tube per-
formance. It has been fully demonstrated, with experiments
and through a proposal of a"x—model” of shock bifurcation,
that an "active" ionization behind the primary shock is
responsible for a fast growth of boundary layer in mercury,
which in turn causes the bifurcation. An additional check
of the X ﬂnodel was made in xenon also., By virtue of the
¥ -model, a special attention is called again to the cesium
gas as a prospective shock medium because the ceslum gas
behaves very much like an ideal gas between the first and
second stages of ionization, as shown with a theoretical
calculation of ¥ -

One may point out that the fact that ¥ can become
smaller than 5/3 is physically equivalent to the fact that
the density ratio ( ?1/’?0 ) exceeds the ideal limit, both

arising from "active" ionizations. However, it has not been
determined whether the indication which the density ratio

€1 /fo > 4 may have on the question of shock difurcation
is consistent with the fact that for X 1 less than approxi-
mately 1.5 the reflected shock bifurcation is most likely to
take place either in monatomic gases or in polyatomic gases,

and this remains to be seen through a reinterpretatioh of the
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previous experiments on bifurcation in polyatomic gases.

It has been pointed out that the boundary layer profile
in the primary flow can be obtained by a detailed study of
the change in bifurcated shock profile as a function of time.

It can be concluded that the flow (equilibrium zone)
behind the shocks of n = 1 and 2 are not suitable for the
quantitative spectroscopic source if the reflected (n = 2)
shock 1s bifurcated, as was the case for all shocks in
mercury (strong enough to have the luminosity in the equi-
librium region). For all spectroscopic measurements it has
been made certain that the bifurcation is absent by reducing
the mercury concentration in neon and the equilibrium
temperature behind the primary shock.

The usual failure of the ideal shock tube theory in
predicting the shock strength at the end of the tube has been
found also present in the heated shock tube and this again
upgrades the adequacy of the shock theory developed in
Chapter II even further.

The measurement of ionizational relaxation times in
shocked mercury has shown that the measured activation energy
of ionization coincides with the resonance energy of neutral
mercury in the temperature regime of 7,3000 to 11,000 OK,
indicating that each process of ionization (the atom-atom
process and the electron-atom process) consists of two steps.

16 4o 100 x 1017 em™3

For electron densities of 2.80 x 10
the relaxation time is found to be independent of pressure,

and this tendency 1s i1ldentified as a characteristic of the
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electron-atom process through reinterpreting the previous
results on argon, krypton, xenon, and cesium, and comparing
them with the present result. This, together with an apparent
lack of any additional perlod attributable to the atom-atom
process, has led us to the conclusion that the approach
toward the ionization equilibrium in shocked mercury takes
place mainly through the electron-atom process. Additional
measurements with shocks in mercury-neon mixtures coﬁfirmed
this conclusion. Consequently, in this electron density re-
gime the most favorable mechanism of providing the electrons
necessary in initiating the electron-atom process appears to
be that of photo-excitation and -ionization.

Such a claim on the role of photo-processes may seem
difficult to be tested directly in the shock tube without a
sufficient information on the cross sections of photo-excita-
tion and -ionization. An experiment with shocks in a medium
containing some free electrons ahead of the arrival of shock
may give rise to a better understanding of the way initial
electrons are made avallable and it can be done, for instance,
by spraying a very small amount of radioéctive material.éo
Also it is suggested here that an independent experiment on
the photo-excitation and -ionization be done by means of an
atomic beam through a continuum radiation field. Such an
investigation will be particularly interesting in view of the

fact that the cross sections of photo-excitation and -ioniza-

59

The notion of the two-step process can be further ex-

tion can be estimated from the absolute gf-values.

amined by accurately studying the time-resolved profile of
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0
the resonance lines (2537 A in the case of neutral mercury)

in comparison with the profiles of other lines originating
from higher levels. For lines of widely scattered higher
levels, such a comparison has been made and it has shown a
distinctive behavior of indiscrimlnatory excitation among
such levels, again favoring the two-step process.

The heated shock tube has been seen to be particularly
suitable for the investigation of the approach toward
equilibrium in view of the fact that the impurity concentra-
tion can be reduced by thorough baking and pumping to such a
level that its influence upon the excitation process becomes
negligible. 1Indeed, the radiation overshoot has been absent
in all cases of mercury and mercury-neon mixtures, unless an
additive such as tetramethylsilane is added in the shocked
zone to a level which amounts to approximately 10% of the
mercury concentration. It is reasoned that in cases with the
radiation overshoot present the electrons contributed by
impurity atoms during the period of relaxation are responsible
for the temporary overpopulations in the excited states of
neutral mercury. It i1s also thought probable that the atomic
species 1n excited states arising from dissociating tetra-
methylsilane play a similar role to that of impurity-origina-
ted electrons. In this respect an investigation of the
phenomenon of ionizational relaxation with shocks in a medium
that consists of the gas of the main interests and one (or two)
other monatomic gas (monatomic for the sake of simplicity),
which has highly populated levels that match well with the

first excited states in the main gas, appears quite profit-
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able—that 1s, the presence and absence of such a gas may
result in different relaxation times.

The absolute gf-values of 37 neutral mercury lines have
been determined through measurements with shocks in
Ne—Hg-Si(CH3)4 mixtures, using the method of curves of growth.
Usual photographic photometry was used for absolute intensity
measurements for lines with A > 2800 X. For lines with
A < 2800 X a modified photographic photometry has been
devised, which involves an additional calibration of the
film for its reciprocity law failure. Results on gf-values
(Table VII) have uncertainties varying from 15 to 20%. In
view of the fact that the mercury concentration is rather
large and in turn the line intensities are high, the optical
depth of the shocked gas had to be determined unambiguously,
and the method of Hinnov and Kohn has been employed for this
purpose.

Using a semi-empirical method of Kobzev and Norman,59
the photo-excitation cross sections for the series 6p3PO —

2

n3S1 can be estimated from measured gf-values as follows:

(0]
¢ (v..)=2.7x%x120 cn® for n = 5461 A (n = 7),

Jv Jd! :
219 0 -19 \
9.7 x 10 for 3341 A (n = 8), and 1.9 x 10 for 2925 A
- to
JJ')
the serles 1limit, one finds the photolonization cross section

g —I.P. to be 1.0 x 10'19 cmg. This result can be

compared with direct experimental measurement of the photo-

(n = 9). By extrapolating these values of Gﬁ( Y
for 6p3P

ionization cross section.
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It has been demonstrated through discussions in
Chapters IV and V that the heated shocks tube can be used
adequately for quantitative spectroscopic measurements on
metallic elements which either are evaporable at the shock
tube temperature (up to 400 °C) or can be made available in
the gaseous phase by virtue of metallo-organic compounds
that are not necessarily volatile at room temperature. More
experiments with the heated shock tube on atomic constants
of heavy elements, which are useful for laboratory plasma
diagnosis as well as for an astrophysical application, are

highly recommended.



APPENDIX A
LOWERING OF IONIZATION POTENTIALS

According to Fer'mi6l an atom in a gas of a given
pressure is allowed to have only a limited volume, thus
making the number of physically allowed electron orbits
finite. This makes it possible to have a finite value of
the electronic partition function.

Experimentally it is seen that the series limits of
hydrogen-like spectra are depressed, the spectrum remaining
normal up to a certain quantum number, after which the lines
merge 1into a continuum even before the series 1limit when the
pressure and the charge density are decreased.62 Inglis
and Teller63 took the Stark broadening as the most important
mechanism of level spreading and found the cut-off quantum
number by equating the energy difference between two
neighboring levels to the spreading of corresponding energy
level. 1In view of the fact that the Stark broadening is a
longer range interaction than direct collisions, the Inglis-
Teller cut-off 1s much deeper than the Fermi cut-off. \

Taking the screening of a charge in the plasma by
neighboring charged particles 1nto account, the lowering of
ionization potential of eq. (II.30) known as the Debye-
Hlckel formula is obtained.6u’65 This cut-off lies in between
the criteria of Fermi and Inglis-Teller as expected. The
Debye-Hlickel cut-off is valid only when the number of electrons

per Debye sphere is less than one., For higher density plasma

140
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one may use the result by Ecker and Kr611.66 There is now

a rather widely accepted notion that the partition function
cut-off is not exactly identical to the lowering of
ionization potentia1.67
The effect of the partition function cut-off on the
equations of ionization equilibrium 1s very small due to the
fact that only the ratio of two partition functions of an
atom and its ion (or the first and second ions and so forth)
apprears in the equations.* The change in the degrees of
ionization as one changes from the use of a Fermi cut-off to
an Inglis-Teller cut-off is less than a percent while the
partition functions of the two cut-offs differ from each
other often by more than 20% at a modernately high tempera-
ture. Consequently, its influence of the cut-off upon the
shock calculation 1s small. But it becomes important when
one tries to calculate the upper level populations which are
necessary for quantitative spectroscopy, because there one is
no longer dealing with the ratio of partition functions but

with an absolute value of an individual partition function.

We have made extensilve numerical tests to see the effect
of different cut-offs for both helium and lithium with
conveniently rearranged energy levels for the sake of
clarity.



APPENDIX B

DERIVATION OF "K FOR IONIZED MONATOMIC GASES

Let us at first consider a simple case of a monatomic
gas, A, with only one internal level that coincides with

its ionization potential. One can write from eq. (V.T7)

/P O(,
=< + I B.1
E=% %, r (B.1)

where the equation of state is

r KT
-€:<\+°(\§ "Y"Y;; (B.2)

The specific heat at a constant volume is then written as

e
va~ o o
T
2 “,,L},_ 3 ke f}‘ >
1“-"5:(1'“’(!)“‘,\ *(’z ;;T ‘"‘A) gT‘ (B.3)

From eq. ( V.34) one obtains
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by putting Zpy/Zp, = 1. Differentiating eq. (B.4) with

respect to T and rearranging it, one arrives at
Dot

-4 N5 4 B
B—:l" = °<‘((~°<.)(z+ kT>? (B.5)

On the other hand, the specific enthalpy of this system
is from eq. (V.4)

~ =,
,ﬁ\ = é% <+ ,’M;)CI (B.6)

which gives rise to the specific heat at a constant pressure

dh
Cp= &7
= 2 O+ (Tl B 2
= 3 L+ %7 ZNAT+h'\A aT (B.7)

The specific heat ratio, ¥ » 1s then found from eq.'s
(B.3), (B.7), and (B.5) to be

C'P 5+ o (1-«, )(5— ),i—l\—)

AR EEE e

- ——

..Cv

Eq. (B.8) amounts to a chemical approximation of the specific
heat ratio.39
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Now we consider a more detail expression of Y for a
real monatomic gas, A, with two stages of lonizations taken
into account. Internal electronic levels are also excitable.

From eq. (II.7) we get

= (H— o« +¥) OKZ) %[} +U""§|) &'g:[ '+°<|(|‘*°(2~\ &EE

X ¢
+ °<\°(:L%F.'m] + ;‘v‘lh)ﬁl + —-’\ Xx

(B.9)

In differentiating eq. (B.9) with respect to T to find C ,

24 2y e Mep | MEm

one encounters the derivatives
TW Vr; bT'/bT') 3T

From eq. (II. 34) one obtains

X Fox o fer fer) L
ﬁglb{\( O(‘)( SR WY >T) (B.10)

where it is assumed that a . = O, and

2
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Similarly, from eq. (II.35) one finds

)ﬁl ~ °<7\(l+°(x) (I-a(:) (5_ )‘vﬁ'

S 2 (142, ) KT

|
+7 fem~3 fem ) -+

(B.12)
where 1t i1s asserted that o 1= 1.
Recalling the definition of ﬁEz’ z =1, II, III ---
(see eq. (II.9)), it can be shown that
2 ul E;

B‘h??. %Ez 8 % ,:

— = — +2TZ ( e

\T | Y!“ (B.13)

where n* stands for the cut-off quantum number. The second

term on the right hand side of eq. (B. 13) becomes

%E lf‘ l B\
" '}éz N _{1«}&) )

2 (B.1L4)
= - T sz )
where it is assumed that
2 2B\
Yz — <\R:r)> g (B.15)08
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Therefore one can write, with eq.'s (B.10) through (B.14),

~ 3
Cy = 3’.(“*‘*!*"(1*&)%

t "‘i d\(““h% (S— + )}?r fE))[%:Q*o(L)

B (l"(' = o + 2,4, fer + (1+24) (1) fex

+ (X2 2%+ 2 o) i+ % Xfr °<z]
1« o (2t 1~e) (s— Xx L fem_ 'hsﬁ) [ 3
L+ 26, T Tz

t (-« e = (4 2%) Sep
T Q+°(|+°(\°(73 '?E-m -+ é—g\-. }
(B.16)

Cp can be found in a similar manner and it gives rise to
eq. (III.4) with eq. (B.16). Eq. (III.4) can be reduced to
eq. (B.8) by asserting that a, = O and fo, = 0. ¥ thus
found 1s a strong function of ¢ 1 and o X which in turn

depends on T and p. The contribution coming from %32 is

rather small.
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(13, ABITRACT
A heated shock tube has been constructed as a new fluid-dynamical device, in order

to study strong shocks in the mercury gas, to investigate the ilonizational relaxation
phenomenon, and to utilize the shock tube flow as a spectroscopic source.

Extensive theoretical calculations of the Rankine-Hugoniot relation in mercury
and mercury-neon mixtures have been performed for a wide range of shock strengths,
with various stages of ionization fully taken into account. )

A performance study of the heated shock tube has been made. A novel observation
of the reflected shock bifurcation in the monatomic gas of mercury has been made, and
a detailed quantitative analysis of bifurcated shocks is presented.

The activation energy of ionization in shocked mercury gas is found to coincide
with the resonance energy of neutral mercury in the temperature regime of T,300° to
11,000°K.

The absolute gf-values have been measured in the heated shock tube for 37 neutral
mercury lines, using the method of curves of growth.

Related future researches are suggested.
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