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Reference: WAC/173/013

1.  SUMHARY

The visible radiation from a thermally ionized high density plasma
produced by explosively generated shock waves has been investigated as a
possible laser pumping source. It ir considered that the major problem is the
efficiency of conversion from chemical energy to radiation in the absorption
band of the laser. The study has therefore been. concentrated on the mechanism
of the emissive process with a view to increasing the radiation emitted in a
given spectral region. The real gas thermodynamic variables behind the shock
waves have been evaluated for argon and helium and used tc calculate linear
absorption coefficients based on Uns¥ld-Kramers' theory. Using Kirchhoff's
law, the radiant intensities at the surfaces of optically thick argon and
helium plasmas at 20,0C0°K have been calculated and compared with observed
values in the visible spectral region. The effects .of various parameters such
as gas composition, pressure and shock velocity on the spectral radiance have
been studied experimentally. It is concluded that the radiation.from
explosively shocked noble gases is essentially black body in nature.

2. INTRODUCTION '

In recent years there has been considerable interest in the use of
lasers for producing trensient high radiation densities. At present, high
energy lazaer -« 'stems ure relatively inefficient and very large input energies
are needed 21 - gh output energies are required. Also, since the available
pumping times for present day laser materials are short, this energy must bz
supplied at a very high rate.

High explosives are probably the most compact, cheapest and lightest
energy sources available; the explosive 60/40 RDX/TNT contains about
0.77 x 10° joules kg™'. To store the equivalent energy, a capacitor bank
would have to be at least 50,000 times as large in both volume and weight.
However, since explosives are destructive in nature they are useful only in
certain classes of application.

The use of explosive energy to pump lasers poses the problem of coaverting
the chemical energy of the explosive into radiation of the appropriate
frequency. Of the several methods evailable only one is considered here; an
explosively generated shock wave in a monatomic gas is intensely luminous snd
the light may be used directly to pump lasers. This report describes a study
of the mechanism by which the energy of the expanding detonation products is
converted into radiation.
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. As a starting point in this investigation, the argon fiash bomb was
evaluated. This is a simple device designed to meet.the needs of high speed
phctography and consists of a cardboard box containing a thin slab ef
explosive at one end and fitted with a cellophane window at the other end.
Vlhen the air is flushed out with argon and the explosive is detonated several
hundred million candlepower is produced for about 10™* sec. Assuming for the
moment that the radiative intensity corresponds to that of a black body at
20,C00°K the total energy radiated is about 9 x 10° watts cm~2 for 107* sec.
or 90 joules cm ° of radiating surface. Considering a flash bomb conteining
a slab of RDX/TNT 1 ¢m thick the chemical energy liberated is about 6.4 x 10°
joules ca”2 of explosive. This leads to an overall conversion efficiency of
4.4 per cent from stored chemical energy tc total radiated energy.

3. - THEORETICAL CONSIDERATIONS

In this Section, the theoretical aspects of the energy conversion process
are studied with a view to predicting the optimum conditions necessary for
obtaining maximum radiance, in a given frequency interval, for a given
explosive/gas system. The emphasis is placed more on obtaining maxicum
spectral intensity than on conversion efficiency from chemical ‘to radiant
energye

3.1 Eguilibrium Shock Vave Calculations

An essential prerequisite to the understanding of the radiative properties
of a shock-heated gas is a knowledge of the equilibrium real gas thermodynamic
variables behind the shock front. Under the extreme conditions produced by
high explosives, deviations from perfect gas behaviour mey result fron thermal
excitation and ionization of the gas behind the shock front. These difficulties
can be overcome by the introduction cof quantum statistical mechanics of the
microcanonical assexbly into the shock wave calculations to allow for these
real gas effects.

There have been many such calcuiations for plasmas produced by shock
waves, particularly for low pressures (1), but little attention has been given
to conditions of very high pressure and temperature behind the shock front.
Bond {2) has calculated the equilibriux properties of argon for ambient
pressures of 10 torr and 593 torr for incident shock velocities of betwmeen
3 x 40° cn sec™! and 9 x 10° cm sec™'s Lowering of the first ionization
potential was not teken into account in his calculations and at the higher
preéssures and velocities considered by him this could lead to considerabie
error. Second ionization and excitation werc also neglected. Since accurate
values of temperature, degres of ionization and particularly elzsctron éensity
are essential if meaningful absorption coefficients are to be evaluated, the
physical bases of existing equilibrium shock wave calculations were reviewed.

/Considerable seeee
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Considerable progress has been achieved in this field recently, particularly
7ith regard to the development of a consistent physical codel (1,3j. The
results of prelicinary calculations for argon and heliuz= are reported here.

It should be eopnasised that these calculations assuce that equilibrium
conditions maintain behiné the shock front. The problec of energy relaxatiocn
is not considered, the assuzption being rade that the equilibriu= state is nc%
influenced by the physical prccesses tha®t govern tkhe approach to equilibriume.

For a2 conatomic gas, the egquilibriun conditions are determined by the
equations for the conservatisan of mass-flow, cocentum and total energy across
the shock together with the equaticn of state; the Saha equation, and the
equation for the ionization potential.

Using the flow regimes shown in Fig. 1, based on a stationary shock, and

assuning no ionization in the urdisturbed gas anead of the shock front, the -

- - - . < *
conservation equatiocns can be oritten in the forz :

p’u1 = po“o eevee 1
P+ pu = P, + pouy ceeee 2
B0+ @) + 0 - a)BuZle® + e %= @™ +
a’HA +:zz=g-3‘fo +122' eecee 3
where the subscript o refers to conditions in the uwrdisturbed gas and the
subscript 1 to the equilibriun conditions behind the shock front.
The ecuztions of statc zxe
Po = poR’i'o ceces b
and Py o= (1 + ay) ps 3% cscee 5

vhere R is tnu gas constant per unit cass. The Saha equation can be written

/it cece.

*
To achieve soze econooy in presentation the sy=bols in cazon use are not
defined in the text but all definitions are tsbulated in the Appendix.
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in the form:
3
as (2mi )?’ 5 Q4
1 _ e AR 2 <X
1 - u:' Py = h3 Ig.z.Qo T exp(m) esce _6_

The ionization potential y is equal to the ionization potential y_ for the
isolated atom, reduced by AX due to the surrounding plasma. The equation for
the lowering of the ionization potential used in the preliminary calculations
was that favoured by Pomerantz (L), who critically reviewed the literature on
this topic. This equation, which was derived by Ecker and Weizel (5), is
given in the form:

1 AN -
AX_ = 0067 X 10-6 N: + 0037 x 10 T (’q‘,‘) esose Z

The first term on the r.he.s. which is generally the dominant term represents

the ionization potential lowering due to the plasma microfield (the Uns8ld term),
whilst the second term accounts for the energy level lowering effects erising
from plasma polarization. This theory has recently been criticized on the
grounds that it leads to too large a value of AX for the densities involved in
most laboratory plasmas (6,7).

The electron density is given by:

@ Py
Ne = 1 - o1 ﬁ' 00000_8-

The calculation of electronic partition functions is an astrophysical
problem of long siandings The partition function is defined by the
relationship

1 A “n
Qe = nio gn exp "'k-T'> ] XXX _9.

where 8, is the statistical weight or degeneracy of an atomic energy level whose
energy is €0 The summation is formally over all available energy levels.

There are two main problems involved in the calculation of the partition function.
The first is the fundamental problem of its divergence. This arises because

there sxists for a given atom an infinite number of discrete electronic states
converging to a continuum, and since the excitation energies of these states

are finite the partition function diverges. This problem is generally overcome
by employing some kind of cut-off procedure whereby the summation of the energy
levels is terminated at a specified value of excitation energy. In scme cases,

/the veoase
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the partition functions are terminated at a value determined by the eguation
for the lowering of the ionization potential. The second problem, which
arises from the lack of available information oa the electronic energy levels
of the atoms and ions, is usually ignored and only the available tabulated
energy levels are included in the summation (8). Recently, however, iicChesney
(9) has estimated the missing energy levels and evaluated their effect on the
calculated equilibrium thermodynamic properties of shock-heated xenon.

3.2 Shock Vave Calculations for Argon and Helium

The equilibrium properties of explosively shocked argon and helium,

initially at atmospheric pressure, have been calculated. In these calculations,

no attempt was made to compute exact partition functiogs. In the case of
argon, the generally used approximation Qs = 4 and Q? = 6 was used, while
with helium, due to the very high excitation energies of the first excited

states (19.8 eV), the partition functions were approximated to the statisticel
weights of the ground states of the atoms and first ions.

In these calculations, the following assumptions were made:

(1) the flow phenomena are adequately described by hydrodynamic theory
for a one-dimensional shock wave with heat conduction, radiative
cooling, and viscosity neglected;

(3i) thermal equilibrium exists in finite regions behind the shock
front;

(iii) the hot gas behind the shock front consists of a perfect gas mixture
of atoms, electrons, and first ions; and

(iv) reflection of the shock wave occurs at a perfectly rigid walle

In the preliminary calculations, multiple ionization and electronic
excitation of the atoms and ions were ignored. This should not lead %o
appreciable error in the case of helium. However, due to the lower excitation
and ionization energies of the argon atom, there will be appreciable second
ionization and electronic excitation which could lead to error, particularly
in the calculated temperature and eiectron density.

Since the conditions in the undisturbed gas ahead of the shock are known,
and the shock velocity u  is easily measured, Equations 1 to 6 can be solved
by an iterative procedure. Initial estimates for the pressure and degree of
ionization behind the shock wave were based on the assumptions that half the
energy behind the shock front goes into ionization in the case of argon and
that the majority of the energy in front of the stationary shock is kinetic
energye This leads to the approximate forms of Equations 2 and 3, viz.

/Equation esees
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P1 = pouo XYEX) -1_0_
u2
and [+ 2] = -_0_ scese 11
mA L -—

With these initial estimates Equations ] to 6 were solved with y = Xo®

From the approximate values of a1, P1+ and Ty thus calculated, Equations 7 and
8 are used to determine the first approximation of y. Equations 1 to 6 are
then resolved with the new value of y. This process is repeated until the
variables converge to the desired degree of accuracy.

The shock equations were solved for a shock wave propagating at
8.3 x 10° cm sec™! (Mach 27) into atmospheric pressure argon. After sbout
twenty iterations, the following values were obtained, Ty = 19,880°K,
ay = 075, p1 = 139 x 1072 g em™3, Py = 1.009 x 10° dyn cm™2 and N, =
1457 x 10%° cm™3

Equations 1 to 6 were also solved for atmospheric pressure helium with an
incident shock velocity of 10.1 x 10° cm sec™'e Since the Mach number
(about 10) and degree of ionization are low, no lowering of the ionization
potential was considereds In fact, the calculated thermodynamic variables
differed only slightly from those obtained using the usual Rankine=-Hugoniot
equations for an ideal ges. The calculated values were Ti = 9465°K,
a1 = 247 X 1078, p1 = 1466 x 107 g em™®, Py = 1,27 x 10° dyn em 2 and N_ =
2,65 x 10'® cm™%. . e

In the case of reflected shocks, an additional equation is needed to

é describe the boundary conditions imposed by the reflecting surface, i.e. the
3 gas particles behind the reflected shock are rendered stationary. In a
2 coordinate system moving with the reflected shock, this equation can be

written

uoR - u1R = uo - u1 00000_1_2.

vhere u_,, and u,, are the flow velocities of the gas entering and leaving the
reflected shocke

ifith the aid of Equations 1 to 6 and the boundary condition described by
1 Equation 12, the physical variables behind the reflected shock in helium were
3 obtained. Theg were T = 20,370°K, a = 9.6 x 10-33 p =645 x 107 g en™3,

P = 1,009 x 10° dyn cm™® and N_ = 2.43 x 10'® em™. No consideration has yet
A been given to the problem of the lowering of the ionization potential. The
B inclusion of ionization potential lowering effects would result in a somewhat
¥ higher degree of ionization and electron density and a lovisr temperature.

/Equilibrium seeee
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Equilibrium shock wave calculations are in progress which sllow fer
multiple ionization and excitation and the lowering of the ionization
potential. These effects are likely to be of considerable importance in, for
example, the reflected shock in argon. The Debye-Huckel theory of point
charges as applied by Griem (7) for multiple ionized plasmas, is being used as
the basis of these calculaticns. This theory provides an internally consistent
physical model for lowering of the ionization potential and terminating the
partition functione.

3¢3 Radiant Emission from the Hot Dense Plasma

The energy radiated from a hot dense plasma arises from three types of
spectral transition. These are

(a) bound-bound transitions which give rise to the ordinary line spectra
emitted by atoms and ions,

(b) free-bound transitions consisting of the recombination of "free"
plasma electrons into bound states of the positive ions with the emission of
continuous radiation, and

(¢) free-free transitions which also give rise to continuous radiation.
This process can be described classically by the deceleration of electrons in
hyperbolic orbits in the fields of positive ions, thereby transforming kinetic

energy of the electron into radiation. This is the well known Bremsstrahlung
radiation.

In view of the extreme conditions of temperature and pressure in the plasma,
line spectra will be broadened and shifted by perturbation of the energy levels
by particles in the neighbourhood of the radiating atom. Also, when there is an
appreciable degree of ionization, the electrical fields of nearby ions will
give rise to Stark broadening. Trapped magnetic fields in the plasma may also
lead to Zeeman splitting. Under conditions of very high pressure and
temperature, therefore, most of the line radiation will be smeared out to such
an extent that it is masked by the continuum. Also, when the degree of
iconization is high, the occupation number for a particular excited state is low
and sence the line it emits is weak and merges more easily with the continuous
background. Finally, the rare gases contain a large number of closely spaced
lines which may be expected to overlap under these conditionse In this type of
plasma, therefore, the contribution of bound-bound transitions to the total
emitted intensity will be small and is neglected in the intensity calculations.

In the case of optically thick plasmas, in local thermodynamic equilibrium,
emitted spectral intensities are best obtained from the continuous absorption
coefficient using Kirchhoff's law and correcting for stimulated emission.
Allowance must also be made for absorption of radiation by the plasma.

/Lam’uert's XXX X
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Lambert's law for the absorption of radiant energy is

I = I exp(-Ke) = I, exp(-No¢) coeee 13

where I_ is the intensity of the incident beam; I is the intensity of the bean
after it traverses a distance & of the gas; K is the linear absorption
coefficient of +the gas; o is the cross-section for this absorption; and N

iz the density of the absorbing particles. N and o must be individually
considered for each of the types of radiation absorption processes and if there
are several for the frequency or frequency region of interest, they must be
summed.

Assuning that the concept of local thermodynamic equilibrium is valid, or
equivalently that Kirchhoff's law holds, the gaseous emissitivity of the plaama
can be written as (10)

€ = 4 - exp(-K@) XXrx .1‘1:

Following Breene and Nardone (11) a factor g is introduced into the exponent
giving

€ = 1=~ exp(-ﬂK&) T _2

In deriving the asbove emissivity expressions, one must consider the
radiation arriving at the surface of an emitting gaseous layer after its
augmentation and diwinution during passage through the layer along a particular
pathe At a given point on the boundary, however, radiation is arriving along
any number of paths and an integration over these paths is necessary. For
paths of the order of a few centimetres and smaller, it has been found that a
value of § = 1.8 approximates the results of angular integration.

The spectral radiance is then obtained by multiplication with the Planck
function .

Iv = €vadV = BV[1 - exp(-ﬁK&) ]dv X _1_6_
2hy® -1
where B,dv = -Tgr-[exp(hv/kT) - 1]ty

/3ol eesee
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3¢4 Unslld-Kramers Theory

The problem is now resolved into one of calculating the continuous
absorption coefficient Kb. In principle, K can be calculated from quantum
mechanical considerations, but to the present time this has only been
accomplished for one-electron systems. Unsd#ld (12) using the classical
Kramers (13) theory, has developed a theoretical expression for Bremsstrahlung
and recombination radiatione. According to this theory, the free-free
absorption index of radiation of frequency v in the field of a singly charged
ion is given by

NZ

2.6 oo}
KV = 16 Ze X e_l . ‘—1’/ exp(-a)da. XXX ﬂ
3.3 ch(21rma)? (x1)2 3 Jo
2
= 3 8 = . ‘-1" es 18
= 3.70 x 10 ‘-;2_" v3 XX 1_.

where Ne is the electron density; a
T is the electron temperature.

meVZ/kT, V is the electron velocity and

If local thermodynamic equilibrium pertains, then Equation 18 can be
generalized to include free-bound absorption. For this purpose, the lower
integration limit should not be zero but -a = ~hv/kT, corresponding to the
limit of photoelectric absorption of frequency v. The total absorption index,
taking account of both free-free and free-bound absorption of a single charged
ion, will have the form,

6 - NZ o)
}‘,v = 16 ”23 i, . g Y —-—8—-_1: 3 '—13/ eJ(p(-a)da so0ven 1_9'
3.5 ch(21rme) (k1) v° J-a
N 2
= 3.70 x 10° § o —2r o+ —- exp(iw/kT) ceess 20
T2 3 -

In the case of an optically thick plasma, induced emission must be
considered. The absorption ccefficient corrected for induced emission, can be
expressed by

2

N
K = 3470 x 10° § « =2 « —[exp(hv/kT) - 1] ceces 21
72 3
:Ei /The sscee
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The factor g has been introduced to correct for the dissimilarity between the
atom and hydrogen, that is, partial penetration of electrons into the shell of
the atom.

The applicability of this equation to specific atoms can be evaluated by
considering the model term scheme showm in Figure 2. In his treatment, Unsdld
assumed recombination into hydrogen-like states which were sufficiently dense
to perait the sum over discrete states to be replaced by an integrale. Thus
Equation 22 gives the absorption index up to a limiting frequency v _,
correspondlng to an energy hv_. The sequence of terms is considered as being
sufficientl+- dense up to the %erm hy, (measuring from the ionization limit), to
replace terw summation by integration, the contribution of terms below hv, must
be accounted for by individual summation. If no terms exist between hy, .and
the ground state, the lower boundary of the integral in Equation i _i(f'ozs
v > v _) will remain constant and equal to -a = -hvg/kT. In this case, the

absorption coefficient will be given by

2

N
- 8= & . Y -
Kv = 3070 x 40 g.;_ﬂz_—' . e [exp(thk‘l) 1] seese 22

and the absorption index will decrease according to ;%» A comparison of
Equations 18 and 21 gives the ratio of total to free-free absorption
coefficient as

g [exp(hw/kT) - 1]

Assuming, in the general case, that g = 1, at a temperature of 20 OOO°K,
free-free absorption contributes 10 per cent of the total at 3C00 A and

L3 per cent at 60C0 A. At 9CCO A, the contribution of Bremsstrahlung
absorption reaches 80 per cent of the total. The contribution of free-free
absorptibn is thus small in the ultra-violet region but increases with wave-
lengthe It also increases in importance at higher temperature
Bremsstrahlung continuum will therefore play an important role under the
conditions of interest to us. .

An examination of the energy level diagram for the unperturbed argon
atom, reveals the exlstence of a contlnuous sequence of terms between the
jonization limit and the 3d&® term at v1 16,873 cn~'. There is then a
wirdow of the order of 3000 cm™~' in the term sequence until the next series
of terms. This group of levels starts at J; = 19,818 cm™' and ends at
vy = 2&,#39 em~'e A second window of about 9CCO cm™' exists betweer the 2p'°
level at v3 = 24,439 cw™' and the last sequence of terms starting at
Vi = 33,1441 em™ ane enéing at ve = 35,397 cm™~'. There are no terms between

vE and the ground level.
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The absorption coefficient should therefore be determined by Equation 21
up to a limiting frequency (5 x 10'* sec™), corresponding to the interval
between the ionization limit and the 3d® term. For frequencies between vy and
v?, the absorption index will vary according to Equation 22. To account for
the dense sequence of terms beginning at v3 and ending at—l?g, the absorption
index will have the form (1eaving out the induced emission term for clarity)

h * h = h =
- 2 V4 22 2
Kv = 307 X 108 ‘s; . -_‘_13_'- [e kT - e kT + e kT] Xxx -2_2
v T2

for o> 24,439 em™! to ¥ = 33,141 cm™! the absorption coefficient will be
determined by the expression .

h * h » h *
e
K = 3070 X 108 £ o T |€ - € + € ] evooe 2
v 3 > am—
v T
for the frequency region from vi‘ to vg‘ the index will have the form
- y?2 hv? hv: hvg hvf hv*
K :3.70X108'E’0-$_'[3H-8H+ KT-ekT-éeH] ocooogé
14 v3 Tf

and for frequenéies TN 35,}97 em™! the appropriate expression will be
h » h % h % h * h =
N2 S 2 2y v s
v

3¢5 Theoretical Absorption Coefficient for Argon

The calculated absorption index for argon using T = 19,880°K,
N, = 157 x 102° cr™' and g = 0.9, is shown in Figure 3. It is compared with
the asbsorption coefficient, calculated assuming Equation 22 is valid, down to
a wavelength of 20CO A» This assumption was made by Petschek et al. (14)
who nated that the cepture of electrons with energies greater than about 3/2 kT
to the first excited state, will be fairly infrequent. The capture of electrons
to the ground state can be neglected. The first excited state of argon is
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a'bout L+2 eV below the ionization limit and at a temperature of 20,C00°K,
3/2 kT corresponds to about 2.6 eV. This leads to an upper frequency cut-off
which corresponds to the frequency interval AV given by

hdv = 6.8 eV

Thus Eqzation 22 should be valid for a frequency interval of about 6.8 eV.

In high density ionized plasmas, however, the lowering of the ionization
limit will shift the cut-off frequency to a lower value. Since accurate values
of the reduced ionization potential are not available at present, this was not
taken into consideration. This could lead to appreciable error when large
reductions in the ionization potential exist.

3.6 Theoretical Absorption Coefficient for Helium

Using Equation 22, the absorption coefficient for helium at a wavelength
of 5CCO A was calculated for incident and reflected shocks. Behind the _ .
incident sb’ck wave (for T = 9465°K and N, = 2. 65 x 10'% cm™3) K% = 2.6 x 1078
em™', and behind the reflected shock (for T = 20,370°K and N, = 2.43 x 101°

em™3), K = 0.29 cm~!'. These represent minimum values of absorption
coefficient since the lowering of the ionization potential was not taken into
account in calculating the temperature and electron density. The effect of

the fine structure of the helium spectrum on the absorption coefficient is not
evaluated here.

. 3e7 Calculated Radiant Emission

(2) Areon

The variation of emissivity (calcuiated from Equation. 12) with depth of
emitting layer at a wavelength of 5CCO A, is illustrated in Figure 4. The
optical depth (the thickness of plasma which is contributing directly to the
observed spectral intensity) is about 0.06 mm. Vhen Equation 16 is valid,
it is apparent thet, if the thickness of the emitting layer is greater than the
optical depth at & given wavelength, then the plasma should radiate as a black
body at the equilibrium temperature. It also follows that, if energy
relaxation times are negligible behind the shock front, the rise time of the
radiation at 5CCO A should be about 10™% sec and the continuum intensity
profile should resemble that of the emissivity curve shown in Figure 4. The
ionization relaxation t1mes behind the shock front were calculated from the
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P, = 0.156 exp(87,000/T)
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where P is the pressure in torr and vy is the ionization relaxation time in
microsecondss Using this equation, 7y was found to be 1.6 x 10~% sec. This
expression was obtained by Petschek and Byron (15) using high purity argon
and their results indicate a marked decrease in relaxation times when less
pure gas was employed. The calculated relaxation time, therefore, represents
a maximum value and the actual time is probably considerably less. Electrons
ejected into the argon from the detonating explosive will also reduce the
relaxation time. Energy relaxation times are therefore probably negligible
compared with the radiation rise times.

(b) Helium

Since the helium behind the incident shock wave has a very low absorption
coefficient, its emissivity will be low and very little radiation will be
observed for emitting layers of a few centimetres and less. The variation of
erissivity with thickness of helium plasma at 50C0 A behind the reflected shock
wave, is shown in Figure 5. The optical depth is about 10 cm, but this must be
regarded as a maximum vainue.

4s  SPECTRAL HEASUREMENTS

e Spectroscopic Techniques

The absolute intensity and spectral distribution of the energy radiated by
shock=-heated gases were measured using e Hilger medium quartz spectrograph
equipped with photoelectric recording facilities. The intensity of the
radiation from the shock-heated plasma was compared at six selected narrow
wavebands in the visible spectral region with that of a tungsten ribbon-
filament lamp, previously calibrated by the National Physical Laboratory for

“brightness temperature against current. Identical optics ware used for each of
the two radiators in each experiment, so that,in calibrating the photo-
multipliers, the apectregraph and the associated optics were also calibrated.
Reflective optics were used to focus the radiation on to the entrance slit of
the spectrographe The spectral intensity of the lamp at the desired wavelength
and temperature was calculated employing data on the emissivity of tungsten
given by De Vos (16). The output of each photomultiplier was displayed as a
function of time on an oscilloscope and recorded photographically, the overall
rise-time of the equipment being 15 nanosec. To achieve a wide range of light
sensitivities, the photomultiplier anode loads were varied. Since the photo~
multipliers were calibrated at a continuous low output .current level and then
used to measure high current pulses, care was taken to operate the tubes only
on the linear portions of their response curves. There are several possible
sources of error in the measurements, such as error in ribbon lamp brightness
temperature (% 7 degC), short-term drift of the photomultiplier sensitivities,
uncertainties in the standard lamp current measurement and in the positioning
of the lamp, so that a precise determination of error is difficult. However,
the maximum error in intensity measuremert is probably less than 15 per cent.
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4.2 Continuum Intensiiy iieasurements

The radiative properties of argon heated by shock waves generated by
various detonating high explosives were investigated. The hot plasma was
viewed normal to the direction of the shock front. Radiation reaching the
spectrometer originated from only a small area about 2 mm x 0.2 mm at the
centre of the shock front. Interference from edge effects arising from
interaction of the shock wave with the walls of the container were thus
minimiseds The effects of the high explosives used to drive the shock on the
continuum intensity was examined in the apparatus showm in Figure 6. The
results obtained using argon at 1 atm pressure are shcwn in Figure 8. In the
visible spectrum the radiation is similar to that from a black body at about
21,CC0°K. Little significent difference in intensity or spectral distribution
was found using 1iiX, RT (a cast explosive containing about 60 per cent RDX and
40 per cent THT), tetryl or a tetryl/INT mixture although HiiX gave on the
average more light than RT. Several experiments were generally performed for
each explosive composition. There was a variation of up to 20 per cent in the
intensity using the same explosive. Part of this is due to experimental error
but variations in the explosive charge such as composition, uniformity ané
physical condition probably also contribute.

The radiation from different shocked noble gases was compared using the
expsrimental arrangement illustrated in Figure 7. Spectroscopic grade gases
were sealed into the glass tubes at a pressure of 440 torr, using high vacuum
techniques, and then shocked by charges of RT. The impurity level was less
than 10 ppm for A, He and He while Kr and Xe were 99.5 per cent pure, the
balance being Xe and Kr respectively. 1In the case of argon, krypton and xenon,
intense radiation was emitted from behind the incident shock waves, with about
e 50 per cent increase in intensity on refiection at the end windowe. However,
the rise times of the radiation varied considerably, decreasing in the order
argon (7.5 psec), kryoton (1 pses) and xenon (0.1 psec). The duration of the
reflected shock also decreas2d in the order of increasing molecular weight
from helium (2 psec) to xernon (0.1 psec). Typical records are illustrated in
Figures 9 and 10, Ho light emission was cbserved from behind the incident
shock waves in neon and helium, bui on -eflection at the end window of the
tube a pulse of radiation comparable in intensity to that obtained from argon
was observed. The observed radiancies, which are compared in Figure 11,
difgered by less than a factor of two (two experiments were performed for each
£3S)e

Experiments were performed with shock waves generated by the explosion of
RT in cylinder quality helium, using an apparatus similar to that shown in
Figure 6. The pathlength of helium was 23 cme Very litile radiation was
emitted from behinu the incident shock, but on reflecticn a sharp pulse of
radiation lasting for abtout 2.5 psec was obtained. A typical record at two
of the wavelengths is shown in Figure 12. It ic apparent from the record
that the radiation is cut off by *he contact surface before the nmaxircum
intensity is attained.
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Le3 treak Photograohs and Shock Velocities

4 Beckman and ./hitley llodel 339 streak camera was used to rmeasure the
velocity of the incident shock waves and of' the contact surface betiween the
explosive and the gas. The depth of the emitting layer behind the incident
and reflected shocks was also measured. The streak photograph of 2T
detonating into atmospheric pressure argon, Figure 133, shows the distances
of' the shock front and contact surfaces as a function of tice. The streak
camera slit was oriented parallel to the tube axis. Figure 14 sets out the
interpretation of the streak photographs cbtained. The incident shock wsve
propagates down the colurn of argon at alrost constant velor ty until it ceets
the end window of the tube when it is reflected back into t : hot gas. Ho
increase in intensity is detectable when the incident shock is reflected. The
thickness of the emitting gas layer is deterained by the velocity of the
contact surface which rapidly cools the hot gas, auenching the radiaticn. The
paxinuz thickness of hot plasca ‘at the end of the %tube was found tc be
1.5 co, whilst the calculated value for this length of tube was 1.2 ca (using
the particle velocity computed in Section 3). If this difference is
significant, it ma2y mean that the hot gas is not quenched irzediately by the
explosive products. The thickness of the reflected shock-heated gas will of
course depend on the relative velocities of the reflected shock wave znd the
contact surface.

iith heliua (Figure 138) no radiatiocn was observed frsis the incident
shock front but the gas behind the reflected shock was highly lu=inous. A4
fairly sharp cuenching was cbserved when the contact surface reached the
radiating plasma but the gas continued to radiate at a cuck icwer level for
sore tire. Ko satisfaciory explanation of this phenczencn has yet been
forculated.

5  DISCUSSIOR

It was shown in Secticn 3.3 that if the cean free path for radiation of
a given freguency was less then the depth of the exitting region the exitted
intensity will be that of 2 black bedy. Sroz the very rapid rise ticmes of the
radiation in argon shocked by 2T (<0.1 psec) the optical depth cust be scaller
than 0.5 mm and is probably considerably less. rurthercore, since the plas=a
achieves a depth of zbout 15 == after Zraversing 15 c= of gas it snould
radiate according to the black body las. %he observed spectra® disiribution
(Figure 8) closely upproxicates to ihat of a black body at 21,0C0°%K.

In view of the high electron conceniration in the argen plasza, absorption
of radiation will be very high. This results in a cuch greater cooling tice
for the plasce than if it were optically thin. Assuzing black body radiation,
the natural radiative cooling tize of the argon plascz is estizated to be

ater than 5C0 psec. Since ithe plas=a is only allcwed to rajiate for a
shar’ tice before it is quenched by the contact surface, which foliows the
shock {ront very closely, this represents a zajor energy loss process ani
source of inefficiency.
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To obtain a high radiance a high temperature is necessary, but increasing
the shock velocity in argon will not have much effect on radiance since this
will mainly result in increased ionization and a smaller optical depth. In
effect, the argon temperature is buffered by thermal ionization. However, if
the shock velocity is sufficient to ionize most of the argon atoms, then an
abrupt rise in temperature should occur before second ionization becomes
appreciable. It would appear preferable at fivst sight, to employ a gas of
high ionization potential such as helium but unfortunately very high shock
velocities are necessary with helium in order to produce a Mach number
comparable to that in argon. Neon might prove to be a suitable compromise gas.
An alternative approach would be to choose a material of very low first
ionization potential such as caesium which is completely ionized at comparatively
low temperatures. Since the second ionization potential is high (23.4 eV) it
should be possible to produce a high temperature, optically dense plasma with
moderate shock velocities. Unfortunately, there are severe practical problems
associated with the use of caesium wvapour.

High temperature black body sources emit most o1 their radiant energy in
the extreme ultra-violet region but this is of no use for pumping the majority
of lasor materials. The conversion of this encrgy into visible radiation ’
wonld result in a mejor improvement in the efficiency of the source.
Experiments with fluorescent convertors have so far proved inconclusive. A
more promising approach would be to utilize the absorbing characteristics of
the gas ahead of the shock wave to tailor the sgpectral distribution to that of
the pumping band of a given laser, perhaps by the addition of small amounts of
additives. In this way it might be possible to achieve a non-equilibrium
spectral distribution.
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APPENDIX
Symbols

T temperature, °K

p density, g cm™>

u velocity, cm sec™’

HA atomic mass, g

He electron mass, 9.1072 x 10728 g

a degree of ionization

X ionization potential, eV

R gas constant per unit mass, ergs deg" g™!

k Boltzmann's constant, 1.3803 x 10°'¢ erg deg™

e charge of electron, 4.803 x 10"'° esu

el electronic

h Planck's constant, 6.6237 % 10”27 erg sec

Q partition function .
P pressure, dyn cm~2

- statisticul weight

c velocity of light, 2.9979 x 10'° cm sec™

N, electron density, cm™>

I intensity, erg cm™2

K absorption coefficient, cm™

o absorption cross-section, cm™2 .
€ emissivity

/SymbOJ.S (Cont 'dol XX
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APPENDIX

Symbols (Cont'd.)

frequency, sec™

thickness of gas layer, cm

nth term

density of absorbing gas particles, cm™>
correction term for emissivity
correction factor for absorption coefficient
Planck black body function, erg cm™2
ionization relaxation time, 10™° sec

gas behind shock wave

argon

krypton

xenon

helium

neon

Subscripts

undisturbed gas

gas behind shock wave
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ERCE Report High Explosive Light Sources as Possible Lase. Fumps
No. 12/R/67
R.T. Balley end J.T./.. Burton November 1967

The visible radiaticn from a thergelly ifonized high density plasca
procduced by explosively generated shock waves has been investigated as a
possible laser pumping scurce., It is considered that the major problem is
the efficiency of conversion from chemical energy to radiation in the
agbsorption tand of the laser. Th~ study has therefore been concemrated on
the mechanism of the emissive process with a view to incrcasing the vadiutlon
emitted In & given spectral region. The real gas thercedynamic variubles
behind the shock waves have been evaluated for argon end helium end used to
calculate linear absorption coefficients based on Uns8ld-Kramers theory.
Using Kirchhoff!s law, the radiant intensities at the surfaces of optically
thick argon and helfum plasmas at 20,CCOPK have been calculated and compared
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