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Abstract

Strong ultraviolet radiation emitted from a dynamically filled
linear z-pinch in xenon is used to ionize low density molecular
hydrogen and the noble gases. The technique can be used to pro-
duce an initial plasma with electron densities of lO12 - lO14
cm-3 suitable for collisionless shock wave experiments. The de-
gree of ionization which can be achieved at the center of a

150 cm long test chamber having one light source at each end
ranges at 1 mtorr filling pressure from 20 % in H2 to 63 % in
xenon. The plasma is relatively homogeneous, current and impuri-

ty free, and has an electron temperature of about 1 eV.

In order to compare the efficiency of hydrogen and xenon in the
light source in transforming energy originally stored in the ca-
pacitor bank into photon energy in the necessary wavelength re-
gion, the absorption of energy from the capactitor bank by the
z-pinch and the radiation emitted by the pinched gas are esti-
mated for both gases. The calculation shows, in agreement with
the experimental results, that with xenon as the source gas a
much higher ionization rate as with hydrogen is produced. Fur-
thermore, it appears that the peak density reached in these ex-
periments is limited by the energy available in the driving ca-
pacitor bank.

To get a picture of the space-time dependence of density, elec-
tron temperature, and ion temperature in the photoionized gas,
the relevant set of coupled differential equations is solved
numerically. The calculations show that for conditions resembling
those of the experiment the energy equipartition time between
electrons and ions can be made shorter than the times for radial
diffusion and heat conduction by superimposing an axial magnetic
field on the order of 100 Gauss.
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I. Introduction

In this paper we describe a technique for producing a low
12 14
- 107 ¢

of photoionization. The motivation for this work comes from

density (ne==10 m—3) highly ionized plasma by means
collisionless shock wave experiments, in which attainment of
a clean, uniform initial plasma presents a major problem.
The technique described here, however, is not restricted in
application to such problems, and in fact is capable of pro-
viding an initial plasma for a great variety of experiments.

Most of the collisionless shock wave experiments reported
to date rely on high currents in the discharge chamber to
produce the initial plasma, either by direct coupling, such
1) 2)

. The plasma is heated

and inverse pinches
3-6)

as in Z-pinches , or by inductive
coupling, such as in 6-pinches
by a combination of shock wave produced viscous dissipation

and Ohmic heating.

There are several difficulties inherent in current-induced
preionization. Large inhomogeneities in the plasma density
and the applied magnetic field are produced by the Lorentz
forces, impurities are often a problem (especially in the
direct-coupled devices), and ionization becomes more difficult
to achieve at the lower pressures7). Unwanted residual currents
flow in the plasma for long times. The preionization process
is often relatively slow, with a time scale of tens or
hundreds of microseconds, to allow time for re-establishment
of uniform conditions; this compounds the problems of impuri-
ties and plasma losses. Finally, conditions achieved depend

strongly on the initial magnetic field strength.

In order to overcome as many of these difficulties as
possible, work on a photoionization technique was begun at

9). Many of the

the Institut fiir Plasmaphysik by G.Hofmanna'
experimental techniques reported in this paper are a carry

over and extension of his ideas. More recent results have been




reported by Pecorella and Vlaseslo)

Creation of an initial plasma by means of photoionization
has many potential advantages. The initial plasma is quiescent,
homogeneous, current free, and impurity free. The method works
very well at lower filling densities where other methods fail
and produces a plasma whose properties are initially inde-
pendent of the magnitude and direction of the applied magnetic
field. There are also drawbacks to the method, relating chiefly
to the difficulty of producing a sufficiently strong photo-
ionizing source, and to the somewhat peculiar nature of the
plasma so produced.

Following an explanation of the technique used to preionize
a plasma by means of photoionization (Section II), the experi-
mental results are presented (Section III). In Section IV we
first discuss the photoionizing light source from the stand-
point of optimizing its performance, after which we develop
a simple model for the production and decay of the photoionized

plasma. The conclusions reached are stated in Section V.



II. Experimental Technique

In order to photoionize molecular hydrogen or the noble
gases, a light source that produces a strong flux of photons
with wavelengths lying between roughly 5o0 R and 1100 R is
required. Figure 1 shows photoionization cross sections for
the gases studied, as taken from Marrll).

A high voltage (120 kV) linear pinch driven by a single
0.84 pF capacitor is used as the light source. Since no windows
exist in the necessary wavelength region of the spectrum, the
light source must be located within the same vacuum vessel as
the gas to be preionized (test gas).

In the present experiments one such light source is connected
to the end of a cylindrical glass pipe 15 cm in diameter by
150 c¢m in length. The pinch chamber is made from a 15 cm
(nominal) diameter glass cross with copper electrodes inserted,
as shown schematically in Figure 2 a. In order to reduce impuri-
ties from ablation products all components are of metal or
glass. The return leads (not shown) are fitted as closely as
possible to the glass vessel to reduce inductance and enhance
pinch formation and stability.

In future applications two sources will be used (Figure 2b),
one at each end. The test chamber diameter may be made larger
without reducing the degree of ionization achieved at a given

filling pressure.

Optimum ionizing radiation is achieved by using one of
the heavier noble gases (particularly Xe) at a relatively high
filling pressure as the source gas. The test chamber is first
filled to the desired pressure, typically 1 to lo mTorr. The
source gas is then admitted to the chamber through a hole in
the upper electrode by means of a fast-acting valve, whose




design and testingare described in reference 12). After a
certain time the pinch current is initiated, producing the
photoionizing radiation. Gas from the light source eventually
reaches the center of the test chamber, but this happens only
on a time scale that is long ( > 1loo psec) compared to the
duration of the collisionless shock experiments conducted in

the test chamber following the creation of the initial plasma.

While the photoionizing reactions which produce the plasma
in the test chamber are independent of magnetic field, the
subsequent evolution of the plasma is not. For this reason
provision was made to establish a magnetic field over a portion
of the length of the test chi§$er. This field is produced by

a four-coil corrected system whose axis coincides with that
of the tube. The resulting field is quasi-stationary on the
time scale of the plasma decay, has a maximum strength of

2.5 kG, and is approximately homogeneous in a region 36 cm

long centered at a point loo cm from the light source.

A variety of diagnostic techniques is employed. An image
converter camera is used to take both streak and framing pic-
tures of the pinch. The electron density of the test gas is
measured as a function of time at a particular axial location
by an 8 mm microwave interferometer. The electron temperature
is measured by laser scattering techniques using a 600 MW,

12 nsec pulsed ruby laser and a narrow band-width interference
filterl4). This measurement also gives an independent check

on the electron density. The composition of the plasma is deter-
mined with a mass spectrometer.




IITI. Experimental Results

1) Maximum Attainable Degree of Ionization

For the density of electrons n, produced by photo-
ionization at distance 2z from the light source (approximated
as a point source) with spectral light flux s(t, ¥ ) the

following equation holdss):

Ane (t2) 1 6() ny, (tz) s(ty) e6Wna(tzle gy

at © 4mz? hy
Yo

where G (V)= cross-section far photoionization, n, (t,z) =
nn(o) - ng (t,z) = density of neutrals, nn(o) = density of
neutrals at time t = 0, Y, = lower frequency limit for
photoionization. It follows from equation (1) that the electron
density decreases strongly with distance from the light source
and that in order to reduce the axial variation of density

it is advantageous to use two light sources, one at each end
of the discharge tube, as shown in Figure 2b.The electron
density then has a minimum in the median plane and increases
towards each light source. Equation (1) also shows that the
degree of ionization

ne('t) Ne (t)

x (t) - [PREPNS (TEOroEP i ()

obtainable with a given light source increases with decreasing
neutral particle density until the gas is optically thin, i.e.

@ n, z << 1, and then remains constant, indicating that




photoionization is particularly suited to the preionization
of gases at low pressures. For z = 100 cm, @ n_ z = 0.125 for
H2 at 3 mTorr and 0.04 at 1 mTorr at a wavelength of 800 R,
where @ attains its maximum value.

Assuming the gas is optically thin, the following equation
for the degree of ionization can be derived from equation (1)

t

o (tz) = 1-e><p{-z—-lez S‘J fi(v) S(,,‘t\;w det} (2)
o v,

In evaluating the electron density from the observed microwave
interferometer fringe shifts it is assumed that the radial
density distribution is homogeneous (this assumption is correct
for the first few psec, c.f. section IV B). The maximum degree of
ionization L s is reached at a few psec after initiation of

the pinch (c.f. Figure 5).

The maximum degree of ionization attained depends on the
type and amount of source gas in the pinch chamber, while the
amount in turn depends on the delay time between opening of
the inlet valve and initiation of the discharge. A reduced time

TA2  ig uged:to compare the different

scale 7° = t(mi/mHz)
source gases, where g5 and my are the masses of a hydrogen
molecule and of the gas in question, respectively. The optimum
delay time is found to be about 9O(mi/mH2) 1/2 microseconds
(Figure 3) which corresponds roughly to the time required for

a molecule to go halfway from the gas inlet to the lower electrode
at its room temperature speed of sound. At shorter delay times

a decreases to the value obtained without opening the pulsed

max
valve at all, in which case the z-discharge forms a sliding




spark along the wall of the z-pinch tube. All results described

in the following section have been obtained at the optimum

delay times.

Figure 4 shows « as a function of the capacitor voltage U,

for xenon in the z—giich and different pressures of the hydrogen
and argon gas to be ionized. The degree of ionization attained
with xenon 1S approximately proportional to the energy stored

in the capacitor in the range from loo to 120 kV; when hydrogen
was used in the z-pinch a weaker dependence was found. It can
also be seen from Figure 4 that the degree of ionization
attainable with a given light source increases with decreasing
filling pressure of the test gas, as was expected from

equation (1) for the range of pressures investigated.

While H2

pulsed plasma experiments, it is nevertheless interesting to

and deuterium are the most often used gases in

investigate other gases as well. Figure 1 indicates that, with
a given light source, an increase in + S should be observed
with the noble gases due to their larger photoionization cross
sections. Experiments were therfore carried out using argon
and xenon as the test gas, as well as H2. TableI summarizes
the degree of ionization that could be achieved with various
test gases in the center of a 150 cm discharge tube, if

a double-ended xenon source such as shown in Figure 2b were
used. The values listed are extrapolated from measurements of
the electron density obtained with a single source at

z = loo cm using equation (2).

2) Time - variation of Density and Temperature in the

Photoionized Plasma

Figure 5 shows some typical examples of the time-variation
of electron density nJ produced by photoionization in hydrogen

and argon.




The maximum density is reached at a time varying from

about 1.5 to 4 psec after initiation of the pinch, depen-
ding on the test gas. As will be shown in section IWV:-A::2,

a further build-up of electron density was probably limited
by the energy available in the capacitor bank. After reaching
a maximum the density decays nearly exponentially, indicating
that the main loss is due to ambipolar diffusion to the walls.
This is supported by the result that the superposition of
axial magnetic fields greatly reduces the decay.

Figure 6 shows the electron temperature T on the tube
axis as a function of time after initiation of the pinch for
a 6 mTorr hydrogen plasma. The rapid decrease in Te at
early times is probably due to heat conduction to the walls
and particularly to an exchange of energy with the cold ions
which are heated only by collisions with the electrons. The
temperature equipartition time is a few psec in the hydrogen
Plasma for the present conditions. A model which qualitatively
describes the observed time-variation of density and electron
temperature and its dependence on superposed axial magnetic
fields is given in section IV B 24

3) Mass Spectrometric Analysis of the Test Gas

In the case of hydrogen as the test gas the mass composition
of the photoionized plasma was investigated with a mass spectro-
meter that consisted essentially of an electrostatic enerqgy
analyzer, 'a particle detector and collector electrodes that
accelerate the ions to the energy at which the analyzer is adjust-
ed. The mass of the ions is then determined from their time
of flight, their relative intensity from the amplitude of the
detector signal. The results, though still rather vaque due
to ambiguities in the mass dependence of ion extraction and




detection sensitivity, are as followsl6): The photoionization

of H, by the radiant flux first results in about 90 % H2+
and lo % . while the intensity of H2

the maximum of H+ is somewhat later. At a filling pressure

i peaks at 1 to 2 mpsec

of lo mtorr Ho, H3+ builds up during the decay phase of H2+
(by collisional reactions) and reaches about lo %, while at
1 mtorr H2 the amount of H3+ is negligible. Superposition
of an axial magnetic field of a few hundred Gauss increases
the ratio of ut to H2+, especially at low filling pressures
(at 1 mtorr H2

by about a factor 4). These results are guali-
tatively the same for H2 or Xe in the Z-pinch.

In the case of Ne, Ar and Kr as the test gas (Xe in the z-
pinch) the ions are singly ionized with a negligible number

of multiply ionized species.




IV. Discussion of Results

A. The Z-Pinch Radiation Source

1) Absorption of Energy from the Capacitor

The results discussed above are considerably better than

8)

as source gases. In this section we discuss qualitatively the

9)

those achieved earlier by Hofmann,using lithium and hydrogen

reasons for this and implications for further improvements.

The function of the source gas is to transform energy
originally stored in the capacitor bank into photon energy in
the necessary wavelength region in as efficient a manner as
possible. Energy is deposited in the source gas both by means of
Joule heating and viscous heating arising from the shock wave
which bounds the imploding sheath. Assume that the pinch dynamics
can be satisfactorily described by snowplow theory. Then the
kinetic energy per particle behind the incident shock can be
shown to scale as mil 2 for the case where the shock transit
time remains less than the 1/4 cycle time of the drive bank, and
with a weaker (positive) power of m, when the inequality is
reversed. For our experimental conditions, the ratio of shock
wave invested kinetic energy for xenon as compared to hydrogen
is 3. The shock wave also invests the gas in the sheath with a
thermal energy approximately equal to its directed energyl7);
the directed energy is converted to thermal when the shock re-
flects from the axis. In general then, heavy gases (e.g. xenon)
are more efficient at absorbing energy by shock heating with
a given capacitor bank than is hydrogen.

Although the energy in the pinched gas is much higher
with xenon than hydrogen, the temperature of xenon is much

lower because of the occurrence of multiple ionization.
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An approximate calculation has been made of conditions in
the pinch column after reflection of the incident shock.

This calculation uses plane shock real gas jump conditionsl7)
based on shock speeds observed with the streak camera.

Tabulated values of the Saha equationls)

are used up to a
temperature of about 40,000°K and extrapolations are made

past this point. The results show that the temperature of

the xenon is in the range of 4 to 6 eV with most of the ions
being four to six times ionized. The total energy deposited

in the pinched gas by shock heating is 2 to 3 kJ. Details are
given in Appendix I of this report. As streak photographs show,
the pinch is quite stable and remains intact for several micro-
seconds during which time Joule heating continues to deposit
energy in the gas while it is being lost by radiation. The
relatively low temperature of the xenon results in a high re-
sistivity and hence more efficient energy transfer by Joule
heating as well. The same calculation for hydrogen shows that
the imploding shock is sufficiently strong to completely
ionize the gas, so that upon reflection the temperature shoots
up strongly to 50 eV or more. At these temperatures the plasma
resistivity is low and the energy deposition rate from Joule
heating is correspondingly diminished over that for xenon. As
streak photographs show, the pinch is much less stable and
breaks up almost immediately after the first implosion.

2) Emission of Radiation

The ionizing efficiency of the radiation depends both on
the total power radiated and on the spectral distribution of
radiation. The values of Qne/ Jdt measured in the test gas
indicate the source to be about an order of magnitude stronger
initially with xenon than with hydrogen. However 0 ne/ ot
levels off sharply in the case of xenon after the imploding

sheath reaches minimum diameter, which happens (in xenon) after




5 10w

approximately 3 half-cycles of the capacitor. With hydrogen
as the source, the electron density rises much more slowly
for a longer time, but reaches a peak value of only about
half that attained with xenon.

The emission of a sphere of uniform hydrogen plasma

has been calculated by Hofmann and Pecorellalg)

, who

solved the radiative transfer problem and took into account
all the relevant free-free, free-bound, and bound-bound
transitions in computing the emission coefficient. In their
work, the principal contribution to the flux comes from
free-bound transitions (radiative recombination) at tem-
peratures of a few electron volts, and from free-free
transitions (Bremsstrahlung) at temperatures of tens of
electron volts. Using results inferred from these calcu-
lations, a comparison between a xenon pinch column of

1l cm diameter at low temperature and a hydrogen pinch
column of the same diameter at high temperature, consistent
with the conditions of our experiment based on the cal-
culations described above, can be made. In both cases, the
18.m~3. For hydrogen at tem-

peratures of 20 to 60 eV, only Bremsstrahlung is taken

density is assumed to be 10

into account. For xenon, at a few eV, the largest con-

tribution to the emission coefficient comes from radiative
1

recombination, and can be calculated from Griem s formulazo)

The calculation is based on the following assumptions:

(a) saha equilibrium at the assumed n, and T

(bY All ions in the ground state

(c) A mean value of the angular momentum quantum number
taken for all levels is the given principal quantum
number

(d) Recombination only to the ground state and the 1lst
excited levels

(e) Bremsstrahlung small compared to radiative recombi-
nation.

o




TIIl---___________________________________________________________f

- 13 -

Details of the calculations are given in Appendix II

of this report. They show that a 1 cm column of xenon is
optically thick at a density of lOlscm“3 and a temperature

of 1 eV, but becomes thin at this density above 1l ol 2 ev,

At'n_ = lolgcm-3, the plasma is thick at 2 ev, but it is

unlikely that our plasma is that dense, since this would
require an energy content in the column that is too large
for the given capacitor bank. The hydrogen is, of course,

thin at 1018cm_3 and 50 eV.

Since the 1 cm columns of xenon at a few eV, and
hydrogen at 40 to 60 eV are both thin at 1018cm-'3 the
relative degree of ionization produced per unit time by

the two sources can be calculated from

o0
o 6 &dv
a2, 4
dt h v
Y,
which follows from eq.(l) with s (t,vy) ~ & , &

being the emission coefficient. The results of this cal-
culation are shown in Figure 7, from which it can be seen

that a xXenon column at a few eV produces a roughly 2 orders

of magnitude higher ionization rate than hydrogen of the

same density and geometry, with a temperature of 40 - 60 eV.
This is in agreement with the experimental findings. As a

side remark we note that the free bound emission coefficient

is proportional to the 4th power of the ionic charge, so that
triply ionized xenon, as we have in our pinch, has a relatively

high emission coefficient.

There remains to be discussed the question of why
the photoionizing flux decreases rapidly, i.e., why the
build-up of ionization in the test gas ceases, at about

the time the xenon pinch reaches minimum diameter. Three
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possibilities suggest themselves. First, "loss processes" in
the test gas (recombination, diffusion to the walls, etc) could
prevent further increase in n,. This possibility can be ruled
out, as shown by the analysis in section IV B 2. Secondly, if
the source radiates as a black body, its size, and hence total
radiated power, decreases as the sheath implodes and reaches

a minimum which it maintains for a relatively long time due to
the greater stability of pinches in heavy gases. While this
decrease in source size cannot be completely discounted as a
factor in explaining ng, (t) the calculations discussed above
indicate that the source is probably not a black body. Finally,
it is possible that the pinch simply runs out of energy at the
time the maximum density is observed. A rough calculation based
on equation (1) using measured values of ¢9ne/&f'and simplifying
the integral by using mean values shows that initially the power
radiated below the photoionization cut off limit (803 R for H2)
is about 5 x 108 watts. This should be compared with an aver-
age power level for the discharging capacitor of 4 x 108 watts
(6 kJ dumped in 10 psec). Thus it appears that the peak density
reached in our experiments is limited by the energy available
in the driving capacitor bank.

In view of the foregoing remarks it may be possible to
further improve the source by a number of methods. The most
obvious is to increase the energy of the capacitor bank.
This should be effective since the temperature of the xenon
column is very well regulated by the multiple ionization so
that the radiation will continue to be in the proper wave-
length region. In addition the time scale for loss of photo-
ionized plasma by diffusion and conduction in a magnetized
cylindrical colume is considerably longer than the present
source duration, so that losses would not limit R JiGhas for
a somewhat longer lived source. It may also be possible to
increase the efficiency of the light source by using mirrors
to reflect some of the radiation into the rest section that
would otherwise be lost. The best available material, zinc
sulfide, reflects about 10 % of the radiation incident upon
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)

it in the range from 500 to looo 8 21, which could provide a
large improvement in A ax if the test chamber could be

coated.

It is entirely possible that configurations other than a
linear pinch may be better light sources. In preliminary
experiments we have substituted a small "plasma focus" for
the pinch, using the same capacitor and pulsed gas filling
gystem. The results show that the same degree of ionization
is attained as with the z-pinch (ne max is probably again
energy-limited), but that the maximum is reached in about

1 nsec, rather than 3 or 4 nsec.

The Preionized Plasma

1) Products of the Photoionizing Reactions

When the noble gases are photoionized by our light source,
the products of the reaction are singly charged ions and elec-
trons, e.g. A + hy —> A+ + e. The source apparently produces
very little radiant flux in the wavelength range required
for second ionization of the noble gases, i.e. below roughly
500 ﬁ. Although this statement has not been substantiated by
direct measurement of the spectrum of the source, it can be
inferred by the fact that experiments using He (lst ionization
potential = 25.4 eV) as the test gas showed an extremely low
degree of ionizaion.

When H. is photoionized, the situation is much more compli -

2
cated. As discussed by Hofmanns), the dominant reaction i322)

Hl+hv-———> H;+e




Direct production of H' and direct photodissociation of H, into

2H are much less likelyll)

. Following the initial reaction
which forms H2+, a number of secondary reactions involving
both photon-particle and particle-particle processes may occur.
The subsequent evolution of the plasma composition has not

yvet been studied theoretically. In the following section,

which deals with diffusion and conduction losses, the compo-
sition has been assumed constant over the time scales of
interest. From the mass spectrometric results discussed above,
however, it appears that the production of H+ and H B by

3

collisions of H2 with H2+ may be important.

2) Time Evolution of the Test Gas

The variation of electron density ne(r,t) in the pre-
ionized plasma can be expressed by the equation

% =S(t) +Da Vin.+ ne Ny R-Ng2 G (3)

where S (t) stands for the right hand side of equation (1)

and describes the build-up of electron density by photoionization,
the third term represents collisional ionization by electrons

and the second and last terms the decay of electron density

due to ambipolar diffusion and volume recombination, respec-
tively. D, = Da (Te, Ti» N Bo) is the ambipolar diffusion
coefficient, R = R (Te' ne) and Q = Q(Te,ne) are the rate
coefficients for ionization and recombination, which for

an optically thin hydrogen plasma have been calculated by

Bates et al. 23)

. An order of magnitude estimate shows thatin H,
for the measured electron temperatures the last two terms

of equation (3) are small compared to the measured density

change (collisisional ionization would become important for

Te > 2 eV and recombination for Te < 0.2 eV) and can be
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ignored. Equation (3) then reduces to

dne 2
5t—=S(t)+DaV Ne (4)

S(t) is not known, but for the first 2 psec it can be deter-
mined from the measured rise in electron density and can be
approximated by a constant(S (t) = S for 0<t< 2 psec). An aver-
age (constant) value of D, can be computed from the measured
decay curves, which are nearly exponential, or computed
directly from assumed (constant) temperatures for the ions
(BOOOK) and electrons (leV). Equation (4) can be solved-
analytically24) for D, = constant. The solution indicates that
the radial distribution of plasma density should be flat

to within 2 cm of the wall during the duration of the source.
Thus, the maximum a obtained in these experiments is limited
by energy available in the capacitor bank, and not by loss of

electrons due to diffusion or volume recombination.

The measurements of Te indicate large temperature changes
on the time scale of the decay, invalidating the assumption of
constant diffusion coefficient invoked above. Thus a more
realistic model has been developed to take into account the
changes in ion and electron temperatures due to heat conduction
and energy equipartitioning. On the other hand the problem has
been simplified by setting S(t) = O, i.e. the model starts
when the photoionizing reactions have stopped. The plasma is
assumed to be an infinitely long cylinder of radius R with a rec-
tangular distribution of temperature and density at t = O. The

problem is described by a continuity equation for electrons, two




= BB -

energy equations, and a macroscopic velocity given by the ambi—)
+

X ; : . ; . +
polar diffusion approximation. The equat10ns+) for this model

are 26):
one Ne 1 0
a—- e Vi i = Ne ? 'EF(YV\') (5)
a(kT,) Ikle) 2 1 3 2 1 9 ar,
«- 2 KT = = )t E = 2 (re e
at " ar 3 "y Br( r) 3 Ner ar("e ar )
_(kTe)'(le) (6)
teq
akTi) a(kT;) :
—L ey — 2 (KT,) 350, (rv,)+ Z2 1 —a-(r%i ﬂ)
ot or 3 r or 3 = ngrubr or
, (k&) - (kT)) 7)
teq
3
nev, =--Do ¢ (8)
dr

The two last terms on the right hand side of equations (6) and
(7) represent the temperature changes due to heat conduction
and energy equipartitioning. The boundary conditions for each

of the equations are

+)All formulas are written in c.g.s. units,

'H')Meanwhile the model has been extended to igg}ude collisional
excitation, ionization, and recombination .
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- =0 for r=0

-ARfor r=R
A = A0 for t =0

where A stands for ng. Te and Ti ,» respectively.

For the ambipolar diffusion coefficient Be in a magnetic

field the following expression is used (see for examplgs))

=— (1 + =
1 + we CD‘ tcn2

(9)

where u%‘;=-£%2%é- is the cyclotron frequency for electrons and
] 2,(

ions (e = charge of electron, ¢ = speed of light, m =

e,i
electron and ion mass respectively, Bo = axial magnetic field),

Tn the neutral gas temperature and %n the collision time between
electrons and neutrals.

25) -1
we have (tcn)

For collisions of electrons with H,.
= 5,93 x 109 b4 p(Torr).

For the coefficients of heat conduction by electrons and ions,
Me and hQ , the formulas given in reference 26) for a fully
ionized plasma are used (the corrections for the neutral gas
component are negligible for our conditions):

xc = 134 -k— Ne (kTe,) tce (10)
Me. (44 0.55 cwe? t 2
625 k tei
M = e e N (KT ) T3 (11
Y oom g7 @t )

o .
wherep= |41 + 75 (2) le ( Ti )%

mi T,




tce and tci are the self-collision times for electrons and
ions, and teq (last term in equation (6) and (7» is the
temperature equipartition time for electrons and ions. For
these times, which are defined and calculated in reference 27)

the following formulas hold

s 1702 (Ke)¥
neLnA

i\
tci '(Lmn:) i 'th (12)

tee ln /A = coulomb logarithm

The set of coupled differential equations (5) to (8) has
been solved numerically by a computer program for various

realistic values of A(p)and Ap-

Before discussing these results a rough estimate of the
importance of the different terms in equations (6) and (7)
and of the effect of superimposing an axial magnetic field

will be made. For this purpose a plasma with typical values

of electron density nyo)= 1 x lol3cm—% electron temperature
T(o)= 1 eV and gas pressure 3 x lo =3 Torr H2 (corresponding
to nn(O) =1x lol4cm ) is considered. Then the equipartition

time teq is §§out115usec for electrons and H & (t eq propor-
tional to ng ) indicating that the two temperatures will relax
to a mean temperature after a few microseconds. With respect

to heat conduction by electrons (the heat conduction by ions

is about 20 times smaller for Te = Ti) it turns out that with-
out axial magnetic field the time
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e

T = with D =
5.75 « D k n

e
in which the electron temperature on the axis of our discharge
tube (R = 7 cm) drops to 1/e of its initial value is about
1 nsec, which is a rather fast energy loss ( T increases pro-

2

portional to R“ and, for B, =0, to ne).

We therefore now turn to the question of how heat conduction
and ambipolar diffusion are reduced by an axial magnetic field
Bo’ To find out how large BO has to be in order to have a notice-
able effect, we set the expressions containing B, in the
denominator of equations (9) and (10) equal to 1. From equation

(10) we find

B,) 2 2.8 x 1077 R bn A
O’ heat cond. T 372
e

(

&~ 20 Gauss for n_, = 1013em™3 ana Tordid €V,

which shows that a very small magnetic field of the order

100 Gauss should be sufficient to reduce the heat conduction con-
siderably. Similarly we get for the ambipolar diffusion from
equation (9)

1 1/2
(Bo) amb.gife 2 L-1 x 10 6mi / p (Torr)

=~ 40 Gauss for p = 3 mtorr and my = myt+ o,

which is of the same order as (Bo)heat Gond’®
In an actual experiment in both cases axial losses may become
the limiting effects if the radial losses are reduced by super-

position of an axial magnetic field.

The effect of an axial magnetic field on the ambipolar
diffusion has been checked experimentally and is in very good
agreement with the above considerations. Figure 5 shows the

decay times for B, =0, 220 and 285 G in hydrogen plasmas
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at 3 and 10 mtorr filling pressure. Figure 8 shows the
time in which the electron density drops to 1/e of its

maximum value, n as a function of the amplitude of

the axial magneticmzield Bo for 3 mtorr filling pressure.
This and similar results for 6 and 10 mtorr show that magnetic
fields of a few tens of gauss are sufficient to reduce the
diffusion time and that for a fixed value of B, the change

in diffusion time is larger at lower filling pressures. The
experimental result that the decay time could not be ex-
tended by axial magnetic fields beyond a certain value
(approximately 35 psec at 3 mtorr H, and 14 psec at 10 mtorr H2)
indicates that under those conditions the decay of electron
density was governed by processes other than radial diffusion.
The most likely processes are axial losses due to the short

length of the solenoid.

Figures © and 10 show typical numerical results of the time
evolution of density n, electron temperature Te and ion tem-
perature Ti in a plasma described by egs.5 to 12. In these cal-
culations the neutral gas temperature Tn which appears in

eq. 9 has been set equal to 0.026 eV (= 300°K), while the den-
sity and temperature at the plasma boundary have been assumed

tobe n, =1x lollcm—3 and T

= 7.
R io 12 eR3 1R R
between 1 x 10 and 1 x 107 em™ and TeR between 0.025 and

0.4 eV did not noticeably change the results except near the

= 0.1 eV, Varying n

boundary. The results plotted in Figures 9 and 10 are for the
conditions listed in table II that resemble those of our prei-

onization experiment. In the case of hydrogen the plasma was

assumed to be composed of electrons and H+

of argon of electrons and Af+

ions, in the case
ions.

From the numerical calculations the following conclusions
can be drawn for our test gas.

e e et

B et e s

1
i
i
I
§
1




Hydrogen:

a) The time for energy equipartition between electrons
at 2 eV and H+ ions at 0.1 eV is a few psec. This
suggests starting the calculations at higher densities
with Te(o) = Ti(o) 2 1 eV (Figure 9d).

b) In a tube of 7 cm radius or larger the decay of density
due to ambipolar diffusion becomes appreciable only for

n(o)> 5 x lO]'3cm-3 (Figure 9c¢) at a filling pressure of
10 mTorr H2, but is substantial (with B0 = 0) for all our

conditions at filling pressures of a few mTorr H2 (Figure 9e).

c) The radial diffusion can substantially be reduced by an
axial magnetic field By of order 100 gauss (Figure 9f)
which at the same time diminishes the radial heat con-
duction losses.

d) In a vessel three times larger in diameter than that used
here, it should be possible to make the equipartition times
of the same order or shorter than the dominant loss mecha-
nisms (Figure 9b), since the characteristic times for
radial ambipolar diffusion and heat conduction scale as

R2.

Noble gases (e.g. argon):

a) The energy equipartition time is proportional to the
ion mass (c.f. eqg.l2) and in the case of argon is about

300 psec for our typical conditions (Figure 10 b).

b) During times of the order of the energy equipartition time
the decay of density in a tube of 20 cm radius is negli-
gible. The same is true for the radial heat conduction
losses if an axial magnetic field B, of order 100 gauss is

present (Figure 10 b).
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V. Conclusions

It has been shown that the photoionization technique described
above can be used tn produce highly ionized, clean, radially
homogeneous plasmas suitable for collision-free shock studies
(c.f.reference 3). With a double ended source the test gas
is also relatively homogeneous in axial direction, the electron
density being smallest in the median plane and increasing to-
wards each light source. Axial diffusion and conduction will tend
to flatten this distribution.

With noble gases the products are singly charged ions and
electrons, and the initially cold ions become heated to around
1 ev through equipartitioning of energy with the electrons.
When hydrogen is used, the evolution of the plasma is more compli-
cated, and the initial measurements of Te' n, and composition
are being continued in order to obtain a more complete under-

standing.

For its application to collision-free shock studies it is
an interesting feature of this preionization method that values
of Te/Ti ranging from 1 to about 20 can be selected in the
photoionized plasma by waiting an appropriate time after firing
the light source.
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Appendix I

Estimate of Temperature and Density in the Xenon Pinch

Column

In order to calculate the emission of radiation from the
Xenon source, its temperature and density must be known.
These quantities can be estimated roughly from the pinch
dynamics, as observed by an image converter streak camera.
Specifically, from the measured implosion speed the thermo-
dynamic properties behind the incident shock can be cal-
culated using plane shock jump conditions and neglecting
the effects of cylindrical convergence. When the shock
wave reflects from the axis, the gas at the center comes
to rest with further heating and compression. The re-
flected outgoing shock reflects again from the incoming
magnetic piston; in this way a series of progressively
weaker compression waves traverses the plasma, leading

in the final stages to a reversible approach to quasi-
equilibrium between the confining magnetic field and the

plasma pressure.

The calculation presented below ignores the variation in
filling density along the axis, which is not precisely
known, and considers only the heating due to the incident
and first reflected shock waves. Ohmic heating is omitted,

as is the loss of energy by radiation.

Assume a shock wave propagating with a Mach number Ml
into room temperature Xenon at a pressure Py- The con-
servation egns., in shock-fixed coordinates are

& My = L™y
2
qu + 55_¢¢L (1)

b+ 1.4%2' = 4 + ivz@tl
2 2 2

P
+
=
&
it

2




1 = _I:__ 1
For an ideal gas, h = %% , and the ratlos_924Pl’

p2/p1, and T2/T1 depend on the single parameter

2
2 U

M = 1
K'(fqr/g%)

i

For an ionizing gas, the simple eqn. of state must be
replaced by h = h(p,.Qo or an equivalent thermodynamic
description. In this case the temperature, pressure, and
density ratios depend on both My and Py - The density ratio
remains bounded for large M, but can reach values of 10

to 15 instead of 4, as for an ideal monatomic gas. The con-

servation laws can be put into the form

2 4+ Yo M T el
o (1)

7 2

=7r.J2_/'M7(4~_”..1) (2)
~ {+ gemwsdl

p ’7)

where 7:% and uP = /‘u,’ -, /
X

> o

Ay

ok
X

The total enthalpy for a mixture of multiply ionized species
is

2
Sh=9,h -~ 2 ¢ b+ @ (3)

t=1

when h denotes specific enthalpy, the subscripts n, i re-
fer to neutral and i times ionized atoms respectively, and

e denotes electron properties.

Assuming perfect gas behavior for the individual species

and temperature equilibration between species, then



. -'I‘
where " G 2: gb
mi; q_— 1 7

= ionization energy of qth level

<&
|

hol is a measure of the binding energy of the ith species,

These relations ignore the energy of bound excited elec-

trons.

¢
Letting »n = n_+ 2 n:

121 )

and assuming for all ionic species that m = ﬂzﬂ&:hﬂ;}

then (©=#¥m and equation (3) simplifies to

2 ne (ﬁ (5)

< dag 4

'4
/17 v 0N
(1) g 5

¢
V7>§>—.] x

™
i
MYy

In order to calculate the required number densities, one

18)

can use the Saha equation . This completes a method by

which to determine the temperature and ionization state

of the pinched gas.

The iterative computational procedure is as follows:

1) Using the known imploding shock speed, guess a value

(o) hy (©) -

for 27 and calculate /hl by equation (2). hy
is known from initial conditions.

2) Guess a temperature and a value of rk and use the
equation of state (3) to calculate the desired number

densities' n; and iﬂn .
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S

3) calculate h2 from equation (5) using the results of

step 2).

4) Compare with step 1) and iterate. The calculation con-

verges repidly due to the weak dependence of h and ponmn.

Numverical calculations have been carried out according
to the above procedure for the Xenon light source for
typical cases. The assumed shock speed was 2.3cm/nsec
(Ml = 130), in accordance with the streak photographs, %
and the initial filling pressure was 1 torr. The calcu-
lations could only be carried to T = 40,000°K because

of the parameter range of reference (18). At this tem-
perature h2 is about one third of the value required by
the conservation law (for My = 130, M = 1o, Yy =5/3).
If one extrapolates the calculated values of h2 beyond
40,000°K it appears that the equilibrium temperature be-
hind the shock should be roughly 60,000 to 70,000°K; most

of the energy has gone into ionization and relatively little
into thermal motion. (An ideal gas calculation, ignoring
ionization, gives T2 = 1.54 x 106.) A rough etstimate,

based on the assumption that each stage of ionization is
complete before the next one is begun, indicates that the
gas should be about five times ionized.

The calculation just described gives conditions behind the
incident shock. The kinetic energy density behind the in-
cident shock,'§:4¢;' , can be deduced from equations (2)

to be about equal to h2. Thus, when the shock reflects,

the enthalpy approximately doubles. It can be shown that
the enthalpy behind the reflected shock (h3) can be written

by 2(nd-1)
iy (7 +1)(S~1)

where CF is the density ratio across the reflected shock,




= Digy =

which for our conditions is approximately equal to 7). K
Thus, As /f&_z 2 , as stated above. Extrapolations of
the calculated values of h2 show that reflection of the
shock should produce a temperature increase of about 1 e.v.

with a corresponding increase in Z of about 1.

We acknowledge the help of Mr. Noel Amherd in carrying out
these calculations.
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Appendix II

Comparison of ionizing efficiency of the xenon and hydrogen pinches

In order to compare the expected efficiencies of the hydrogen and
xenon pinches in ionizing a hydrogen gas, we first calculate the
emission coefficient £ for both plasmas at a density of lol8cm_3
and the temperatures estimated in Appendix I (about 50 eV for

hydrogen and a few eV for xenon).

For a xenon plasma under these conditions the largest contribution
to the emission coefficient comes from radiative recombination. It

can be calculated from eqg. 5-36 of reference 20) which, with the

assumptions stated on p. 12 , reduces to
4 2 Xe,z~1 = Xg 2=
Z [Z 4 ( E«sl = <Eh>) )
£X Nt ey 3 CXP — & :
C' e (42 T) (= fse nm-'hn ’k/
Xe 2 _Xe . 2-1
C N, N exp (FAEe L =)
& F AT

, . ._Ne_ - by
Sen Trpe P U )

Xe 2
All symbols have the same meaning as in reference 20). <,E%1>k !

. Xe , 2 1
is the mean value of &, , ' with respect to £

values have been taken from reference 28). For the second energy
levels of Xe V, Xe VI and Xe VII extrapolated values have been used.

: ; 93 . Car, : Xe
The total ion densities on the different ionization stages, N %

. Its numerical

7
were calculated using tabulated values of the Saha equationlg)

In the case of a hydrogen plasma of the above-mentioned density and
temperature the main contribution to the emitted radiation comes
from bremsstrahlung and correspondingly we get




= 1] =

I &T AEL E
& ~ 3 E, exp(--kT )exP(Z H_) N

Calculation of the radiation emitted by a 1 cm column of xenon
at a few eV and hydrogen at 50 eV shows that in both cases the
plasma is optically thin at a density of lO18 cm-3. The relative
degree of ionization produced per unit time by the two light

sources can therefore be calculated from

S
~ / é100’1 £ 0/)’
7

[*

With éibn ~ v-'3 one gets for the relative ionization rates
/ e - X
aot,_., P EH(AT)/ &" O{X
2/ X
Iz (4T) 4w, [AT
hv, 2 [£T .
i -.
&“xe ~ SXe(ztéT) (= D/X
ot z (LT x
4,2 [#T

where X ='hY//€T Y,= lower frequency limit for photoionization
of hydrogen and ')"4‘2 ) Vb,z are the frequency limits within which
the emission coefficients are constant. The calculated ionization
rates are plotted in figure 7 and show that under the assumed
conditions the ionization rates produced by the xenon pinch are
roughly two orders of magnitude higher than those with the hydro-
gen pinch. This is in qualitative agreement with the experimental

results although the experiments show a smaller difference in
ionization rates.
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Table I

Degree of ionization (%) attainable in various gases at center

of 150 cm long test chamber, using xenon as the radiation

source.
Gas Initial Pressure (mtorr)
lo 5 3 1
Hy 12.3 16.0 19022 22
Ar 49
Xe 63
Table II

Initial values for numerical results of Figures 9 and 10.

Figure: 9a 9b 9c 9d e 9f loa lob
gas He Ar
R(cm) 7 20 7 7 7 7 20 20
po(mtorr) 1o lo lo lo 1 1 1 1
n(0)x10™ 3 (em™ )| 1 1 5 1 1 1 1 1
Te(O) (ev) 2 2 2 1 2 2 2 2
Ti(o) (ev) - «1 gal 1 &k - | sl sd
Bo(Gauss) (0] 0 (o] 0 0 50 0 200
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Fiqure 9 Calculated time evolution of density n, electron
temperature Te' and ion temperature Ti in a hydrogen
plasma cylinder for the initial conditions of
table II. The numbers in brackets are the time in

psec.

Figure lo Calculated time evolution of density n, electron
temperature Te' and ion temperature Ti:huanargon
plasma cylinder for the initial conditions of
table II. The numbers in brackets are the time in

psec.
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Schematic diagram of apparatus

(a) Detail of Z-pinch light source
(b) Overall experimental configuration
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Fig. 7 Relative theoretical ionization rates

for Xe and H2 sources.




‘usBoaphy aaojw ¢ J0J YaJuaals PIatJ OT3oudeu
TBeIXe JO uUofjouny ® Se awlj] JulploJ-o L2TSUSBP UOJI}03TH g 314

(ssnpg) pjai4 d118uboy oiIxy

oﬁwm 00% 00€ 00¢
] | ]
D
LA
(o)
Q
m.
(]
=
3
(1)
e
aU
(o] o Qo o0 —
Po S - =
"o o 0n
o w lo) m
o
—0%




-00sn/ UT SWTj3 9Yj oaJd® S$398)08JQ UT SJIaqunu aYyJL °*II 9Iqel JO SUOT3TPUOd

TeT31Ul 8ayj3 Ja0J aspulTLo BuseTd usal8oaply ® ut ﬁa aJanjeasadwal UOT pue

o danjesadus]l UOJI308Td ¢ U AJTSUSIP JO UOTANTOAd SWEd PojeInoTed q‘vé 314

(wa)y 0z Gl ol q 0 0
0 'L
20 —70 —%0
@
70 /@wllm.c 80
1 on'L
°
ﬂ/ | /&/
801\ (oyu @3 9} 80 \\\ (oiu -9
40X‘\A£c /ﬂ//VKﬁﬂc
N> (2 AT .
OIXQ === 0 01X0') S 02
€l (0)3 " (0)u el (0)°L (O
(c.wo)uy Vi1 (gwo)uy Y(A9)L
(D

(q



, .cmms\ Ul QW] oya aJde S$39¥0®JIQ UT Ssdaaqumu oYL °*II 8Tqe3 JO SUOT3TPuod

TBTI4TUT 8y3z J0J J9putTLd euwseTd usloaply e ut ﬂa aanjeasdwsa) UOT pue

¢« ®1  aanjeasdweg u0J309TS ¢ U A3TSUSP JO UOTANTOAS SWI] PejeIndTed p‘o6 *ITd

(0)3L°(0)u

(P (°



.omwd\ UT 8WTI]d 9Ya oJde S39)0vJq Ul SJaqunu 9yl °II 371983 JO SUOTJTPUOD
TeTIATUT 9y3 JO0J JI9purTAo ewseld usdoapiy ® UT ﬂe aanjeJaaduay UOT pue
¢ me aangeasduiag uoJ309Td ¢ u £L3IsSusp JO UOTINTOAd SWL] pejeInoTed J¢96 *31d

By L F 9 S99 € T¢T. . L 0

i L ¥ e HODS 0
(0)'1
0 | —70
__ Q_w
0 __/ (oL) __. | 80
y/ (S)1
m.ol_,,/ 7 1
\
: ///, :
80 /VMAQ:h el —9'l
N . (2)u :
£,0X01 ST 0 ¢ 0X0'l TR 0¢
(c-wa)u ¥ V(Ad) L (gwo)uy v (A2) 1

(4 -

kit e e———————————————————————————




.ommz\ Ul 2Wl3l 8yj3 aJB S39)0vJIQ UT sJaqunu ayJ °*II 9Tdqe3 JO SUOTI3TPUOD
1BI31UTl 9y3 J0J J9PUITAD euseld uolae ue UL ﬁe aanjqeaadwasl UOT pur

¢ ©

I 9Jangeaadwa] uoJ303T9 ¢ U  L3TSUSP JO UOTIJNTOAS SBWTI] PI3BINOTED 01 "31d
(Wo)y 0 Sl 1]} S 0 (Wo)y 02 Sl ]} S 0
- _ L [ 0 -t _ _ _ 0
(0L T
(02) 1 (094
20+ ot 7O 20 — = 70
_ oo w
.N.olﬂ (00e)lL  (002) 80 70 __ Sl 80
__ — | ”_ (02)°L
90— 00€2 | a e
/ (002P°L 2 9 “____ ¢l
| I
80— 1\ oo 91 80! -91
oo - | g
A el . oK |
o001 (0% (o) oz a0l (0% “(0)u i
(g.Wwojuy V(ML .m-ssi « (A) L

(q (D



	IPP 1_99 Deckblatt
	IPP 1_99 Text 1
	IPP 1_99 Text 2

