91-130

HIGH CURRENT PULSE HELIUM
DISCHARGE AT HIGH PRESSURE

F.G. Bakst.*
V.N.

Zhuravlev,

A.M. VYoronov,

F.G. Rutberg

YNlIElectromash
Leningrad

ABSTRACT

The present paper considers the arc in
closed restricted volume at intermediate
rate ¢f current increasing. The results of
experimental investigations of helium
discharges are presented. The calculations
of volt-ampere characteristics of arc have
performed. The comparison of the
theoretical and experimental data is
carried out.

INTRODUCTION

Practical interest in impulse
arcused in investigations in the
high 1light sources, of developing
response currsnt commuia&ors and pulse
electric arc heaters. ™’ These various
applications lead to investigations of
pulse arcs over the wide range of their
parameters, rate of current incrgesinx
dlI/dt being one of them. At dI/dt ~10 A/s
the discharge is attended with strong
shock wave. Simultaneously the pressure P
in discharge is considerably differensiated
from external pressure in a chamber, but
heat transfer is performed by means of
radiant heat conduction. At ac:czmpara.tively
low values of dlI/dt < 10 A/s, the
amplitude of shock wave is not large, and
pressure P in discharge agrees
approximateiy with pressure in a chamber in
any moment. Heat removal out of the
discharge is determined by heat conduction
of gas and by radiation coming from
discharge freely. As a rule, at theoretical
consideration of such kind of discharge it
was assume gas volume to be sufficiently
large. hence influence of chamber walls may
be neglected. The present paper considers
the arc in closed restricted volume at
intermediategvelocity of current increasing
dl ¢t ' 30 A/s. The results of
experimental investigations of helium
discharges at pulse current amplitud§41m =
70 kA and pulse duration R s
are given. The calculations of volt-ampere
characteristics of this arc have performed.
The comparison of the theoretical and
experimental data is carried out.

arcs is
field of
fast

EXPERIMENT

The general sscheme of installation is
given in ref.” The dischar;e_‘was fegdgd_by
capacitor bank with C =39 10 F ( initial

voltage is U=5 10" V ) through _. the

circuit with resistor R =1.22 10 # Ohm
and inductancs L°=1.26 10 Gn. Helium is
» Phys. Tech. Inst., Leningrad.

used as working gas. Initial gas pressgure
in working chamber with volume ¥V _~20 em” is
changed over the range: P _=(2& - 120) bar.
The resistance of discha?ze is cf such
valus that current I through the
discharge is determined, in general, by the
parameters cf external circuit and richs
its maximum values . " (65 = 70) kA
independent on avalue ™ of P . The
ignition of discharze is initiatedoby means
of copper wire with mass M. ~ 0.02 g.
Therefors after its explosion there is
the sufficiently large ccnce3§ratig§ of
copper atoms Nbu~nbulyc~ 6 10 cm in
chambter.

The electrical scheme of measurements Zave
the possibility to reccrd relationships of
current I(t) in circuit, voltage U(t)
across dischargs and pressure Ptt) in
disgzharge chamber against time t:. A
piezoelectrical indicator of pressure was
mounted in the first of two holes in the
casing of discharge chamber at distance
LT 2.5 em from the chamber axis (in more
dgtailed-see ) The second hcle of diameter
D =1 cm which was stopped with acrylic
plastic or quartz insert, was used for
spectral and potometeric measurements. In
scme experiments two probes were embedded
in the same hole, these probes being used
to measure electric field intensity E in

discharge and thes complete near-electrode
voltage drop Uel'

Fig.1 shows volt-ampere characteristics of

discharge and changing of excessive
pressure P,x(¢)=P(t)-P during current
impulse at various helium initial

pressure values P . The curve of voltage
U(t) across diseharze is approximately
identical at all values P_. After explosion
cf wire ( the small initial current pulse
corresponds to its this event ) voltage
dicreases rapidly which is caused by plasma
heating and high velocity of increasig of
radius R of discharge channel. Further U
changes slowly and depends on current I
slightly. Only while I decreases rapidly in
the end of current impulse, voltage curve
U(t) begins to drop evidently along with
current. The value U depends on conditions
cf discharge igniticn only within the

limits of 10%. The relationship between
vecltage U across discharze and helium
initial pressure Po lies in the same
limits.

Pressure P(t) measured at 2.5 em from the
discharge axis by indicator i.e. at lcm
from chamber wall, begins to increase_sin
the same delay time *_~(20 - 30) 10 s
relative to the moment of" wire explosion.
TQ is the same order value as the value of
time ¢t_ of shock wave passage from the
dischafge center_to a pressure indicator
¢t L./ =28 10 s where V_-sound velocity
at rgomstemperature. The scillations of
pressure conected, probably., to conditions
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of propagation and reflection of shock U.kv J.kA J
waves, may be also observed on curve |
E_ft). However, an amplitude of such 1
ogéillation and pressure gradient in
discharge chamber, as possible, are not
large. The pressure after current impulse 40 {4
passing is caused slowly by cog%ing gas
down for time ‘duration 7.~ 5 10 ° s >> 7. 05| U Pex 6 St =
Therefore a system "arc-gas" may be assumed b
to be thermal insulated. = —

7
Pex.10 Pa
1s

Probe measurements show that electrical - >
field E in discharge is E ~ (150-200) V/cm, La : . : i

sum of near-electrode voltage drops is U;l 0 20 40 60 80 100 120 \\t 1065
~ (100-200) V. .

Spectral measurements of radiation cut of
dischargg over wave_ length range f{from 1 Leo \
A,=7000 to A,=2200 3 have been carried
o&t cn the ins%allation. It was received
that radiation is characterised by
continuous spectrum, and the lines of metal 40
absorption, e.g. Cu, Na etc, may be
observed on a background of this spectrum.
In addition to resonant 1lines, absorption 20
spectrum includes metal 1lines, the lower
level of them being exciting. The width of
absorption lines is of some Angstroms. Such A
strong spreading is caused by collisions : % 6
with atoms of main gas. Radiation Fig.lpb.© % ®© ®© & 10 120 e 4 4 JRY
continuous spectrum of discharge indicates
that radiation flow out of discharge is )3
closed to equilibrium flow of radiation UKV  JKA ] Pex.10 Pa
JT(A). However, an estimation of )
temperature 7 on the base of equilibrium 1 fLeol} 46
radiation gives a large error since J_(X)
at T > 2 eV depends on weakly over wave
range X > 4000 A; for this range there Pex L -
exists reference source suitable for \ U -
impulse measurements. ) 05

05 L

Relation of arc light front position 2L N 42
relatively discharge arc against time is > a
plotted by eo0lid 1line on fig.3. This s =
relation is obtained by means of fast . i ; y g ¢ =
photo-recorder at chamber initial pressure & \t 1053
P = 81 bar. Fig. 3 shows that during time Pigie Y. MW W :

t; ~ 15 10 "s the arc occupies almost the
wgole hole of chamber. Further during the
process of discharge, an arc diameter Fig.1l. Volt-ampere characteristics of
remains larger than hole diameter D=1 cm. discharge and relationship of excess
‘The average velocity.,of light front moving pressure P = P_ - P_ against time t.
for the first 15 10 " s is of value V_ = L =3cm I =70 kd, 71=1.2 10 %
D/2t, ~ 330 m/s. Velocity V_ considerably c
loweg than sound velocity v at room a)P _=37bar; b)P°=81bar;c)P =107 bdar.
temperature. o Solid lines®experiment®1 data,

dashed lines-calculated ones.

s,

IEORETICAL MODEL

absorbed by discharge chamber walls and

Carring out theoretical analysis we shall doesn‘t take part in the process of gas
use the following approach. We shall heating for time ~ r.

consider the discharge channel expansion

as moving of temperature wave f{front and If a velocity V of heat front is
shall assumed that high-ionized opticlly considerably lower  than sound velocity V
dense homogeneous plasma is situated behind in gas (V_<<¥V_) and radius R_of discharg
a wave front. It 1is also assumed that chamber is % not large (R &v T) pressure
discharge column as a whole is, cooled by gradient appearing in chamb&r 1Is small and
energy of radiation W = o7 from a it may be believed that P(r,t)=P(t).
discharge. The part =»(7T) of energy W _(T)

which is capable to ionize and to excite Neglecting space gradients of plasma
atoms of surrounding gas, is absorbed in parameters and of cold gas, a set of
immediate vicinity to discharge boundary. equations for cylindrically symmetrical
In the range of absorption a surrounding discharge in closed volume is written as
gas is heated up to plasma temperature 7. follows:

Over this range the main part of gas is .
displaced out of volume occcupied earlier d(ch)/dz+PdV/dt:aEZV—(1—n)w+s (1)

that leads to density and gas pressure off
discharge be increased. The other part of

radiation passing through a gas freely, is hd(pV)/dt=nW S (2)

[



y=p v
PV, V) -POVC (3)

I:nRzaE (4)

Where V :nRzL
square of l&teral
with length L_ and radius
h=eg+P/p -~ den¥ity, internal
enthalpy of plasma developed in discharge
due to ionization of helium and copper.
r=5/3, o—electric conduction of plasma.

and S =2(nVL )1/2—volume and
surfafe of discharge
R(t); p, € and
energy and

Equation (1) is the law of conservation of
energy for an expanding column of
discharge. Equation (2) is a generalization
of an wusual condition of contieuity of
energy flow on surface of breakup during
conditions when surface of breakup moves
with velocity VT<< V_ and heat release due
to absorption of radiation occurs in
surface layer. In this case it is assumed
that plasma is of thermodynamic equlibrium
at temperature T behind a front of heat
wave, temperature 7T being considerably
higher than temperature 7_of cold gas. As
T » T_ and pressure P(t) ®is approximately
constant over the chamber space, that the
main mass of gas concentrates out of arc.
Thus, a surrounding arc gas may be
described by equation of adiabatic
compression ¢3)s In the considerable
examples an arc current 7 is determined by
external curcuit and may be described as
I=I sin(nt/T). Ohm‘s law (4) is used for
determination of electric field £ in
discharge.

Besides helium atomi9
concentration N.710 "cm are available
after wire eﬁglosion in a discharge
chamber. Cros section o of ionization of

_zcopper atoms with

copper atoms by radiati 38" beyond the
ionization thresholgl7(hv2>716u = 7.72 eV)
is of value o, n=10 cm” . Therefore a
length of free path lr of radiation
quantums with energy hAv > ’Cu is small
2 =1/(°ionN u) &« R ) and radiation is
abcsrbed ig narrow layer near a boundary

of discharge column. In this case 7n(T) is
written as: ‘ ;

nT)=( 1/arr‘) I J_(v)aw

Ic“/h

RESULTS AND DISCUSSION

Solving equations(1)-(4), approximations of
thermodymanical functions in the adequate
interval of temperatures and pressures
were used. Equations (1) - (4) were reduced
to set of two differential equations in
respect to temmperature 7 and volume V. It
is proved that differential equations for
T(t) and V(t) may be solved with zero
initial conditions T(0)=0 and ¥(0)=0 which
express that T(0) and V(0) are small in
comparison to values of 7_and V_ typical
of developed discharge. In “this cise point
t=0 is the singular one. To separate out
the single-valued solution it is necessary)
to admit an additional initial condition.
This additional condition may consist in
the definition of finit initial mass m_=
m(0) forming in discharge after wife
explosion It is evidently that m_« m_ where
m_ - mass of gas inherent for® deseloped
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discharge. At m_ « m_, two time intervals
may be determifed (gee fig.2). During the
fist interval which is lower compared to T,
a sharp decresing of electrical field E(t)
and voltage U(t) is occuring. During the
second interval E(t) and U(t) are changing
smoothly and with little decreasing.

A parameter m_ depends on conditions of
discharge iznitioR and should be determined
on the base of experiment. Fig. 2 presents
the calculated relationships of electrical
field £ in discharge against dimensionless
value of time s = mt/t for helium initial
pressure P°= 81 bar and also experimental
values E(t)  determined without inclusion

E/E

100

10

) .

g e

Fig.2. The calculated relationships of
electric field in discharge aaa;gst
time t.Pb=81bar.Lc=3 em,T=1.2 10 s,
Imi;OkA' Ec: Imchg(TE)Vc' 1) mb/mgi

10 T, 2) nO/mc=10 v 3) mo/mc- 10

of near-electrode voitage drops durigz
initial stage, of discharge at t.=1 10 s
and t, =7 10 "s are plotted on the same fig
(also™ see fig.1lb, time t is reckoned {from
the beginning of current sinusoidal pulse).
These values argaclosed to curve calculated
at mb/m < 10 T Therefore, in futurga(see
fig.3) it is assumed that m_/m <10 and
sufficiently large values of _ztima have
been considered ( s > s ~ 3 10 ) when
calculated parameters of dischage doesn‘t
depend on m_. At another values P
calculated relationships of plasmi
parameters against time are also plotted in
that are a where they do not already depend
on m_.

(=}

The calculated relationships of radius
R(t) of discharge channel and temperature
T(t) of plasma at P_= 81 bar are plotted on
fig.3 with dashed lines. The average
velocity VTo{_erc channel expansion for the
fist 15710 s determined on calculated
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Fig.3. Relationships of radius R of arc and

temperature 7 of plasma in discharge
against time t. Po= 81 bar, Lc=3 cm,

I_=70kA, = 1.2 10 *s. solid line

egperimental curve R(t), dashed
lines - calulated ones.

relationship R(t) is of value VT: 400 m/s.
Although this value is just  higher the
experimental value VT= 330 m/s ( see solid
line on fig.3) it lies in the limits of
errors of calculations and measurements.
Temperature T(t) in discharge is
practically constant, i.e. T~ 2.4 eV.
Changing of 7(t) becomes significantly only
in the beginning and in the end of current
impulse. The calculation shows that while
initial ‘pressure Po is increasing in
interval from 20 bar to 100 bar,
temperature in discharge does‘t practically
change, and the average velocity V
decreases_llaapproximatly proportionally t
Vr - x5

Relationships of U(t) and excessive
pressure P__z=P-P against time ¢ in a
discharge chaflber at initial pressures
P_coinciding with experimental ones, are
plotted in fig.l with dashed lines. Voltage
U(t) is defined as U=EL +U_.. Based on
experiments, sum of near—&lesirode voltage
drop is assumed to be constant and equal
to U;l = 100 V. Calculated relationships of
uct) and P{t) have a good agreement to
experimental ones.

ASSUMPTIONS

Let’'s consider scme theoretical
prerequisites. At the conditicns unéer
examination, with regard 12 to_, large
concentration of copper NCu“lo g the

abgirption coefficient8 e Of %~ (5-10)
cm in recombinatfon-bremsStrahlunz
continuum over the whcle area of spectrum
situated near maximum of Planck's
distribution JT(v). Thus, plasma in
discharge may be really assumed to be
optically dense almost during the whole
current impulse.

Let us evaluate temperature drop along
radius of discharge. Having supposed that
heat release from internal area of
discharge is balanced with heat remcval
cnly due to radiation conduction and %
not depend on 7T, we obtain that

T(0)/T(R)=[1+3( 1-n)x_R/811/*,

where T(0) and T(R)
axis and on
correspondingly.

are temperatures on
periphery of discharge

Hence, at urR = 10 and
n= 1/2 we have FCOYTIR)Y = " 1.3, i-®.
radius nonuniformity according to
temperature is not large comparatively.
The inclusion of heat expenditure in
volume for increasing of gas internal
energy stirengthens this conclusion.

The significant assumption of the theory
ccnsists of narrowness of heat wave front
érT compared to discharge radius R. In our
conditions thickness of temperature wave
front is associated mainly with the finite
length lr of {free parth of radiation
absorbed ocn the discharge boundary and
with inclusion of gas heat conduction A_ on
temperature wave front. The latter leads to
thickneisz cf front by the value érT
[A_T/Q]1""° (see e.g. °) where @ density of
heat release for our case. QT i{ oE"+
(l-n)w})/l . Yalue 6rT obtaining in this
case, doSs't exceed U by the order.
the resulting thickness of

~

Therefore
temperature wave front is small compared to
radius R. The main limitation of thelaheory
is the wvalue dI/dt. At dI/dt = 10 A/s
pressure in chamber beccmes ncnuniformity.
and for discription of dischargze it is
necessary to use the corresponding set of
equaticns of plasma dynamics.
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