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Precursor phenomenon in wire arrays:
Model and experiment
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1. INTRODUCTION array. This phenomenon alone impairs the implosion dynam-
ics. Besides, even small quantities of hot plasma on the axis
To understand in detail what happens with an implodingpreclude high compression ratios and reduce the efficiency
wire array would require one to account for many differentof the conversion of the electrical energy into radiation.
processes beginning with the wire explosion and ending The reason for the precursor appearance is related to the
with the Rayleigh—Taylor instabilities. Hain€$998 has  peculiarities of the wire explosion in vacuum. For a wire
performed a heuristic analysis of the multiwire array implo-current density rate of rise typical for wire array experi-
sion and suggested that the dynamics and behavior of thments, 187 A/cm?-s, the outer layer of the wire expands
wire array pinch be divided into four distinct phases. Theseand forms a high-conductivity plasma corq@akshtet al.,
phases are as follows: the electrical explosion of an individ1983; Zakharo\et al., 1983. As a result, the plasma of an
ual wire (Phase 1 merging of the wire plasmas and the individual wire represents a heterogeneous pinch in which
current shell formatior{Phase 2 running-in of the wire the core density should be a few orders of magnitude higher
array(Phase 3 and the stagnation of the pinch at the axisthan the corona densityRatachin & Baksht, 2001 The
(Phase 4 corona temperature, on the contrary, should be a few orders
In this paper we discuss some details inherent in Phase 8f magnitude higher than the core temperature. After the
namely, the problem of the appearance and development afierging of the heterogeneous wire plasmas, a nonuniform
a precursor. The precursor appearance in an imploding plasma shell appears.
pinch is possible if the plasma skin layer is absent and the In this shell, segments with high temperature and low
conductivity of the inner layers of the plasma shell risesdensity alternate with segments with low temperature and
more rapidly than the conductivity of the outer layers. Thehigh density. Naturally, this has a beneficial effect on the
precursor is related to the light plasma flows that are accelprecursor formation. In the present paper, we develop the
erated inward toward the wire array axis before the mairprecursor phenomenon model and compare the theoretical
mass of the imploded wires starts moving. The appearancesults with the experimental data. The paper is structured as
of a precursor in the wire arrays was observed in earliefollows. In Section 2, we present analytical formulae on the
experiments of Aivazoet al.(1987 and Bakshetal.(1989.  dependencies of the precursor current on the wire-array rise
Lebedevet al. (1998 studied the formation of a precursor time and the wire array parameters. In Section 3, the theo-
and has shown that the precursor mass can make up a fawtical estimates are compared to experimental data for nano-
percent of the wire array mass. As noted below, the precursecond and microsecond modes of wire array implosions. In
sor current can be 20-30% of the total current of the wireSection 4, we conclude with a discussion.
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precursor starts moving. The currents in the first and second
shells are in inverse proportion to the shell resistance before
the precursor formation. In the general case, the resistance
of an imploding pinch is determined by the Spitzer conduc-
tivity formula and the typical value of the resistance is 0.0075
Q/cm for a 1-cm radius hollow pinch with a 0.5-cm shell
; thickness and an electron temperature equal to 2 eV. The
v._.v_,‘*" W impedance, inversely related to the inductabhggncreases
Main mass” after the onset of the motion of shéllcorresponding to the
Fig. 1. Sketch of the precursor shell and the main mass shell, and ar‘?‘pp.(:"aralnce of the precursor. WItD the typical velocity of
equivalent circuit diagram for the implosion of these shélis.the wire- motion of the precursar, = 1.5X10"cm/s andx=0.5we
array total currentt; andl, are the currents of the main mass shell and the have for a 1-cm radius imploding pindy = 2 X 10_9Upr/
precursor shell, respectively. r,(t) =0.06Q/cm. This impedance is much greater than the
Spitzer resistance estimated above. It follows that, first, the
resistance related to the “immobile” portion of an imploding
exist: current shell with mass per unit lengtm, and cur- ~ Multiwire array is one or two orders of magnitude higher
rentl, and current shell with mass per unit lengthn, and than the Spitzer resistance. Otherwise thg precursor_current
currentl,. The massn, is equal to the net mass of the cores would be shunted as early asxat 0.05 owing to the high

of the individual wires and mass, is equal to the net mass conductivity of shell. Second, fox — 1 we have.; — co.

. Precursor.

of the coronas of the individual wires. This implies that the current through the precursor will dis-
The massn, is much lower than the mass,. We assume appear as soon d@s + z; become_:s smaller thdpz. In other
that as the current starts flowing, only current shielill  Words, the precursor current will have a maximuyp. The

move. Usually the principal circuit includes the mutual andPrecursor currentis equal tg, at the point in time labeled

the self-inductance of the loops. For the cylindrical case, thdm (Fig. 2. .
circuit can be simplified as shown in Figure 1. In Figurie,1 To find the relation between the precursor current and the

is the inductance of the loop which is formed by the shell IMmplosion parameters, we should use, besides the circuit
and the external current posts, is the inductance of the equation, the equation of motion for the imploding precur-

8] loop which is formed by the shellland the moving shell .~ SO' Mass
The total current through the wire array can be presented as

My X" (1) = —wol £(t)/(47ry). (4)
I =1,+1,=bt, (1)

whereb is equal tol,,/t, with I,, being the total current Indimensionless form, Eqs2) and(4) will appear as:
amplitude and, the total current rise time. For the initial

shell radius, we have,g = r,g = g, Whererg is the initial dr[ 1 .
radius of the wire array. For the curremtgndl,, in view of “ Y ['2 In 1 ] =7, 6)
the circuit given in Figure 1, we then have the equation
d(l,L,) X"(1—x) = BiZ, (6)
at + 12(z5 + 21) = Iz, 2

wherez, and z, are the resistance of shelland shellll,
respectively, andL,/dt = 0, as the main part of the wire

array is stationary. In _ Wire array
The inductancé., is related to the radius(t) as current

Current

Mo lo Mo 1
20 20—

L2 = = n , (3)
27T rZ(t) 277 1 X Ilzm ' Precursor current
| I
wherex(t), the distance for which the light current shell I | i !
moves inward, is given by i 3 !
I [ timp t
X(t) = [ro - rz(t)]/ro. Time

. . . Fig. 2. Current waveforms for the wire array and for the precurkgyis
Let us consider the behavior of the terms in the left-handhe maximum precursor current angis the maximum wire array total

side of Eq.(2). The first term is zero up to the time when the current.
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where Finding u from Eq. (12) and substituting the value found
into Eq.(11), we obtain
g Bo 1
27 t(zy+ 25)’ = (1= xm)7[XF* 1+ xm)], (13
o |22mZ]2_tr2 i2m = 27’m(1 + Xm)/(3 + Xm). (14)

4 1@my(zy + 2,)?’
Solving Eqs(13) and(14) in view of Eq.(12) for specific

t Lz +2 values ofx,, and u, entirely determined by the wire array
. 2“1 2 . .
T= =1 parameters we may find the maximum precursor current.
mo This allows us to determine the energyost with the ap-
pearance of the precursor.
Let us return to Eqg5) and(6) and recollect that the first
term in Eq.(5) is in fact the differential of the magnetic flux

Xli=0=X'|{=0=0

It can be shown that for small values @fve have ®, associated with the moving plasma of the precursor:
x—lﬂ<l+i'[i4>—xo<l+ixo>; (7) baln(l—x""=iL,=d,.
12 14 12 14

The equation of motion, Eq6), in view of the above rea-
X' =~ 0-85\/2Bi22m|n[(1 -x)'] (8)  soning can be rewritten so that the acceleration is a function
of the magnetic fluxd,:

The quantityx, = 87%/12 is the first approximation forx,
and this approximation is operative at times 7,,,. To find
the precursor current, we rewrite E®) in a more conve-
nient form:

CI)Z i2
L2 1_ X.

x"=pB (15

Multiplication of Eq. (15) by x” and integration of the re-
T—aijin(l—x)""  1—(an)izin(l—x)""* g sulting equation yields
1+ ax’/(1—Xx) -7 1+ ax'(1—x) ©

|2—

X/2 Xr/‘nz +frﬁq) ) N g
. . = == lop =/
We have shown that, the limit of the precursor current is @7 T ) e T

mainly associated with the increase of the temy (1 — x) 1=XL
in expression(9). 5
oo P Xm 4 o dL,
Moreover, we have; = 0 fori, = i,,, and so may neglect = +j Bbois —2, (16)
the second term in the numerator of E@). and write fori, 2 J, La

at the point of its maximum
wheree, is the energy of the precursor ax/2 is its

i~ 7(1—%)/(1— X+ ax'). (100  kinetic energy at = 7,,. Fori, = 7 we can find this energy
from Eq.(5):

Puttingx = Xo, we may find with a low erroup to 10% the )
current dependendg = f (7) in the neighborhood of the = 2
point 7,

7(1— X) In expression(16), the integral in the right part is equal to
= 1 %o+ 4a(B/10 V3 (1) the work done by the magnetic field after the instant the
current through the precursor has begun to fall. Let us show
that this is the case. The energy of a imploding cylindrical

Th? conditioni; = 0,17 <0 "_’IHOWS us to flnd.the timenat — ghe) being compressed by its self curréman be written
which the current reaches its maximum using the formula ¢ 10 timer > +
m

iz

as
IXH AL A+ X) + Xm(2 = X)) = 1, (12 i L
W3=fi2dL=frdL=(i¢>|n L—, 17)
where "
whereW; is the energy of the magnetic field associated with
w=8aB/12,  Xu=Xo|=r, = Brm/12. the moving shell andl; is the pinch inductance at the final
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compression. If the moving shell goes on moving once the 80
current has reached its peak, the total en&gyemains, in 8 = 20
fact, unchanged. Only the density of this energy changes &Y <
due to an increase in the volume taken by the magnetic field. § \
The time-averaged quantity®) is equal with good accu- ‘g‘m N
racy to(im @), where the subscriptiam, as earlier, refers to ® 5o |8 =200 \\
the point where the current peaks. Then we havefor ! "‘*~-.\_ N
, ) . o T ——— \\
- X?m +£ |2I‘_I’2 dl = X7m T (i@, L_rfn 18) .000 0.001 0.{(3;0 0.100 1.000

m

i ] ) Fig. 4. Ratio of the precursor energy; to the wire array energy,, as a
The final expression fot, is as follows: function ofa = po/[27t: (21 + 22)] for two 8 oc m,* values.

i2 L
ez—{a;rﬂ : ]<1+In—>. (19
~ Xm m of the total current through the wire array. As the current rise

) ) ) . time is lengthened to 500 ns, the peak precursor current
Using expressionl3)—(14) we can find the dependencies j,.reases to 78% of the total wire array current.

of the maximum precursor current and of the precursor en- 1q ratio of the precursor energy to the total energy of the
ergy on the parametessandps. Note thatthe formulafo \yjre array can be estimated using the following well-known

can be rewritten as expression for the kinetic energy of a wire array:

B =k[z}/(z, + 2,)*](M/my), (20 1 r
0
€wa= = 12In — ~0.5/2In 10.
2 I
where
1 uo 12t2p In view of the above notatiorf&€gs.(5) and(6)], we obtain
M = - —
k 47 g

€pr /€wa = €2/1n 10.

is the wire array mass calculated by the zero-dimensional _. h , f . f. Th
model;kis a numerical factor equal to 8.4 fbe |,,,t/t, and Figure 4 presents the ratég, /ey, as a “f‘C“O” otv. The

timp = t; and 2 forl = I,sinwt andty,, = 1.17/(2w). Thus plot was constructed under the assumption that the precur-
thg value ofg is mainly determined by the precursor mass.SO" Was compressed 10-fold. It can be seen that even at high
According to Ratachin & Baksh2001), the ratiom,/M values ofe, the precursor energy makes up a few percent of
makes up a few percent, and, hence, the actual range Ofthe total energy of the wire array and increases up to 50% at
values is comparatively narrow. From E@O) it can be smalla. . .
inferred that forz, > 7,, the range of values is 20—200 Precursor behavior is dependent upon the rate of rise of
which corresponds to 1-10% of the mass going away. Det_he wire core .reS|stance. Let_the core resistandee equal
pendence of the precursor current on the paranaetef.o/ to corona resstgncg at the time when the. precursor cur-
[27t, (2, + 2,)]is shown in Figure 3. This plot demonstrates rent peaks. In this case, the supply of the wire material to the

that most destructive from the viewpoint of the lost energyprehcuri(_)rhceﬁses. waefvir' i _the Core_r?SIStance is still
are modes where the parameteis small. rather high, the supply of the wire material to a precursor

For the typical value of the resistanze=0.50/cm and  Will continue as observed by Lebedeval. (1998.
t, = 50 ns, the peak current of the precursor makes up 20%

3. WIRE ARRAY EXPERIMENTS ON THE
GIT-12 SYSTEM

1.0 In this section we describe the results of experiments with a
0.8 wire array performed at different current rise times and
z 0.6\ estimate the resistance of the core of an individual micron-
= \\ sized wire by expressiond0)—(11).
E 0.4 ——— 1 B=20
g =200 _
£ 2 B 3.1. Experimental setup
o 0.2 0.4 0.6 0.8 =t The experiments were carried out on the electrophysical
Fig. 3. The precursor peak curremérsusparameterr = uo/[27t,(z1 + complex GIT-16(Bugaevet al, 1997 generator, which
2)]. currently works in 12-module configuratio(GIT-12).
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GIT-12 is a pulsed current generator with an intermediate
inductive energy store and a plasma-opening swik@9. 1500 |
Each module is composed of a primary capacitor storage
which consists of nine parallel sections assembled by the
Marx generator scheme, a vacuum insulator, and a vacuur .
coaxial line connecting the module to the central collector.=
At 50-kV Marx charge voltage, the generator stores 2.56 M. § 500
of energy. A 1.5-m-diameter central collector is supportedé
by a high-impedance vacuum line that also serves as a pa
of an inductive divider for voltage measurements. The
plasma-opening switch and the imploding load are placec
on the top of the collector. The upstream inductance is eque

2.0

i

00 -

=
df Jdr, kAdns

=
L

[

=
=

[l
=
e

to 112 nH; the downstream inductance is 55 nH. The exper 1100 1200 1300 14'00 15'ug mlou

iments were carried out at 40-kV Marx charge voltage. The Time, ns
A

currents upstream and downstream of the POS are mon
tored byB-dot loops and inductive rings.

An additionalB-dot loopB; was located inside the wire
array. The distance between the axis andBhdéoop was
1.1 cm. The implosion dynamics of ttepinch were re-
corded by a visible-light streak camera having a writing
speed of 125-250 fism. The streak camera inlet slit was
aligned perpendicular to thepinch axis.

Tungsten and copper wire arrays were used in the expel
iments. The number of wires was varied from 8 to 16. The
wire array length was equal to 4 cm. The wire array initial
diameter was 3 cm. We used two modes of the operation o
the GIT-12 generator: with the P@Sanosecond modand I I |
without it (microsecond mode In the nanosecond mode, 1300 14001500 1600
we had a current up to 2 MA with a 200-ns rise time. In the g, 1ime,ns

microsecond mode, we had a 1.5-MA current with an 800-ns.,
rise time Fig. 5. A: Traces of the load current and precursor current for a copper

wire array implosior{30-mm diameter, 16 wirgsnanosecond mode. It can
be seen that the precursor current has a maximum. B: Streak camera picture
for this implosion.

L J

3.2. Experimental results and discussion

Let us first consider the qualitative difference between the Let us compare the experimental results with the predic-
implosions of a copper wire array in the nanosecond and thgons of the analysis given in the preceding section. We show
microsecond modes. In both cases, the wire array consisteéle dependencies of, /1., on the number of wires in the
of 16 wires; each wire had a diameter of 1. The corre- array for the copper wire arrays for the nanosecond and
sponding streak camera pictures and oscillograms of thenicrosecond modes. These plots are shown in Figure 7. We
current through the wire array are given in Figurendno-  would like to mention first of all that in the experiment the
second modeand Figure @microsecond modeHere the  value ofl,, /I, increased in going from the nanosecond to
current-derivative waveform obtained with the help of thethe microsecond mode of implosion. This fact agrees qual-
B, loop placed at a radius of 1.1 cm is shown. itatively with Egs. (10)—(11) describing the mentioned
From the given waveforms it can be seen thatBhop  behavior ofl, /I, and with the curves plotted by these
shows an increase in the magnetic field inside the wire arragquations in Figure 3, since the maximum precursor current
that is associated with the motion of a plasma precursor. liis inversely proportional to the current rise time.
the nanosecond mode, the precursor currentincreases withinThe strong dependence of the precursor current on the
100 ns after the beginning of the increase in the currenhumber of wires is also explained adequately in terms of the
through the wire array. After the current maximum, the pre-above analysis. Actually, the total resistance of the skeleton
cursor current decreases, as predicted by the above analysig.a wire array is given by, = N~ 1r,,, whereN is the
In the microsecond mode, the precursor current goes onumber of wires in the array ang, is the resistance of a
increasing throughout the wire array implosion. We havewire. AsNis increased, the quantity= /[ 27t (21 + 2,)]
estimated the ratio of the precursor curréptto the total  should rise abruptly which is related to a decrease in resis-
current through the wire arraly,,. Typical values of this tance of the immobile part of the wire array where individ-
ratio were equal to 0.01 for the copper wire array and 0.14ial wires are connected in parallel. It is this fact that is
for the tungsten ones. illustrated by the data presented in Figure 7.
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and a small number of wires, the precursor mass increases
continuously in the process of implosion: plasma flows from
individual wires forming an array are seen throughout the
run-in phase. It seems that some portion of the wire array
current continuously goes away with these plasma flows. Per-
haps, when the distance between the wires is decreased to
1-1.5 mm, as happens in experiments on Z fac{@snford

et al, 1998, the formation of a solid shell hinders the con-
tinuous plasma flow into the internal cavity of the wire array.

Another experimental fact is that the measured value of
Ipr/lwais smaller than the predicted value. It should be noted
that, unfortunately, the probe placed inside the wire array
becomes screened in the course of time and its readings
become understated. This is indirectly evidenced by the
great difference between the implosion time predicted by a
0-D simulation and that estimated experimentally. Thus, for
the nanosecond mode of implosidfig. 5) this difference is
about 100 ns, while for the microsecond implosion this dif-
ference is 400 ns.

The experimentally measured valuespfl,,,allow us to
estimate the core resistance for an individual wire. Actually,
according to Figure 3, for 10% mass remoygd= 200) and
lpr/lwa = 0.35, we havex = uo/[27t,(z,+ z,)] = 0.05.
From this relation, we can find the resistance of the station-
ary part of the wire array,, taking into account that; >
Z,. For a 16-wire array, we have the core resistance equal to

Fig. 6. A: Traces of the load current and precursor current for a copperghout 30()/cm. Using this value to determine the conduc-

wire array implosion(30-mm diameter, 16 wirgsmicrosecond mode. It
can be seen that the precursor current increases during all run-in pha

B: Streak camera picture for this implosion.

tivity, we obtain about 6< 10° Q~*m~% According to the

s(ﬁ'&:pendence given Bakulet al. (1976, the conductivity of

copper near the critical point is even lower:510~tm™1,
The obtained result, notwithstanding that the estimates are

At the same time, the actual magnitude and waveform ofather rough, correlates well with the recent experiments of
the precursor current disagree with predictions. In particUshelkovenkaet al.(1999, where it has been shown that the

lar, on the microsecond time scale, the measured precursgpye of a wire is a mixture of plasma and condensed phases.
current has no maximum, as seen in the results of the calcu-

lations. This can be accounted for by the fact that for a low

rate of rise of the wire array curredl/dt < 2 X 10'2A/s)

0.35

® ns-mode
0.30 X us-mode

loag® Y-
X

pr

4 6 8 10 12 14 16
Number of wires

Fig. 7. Dependencies /ljoaq ratio versusthe wire number for nanosec-

ond and microsecond modes for a copper wire array.
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4. CONCLUSION

We have demonstrated that the main reason for the appear-
ance of the precursor is the high resistance of the core of an
exploding wire in a wire array. The core resistance increases
to 10-150 within a few nanoseconds after the onset of
current. Based on this information, we may describe the
phenomena occurring during the formation of the precursor
in a wire array as follows:

Within a few nanoseconds after the onset of current, in-
dividual wires explode, giving rise to the formation of het-
erogeneous pinches consisting of a high-conductivity corona
and a low-resistance dense core at the sites of individual
wires. According to Sarkisost al. (2000, the cross-sectional
area of the corona is larger than the cross-sectional area of
the core by more than two orders of magnitude. In a time of
the order of 108 s, almost the entire amount of the wire
array current passes through the light portion of the plasma.
This results in the acceleration of the corona plasma toward
the wire array axis. At the same time, the bulk of the material
confined in the wire core is practically stationary. With that,
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