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Investigation of the plasma jet formation in X-pinch plasmas
using laser interferometry

I. H. Mitchell,? R. Aliaga-Rossel, R. Saavedra, H. Chuaqui, M. Favre,
and E. S. Wyndham
Facultad de Fsica, Pontificia Universidad Calica de Chile, Casilla 306, Santiago, Chile

(Received 1 February 2000; accepted 7 September)2000

A two-frame Mach—Zender interferometer is used to investigate the dynamics of X pinches formed
from two 10 um aluminum wires at current levels of 100 kA. Particularly, the columns of plasma
that form on the interelectrode axis of the X pinch are studied quantitatively. It is demonstrated that
the plasma which forms these columns does not come solely from expansion of the corona from the
limbs of the X pinch but rather predominantly from the crossing point region. The results suggest
that the plasma column is indeed a jet which consists of several componen00®American
Institute of Physicg.S1070-664X00)03912-4

I. INTRODUCTION tional exploding wire experiments, resulting in a dense core

Hot, high density, pinch plasmas are potentially an ex_(probably_ cont_aining solid wire materjaburrounded by a
cellent source of soft x-ray radiation. In general, the domi—IOW density, higher temperature coronal plasma. Second, a

: : : : Il Z pinch forms at the crossing point on the interelec-
nant sources of x rays in gas or single fiber Z-pinch plasmagma ! . . . : :
are small, high density, high temperature regidosmed by trode axis of the X pinch. This Z pinch is typically 100-500
the develé)pment of thE,1=O magnetohydrodynami®HD) pm long and is bounded at either end by virtual electrodes
instability? perhaps assisted by radiative collapse in higher iormed by the plasma from the X pinch limbs. Finally, in the

materials® Typically several of these hot spots are formed inthIrOI phase, a pulse, or pulses, of Soft X rays are em itted from
each pinch, emitting at different times and positions in the?N€ Of two hot spots located near the crossing point and then

discharge. As a result the Z pinch is not suitable for applica—a gap rapidly opens up in the region _where t_he Z pinch was.
Another common feature of X pinches is the develop-

tions that require a single pulse of x rays either from a small | ; .
source and/or of short duration ment of plasma columns on the X-pinch axis which appear to

The X pinch, first studied by Zakharat al.* is of par- start at the crossing point and increase in length toward both

ticular interest because it produces a brilliant source that hatge a”Od.e and the cathode. The density (.Jf the plasm{a n these
a highly reproducible intensity and time of emission as weIICOIumnS is much less than that of the solid core but similar to

as a predeterminable physical location. Furthermore théhbat of tr:jeillmbhcl:.orona. 'r:hgse colurr:ms ofdpla?tma havg t;]e?n
wavelength of the emitted x rays can be tuned to a certaiff 2>CrVed In SChileren, Shadowgraphy, and soft x-ray pinhoie

; ~11
extent by the choice of wire material and by the amplitude oféﬂzges qf X pl?hcheg._ These Cfo_lumn?_ oft_plas_mﬁTon the
the current pulse. The X pinch is formed by crossing two lode axis are the main areas otinvestigation in this paper.

The principal diagnostic used in this work is a two-frame

thin wires, normally metallic, so that they form the letter X . o
and touch at the crossing point. Interest in the X pinch haénterferometer that allows quantitative measurements of the

recently been stimulated by its suitability as a backlightinge'eCtron density to be_ obtained in the regions where the in-
source for the diagnosis of other dense plasmas, e.g. tﬁgrferogram shows fringes that can be followed. Further-
single wire Z pinch or the plasmas produced in t’he wi,re more, as two interferograms are obtained from a single shot
array experiments ’ on multi-mega-ampere pulsed powe e development of particular features can be followed with-

generator€” In order to resolve temporally and spatially the out relying on shot to shot reproducibility. In particular the

features in these experiments, the backlighting source mu asma columns which are f_ormed on _the X-pinch axis lend
have a short duration~(1 ns, a small physical size, and a themselves well to examination by the interferometer as they

time of emission which can be predicted in advance. A”[]havela ;elau:j/ely !?W dequnyt agd de|n5||tytg(;ad!;ehnt ?llqu_}g
these conditions are satisfied by the X pinch. € electron densily profiles to be caiculated without signifi-

Previous experimental work has shown that the soffant errors. This quantitative analysis enables the issue or the

x-ray radiation produced by X pinches comes from one oource of the plasma column to be clarified. Such details
two hot spots formed in the region of the crossing point thave not been published to date.

the wires. It has been demonstrated by Shelkovegtkal®

that the development of the plasma in the crossing pointl. EXPERIMENTAL DETAILS AND RESULTS

unqlergoes three_ distinct phase_s. First, the indiyidual wires  The experiments described in this paper were carried out
which form the limbs of the X pinch explode, as in conven- ;. ihe Generador de Potencia Pulsa@®popu. Gepopu
consists da 4 kJ, 50 kV Marx bank coupled to a coaxial 1.5
3Electronic mail: imitchel@fis.puc.cl (), 48 ns transmission line. After a self-break line switch a
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0.4- Soft X-rays This gives the timing of the x-ray emissioq and shows that
two pulses of width 6 and 8 ns were emitted from the X
0.24 pinch att=108 and 123 ns, respectively. The pulse in Fig.
1(b) corresponds to the arrival at the pinch of the first of two
0.0+ laser pulses that are used in the interferometer described in
B the following. The second laser pulse arrives 22 ns later. It
-50 0 50 100 150 200 250 300 350 should be noted that the detected duration of the laser pulse
(@) is limited by the response time of the photodiode employed
to monitor the signal.
2 0.15; To study the temporal evolution of the plasma in the
2 010 Laser Pulse X-pinch configuration a two frame Mach—Zender type inter-
g 0051 ferometer was used. A frequency double@;switched
- Nd-YAG laser A =532 nm) with a stimulated Brillouin scat-
&z 000 Pt tering (SBS pulse compression schertfegenerating a pulse
-0.05 i . . . . . , . of 600 ps, was used as a light source. The laser beam was
-50 0 50 100 180 200 250 300 350 split into two collinear beams with linear, but perpendicular,
(b) polarizations and with a time separation of 22 ns. These
beams were used to obtain the two individual interferograms
0+ L in a single X-pinch shot. The two beams traveled along ex-
oad Current - .
-504 actly the same path through the plasma providing two images
~100] with the same perspective, allowing the temporal evolution
of the pinch to be studied. An image plane configuration,
-150+ with a magnification of 1.3, was used in order to localize the
50 0 50 100 150 200 250 300 350 interference fringes in the plane of the plasma. The images
i were recorded onto lliford HP5 film using two 35 mm cam-
© Time (ns) eras, each one preceded by a polarizer to accept the desired

FIG. 1. Oscilloscope traces of a typical X pinch made fromutf alumi- image and .tO reject the: other. The f”ms were then optically
num wires. scanned with a resolution of 2700 dpi. The laser pulse was
monitored by a photodiode thus providing the timing of the
laser pulse with respect to the other diagnostics, such as the

short 1.5Q), 12 ns transfer line leads to the load chamber.electrical and x-ray signals, with a resolution of 1 ns. The
Gepopu typically delivers 100 kA to the load with a rise time sensitivity of the interferometer is a quarter of a fringe,
of 130 ns. The electrodes in the load were made of brass anghich corresponds to a line integrated density of 110’
separated by a distance of 1 cm. The X pinch was formedm 3cm. The optical arrangement used resulted in a spatial
from two aluminum wires of diameter 1am. Each elec- resolution of 50um.
trode had two holes along its diameter, with a separation of 8 Figure 2 shows a time sequence of interferograms taken
mm (4 mm from center The wires were loaded through from different shots. The first time written below each image
these holes in such a way that they ran parallel across this the time of the laser pulse relative to the start of the current
anode—cathode gap. The X pinch was then formed by a hafjulse. The second time, in brackets, indicates the difference
twist of one electrode relative to the other, thus forming abetween the laser pulse and the time of the peak pulse of the
semblance of the letter X. The discharge chamber was evacu-ray emission detected by the diodes. A negative value in-
ated to a pressure &f 10 * mbar before each shot. dicates that the laser pulse is before the radiation pulse and a

A set of traces from a typical shot is shown in Fig. 1. In positive value indicates that it is after. Figure 2 shows the
this figuret=0 is coincident with the start of the current features mentioned in Sec. |, which are commonly found in
pulse. The timing of the traces has been corrected to accountpinch plasmas. First, the X-pinch limbs are seen to expand
for the different transit times of the signals from the monitorsalthough the plasma density remains too high for the laser to
to the oscilloscopes. The load current trace was obtainegenetrate. However, the slight fringe deviation that can be
using a Rogowskii coil located in the return path of the cur-seen at the edges indicates the presence of a coronal plasma.
rent. The signal from the Rogowskii was then integrated jusiThis corresponds to the first phase of the three-phase devel-
before the input of the oscilloscope and recorded with a temepment mentioned in Ref. 8. The velocity of expansion of
poral resolution of 1 ns. this plasma is 0.5 crmps and is approximately constant

A set of three uncollimated PINp¢i-n) diodes was throughout the discharge. Second, a column of plasma is
used to monitor the radiation emitted during the dischargeseen to form on the axis of the pinch which increases in
from both the plasma and the electrodes. The diodes usddngth with a velocity of typically 8 cm/s until it reaches
were of the BPX 65 typéwith the glass window removed the electrodes after about 100 ns. The aspect ratio of the
with a bias voltage of 27 V. The signals generated by thecolumn is about 4, which suggests, although does not prove,
PIN diodes were recorded on a digital oscilloscope with ahat it is in fact a plasma jet. Other authors have also ob-
temporal resolution of 0.4 ns. A typical signal from the PIN served this column. As time proceeds, the expansion of the
diode filtered with 5um aluminum is shown in Fig. (&). limbs continues and their density drops to the point where
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57 ns 89 ns
(b) (-30ns)  (e) (+8 ns)
91 ns
© (-24ns) (D

FIG. 2. A sequence of interferograms taken at different times in the X-pinch development. The time of each frame relative to the start of thesairsent pul
given and the time relative to the emission of the x-ray pulse is given in brackets. Interferdgjaans (d) are from the same shot, as ds and (f).

the laser is able to penetrate the plasma and continuous ifhan~5x 10t° cm™ 3. After radiation has been emitted from

terferometeric fringes start to appear across the limbs.  {he crossing point the interferograms show only a tenuous
Figure 3 shows several enlargements of the mterferogap as in Fig. &). Frequently interference fringes can be

grz.mts. n thel regllor:hof thelprosiltrrl]g %Z'm]; beforg a?:(_j af;:r th‘§een to traverse this gap undeviated, indicating that the elec-
radiation pulse. In the earlier of the two frames in Fica) tron density is less thar 10'® cm™2 assuming a path length

dense pinch of radius 250m and length 50@m bridges the equal to the size of the dense spot which was visible before

gap between a virtual anode and cathode which are formet e emission. This is the third of the three phases
by the dense plasma at either end of the crossing point re-~ . ' . phases. .
Figure 4 shows two interferograms of X pinches which

gion. This region has been referred to as the minidiod&Yap i ) X )
gte taken side-on, i.e., in the same plane as the X-pinch

because of the evidence for electron beams accelerated h }
this gap. There is little or no deviation of the fringes at radii Wires- In image(a) a soft x-ray pulse was detected 4 ns after

greater than that of the pinch in the minidiode gap, whichthe laser and a pinch is clearly seen at the crossing point.
suggests that the pinch is very efficient in sweeping up thémage (b) is taken 11 ns after the emission of a radiation
material as it collapses. In the later frame of Fige)3which ~ Pulse and it can be seen that a gap traversed by an almost
is taken 22 ns later in the same shot, at about the time dfnhdeviated fringe has now opened up in the crossing point
emission, a spot of plasma of diameter 4@® and of high  region. Another feature which can be noted from these inter-
density is observed in an otherwise tenuous gap. Interferenderograms, particularly image), is that the diameter across
fringes cannot be seen in this spot suggesting that the laservghich the fringes are deviated is about 1.2 mm, which is the
refracted from the optical system implying a density greatesame as the diameter of the wires and of the plasma column
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K Al10.75 um Al 1.5 um T1 1 um
llcm ’
36 ns
4 *
(b)
46 ns

FIG. 5. X-ray framing images of a 1@m Al wire X pinch taken at 36 and
46 ns after the start of the current pulse. The transmission of the filters is
shown in Fig. 6. The images hawa 5 nsexposure time.

known to within 1 ns. Two sets of images of a fn alu-
(©) minum wire X pinch obtained using the gated MCP camera

at two different times separated by 10 ns are shown in Fig. 5.

A 100-um-diam pinhole was used for each image. The filter
B associated with each image is also indicated in Fig. 5 and the
S) spectral transmission of each filter is shown in Fig. 6. Emis-
FIG. 3. Enlargement of the crossing point at various times relative to the>!ON from the coronal plasma of the X—pInCh limbs can
radiation pulse. Each pair of interferograms is from the same shot. clearly be seen through the 0.75 and L& Al filters but

this does not appear through theufn titanium filter. Inspec-

) ) ) tion of Fig. 6 reveals that the radiation is transmitted by a
measured in the interferograms of Fig. 2 taken at the samginqow in the aluminum filters between 15 and 70 eV but it
time but in the plane perpendicular to the wires of the Xjg not sufficiently energetic to be transmitted by the titanium
pinch. This shows that neither the plasma column nor thgindow which starts at about 200 eV. This indicates that the
limbs have a significantly bigger diameter in this plane. Thisgmission from the limbs is UV from the shell of the alu-
partly justifies the assumption of cylindrical symmetry that is jinum inferring that the temperature of the limbs is below
used in the calculations of the electron densities from thepq,t 50 eV,
interferograms. o _ Figure 7 shows two interferograms taken from another X

The soft x-ray emission from the X pinch was t€mpo- hinch shot. In this shot the crossing point did not pinch,
rally and spatially resolved using a gated two frame micro-yeyertheless well-collimated plasma columns are still ob-
channel plate(MCP) x-ray pinhole camera with exposure served on the X-pinch axis. These results show that the

time of 2 ns and a variable frame separation. Pinholes anfdjasma columns do not appear solely as a result of the pinch-
filters were arranged such that each frame supplied multlplﬁ.Ig at the crossing point.

images of the pinch in different spectral ranges. The timing
of the x-ray frames relative to the other diagnostics was

89 ns (+8 ns 111 ns 30

=

0.1 Al1.5 pm
Cathode |
0.014 /l
1E-3 T
110 100 1000
<
o Al 0.75 pm
@ 01
1 cm & oot
&
o 1E-34 T
=40 100 1000
Ti1pum
0.1 H
0.01
(a) 75 ns (-4 ns) Anode 1E-34 r
10 100 1000
FIG. 4. Side-on interferograms of X pinches with radiation taken 4 ns be- Energy (eV)

fore and 11 ns after the emission of radiation. These interferograms are from
different shots. FIG. 6. Spectral transmission of the filters used with the MCP camera.
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Cathode _
70 ns E
e =
Anode
92 ns (a) 80 ns (-28 ns )

(b)

FIG. 7. Two interferograms from a single X-pinch shot where no pinching

was observed at the crossing point. The time of the interferogram relative to ﬂ
the start of the current rise is given. S SN NN

oA L = Vot -
I1l. ANALYSIS

The question of the source of the plasma column that
forms on the axis of the X pinch remains unanswered. Al-
though the aspect ratio of the plasma column suggests that it
is a jet, it is also feasible that the column is in fact formed
from the coalescing on the axis of a low density expansion (b) 102 ns (-6 ns)
from the corona plasma of the X-pinch limbs, similar to the
formation of the precursor in wire array Z pinch‘ésAs the FIG. 8. Enlargements of the cathode jet in two interferograms from the
limbs are closer together toward the crossing point, expan same shot at §30_and 102 ns after the current start, which was 28 and 6 ns
. . T e efore the emission of a soft x-ray pulse.
ing plasma from the limbs meets on the axis first near the
crossing point and then, as time progresses, at axial positions
toward the electrodes. This would give the appearance of the
plasma moving axially from the crossing point toward thefollowing the fringes through the plasma limbs in the first
electrodes. Such a feature, called a snake, has beémnterferogram, it can be seen that the fringes between the
observed’ in x-ray pinhole pictures in X-pinch discharges in X-pinch limbs and the plasma column return to the zero
aluminum and other materials. The following analysis setgosition from fringe number 24 upwards and consequently
out to test the hypothesis that the plasma column is comthere is no detectable interaction between the limb corona
posed of plasma which streams in from the limbs. and the plasma column at axial positions above fringe 24.

Figure 8 shows enlargements of the cathode plasma co(Due to the radial expansion of both the column and the
umn for the two interferograms obtained from the shotcorona, the area of interaction increases up until fringe 26 by
whose traces are shown in Fig. 1. Two pulses of x-ray emisthe time of the second interferogranAs the density profiles
sion were detected from this shot and the interferogramsf the plasma column can be measured at these two different
were taken 28 and 6 ns before the first pulse. In these intetimes, and hence the number of particles per unit length cal-
ferograms the interference fringes can be followed througttulated, it is possible to ascertain whether, for a given veloc-
the limbs of the X pinch enabling the “zero(i.e., the un- ity, the electron flux required to account for the increase in
shifted position of the fringes to be obtained from the posi- density in the column would be detected by the interferom-
tion of the fringes at the extremities of the interferograms,eter if the material was coming in from the X-pinch limbs.
where the plasma density is zero. The horizontal white lines  Assuming cylindrical symmetry, density profiles of the
in Figs. 8a) and 8b) are these zero levels of the bottom of plasma columns on the cathode side were obtained from both
each fringe. These lines are numbered consecutively witinterferograms. The profiles were then integrated to obtain
fringe 1 being the fringe closest to the crossing point. Bythe particles per unit length in the column, Ne, at that axial
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FIG. 10. Radial density profile of fringe 24 in Fig(e8 showing the cen-
FIG. 9. Line density, Ne, of particles in the jettat 80 ns(—28 ng andt trally peaked component.
=102 ns(—6 n9 from interferograms of Fig. 8.

shift of the interference fringes on the axis to indicate the
resence of the column. As the time of each interferogram is
nown then the axial velocity can be calculated. In this way
an average value of 8 cp$ was obtained fow,. This is the
e{/elocity with which the plasma column extends into the
lasma free region on the axis. This valueuvgfis in good
greement with that obtained from schlieren pictures of iden-

position. This calculation was then repeated for fringes aE
axial positions that did not exhibit any interaction between
the limbs and the column in either of the interferograms. Th
results are plotted in Fig. 9 as a function of distance from th
crossing point. The average difference in Ne between the tw

'”te”‘grogr_afns' which are sgparated hy= 2_2 ns, is 7.2 tical X pinches on the Gepopu generafdn another set of
X 10'® cm™*. If the plasma in the column is assumed to experiments

;0”.‘9 ?]nll.y fl;on:han_gxpe;]nsmq Otf trt]e fct)rr]qni plafrr:waigom the If the plasma column is formed from low density mate-
-pinch limbs (the idea here is to test this hypothgstsien rial coming from the wires it would be expected that its axial

the flux per un|tllength Of. elgctrons Wh'Ch Is required tovelocity would be equal to the axial velocity of the incoming
?r;(;r?g:tc?r: Lheeczrzf:irlg?ecde tl)n lineal density between the tWOmaterial. From the previous analysis, the radial velocity of
y this incoming plasmay,, must be greater than 40 ca¥.
@l1,=AN/At=3.2x10** electronsstcm™? The z component of the velocity would then be given by
v,=v, Sin(&/2), which gives a minimum value of 25 cps.
This is obviously inconsistent with the measured value of
Each limb of the X pinch must therefore supply 1.6 of 8 cmijus, which suggests that the plasma column is not
X 107* electron s*cm™ L. If the plasma expanding from the totally composed of plasma coming in from the wires. It is
limbs has a radial component of velocity,, then the flux of  noted, however, that the axial velocity of the plasma column
electrons at the column is given by is about equal to the sound speed of the plasma corona.
b=nd v 1) In Fig. 7, once again, the fringes appear undeviated be-
ezyrxe tween the X-pinch limbs and the plasma column on the axis.
where v,=v, cos@/2), and « is the angle between the In this shot no pinching was observed at the crossing point.
limbs, in this case=77°. x and z are the horizontal and A similar analysis to that previously carried out on the two
vertical axes in the interferograms apds the axis perpen- interferograms in Fig. 7 gave a value falN./At of 2.5
dicular to the interferogram plane. X 10?* cm 3s . This results in a minimum incoming radial
Iy is in fact the path length of the laser through the ex-velocity of 30 cmis if the column is composed solely of
panding plasma and therefore the fringe shift is proportionalindetected, incoming material from the limbs. The axial ve-
tongl,. A fringe shift of one complete fringe is obtained for locity of the plasma column in this shot is close to the aver-
a line integrated densityngl,) of 4x10' cm 2 As no  age of 8 cmis and is again much lower than that of the
fringe shift is observed, and the sensitivity of the interferom-incoming material.
eter is one-quarter of a fringe shift, an upper limit on the  Further investigation of the fringes in Fig(e8 suggests
value ofngl, of 1x 10" cm™2 can be set. Using this value in that the plasma column is highly structured and, judging by
Eq. (1) along with the calculated value oflg/results in a  the sudden change in the slope of the fringes about half way
lower limit of 32 cmjus for the incoming velocityy,. This  to the edge of the column, it appears to be made of at least
implies a radial expansion of low density plasma from thetwo separate components. A radial density profile obtained
wires at a velocity of at least Mach 7. from fringe number 24 of Fig. @) is shown in Fig. 10. The
Interferograms in which the plasma column had not yetprofile clearly shows a narrow centrally peaked component
reached the electrode were used to calculate the axial velosuperimposed on a broader component. This structure can
ity, v,, of the plasma jet. The distance the plasma columralso be observed in Fig(l? in which the crossing point is in
extended from the crossing point was measured using thine process of pinching.

(I, is unit length inz direction).
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In order to explain these results the plasma column mustolumn is the axial ejection of material from the crossing
consist of several components at least one of which does n@bint caused by the pinching of the plasma there. This com-
depend on the pinching at the crossing point. One componeponent could provide the centrally peaked density profile ob-
may come from the corona plasma of the X-pinch limbs. Theserved in Fig. 10. The transport of mass away from this
previously analysis shows that this material must be highlyregion is obvious when the sequence of interferograms in
supersoniggreater than Mach)7f it is to account for the Fig. 2 is considered. In Fig.() a dense pinch can be seen at
influx of plasma into the plasma column. Such incomingthe crossing point which refracts the laser light from the
material may explain the highly collimated jets which aresystem, whereas in paftl), 22 ns later in the same shot,
present even when there is no pinching at the crossing poiriiterference fringes can be followed here. This indicates a
of the X pinch as the column may be confined by the bom-sudden decrease of mass in this region. Comparison of Figs.
bardment by this highly energetic plasma. This idea is als®@ and 8b) shows that between the two frames there is
consistent with the radial expansion of the plasma columragain a striking drop in the density, this time at the central
observed between successive interferograms. The averagart of the virtual electrode formed by the plasma limb. Fig-
expansion velocity is 0.7 cmé. If this were a thermal ve- ures 2e) and 2f) also show the same feature although at a
locity then the plasma column would be expected to divergenore developed level. Here the formation of an axial channel
with an angle of 5°. In fact angles of 1° or 2° are observed inlinking the crossing point and each of the columns through
many cases. Rather than being due to a thermal radial velothe virtual electrodes is seen. The crossing points in these
ity, the expansion between frames may be due to the accréiterferograms are shown enlarged in Fig. 3. These observa-
tion of material streaming in from the limbs. However, astions strongly suggest that the plasma has been forced axially
demonstrated previously, this model is not consistent witraway from the crossing point and has pushed the high den-
the assumption that the axial velocity of the plasma columrsity plasma ahead of it into the plasma column and left be-
is equal to the axial velocity of the incoming plasma. hind a low density region. These observations are consistent

Another possible source of plasma is the corona plasmwith the backlighting images and conclusions obtained in
in the region of the crossing point. As the higher densityRef. 8.
region(i.e., that which can be detected by the interferometer
expands radially from the I|mbs,_ it forms an o_verlap region|, coNCLUSIONS
close to the crossing point. In this overlap region the density
will be greater than the density of the individual coronas. A quantitative examination of the electron density in alu-
The expansion velocity of the limbs is such that this overlapminum wire X pinches has been carried out using two-frame,
region is limited to within about 0.5 mm of the crossing time resolved interferometry. The development of the X
point. This plasma would see the low field region near thepinch was demonstrated to follow the familiar sequence of
axis and could therefore stream axially toward the electrodesvents. Initially the wires of the X pinch expanded and were
at its ion sound speed, thus providing another component afurrounded by coronal plasma. Plasma columns were then
the column structure. This explanation is more consistenseen to form on the axis of the pinch between the crossing
with the measured axial velocity of the column. It is of point and the electrodes. A pinching was observed at the
course possible that both of the above-mentioned compazrossing point and a short Z pinch was formed. Some tens of
nents are present in the plasma column. If the assumptionanoseconds later all that remained at the crossing point was
that the axial velocity of the plasma column is equal to thea hot spot and a pulse of soft x rays was emitted. After
axial velocity of the incoming material is made, then a maxi-emission, the crossing point region contained only low den-
mum value of the incoming flux per unit length that is con- sity plasma, sometimes less than the detection level of the
sistent with a fringe shift below the sensitivity of the inter- interferometer.
ferometer can be obtained. In the case of the interferograms Analysis of the interferograms showed that although the
in Fig. 7 where no pinching is observed, this maximum fluxcorona plasma and the plasma column had expanded to the
per unit length amounts to 40% of that required to accounextent that they interacted only in the region close to the
for the observed increase in the plasma column. In this caserossing point, there was a definite separation of the two at
the confinement of the plasma column can still be explainediistances further away from the crossing point where the
by the bombardment of the incoming material. Current flowinterference fringes returned to their zero position. The issue
in the plasma column may also contribute to the observedf the source of the plasma column was addressed in a quan-
confinement. The presence of an azimuthal B field has besetitative way and demonstrated that the results were not con-
shown to be a good confinement mechanism for plasmaistent with the column being produced solely by plasma
jets'® and simulations of wire array Z pinches have showncoming in from the X-pinch limbs. It is believed that the
that a combination of supersonic bombardment and an azplasma in the column comes from several different sources.
muthalB field confines the precusor plasifgHowever, the  One source is a low density, supersonic component expand-
increased symmetry in the case of the wire array Z pinching from the limbs which is not detected by the interferom-
would make the confinement due to bombardment more efeter. The authors suggest that another component of the
fective than in the X pinch.Current flow could also explain plasma may come from the corona plasma in the parts of the
the slight kinks observed in some of the columns which maylimbs close to the crossing point. This plasma is seen to
be due to MHD instabilities. expand and reach the axis where it can stream at the sound

The results show that another component of the plasmapeed into the low field region. The final source of the col-
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