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It is known from experiments that the radiated x-ray energy appears to exceed the calculated implosion
kinetic energy and Spitzer resistive heating �C. Deeney et al., Phys. Rev. A 44, 6762 �1991�� but possible
mechanisms of the enhanced x-ray production are still being discussed. Enhanced plasma heating in small-
diameter wire arrays with decreased calculated kinetic energy was investigated, and a review of experiments
with cylindrical arrays of 1–16 mm in diameter on the 1 MA Zebra generator is presented in this paper. The
implosion and x-ray generation in cylindrical wire arrays with different diameters were compared to find a
transition from a regime where thermalization of the kinetic energy is the prevailing heating mechanism to
regimes with other dominant mechanisms of plasma heating. Loads of 3–8 mm in diameter generate the
highest x-ray power at the Zebra generator. The x-ray power falls in 1–2 mm loads which can be linked to the
lower efficiency of plasma heating with the lack of kinetic energy. The electron temperature and density of the
pinches also depend on the array diameter. In small-diameter arrays, 1–3 mm in diameter, ablating plasma
accumulates in the inner volume much faster than in loads of 12–16 mm in diameter. Correlated bubblelike
implosions were observed with multiframe shadowgraphy. Investigation of energy balance provides evidence
for mechanisms of nonkinetic plasma heating in Z pinches. Formation and evolution of bright spots in Z
pinches were studied with a time-gated pinhole camera. A comparison of x-ray images with shadowgrams
shows that implosion bubbles can initiate bright spots in the pinch. Features of the implosions in small-
diameter wire arrays are discussed to identify mechanisms of energy dissipation.
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I. INTRODUCTION

Wire-array Z pinches are presently the most powerful
laboratory source of x-ray radiation which �1–5� are applied
for inertial confinement fusion �ICF� studies, radiation phys-
ics, laboratory astrophysics, and other areas of high-energy-
density physics �6–8�. The impressive progress of Z pinches
is linked to experiments at the 20 MA level of current but
many aspects of complex Z pinch physics were studied at
1–3 MA generators �9–15�. It is well established that wire-
array Z pinches pass though initiation, ablation, implosion,
and stagnation phases �4,15�. The initiation stage is a prede-
cessor of the ablation stage and can impact the formation of
plasma flows in the Z pinch �16�. At the ablation stage wires
stay at their initial positions because of the “core-corona”
structure. In cylindrical wire arrays ablating material streams
from the wires to the center of the array and forms a precur-
sor plasma column �4,10,15�. The implosion phase starts
when breaks arise on the wire cores and plasma “bubbles”
are blown inward from the breaks. The plasma bubbles ac-
celerate and snowplow material to the center of the array.
The leading edges of the bubbles accrete ablated plasma,
filling the array before the beginning of implosion stage and
deliver plasma to the axis. The average radial speed of the

leading edge of imploding plasma was measured to be
�2–5��107 cm /s at the Zebra generator �14�. Bubblelike
inhomogeneity of the imploding plasma seeds instabilities in
the stagnating pinch �12–15� and also results in trailing mass
�15,17�. Mitigation of plasma instabilities during the implo-
sion phase in multiwire cylindrical, nested cylindrical, and
starlike and planar wire arrays as well as multishell gas puffs
provides enhanced power of the radiating x-ray pulse
�1,2,18–20�.

The study of physical mechanisms for energy deposition
is crucial for understanding the x-ray production in Z
pinches. It is known from experiments that the radiated x-ray
energy can exceed the available implosion kinetic energy and
Spitzer resistive heating �21–33�. Other mechanisms have
been suggested to contribute in the Z pinch energy deposition
�28–37�. These mechanisms include enhanced Ohmic heat-
ing due to anomalous resistivity caused by ion acoustic or
lower hybrid turbulence �6� or the resistive effect in Hall
plasma �32�, dissipation of entrained magnetic flux �29–31�,
compressional work in the imploding plasma �28�, inter-
change m=0 ion viscous heating �34�, and j�B-forced ex-
pansion of the m=1 helix �35�. Plasma perturbations were
also observed in the precursor of the wire arrays �38�. A
theory of high beta electromagnetic flute-mode instabilities
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could explain generation of perturbations and cells in the
precursor �36�.

An investigation of Z pinch energy balance provides evi-
dence for enhanced plasma heating at the stagnation phase.
The contribution of kinetic energy in cylindrical wire arrays
depends on the convergence factor �ln�R0 /Rz� where R0 and
Rz are the initial radius of the array and the final radius of the
stagnated Z pinch �6�. Recently, wire arrays with a 1 mm
on-axis rod were tested in the 1 MA Z generator �39� to limit
the convergence of the pinch. In these experiments the main
radiation pulse can be explained by the j�B work. The bare-
axis tests require submillimeter convergence of the magnetic
field or enhanced plasma heating �39�.

The mechanisms of the enhanced plasma heating have not
been conclusively identified in previous experiments. In this
paper any mechanisms of plasma heating with the exception
of the kinetic-energy dissipation and Spitzer resistive heating
in the homogeneous plasma column will be called “en-
hanced.” The contribution of kinetic energy can be mini-
mized in the implosions of cylindrical wire arrays with small
initial diameters. Diameter scaling from 6 to 80 mm and
scaling of the wire number were carried out in cylindrical
arrays �21–24,40–42� to optimize the power and energy of
the x-ray pulse. An increase in the collapse velocity of Z
pinches results in higher x-ray power and smaller diameter
loads produced less x-ray yield. Cylindrical 6–8 mm loads
were implemented by LePell and Jones for experiments on
the Zebra generator �33�. These loads showed an enhanced
soft x-ray yields compared to the 16 mm cylindrical wire
arrays. Estimates show that the kinetic energy drops dramati-
cally in cylindrical wire arrays of 1–2 mm in diameter if we
suggest, based on x-ray pinhole images, that the final radius
of the pinch is �0.9 mm. Therefore implosions in cylindri-
cal wire arrays with small diameters could indicate mecha-
nisms of enhanced plasma heating in Z pinches.

In this paper, we present experimental investigations of
implosions in wire arrays with high and low coupled kinetic
energy. The implosion dynamics and x-ray production at the
1 MA Zebra generator were studied in cylindrical wire arrays
from 16 to 1 mm in diameter and compared to a single-wire
Z pinch. Loads of 3–8 mm in diameter generate the highest
x-ray power at the Zebra generator. A fall of x-ray power in
1–2 mm loads can be linked to the less efficient nonkinetic
mechanisms of plasma heating. In a small-diameter array the
current-carrying plasma accumulates in the inner volume
much faster than in loads of 12–16 mm in diameter. After the
azimuthally correlated bubblelike implosion a significant
part of the wire mass stays on the initial position at the be-
ginning of the x-ray radiation. A time-gated x-ray pinhole
camera shows different Z pinch dynamics in implosions with
high and low kinetic energies. Wire arrays of 1–3 mm in
diameter produce Z pinches with bright spots observed dur-
ing the x-ray pulse generation. Long-lived and short-lived
bright spots were observed in Al and W Z pinches. Shadowg-
raphy shows that implosion bubbles can initiate bright spots
in the pinch. The electron temperature and density of Z
pinches present a dependence on the load diameter similar to
the dependence of radiated x-ray power and energy. Features
of small-diameter wire-array implosions can help to identify
mechanisms of energy dissipation in Z pinches.

II. EXPERIMENTAL SETUP

The experiments were carried out on the 1 MA Zebra
generator at the Nevada Terawatt Facility �43�. Figure 1 ex-
plains the design of the vacuum chamber used in the experi-
ments. Load �4� is installed on the axis of the vacuum cham-
ber �1� between a couple of adaptors attached to the high
voltage cathode �2� and the anode plate �3�. In this configu-
ration, the vacuum chamber wall serves as the current return
path. This anode-cathode setup was used in all experiments.
B dots for the current measurement are installed in the
anode-cathode gap. The calculated inductance of the genera-
tor with a 16 mm load is 51 nH �44�.

Optical plasma diagnostics on the Zebra generator in-
cluded laser probing of the Z pinch in three directions, a
streak camera, and a time-gated intensified charge-coupled
device �CCD� �19,45,46�. The laser probing included two
channels of shadowgraphy and a Faraday rotation channel. In
two channels, pairs of delayed laser pulses propagated with
orthogonal planes of polarization. In the third direction, the
probing pulse was split after the vacuum chamber for the
Faraday rotation diagnostic, shadowgraphy, and shearing in-
terferometry. Magnetic fields in the wire arrays were esti-
mated by the rotation of the polarization plane of the probing
beam �45�. A short 150 ps laser pulse with a wavelength of
532 nm provided high-contrast images of the imploding
plasma on CCD cameras. A long 34 ns train or a short 9 ns
train of five laser probing pulses were available for probing.
An optical streak camera with a slit was used to study the
continuous implosion dynamics at a near-axial area of the
wire arrays. A time-gated intensified CCD �ICCD� camera
with a gate time of 3 ns was used to record the images of the
radiating plasma. The streak camera and ICCD record radia-
tion from a different direction than the direction of laser
probing.

X-ray plasma diagnostics on the Zebra generator included
filtered x-ray and photoconductive diodes, a bolometer, x-ray
time-integrated and time-gated pinhole cameras, and spec-
trometers. The temporal profiles of the x-ray pulses were
recorded with the x-ray diode �XRD� and photoconducting
detectors �PCDs�. The total radiated energy in the spectral
region from 10 to 4–5 keV was measured with a bare Ni
bolometer. The power of the x-ray pulse was calculated from
the XRD filtered by 2 �m kimfol film normalized to the
bare Ni bolometer yield. The time-gated pinhole camera re-

FIG. 1. �Color online� The setup of the Zebra vacuum chamber.
�1� The chamber; �2� the high voltage cathode; �3� the anode plate;
�4� the load installed on the axis between two adaptors. The diam-
eter of the vacuum chamber is 60 cm.
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corded six frames with a spatial resolution of 0.25 mm in
two spectral regions. The gate time of frames in experiments
was 3 ns and the interframe delay was 10 ns. The x-ray
spectra were recorded by a time-integrated spatial-resolved
spectrometer with a convex KAP crystal �32�. The experi-
ments were carried out with 2-cm-tall Al and W cylindrical
wire arrays with masses of 30–200 �g /cm and wire number
of 8–32. Wire arrays with diameters 1, 2, 3, 5, 8, 12, and 16
mm and single-wire loads were tested in 49 shots on the
Zebra generator. The implosions and x-ray yield in small-
diameter wire arrays were compared with single-wire Z
pinches.

III. IMPLOSIONS IN CYLINDRICAL ARRAYS
OF 1–16 mm IN DIAMETER

Formation of the Z pinch in cylindrical loads with high
kinetic energy has been well studied for currents up to 20
MA �4,5,39–42�. Implosion of small-diameter cylindrical
loads, 1–3 mm in diameter, has not previously been inten-
sively investigated. Comparison of the different types of
loads showed that cylindrical arrays of 3 mm in diameter
generate a high-power x-ray pulse with a short rising edge
while the calculated kinetic energy decreases �18�. It was
suggested that small-diameter wire arrays could clearly
present nonkinetic mechanisms of plasma heating in Z
pinches. In this section systematic studies of implosion dy-
namics, parameters of radiated x-ray pulses, and electron
plasma temperature, and density are presented for cylindrical
wire arrays with diameters from 1 to 16 mm.

A. Energy and power of the radiated x-ray pulse

Radiated x-ray power, energy, and plasma dynamics at the
ablation, implosion, and stagnation phases were compared in
cylindrical arrays with different diameters to find a transition
from regimes dominated by kinetic-energy coupling to re-
gimes with the lacking kinetic energy and with other prevail-
ing mechanisms of plasma heating. The diameters of the
wires were varied in cylindrical arrays to find the optimal
masses for producing the maximum power and energy in the
x-ray pulse. For example, in Al eight-wire 1 mm loads the
wire diameter varied from 18 to 35 �m and in 16-wire 2–3
mm loads it varied from 10 to 25 �m. In W arrays the wire
diameter varied from 4.3 to 12 �m.

Figure 2�a� presents the peak power of soft x-ray pulses
radiated in implosions of Al cylindrical loads of 1–16 mm in
diameter and in single-wire Z pinches. The power of the
x-ray pulse was measured with the XRD filtered by the
2 �m kimfol filter. The plot presents the peak x-ray power
as a function of wire-array masses for each load diameter. If
a multipeak pulse was generated in the shot then the power
of the highest peak was used for the diagram. The error bars
present typical standard deviations of power and energy from
the average value. Figures 2 and 3 represent data from 39
shots with Al loads. Shot-to-shot variation is the main source
of errors in experiments on the Zebra generator. These varia-
tions arise due to small change in the current pulse, imper-
fections of loads, and electrical contacts.

Cylindrical loads, 1–8 mm in diameter, generate the most
x-ray power with masses of 30–80 �g /cm �optimal
masses�. Single-wire loads generate the smallest x-ray power
of �0.1 TW that is less than in 1 mm wire arrays by a factor
of 2. The maximum soft x-ray power of 0.4–0.45 TW is
generated by loads of 3–8 mm in diameter. Figure 2�b� pre-
sents the maximum x-ray power generated in Al loads versus
the initial load diameter. The radiated power falls in arrays of
12–16 mm in diameter and in arrays with a diameter of
�3 mm. The change in inductance between the 3 mm load
and the arrays with diameters 16 and 1 mm is 6.7 and 4.4
nH, respectively. The measured maximum current in 1 mm
loads is less by 3%–5% in comparison with the 3 mm loads.
Small variations in the current cannot explain the fall of the
x-ray power by 2–3 times but it can be linked to the fall of
kinetic energy. The maximum current in the 16 mm loads
was higher by 5%–8% in comparison with the 3 mm loads,

FIG. 2. �Color online� �a� The dependence of the soft x-ray
power, calculated from the XRD with a 2 �m kimfol filter and Ni
bolometer, on the mass in Al cylindrical wire arrays. It includes
loads of 16 mm in diameter �light blue circles�, 12 mm �dark blue
circles�, 8 mm �blue squares�, 3 mm �red circles�, 2 mm �green
triangles�, 1 mm �yellow diamonds�, and single wire �rectangles�.
�b� The dependence of the maximum x-ray power of loads from
diagram �a�, with the same markers, on the diameter of the loads.

FIG. 3. �Color online� The dependence of the energy of the soft
x-ray pulse on the masses of loads. Markers are the same as in
Fig. 2.
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but the radiated x-ray power dropped by �2 times. The fall
of the radiated power in large-diameter wire arrays can be
linked to the high level of plasma instabilities and the inho-
mogeneous implosion. Large variations in the imploding
front lead to spatial inhomogeneity and staggered arrival of
the imploding plasma on the axis �14�. The wire cores are
burnt out stochastically and the imploding plasma begins
movement at different times. The imploding plasma bubbles
from one wire can also have different speeds. The bubbles
started first have enhanced speed and acceleration. Finally,
the implosion on different wires begins at different times.
The variation in bubble parameters leads to a distribution of
material arriving on the axis, with a total delay of
�15–20 ns from the beginning to the end. The distribution
of the material reaching the axis may be responsible for the
long 15–25 ns rising edge of the x-ray pulse in 16 mm wire
arrays. The x-ray power and pulse duration in Al of 12–16
mm cylindrical wire arrays depends on the interwire gap
�IWG�. This could indicate that ablation physics is important
in these wire arrays �15,47�. Also, the dependence of the
x-ray power pulse on the interwire gap in Al arrays has pre-
viously been studied in �40�.

The radiated x-ray power also falls in wire arrays with
very small diameters. This could be linked to the lack of
kinetic energy in the imploding plasma and less efficiency of
other mechanisms of plasma heating. A transition from the
regime with high kinetic energy to the “nonkinetic” regime
of plasma heating regime is observed in loads of �3 mm in
diameters.

Figure 3 presents the radiated x-ray energy in the same
series of shots as in Fig. 2. Energy of the main x-ray pulse in
the spectral range from 10 eV to 4 keV was measured with
a Ni bolometer. The total XRD pulse was normalized to the
bolometer yield. This calibration was used for the calculation
of the x-ray energy radiated in the prepulse, rising edge, and
main pulse. The energy diagram presents trends similar to
the power diagram but optimal masses for radiated energy
are higher, 70–110 �g /cm in wire arrays of 1–8 mm in
diameter. The fall of total radiated energy in 1–2 mm loads is
smaller than the fall of power. These loads radiate high x-ray
energy because the fall of power is compensated by the
longer pulse duration. Aluminum wire arrays with diameters
of 1–8 mm produce an x-ray energy of 11–13 kJ. Aluminum
single wires generate soft x-ray energy of �4 kJ in a long
200–240 ns pulse.

Due to the limitation for the acceptable load mass in the
Zebra generator, cylindrical arrays with different wire-
numbers and IWG are presented in Figs. 2 and 3. The value
of the IWG impacts the x-ray production in large-diameter
cylindrical loads in multi-MA generators �1,22,23,40�. The
impact of the IWG on implosions of small-diameter Al loads
in the Zebra generator was tested in a series of shots. Figures
4�a� and 4�b� present the radiated x-ray power and energy in
Al 3 mm cylindrical arrays with wire numbers from 4 to 24
�IWG=0.4–2.4 mm�. In loads with similar masses, the
variation in power is about the shot-to-shot variations. The
diagram of the total radiated energy, Fig. 4�b�, also does not
show a significant dependence of radiated energy on the
IWG.

The delays from the peak of the x-ray pulse to the begin-
ning of the current pulse are presented in Fig. 5. In multipeak

pulses the delay to the first significant peak ��50% of the
maximum� was measured. The diagram shows a strong de-
pendence of the implosion time on the load mass for wire
arrays 12–16 mm in diameter. Due to the large time of flight
of imploding plasma, large-diameter overmassed loads im-
plode after the maximum of the current pulse and demon-
strate a fall of radiated energy and power. This dependence is
smaller for loads of 1–3 mm in diameter. In 1 mm loads with
an optimal mass the first peak of the x-ray pulse arises on the
rising edge of the current pulse at the level 40%–50% of the
maximum current.

X-ray power and yield in tungsten cylindrical wire arrays
with diameters 1, 2, 3, and 8 mm were also studied. Tungsten
loads with diameter of 3 and 8 mm produced the highest
power in this series. Radiated power decreases in W 2 and 1
mm loads as it was measured in Al loads. This supports the
suggestion about the change in the regime of plasma heating
in small-diameter wire-array Z pinches.

B. Implosion and stagnation dynamics

Ablation and stagnation phases in cylindrical wire arrays
with high kinetic energy have been well investigated �4�. At

FIG. 4. �Color online� The dependence of the �a� soft x-ray
power and �b� energy on the mass in Al cylindrical wire arrays 3
mm in diameter, including loads with IWG=2.4 mm �squares�,
IWG=0.8 mm �diamonds�, IWG=0.6 mm �circles�, and IWG
=0.4 mm �triangles�.

FIG. 5. �Color online� The delay from the beginning of the
current pulse to the peak of the x-ray pulse in cylindrical wire
arrays with different diameters and masses. Loads with different
diameters are marked similar to Figs. 2 and 3.
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the ablation stage, the j�B force moves the “corona” plasma
to the center of the array. According to the rocket model the
rate of mass ablation per unit length, dm /dt is �15�

dm

dt
=

�I2

4�VablR0
, �1�

where I is the drive current, R0 is the initial radius of the
array, and Vabl is the velocity of the ablating plasma. The
ablation rate is �1 /R and increases in small-diameter loads.
The inner volume V of the cylindrical load depends on the
radius R such that V�R2. For example, the accumulation of
plasma in the volume of the 2 mm load could be faster by
�500 times compared to the 16 mm load. The ablation rate
Vabl can vary with the variation in some load parameters �15�
but the strong dependence on the radius dominates in this
case.

Experiments on the Zebra generator show that small-
diameter wire arrays become opaque for optical laser probing
in the ablation phase. Shadowgraphy shows a precursor for-
mation at the beginning of the ablation stage when the load is
transparent for laser probing. The precursor diameter is
�1 mm in the 3 mm load which is less than in the 12–16
mm loads �45,46�. The shadowgram and Faraday image in
Figs. 6�a� and 6�b� present a moment at a delay of 36 ns and
33% of the current maximum. In Fig. 6�a� only the narrow
interwire areas are transparent for probing light at a wave-
length of 532 nm. Comparison of �a� the shadowgram with
�b� the Faraday image shows magnetic fields in the ablating
plasma. Darkening of the left side and lightening of the right
side of the load are seen in the Faraday image compared to
the shadowgram. The magnetic fields on the left side have

opposite directions compared to the right sides of the array;
therefore current flows in the ablating plasma �see details in
�45��. For comparison, a shadowgram and Faraday image in
16 mm 24 wire loads are presented in Figs. 6�c� and 6�d�.
The Faraday rotation of the polarization plane of the probing
beam produces lightening and darkening in right and left
sides of the precursor. The current value in the precursor is
�10% of the total current estimated in 16 mm loads �45�.
The current in the plasma filling the wire array could be a
driving force for plasma instabilities.

The implosion phase starts when breaks arise on the wires
and the main portion of the material begins moving to the
center of the array. The implosion stage was studied by the
optical streak camera and five-frame shadowgraphy. Figure
7�a� presents a typical implosion dynamics in cylindrical
loads of 8–16 mm in diameter. A streak image shows radia-
tion from wires at the ablation phase, the formation of the
precursor, the implosion of wires, and the stagnation of the
pinch. Optical streak images of implosions in small-diameter
loads are presented in Figs. 7�b� and 7�c�. Arrow �1� points to
the bright area in the center of the array which is timed to the
radiated x-ray pulse. The radial size of the array does not
change significantly during the implosion and stagnation
phases. This indicates that a significant part of wire material
is staying on the initial position of the wires. The fine struc-
ture and instabilities in the imploding pinch are not resolved
on the streak camera but they are seen in the shadowgrams
presented below. The Z pinch produced by the small-
diameter loads �Figs. 7�b� and 7�c�� stagnates for a longer
time period than the pinch in the large-diameter arrays �Fig.
7�a��. Arrow �2� in Fig. 7�c� points to the second bright area
during the stagnation phase in the 1 mm wire-array Z pinch.

Multiframe shadowgraphy shows two-dimensional �2D�
features of implosion and stagnation phases in small-
diameter wire arrays. In Figs. 8�a�–8�d� central areas of wire

FIG. 6. ��a�,�c� and �b�,�d�� The shadowgrams and the comple-
mentary Faraday images in Al wire arrays. ��a� and �b�� Shot 1150,
a 16-wire 3 mm in diameter load with a mass of 75 �g /cm; ��c�
and �d�� Shot 662, a 24-wire 16 mm in diameter load with a mass of
50 �g /cm. The timing of frames �a�,�b� and �c�,�d� to the begin-
ning of the current pulse is 39 and 82 ns. The initial angle of
rotation is �0=5°.

FIG. 7. Streak images of implosions in cylindrical wire arrays.
�a� Shot 1233 with a 32-wire 8 mm in diameter load with a mass of
66 �g /cm. �b� Shot 1234 with a four-wire 3 mm in diameter load,
52 �g /cm. �c� Shot 1230 with a 16-wire 2 mm in diameter load,
48 �g /cm.
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arrays present the implosion dynamics. Images �a� and �b�
present two frames of the shadowgraphy from the 3 mm load
recorded from the same probing direction, with 7 ns between
frames. It is seen in Fig. 8 that the imploded material in 1–3
mm loads is pushed by plasma bubbles similar to the large-
diameter arrays �14�. Axial positions of bubbles from differ-
ent wires are azimuthally correlated. The correlation of
breaks on the wire was also observed in large-diameter wire
arrays �17,48�. A high degree of the azimuthal correlation in
small-diameter loads could be linked to the large global mag-
netic field. During the implosion, correlated bubbles produce
“necks” with diameters of 0.5–0.7 mm on the stagnated Z
pinch. A stagnating pinch is initially axially modulated by
implosion bubbles. The period of the axial modulation ap-
proximately matches the fundamental ablating period in Al
wire arrays �15,19�. A significant part of the wire-array ma-
terial stays at the initial position of wires during the genera-
tion of the main x-ray pulse. The timing diagram in Fig. 8
indicates that frame �b� is recorded 5 ns before the beginning
of the x-ray pulse. In the 1 mm load �see Figs. 8�c� and 8�d��
the implosion dynamics are similar to implosion dynamics in
the 3 mm load. Two frames of shadowgraphy with 4.2 ns
between them present a bubblelike implosion with the axial
period of �0.4 mm. In shadowgrams the diameter of the
pinch in the necking region is 0.25–0.5 mm. The delay of
frame �d� to the beginning of the x-ray pulse is �5 ns.

The implosion dynamics in W wire arrays are similar to
Al loads. Figure 9 presents a four-frame shadowgram of the

Z pinch evolution in the W 16-wire cylindrical load of 3 mm
in diameter. The development of the Z pinch was recorded in
one shot with a 34 ns train of five probing pulses. Figure 9�a�
presents the beginning of the bubblelike implosion. The axial
period of bubbles is less than in Al loads because the funda-
mental period of ablation is �0.25 mm in W wire arrays
�19,46�. A bubblelike implosion produces a Z pinch seen in
Figs. 9�b� and 9�c�. In Fig. 9�d� the pinch begins to expand.
Later, the structure of the pinch is similar to the structure of
the single-wire Z pinches, with necks, “bulges,” and “flares”
�49–51� signifying the growth of an m=0 magnetohydrody-
namics �MHD� instability. Nevertheless, 1 mm wire-array Z
pinches produce significantly more power and energy com-
pared to the single-wire Z pinch. The single-wire Z pinch
passes through the stage with a core-corona structure �51�.
The single wire radiates x rays from the beginning of current
pulse, Fig. 10�e�. In wire arrays, the imploding plasma forms
a Z pinch. This pinch exists only after the implosion of the
array. The large difference between the radiated x-ray pulses
is a result of the different pinch histories which lead to dif-
ferent plasma conditions in Z pinch plasmas.

Important information about the implosion and stagnation
phases is delivered by XRDs and PCDs filtered for different
spectral ranges. Figure 10 presents the shape and duration of
soft x-ray pulses generated by cylindrical wire arrays of �a�–
�d� 16, 8, 2, and 1 mm in diameter and by the single-wire Z
pinch �e�. Shaded areas and some features in figure �d� will
be explained below in Sec. IV. Wire arrays of 12–16 mm in
diameter generate a 25–35 ns x-ray pulse with a long
prepulse and tail, Fig. 10�a�. Loads of 5–8 mm in diameter
radiate the highest x-ray power with the pulse duration of
16–20 ns. A tail after the main x-ray pulse is typical for loads
with mass �70 �g /cm. A prepulse in cylindrical arrays is
generated by the precursor. In 2–3 mm loads the x-ray pulses
become wider but have steep 5–8 ns rising edges, Fig. 10�c�.
The x-ray pulse from the 1 mm array has a pulse duration of
�50 ns and a multipeak structure, Fig. 10�d�. Optical diag-
nostics show that the first x-ray peak correlates with the

FIG. 8. Two pairs of shadowgrams �a�,�b� and �c�,�d� and timing
diagrams �e� and �f� from two shots, ��a�, �b�, and �e��1059 and ��c�,
�d�, and �f�� 1173. Frames �a� and �b� present the implosion in the
Al 16-wire 3 mm in diameter load, 105 �g /cm, with 7 ns between
frames. Frames �c� and �d� present the implosion in the Al eight-
wire load of 1 mm in diameter, 104 �g /cm, with 4.2 ns between
frames. Line �1� in timing diagrams presents the current pulses, line
�2� is the x-ray pulses from the PCD with a Be 8 �m filter, and the
diamonds show positions of laser frames.

FIG. 9. ��a�–�d�� The four-frame shadowgram from shot 1418
with a W 16-wire load 3 mm in diameter, with a mass of
141 �g /cm. The timing diagram �e� presents the current pulse �1�,
the x-ray pulse �2�, and the frames of shadowgraphy �diamonds�.
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bubblelike implosion. Other peaks in the x-ray pulse could
be linked to the features of plasma heating or the additional
implosions in small-diameter wire arrays. For comparison,
the x-ray pulse from a single-wire Z pinch is presented in
Fig. 10�e�. The duration of the soft x-ray pulse in this dia-
gram is comparable with the duration of the current pulse.
The power of keV x-ray radiation falls in small-diameter
wire arrays. Nevertheless, 1–2 mm loads produce keV x-ray
pulses with a power of �40–50% of the keV x-ray pulses
generated by 5–8 mm loads.

While diagrams in Fig. 2 show a fall of the radiated x-ray
power in 1–2 mm loads, a time-gated pinhole camera indi-
cates a different radiative structure and Z pinch dynamics in

large- and small-diameter wire arrays. Figures 11�a�–11�d�
present x-ray images of radiating Z pinches in 3 ns frames
with 10 ns between frames from the ��a� and �b�� 8 mm load
and ��c� and �d�� 3 mm wire array. Frames �b� and �d� are
filtered for energies E�0.9 and �1.2 keV, respectively �for
the 10% transmission coefficient�, and present Al K-shell ra-
diation from plasma columns of 3–4 mm in diameter. These
columns could consist of the trailing mass �in the 8 mm load�
and material staying at the initial position of the wires �in the
3 mm load�. The pinch is seen on the axis of the plasma
column. Frames �a� and �c� are filtered for E�3 keV and
show the Z pinch in harder x-ray radiation. Frame �a1� shows
the formation of the pinch �1 mm in diameter in 8 mm wire
array. Frame �a2�, 10 ns later, shows the radial expansion of
the radiating area with a radial velocity of �107 cm /s.
Small-diameter wire-array Z pinch evolves another way and
the stagnating pinch exists for a longer time. The stagnating
Z pinch in frames �c1�–�c3� includes a chain of bright radi-
ating regions of 0.5–1 mm in diameter. These spots arise near
the maximum of the x-ray pulse and exist �30 ns during the
main x-ray pulse. Periodic structure of the pinch is typical

FIG. 10. The x-ray pulses generated in Al cylindrical loads with
diameters of 16 mm, 33 �g /cm �a�, 8 mm, 50 �g /cm �b�, 2 mm,
75 �g /cm �c�, 1 mm, 69 �g /cm �d�, and single wire of 70 �m in
diameter, 102 �g /cm �e� Line �1� presents the current pulse and
line �2� is the x-ray pulse from the XRD filtered by a 2 �m kimfol
filter normalized to the bolometer yield. Shaded areas show the
calculated kinetic energy with the final pinch diameter of 0.9 mm
�see Sec. IV for details�. Line �3� in image �d� is the calculated
power of the Spitzer heating and line �4� is the derivative of the
x-ray pulse �2�. Line 4 shows the derivative dP /dt of the x-ray
pulse.

FIG. 11. X-ray images from the time-gated pinhole camera ��a�–
�d�� and timing diagrams ��e�–�f��. ��a�, �b�, and �e�� Two frames
from shot 1002 with a 24-wire Al load 8 mm in diameter,
50 �g /cm. ��c�, �d�, and �f�� Three frames from shot 1229 with a
16-wire Al load of 3 mm in diameter, 33 �g /cm. The anode is on
the top of the images. The images are filtered by a 15 �m Be foil
�b�, 25 �m Be foil �d�, 15 �m Be foil and 110 �m Mylar film �a�,
15 �m Be foil and 110 �m Mylar film �c�. Line �1� in the timing
diagram presents the current pulse, line �2� is the x-ray pulse from
the PCD, and the arrows show the positions of 3 ns frames �with 10
ns between frames�.

IMPLOSION DYNAMICS AND X-RAY GENERATION IN… PHYSICAL REVIEW E 79, 056404 �2009�

056404-7



for implosions in small-diameter wire arrays. The period of
spots exceeds the fundamental frequency, presumably, be-
cause of the axial merging of bubbles during implosion. The
axial positions of bright spots correlate with the positions of
implosion bubbles. Figures 12�a�–12�c� compares a shadow-
gram �a� with time-gated x-ray images ��b� and �c�� at the
end of the implosion phase. The images in Fig. 12 are
aligned axially using the positions of electrodes and magni-
fication of the cameras. The structure of the imploded wire
array in x-ray image �b�, E�0.9 keV, is similar to the shad-
owgram �a�. This leads to the suggestion about the initiation
role of bubbles in the formation of necks and primary bright
spots in the Z pinch. The necks in the shadowgram and self-
radiation x-ray image are partly correlated. Some of the
necks in the shadowgrams are hidden by the nonimploded
plasma which is nontransparent to the laser radiation at 532
nm. The nonimploded plasma can also hide necks in x-ray
images. The shadowgram shows a 7 ns earlier time compared
to the x-ray image and parts of the necks are still not formed.
The correlation of bright spots with “swept areas” on the
trailing material was also observed in large-diameter cylin-
drical wire arrays �52�. In low wire-number arrays swept
areas are produced by implosion bubbles �14�. Bright spots
in an x-ray image �c�, E�3 keV, mostly follow the axial
positions of necks in image �b�. Nevertheless, some necks in

the keV image �b� do not produce bright spots in 3 keV x-ray
image �c�. Some spots in the keV range are seen in several
frames for 20–30 ns. These spots can arise, fade, and became
brighter again during the main x-ray pulse. Some of the
bright spots do not have pronounced predecessors in previ-
ous frames and arise at the stagnation stage. The identifica-
tion of spots in x-ray images was limited in our experiments
by the spatial resolution of the time-gated pinhole camera,
�0.2 mm. Note that bright spots are observed in vacuum
sparks, X pinches, and Z pinches �53–55�.

Bright spots of another type were observed in W loads.
Figure 13 presents the evolution of bright spots in a W 1 mm
eight-wire array. Row of frames �a� presents the x-ray images
in the range E�3 keV and row of frames �b� present images
with E�1.2 keV. The delay between frames �1� and �4� is
10 ns with a frame duration of �3 ns. White arrows point to
the powerful x-ray burst in both 0.9 and 3 keV images. This
burst does not have predecessors and successors in other
frames. It exists for a short time and correlates with a short
nanosecond spike in the XRD pulse in Fig. 13�c�, frame �3�.
A chain of bright spots arises in frame �4�. Some spots in

FIG. 12. �a� The shadowgram, ��b� and �c�� the x-ray images
from the time-gated pinhole camera, and �d� the timing diagram in
shot 1003 with a 16-wire load 3 mm in diameter, 75 �g /cm. Image
�b� is filtered for E�0.9 keV and image �c� is filtered for E
�3 keV. Narrow and wide arrows show the timing of the shadow-
gram and x-ray frames. The anode is on the top of the images.

FIG. 13. ��a� and �b�� Four frames from the x-ray pinhole cam-
era and �c� the timing diagram from shot 1424 with a W eight-wire
load 3 mm in diameter, 175 �g /cm. ��a� and �b�� The anode is on
the top of images. Lines �1�–�4� in the diagram present the timing of
frames �1�–�4�, line �5� is the current pulse, and line �6� is the x-ray
pulse from the PCD with a 8 �m Be filter. Images in �a� are filtered
for E�3 keV and images in �b� are filtered for E�1.2 keV.
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frame �b4� have predecessors in frame �b3�, and other spots
do not have it. Bright spots in the range �3 keV typically
do not have predecessors and successors and live for a short
time.

C. Electron temperature and density of Z pinch plasma

The electron temperature and density of Z pinch plasmas
were extracted from the analysis of time-integrated x-ray line
spectra. Spectra of H- and He-like Mg and Al ions were
recorded by an x-ray spectrometer with a convex KAP crys-
tal 50 mm in radius �56� on BIOMAX-MS film �57�. A spec-
tral resolution of � /���350 was derived from the width of
the isolated lines and also calculated for the source with a
radial size of 1 mm. A 0.5 mm slit provided an axial spatial
resolution of �1.5 mm. The spectral range of observation
was �=5–10 Å. The aluminum alloy 5056 used in wire ar-
rays includes 5% of Mg. The photon energy range of the
spectrometer was adequate to record K-shell lines of H- and
He-like Al and Mg ions. Lyman series lines np-1s in H-like
Mg and Al ions and 1snp-1s2 lines in He-like Mg and Al
ions were observed in the spectra, see Fig. 14�a�, including
satellite line transitions arising from autoionizing states in
Li- and He-like ions near 2–1 and 3–1 transitions in H- and
He-like ions �Figs. 14�b� and 14�c��. A calibrated film scan-
ner and Joice-Loyble microdensitometer were used for film
scanning. Optical density was converted to intensity scale
using the film calibration curve. Mg lines were selected for
diagnostics because Mg H- and He-like resonance lines are
isolated �i.e., do not overlap with Al lines� and the concen-

tration of Mg in the alloy is �20 times smaller than that of
Al. The small concentration of Mg in the Z pinch plasma
helps to reduce the impact of opacity on spectral measure-
ments. The opacity for a Doppler-broadened line can be es-
timated by the formula �58�

	 = 3.52 � 10−13fnm��Mc2/kT�1/2NL = 5.4

� 10−9fmn���/T�1/2NL , �2�

where fnm is the absorption oscillator strength, � is the wave-
length, and L is the physical depth of the plasma; M, N, and
T are the mass, number density �all in cgs units�, and the
temperature of the absorber in eV; � is M divided by the
proton mass. For a line to undergo moderate radiation trans-
port effects �i.e., quasioptically thin� then 	�1. In our case
�=9�10−8 cm, �=24, T=400 eV �18�, the radius of the
pinch is L=0.05 cm, Z=12, and Ni=1020 cm−3 /Z. If we
take into account the 5% concentration of Mg and, for the
sake of estimation, assume an equal distribution between H-
and He-like ions in the Z pinch plasma and fnm=0.4–0.8 for
H- and He-like resonance lines, then 	=0.5–1. However, in
the same plasma 	=10–20 for Al H- and He-like resonance
lines. This estimate shows that Mg lines have acceptably low
levels of opacity in these experiments.

Resonance lines Ly�, He�, and their associated satellites
were used for diagnostics of plasma parameters �59–61�. Sat-
ellites J of Mg H-like Ly� and j+k of Mg He-like He�
resonance lines were used to estimate the electron plasma
temperature Te. These satellites are dielectronic in compari-
son with more collisionally driven �inner-shell� q and a, d,
and r satellites. All satellites of H-like lines including the J
satellite are dielectronic ones. The satellite structures in H-
and He-like Mg spectra are labeled according to the notation
of Gabriel �62�. On one hand, the resonance He� and inter-
combination y lines of He-like ions, k+ j dielectronic satel-
lites, Ly� resonance line of H-like ions, and dielectronic
satellite are resolved. On the other hand, with a resolving
power of � /���350, j and k satellites are not separated and
we used the sum j+k; but satellite J and the pair j+k are
well separated from the resonance lines and other satellites.
Satellite J is resolved from the most intense collisionally
excited satellite q. Satellites a, d, and r could give only a
small contribution to the measured intensity of j+k. Reso-
nance lines and corresponding dielectronic satellites are ex-
cited from the same level in ionization stages of H- or He-
like ions and changes in ionization distribution alone do not
impact the relative intensity of the resonance and satellite
lines. Moreover, resonance lines and nearby satellites spread
over a narrow spectral band, and thus they are less sensitive
to the details of the spectral calibration of the spectrometer.
This method does not include any free parameters and is
convenient for the comparison of Te and Ne in different types
of wire arrays.

Using the intensity ratio of resonance line Ly� of H-like
ions to dielectronic satellite J, the electron temperature Te
�H� was derived. The electron temperature Te �He� was cal-
culated from the intensity ratio of the resonance line He� to
dielectronic satellites j+k. The electron density Ne extracted
the intensity ratio of the resonance line He� to the intercom-

FIG. 14. �a� The x-ray spectrum from the Al �5056 alloy with
5% Mg� Z pinch; magnified parts of spectra with �b� H-like and �c�
He-like satellites.
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bination y line in He-like ions �59�. An additional channel for
population of 2p levels was taken into account due to the
mixture of 2s and 2p levels in H- and He-like ions. Colli-
sional mixture of 2s and 2p levels for H- and He-like Mg
ions begins at Ne
1016 cm−3 �61�. This correction to the
resonance line intensities leads to �10% correction for Te.

Axial inhomogeneity of the pinch is seen in axially re-
solved spectra. The spectra include dark and light regions at
certain axial positions in the pinch. The axial resolution of
the spectrometer with a 0.5 mm slit is 1.5 mm and the small-
size bright spots are not resolved in the spectra. The spectra
from dark areas were processed, suggesting that these areas
with the enhanced energy of the x-ray radiation represent the
majority of the radiated K-shell energy. Figure 15�a� shows
the dependence of Te and Ne in the Z pinch plasma on the
initial diameters of the wire arrays. The accuracy of measure-
ments is �10% for the electron temperature Te and �25%
for the electron density Ne. The triangles in Fig. 15�a� present
the density Ne and the diamonds show the electron tempera-
ture Te �He� �dark diamonds� and Te �H� �light diamonds�.
For comparison, the x-ray energy and power radiated by
these loads are presented in Fig. 15�b�. The total �mostly,
soft� radiated x-ray energy E and power P are marked by
squares. The keV-range energy Ek and power Pk are marked
by triangles. The energy and power in both x-ray ranges
show similar trends. The radiated energy and power fall in 16
and 1–2 mm loads and in the single-wire Z pinch. Figure
15�a� shows a decrease in the electron temperature Te in
loads with diameter 16 and 1 mm.

A coronal equilibrium �CE� model was used in �59� to
calculate the dependence of Te on the intensity ratio of di-
electronic satellites and resonance lines. The CE model is
valid up to the electron density Ne of �4�1018 cm−3 �63�.

However, calculations �64� show that many of the aluminum
satellite intensities are still close to their coronal values even
at Ni �1020 cm−3. A non-local thermodynamic equilibrium
�LTE� collisional-radiative atomic kinetics model yields the
CE model in the low-density limit. Thus, we compared the
results of the CE model with those from collisional-radiative
atomic kinetics models performed with the FLYCHK �65� and
PRISMSPECT �66� codes. Figure 16 compares calculations for
the ratios of intensities of the resonance and appropriate sat-
ellite lines. Earlier it was noted that the Mg lines have small
optical depth. Nevertheless, collisional-radiative calculations
were done including the radiation transport effect both in the
atomic kinetics level populations and in the line transport;
the results are shown in Fig. 16. For example, and in our
region of interest, the Te and Ne deviations of the CE model
from the FLYCHK model are 2%–3% for Te�H�, 10%–15% for
Te�He�, and 30%–60% for Ne. Hence, the method of

FIG. 15. �Color online� �a� The dependence of Te �H� �light
diamonds�, Te �He� �dark diamonds�, and Ne �triangles� on the di-
ameters of cylindrical wire arrays. �b� The dependence of the total
�squares, right axis� and keV �triangles, left axis� radiated x-ray
power and energy on the diameters of loads. Dark markers present
the power and light markers show the energy.

FIG. 16. �Color online� A comparison of the ��a� and �b�� elec-
tron temperature Te and �c� density Ne calculated from the CE
model �red squares�, FLYCHK model �63� �blue diamonds�, and
PRISMSPECT code �64� �yellow triangles� using the intensity ratio of
�a� Ly� and ��b� and �c�� He� resonance lines to appropriate satel-
lites. Lines in diagram �c� were calculated for Te=200 �black dia-
monds�, 300 �yellow diamonds�, and 400 eV �blue diamonds�.
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satellite-to-resonance line ratios provides a reasonable esti-
mation of Te and Ne for plasmas in our time-integrated mea-
surements.

IV. DISCUSSIONS

In this section the contribution of kinetic energy and
Ohmic heating to the energy balance in wire-array Z pinches
will be estimated for Zebra shots. The available kinetic en-
ergy and power of Spitzer plasma heating will be compared
with the energy and power of x-ray pulses measured in ex-
periments. Features of implosions and x-ray production in
small-diameter wire arrays and possible mechanisms of
plasma heating will be discussed.

A. Energy balance in wire arrays at the Zebra generator

The kinetic energy of imploding plasma can be calculated
as the work done by the magnetic pressure �31�,

K =� B2

8�
2�Rl�− dR

dt
�dt =

a

2
�LI0

2, �3�

where K is the kinetic energy in kJ, I0 is the peak current in
MA, �L=2l ln�Rz /R0� in nH, R0 is the initial radius of the
wire array, Rz is the radius of the stagnated Z pinch, l is the
pinch length, and the coefficient a accounts for the current
pulse shape. For Zebra implosions values l=2 cm, I0
=1 MA, and Rz=0.45 mm will be used. The parameter a
=0.68 was calculated for the Zebra generator.

Contribution of the Ohmic plasma heating to the Z pinch
energy and the power balance can be estimated using a
Spitzer resistivity =1.15�10−14 ln �Z�Te�−3/2 s �67�. In
Zebra implosions the electron plasma temperature is Te
�300–400 eV, the ionization number in Al plasma is Z
�12, and the Coulomb logarithm is ln ��6. The depth of
the skin layer is �= ��mtstagn�1/2, where tstagn is the time of
stagnation, �m=c2 /4���cm2 /s� is the magnetic diffusivity,
and �=1 / �31�. For typical stagnation time of �20 ns the
skin layer depth is �=0.15 mm, and the power of Ohmic
plasma heating with a Spitzer resistivity is POh=80 GW at
the maximum of the current pulse. If we suggest the electron
temperature of Te=200 eV then POh=110 GW. The Ohmic
power is significantly less than the maximum power of the
x-ray pulses radiated by Z pinches. If the current flows in the
pinch volume due to mixing of the imploding plasma or
mass transport �68� then the power of the Ohmic heating
would be smaller unless the resistivity is non-Spitzer due to
effects such as the Hall term or a longer current path in the
structured plasma �32�. If a linear growth of the current den-
sity is suggested for implosion with strong mixing then inte-
gration gives the Ohmic power POh=9I2l / �8�Rz

2�
=16 GW.

Using these estimates we can compare the kinetic energy
and the energy of Spitzer Ohmic heating with the total radi-
ated energy in Z pinches. Figure 10 presents x-ray pulses
from cylindrical wire arrays with different diameters. The
shaded areas show the part of the radiated x-ray energy
which could be explained by dissipation of the kinetic en-
ergy. Based on the pinhole camera images we suggest a final

pinch diameter of 0.9 mm in these calculations. Below we
estimate the impact of “necking” on the calculations of the
kinetic energy. In the implosion of a 16 mm load, Fig. 10�a�,
the dissipation of the kinetic energy can produce the main
x-ray pulse with the exception of the prepulse and the tail. In
the 8 mm load, Fig. 10�b�, the kinetic energy contributes
�60% to the energy of the main x-ray pulse. The contribu-
tion of the Ohmic heating in loads of 3–16 mm in diameter is
much less than the contribution of the kinetic energy if we
assumed, for estimation, a model of a uniform plasma col-
umn with a diameter of 0.9 mm and a length of 2 cm. Necks
and hot spots were not included in the estimations because
parameters of plasma are not clear in these areas.

The contribution of the kinetic energy decreases in the 2
mm load, Fig. 10�c�, and almost disappears in the energy
balance of 1 mm loads, Fig. 10�d�. If we suggest that the
final diameter of the pinch is equal to the diameter of the
necks, 0.24 mm, then the calculated kinetic energy is
�0.45 kJ but the total radiated energy was �10 kJ in this
shot. The suggestion about the lack of kinetic energy is sup-
ported by the temporal dynamics of the x-ray pulse. Note
that the neck diameter of 0.24 mm represents an upper bound
for the size of the neck because of the spatial resolution of
plasma diagnostics. The resolution of the laser shadowgra-
phy is 25 �m but the real diameter of the neck can be
smaller if the dense neck is surrounded by a lower-density
plasma, opaque at 532 nm. The spatial resolution of the x-ray
pinhole camera is 0.25 mm. In Fig. 10�d� peaks on the x-ray
pulse have �6–8 ns rising edges. A rate of the power
growth on the leading edge of the soft x-ray pulse, dP /dt,
was calculated to find the signatures of different heating
mechanisms. A value of the derivative dP /dt of the x-ray
peaks is the same on the second x-ray peaks as in the first
peak �see line 4 in Fig. 10�d��. That could show that the
kinetic energy does not prevail in the generation of the first
peak.

Spitzer plasma heating in 1 mm loads is much smaller
than the radiated power. In Fig. 10�d� the load produces the
x-ray pulse at a current of �0.5 MA. For this current the
power of the Ohmic heating is �20 GW �see line 3 in Fig.
10�d��. Ohmic heating can produce a power of �230 GW
and explain the radiation presented in Fig. 10�d� if we sug-
gest the radius of the homogeneous pinch Rz=0.1 mm and
Te=300 eV. The estimation for a Spitzer heating in necks
gives a higher level of power than the homogeneous pinch
but the parameters of plasma are unknown in these areas.
The energy balance in 1 mm wire arrays can be linked to
necks, bright spots, and other physical mechanisms �30–32�.
Note that the calculated pinch resistivity could be different
due to plasma nonuniformity. The mechanism of the heating
provides a fast rising edge of the x-ray pulse with a power of
up to 0.25 TW and energy of 1–2 kJ in the single burst.

The rate of the power growth on the leading edge of the
soft x-ray pulse dP /dt was calculated. Figure 17 presents a
correlation of dP /dt and peak power P in 3 mm 16-wire
arrays. This leads to the suggestion that the radiated x-ray
power is higher if the rate of the plasma heating is faster.
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B. Features of implosions and x-ray production in
small-diameter wire arrays

Several physical mechanisms were suggested to explain
the enhanced energy dissipation in Z pinches but experi-
ments have thus far not been able to conclusively distinguish
between these mechanisms. This study of small-diameter
wire arrays with small kinetic energy shows features of non-
kinetic-energy dissipation. The ablation rate is faster in
small-diameter loads than in arrays of 12–16 mm in diam-
eter, and plasma accumulates faster in the inner volume. The
current flowing in plasma could be a driving force for insta-
bilities at the ablation phase. A bubblelike implosion delivers
material and the main current to the center of the array and
forms a pinch with necks. The main x-ray pulse starts 3–5 ns
after the bubblelike implosion. In 1–2 mm wire arrays the
nonkinetic heating mechanism generates the x-ray pulse with
a fast 6–8 ns rising edge and power of 0.25–0.35 TW. The
multipeaks temporal structure of x-ray pulses in 1 mm arrays
reflects the dynamics of plasma heating. The energy radiated
in a single peak of the multipeak x-ray pulse is 1–2 kJ. The
x-ray energy and power radiated in both soft and keV ranges

fall in loads 1–2 mm in diameter. The electron temperature
Te in Z pinches also tends to decrease in loads 1 mm in
diameter.

Bright radiating spots are seen in x-ray images of the
pinch. Following the observations of implosions in small-
diameter loads, we could suggest that the energy dissipation
is linked to the formation of necks in the Z pinch. Bubblelike
implosion with correlated bubbles snowplows the material
and switches the current to the central pinch. The kinetic
energy is focused in small areas with a final diameter of
�0.3 mm. The location of necks correlates to long-lived
bright spots rising in the beginning of the main x-ray pulse.
The short-lived bright spots generate short powerful bursts
on the x-ray pulse and could be produced by another physi-
cal mechanism. Bright spots could be linked to the MHD
instability, radiative collapse, disruption on the pinch, or
cells of flute-mode instability �36,53–55�. There are multiple
plausible scenarios that could explain the experimental data.
The identification of nonkinetic plasma heating needs the
development of diagnostics with high spatial, temporal, and
spectral resolutions. Small-diameter wire arrays with small
kinetic energy of implosion are good objects to study the
mechanisms of energy dissipation in Z pinches. Further ex-
periments with high-resolution x-ray and ultraviolet probing
diagnostics are scheduled to clarify the origin, the dynamics,
and the role of nonkinetic heating in wire-array Z pinches.
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