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Buoyant Magnetic Flux Tubes Enhance Radiation in Z Pinches
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In numerous experiments, magnetic energy coupled to strongly radiating Z-pinch plasmas exceeds the
thermalized kinetic energy, sometimes by a factor of 2–3. We demonstrate that the enhanced energy
coupling may be due to the buoyancy rise of toroidal magnetic flux tubes converging to the axis through
the unstable pinch plasma. We derive an explicit formula for the enhanced dissipation rate and apply this
formula to reconsider an old problem of power balance in a steady-state Z pinch, and then to analyze a
new challenge of producing K-shell 3 to 10 keV radiation in long-pulse Z-pinch implosions.

PACS numbers: 52.55.Ez, 52.25.Nr, 52.50.Lp, 52.65.–y
In plasma radiation sources (PRS), Z-pinch loads are
imploded to convert the magnetic energy supplied by the
pulsed power driver into plasma thermal energy at stagna-
tion, and then, finally, into x-ray radiation [1]. Numerous
experiments done in the past twenty years [2–9] have es-
tablished the following remarkable fact: The energy radi-
ated by the Z-pinch plasmas can be much greater than the
“mechanical” or “kinetic” or “magnetic” energy coupled
to the pinch during the implosion. For many years, the en-
ergy coupling mechanism responsible for 50% or more of
the observed x-ray yields remained virtually unknown.

To illustrate this, recall that the magnetic energy
converted to the kinetic energy of the imploding annular
plasma column is fairly estimated as

Ek � �aI2
ml�c2� ln�Ri�Rf� � �a�2�I2

mDL kJ , (1)

where Im [MA] is the peak current, l is the pinch length,
Ri and Rf are initial and final radii, respectively, and
DL [nH] is the change of the pinch inductance in the
implosion; the dimensionless factor a accounts for the
current pulse shape (typically, a � 0.6); all the formu-
las are in Gaussian units. Table I presents the kinetic
energies Ek estimated from Eq. (1) and measured total
x-ray yields Y for typical parameters of PRS experi-
ments on GIT-4 in Russia [4], on Double Eagle [5], on
Saturn in the short- [6] and the long-pulse regime [7,8],
and on the Z generator [9]. (The data, first reported in
Ref. [7], which will be published in detail elsewhere, was
obtained in collaboration with Coverdale using calibrated
bolometers in the same way as done for tungsten in
Ref. [8].) The measured total x-ray yields in all cases
are seen to be substantially larger than Ek , which is
estimated from observed radial compression ratios of 6
to 25. To match the measured yields with the aid of (1),
the corresponding ratios would need to be from 100 for
Double Eagle and Z to 250 for GIT-4 and more than 1000
for Saturn.

Where does the additional energy come from? At stag-
nation, the magnetic pressure no longer performs work
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compressing the plasma (� pdV work). The classical
Ohmic dissipation is also insufficient to generate the ex-
tra heating. For some time, it was believed to be due
to anomalous resistance, although it had to be of some
nonconventional kind, whose manifestation does not cor-
relate with conditions favorable for either two-stream or
ion-sound instability [10]. No theory explaining the en-
hanced dissipation via any kind of anomalous transport has
ever been suggested.

Two recent developments indicate that the enhanced
energy deposition may be a hydrodynamic (although
essentially non-1D) rather than a kinetic effect. A new
physical mechanism of energy dissipation in turbulent
Z-pinch plasmas was proposed at the 1995 workshop on
plasma turbulence in laboratory and space by Rudakov
and Sudan [11]. Independently, two-dimensional (2D)
numerical simulations of Z-pinch implosions (see [12]
and references therein) have reproduced, without invoking
anomalous resistance, “a larger drive current in the load,
more energy extracted from the pulsed power system, and
thus the possibility of enhanced radiation yields.”

The purpose of this paper is to demonstrate that both ap-
proaches reveal the same basic mechanism of energy trans-
fer, buoyancy-driven rise of magnetic flux tubes. Magnetic
buoyancy is a very general mechanism, which works in
Z pinches in a way similar to solar physics, where it is
generated by sun spots and related to other forms of coro-
nal magnetic activity, as discovered long ago by Parker

TABLE I. Typical parameters, estimated kinetic energies, and
measured total x-ray yields for PRS experiments.

Material/ Im l Ek Y

Generator reference (MA)
Ri

Rf (cm) (kJ) (kJ)

GIT-4 W [4] 1.5 6 4 10 30
DE Ar [5] 3.5 15 4 80 140
Saturn W [6] 6.6 20 2 157 450

Al [7] 8 20 2 230 1060
W [8] 8 25 2 250 750

Z W [9] 18 25 2 1250 1800
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(see [13] and references therein). This fact leads to im-
portant implications for the whole field of the Z-pinch
physics, from such basic issues as energy balance of the
pinch plasma or the role of its stability, to practical prob-
lems such as modeling Z-pinch implosions and developing
novel PRS designs.

Recall that due to equilibrium of total pressure, p 1

B2�8p , the thermal pressure p in the magnetic flux tube
generated by the dynamo mechanism is lower than in the
surrounding plasma, where there is no B. The temperature
equilibrium implies lower plasma density r inside the tube.
This leads to “magnetic buoyancy” [13] of the flux tube in
the solar gravitational field, forcing it to rise.

Much the same happens in a Z pinch ([11], Fig. 1).
Toroidal magnetic flux tubes are created at the pinch sur-
face due to m � 0 modes of Rayleigh-Taylor (RT) and
MHD instabilities. They are driven inward by either the
magnetic buoyancy force associated with the RT instabil-
ity, if the pinch is accelerated inward, or at stagnation by
the curvature stress associated with the sausage MHD in-
stability. Once the “magnetic bubble” pinches off and is
completely entrained by its own current loop as a fully
formed flux tube [Fig. 1(b)], it could be visualized as a
contracting rubber band. As it moves to the pinch axis,
magnetic flux is conserved (the band is still there), but the
magnetic energy (tensile energy of the rubber) decreases,
being converted to the energy of the plasma through the
pdV (displacement) and the drag force work. This mag-
netic energy release accounts for a major contribution to
the energy balance of the pinch plasma. Similarly, the
temperature rise in the solar corona may be partly due to
magnetic flux tubes rising through the atmosphere of the
sun, and the consequent drag heating [13]. Using the con-
ventional equations for dynamics of the thin magnetic flux

FIG. 1. (a) A magnetic bubble is formed as a m � 0 RT or
MHD perturbation at the pinch surface. The plasma closes back
behind it, producing a flux tube. (b) The flux tube is driven
to the axis due to both curvature stress and buoyancy force.
(c) Near the axis, it still carries the same magnetic flux, but
most of its energy has been dissipated in the plasma.
tubes [11,14], let us estimate for a Z pinch the heating
power associated with this process.

Neglecting the inertia of the magnetic bubble, we
find that its radial velocity nb is determined by the
balance of the magnetic buoyancy force rg, curvature
stress B2�4pr , and the drag force Crn

2
b�pRb , so that

nb�r� � �pRb�C�1�2�g 1 B2�4prr�1�2, where Rb is the
smaller radius of the tube [see Fig. 1]; C is the drag co-
efficient (� 1 for a straight rigid cylinder at not-too-high
Reynolds numbers). At the pinch boundary, r � R, if
the buoyancy force term dominates, g � I2�mc2R, where
I and m are the pinch current and the line mass of the
pinch, respectively. At stagnation, the dominant curvature
stress term B2�4prR is estimated similarly. Therefore,
in all cases nb�R� � �pRb�R�1�2I�cm1�2. The Poynting
vector corresponding to the inward bubble motion equals
S � nr �R�B2�4p, so that the energy is absorbed through
the pinch surface area 2pRl at the rate Penh � a2pRlS.
Here, the coefficient a , 1 accounts for the fraction of
the pinch surface occupied by the penetrating bubbles
at the late stage of the nonlinear instability develop-
ment [Fig. 1(a)]. Then Penh � ßI3l�c3m1�2R, where
ß � 2a�pRb�R�1�2. Let us further assume that the
processes responsible for enhanced dissipation develop in
a similar way in all Z pinches. This similarity hypothesis,
which implies that ß � const, could be tested both in
experiments and in simulation. For definiteness, take
ß � 1�2, as for the plausible combination of Rb�R � 0.2,
a � 0.3. The result is

Penh �
I3l

2m1�2c3R
�

I3�MA�l�cm�
2m1�2�mg�cm�R�mm�

TW , (2)

which corresponds to effective additional nonlinear
resistance

Renh �
Il

2m1�2c3R
�

I�MA�l�cm�
2m1�2�mg�cm�R�mm�

V . (3)

Equations (2)–(3) express the following fact, which is
well established in astrophysics: “If the fluid is convec-
tively unstable, the field rises and escapes at a rate com-
parable to the Alfvén speed” [13]. For a stagnated Z
pinch, the role of the convective instability is played by
the m � 0 “sausage” MHD instability.

Let us compare (2) directly with the data obtained in re-
cent experiments and numerical simulations. In the GIT-4
tungsten experiments at m � 370 mg�cm [4], substituting
the observed value of Rf � 0.42 mm into (2) and multi-
plying the result by the observed confinement time, 30 ns,
we obtain the enhanced energy deposition 25 kJ, quite
close to the difference between Y and Ek [see Table I].
Similarly, for both short- and long-pulse experiments on
Saturn with tungsten and aluminum [6–8], Eq. (2) predicts
Penh about 20 TW. More additional energy is coupled to
the pinch in the long-pulse regime, when the confinement
time (from �25 ns [8] to �30 ns [7] at m � 620 mg�cm)
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is longer than in the short-pulse regime (�13 ns). Multi-
plying 20 TW by these characteristic times, we obtain 500
to 600 kJ and 260 kJ, respectively, which in either case is
close to the difference between Y and Ek in Table I.

In the Z26 shot [12,15], the peak power delivered to the
pinch by the J 3 B forces, according to the simulation
[12], equals 80 TW, whereas the peak power delivered to
the pinch in the form of kinetic energy, dEk�dt, is about
35 TW. The remainder, 45 TW, is close to the peak value,
of pdV-generated power, 35 TW, and could be accounted
for, if we substitute into (2) m � 2 mg�cm and the ob-
served Rf � 0.75 mm. Then Penh � 35 to 45 TW, for the
current on Z near stagnation between 10.5 and 11.5 MA.

In another experiment on Z [15], the length of the load
was decreased from 2 to 1 cm. Because of decreased in-
ductance of the load unit, the peak current Im increased
by a factor somewhere between 1.15 and 1.34 [15]. This
would decrease Ek by a factor from 0.66 to 0.9 [see (1)].
Line mass of the shortened Z-pinch load was increased by
30%, so the combined effect of length, mass, and current
variations left the value (2) of Penh unchanged. Likewise,
the observed total x-ray yield did not decrease at all [15].
Thus some decrease in the kinetic energy in the shorter
length load must have been compensated by an additional
contribution from enhanced dissipation as a result of in-
creased confinement time.

The 2D simulations demonstrate a decrease in the in-
ductance of the imploding Z pinch compared to the 0D
slug model ([12], Fig. 14), which appears to be consis-
tent with experimental data. Since the thermodynamic
free energy for arbitrary distribution of a given current I
is F̃ � 2LI2�2c2 [16], the J 3 B forces are always di-
rected so as to increase the inductance L, thereby making
F̃ more negative. How could additional degrees of free-
dom in two dimensions lead to decreasing the inductance
L rather than make it increase even faster? The concept of
rising magnetic bubbles helps one understand this. As the
bubble is formed [Fig. 1(a)], magnetic flux is supplied to it
directly from the power source, and the inductance of the
load increases accordingly. However, as soon as the cur-
rent reconnects, and the fully formed flux tube penetrates
into the pinch column, it is also disconnected from the
driver [Fig. 1(b)], decreasing the volume where the driver
current creates magnetic flux, and thereby decreasing the
load inductance. The nonlinear resistance (3) exactly cor-
responds to the rate of magnetic flux losses from the driver
circuit to the magnetic bubbles: IRenh � �1�c� �dFb�dt�.

We come to the conclusion of the dual role of instabil-
ities inherent to a linear Z pinch. The RT instability at
the run-in phase prevents the pinch implosion to a small
final radius, and therefore has to be mitigated. Once stag-
nated, the pinch column “cooks” at the axis, absorbing ad-
ditional magnetic energy through the enhanced dissipation
mechanism essentially controlled by the MHD sausage in-
stability. Instead of rapidly destroying the stagnated pinch
plasma column, this instability actually helps to couple
more energy into it, while it is “cooking” near the axis.
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Similar to the sun, the pinch would be “popping and boil-
ing” [13], but can still survive as long as we manage to
drive the current through it and maintain the balance be-
tween the radiative losses and the enhanced energy dis-
sipation. For tens of nanoseconds or more, we might be
able to keep coupling to the pinch plasma and converting
into radiation magnetic energy already delivered to the vac-
uum cavity that surrounds the pinch. During this time, the
m � 0 instability is highly active and yet does not disrupt
or destroy the plasma column.

Many basic Z-pinch issues, from the Pease-Braginskii
equilibrium conditions to the new problem of generation of
intense K-shell radiation in the long-pulse regime, should
be reconsidered in view of the above conclusion. Analysis
of an energy balance between classical Ohmic heating and
bremsstrahlung radiation in a steady-state Z pinch shows
that the equilibrium is possible only at the so-called Pease-
Braginskii current, about 1 MA [17]. Since the enhanced
dissipation power (2) exceeds the classical Ohmic heating
in all conditions of interest, this analysis has to be redone
with the Ohmic heating power replaced by Penh. We find
the equilibrium to be possible for any values of current,
radius, and ion charge Z:

meq �
33�4p1�4�memu�3�4�ch̄�1�2�1 1 Z�1�4IR

1�2
f

27�4e3Z3�4

� 332
�1 1 Z�1�4

Z3�4 I�MA�R1�2
f �mm� mg�cm , (4)

where mu is atomic mass unit. For a neon plasma
�Z � 10� cooking in an equilibrium at I � 18 MA,
Rf � 1 mm, the equilibrium mass meq � 1940 mg�cm
corresponds to a Bennett temperature [16] of 1.58 keV,
which is consistent with full ionization of neon. Similarly,
to the case originally analyzed by Pease and Braginskii
[17], existence of the equilibrium does not guarantee that
we can organize the implosion to the final radius 1 mm in
such a way that the pinch does not bounce.

Another example refers to the more efficient K-shell ra-
diation mechanism. The pinch can be cooked near the axis
for a long time, producing K-shell radiation—recent re-
sults on Saturn with Al wire array in the long-pulse regime
indeed indicate that this is possible [7]. To find out whether
the enhanced dissipation (2) indeed represents a sufficient
energy source for producing appreciable K-shell yield, we
simulated an argon pinch with the 1D radiative-MHD code
described in [18]. The code was modified to include the
enhanced dissipation energy source in the simplest way,
by distributing the additional power (2) uniformly over
the plasma mass. Our simulations were done for a con-
stant current 4 MA and starting from a Bennett equilib-
rium at a 3 mm radius. We found that a low-mass column
bounces, and the high-mass collapses to the axis, produc-
ing little K-shell output in both cases due to low density
in the former case and low temperature in the latter. The
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efficient quasi-steady conversion of magnetic energy into
K-shell radiation in the cooking regime is achieved for the
optimal choice of the load mass, m � 200 mg�cm. Fig-
ure 2 demonstrates the pinch slowly contracting in 60 ns
from the initial 3 mm radius to the final 1 mm radius.
The average temperature stays close to the Bennett value,
0.83 keV. The average K-shell power maintained during
the last 50 ns is about 0.8 TW�cm, which corresponds to
a very substantial K-shell yield of 40 kJ�cm.

To advance further, we need a model that describes
motion of the bubbles through the plasma (such as astro-
physical models of [13–14]), self-consistently taking into
account the plasma heating and displacement due to the
bubble motion, as well as its inductance and resistance in
the driving circuit. The first results in this direction are re-
ported elsewhere [19]. The self-consistent model will help
us investigate the issue of the different pinch radii observed
in K-shell and L-shell emission that presently are not very
well reproduced in available simulations.

Finally, we would like to highlight the fact that some of
the basic physical assumptions of the mechanism outlined
above could be experimentally tested by measuring the
azimuthal magnetic field inside the pinch. We predict that
the magnetic field does not decay near the pinch axis;
rather, inside of the pinch column it remains of the same
order as the field near the pinch boundary.

Another test involves directly affecting bubble forma-
tion and penetration to the axis. Suppose that for given
experimental conditions the observed pinch radius at stag-
nation is 1 mm. Let a 1-mm radius rigid obstacle, such

FIG. 2. Time histories of radiation power and electron tem-
perature for an optimal mass of an argon plasma column con-
fined for �10 Alfvén transit times in a cooking regime.
as a plastic or foam cylinder, nonconducting early in the
implosion, be mounted at the pinch axis, in the same way
as done in experiments on dynamic hohlraum [20]. Its
presence would not prevent the plasma from converging
to about the same final radius. However, when the pinch
plasma is stagnated near the obstacle, no magnetic bubble
could penetrate through the obstacle to the axis, coupling
additional energy to the plasma. Our prediction is that
the total x-ray yield Y will then decrease by a factor of 2
or more compared to the case when there is no obstacle.
A fair estimate for Y in this case would be Ek given by
Eq. (1).
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