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Short-implosion-time 20-mm diameter, 300-wire tungsten arrays maintain high peak x-ray powers
despite a reduction in peak current from 19 to 13 MA. The main radiation pulse on tests with a 1-mm on-
axis rod may be explained by the observable ~j� ~B work done during the implosion, but bare-axis tests
require sub-mm convergence of the magnetic field not seen except perhaps in >1 keV emission. The data
include the first measurement of the imploding mass density profile of a wire-array Z pinch that further
constrains simulation models.
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The idea of using cylindrical liner implosions driven by
electromagnetic forces to produce high-intensity radiation
sources has been around for decades [1]. Significant
progress in this area in recent years has been made using
�0:1 �s generators to create ‘‘fast’’ Z pinch implosions
with cylindrical wire arrays [2–4]. The largest fast Z pinch
facility today is the Sandia Z machine [5], a 20-MA, 100-
ns, 11-MJ pulsed power facility that has been used to
produce >200 TW and 1–2 MJ of soft x rays (0.1–
10 keV range) [5,6]. One application of these sources being
evaluated is inertial confinement fusion (ICF) [7].

The premise behind Z pinch plasma radiation sources is
that the radiation energy is produced by the cylindrical
implosion and compression of the mass by the Lorentz ~j�
~B force [1]. However, the total energy radiated by some Al
Z pinch plasmas on 7 MA facilities was in excess of the
estimated kinetic energy of the implosion by factors of 2–4
(Ref. [8] and references therein). Early two-dimensional
simulations of 40-mm diameter tungsten array experiments
[9] explained the total radiation pulse as a combination of
the implosion kinetic energy and subsequent additional
plasma compression applied by the ~j� ~B force during
stagnation. However, very large convergence ratios for
the magnetic field (> 20) were needed to match experi-
mental radiation powers and total yields with no systematic
experimental data to corroborate such claims.

In this Letter we estimate the ~j� ~B work done by using
multiple diagnostics that include the first direct measure-
ment of the imploding mass density profile of a wire-array
Z pinch. In tests with a 1-mm on-axis rod we find that the
radiation can be readily explained by the observable ~j� ~B
work, but bare-axis tests require the equivalent of sub-mm
convergence of the magnetic field (> 20 convergence
ratio). Emissive, sub-mm plasma structures are not seen
in soft x-ray diagnostics except at >1 keV energies. The
systematic data set presented here (radiation power, size,
spectrum, mass density profile) strongly constrains on-
going simulation efforts.

In this work we studied 20-mm diameter, 300-wire
tungsten arrays on the Z machine. By varying the initial
wire diameter from 5.0 to 11:5 �m we changed the array
mass from 1.1 to 6.0 mg and consequently changed the
implosion time and the peak current as shown in Fig. 1.
The arrays were placed in 30-mm diameter return-current
canisters as described in Ref. [10]. Previous related work
studied 20-mm diameter, 300-wire tungsten arrays with a
fixed 95 ns implosion time at 13 MA (2.7 mg) and at
19 MA (5.9 mg) peak currents [11–13].

The origin and energetics of the main x-ray pulse are of
interest for ICF applications [4]. X rays emitted after the
main radiation burst (here �50% total energy) are not
useful for ICF. We define the main radiation pulse as all
radiation inside and prior to the full width at half maximum
(FWHM) of the main radiation burst. The FWHMs de-
crease with decreasing mass and are 4.5, 4.6, and 6.2 ns for
the pulses shown in Fig. 2. The average energy in the main
x-ray pulse, summarized in Table I, increases with increas-
ing mass, as does the total energy radiated. One additional
shot was done at each mass, in which a 1-mm diameter Al
5056 rod (21 mg) was inserted on the array axis. The
radiation powers from these tests had comparable
FWHMs to the bare-axis pinches but the peak powers

FIG. 1 (color). Example load current and radiation power
traces from the three different wire-array masses studied here.
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were about 1.75 times lower, with a larger reduction im-
mediately following the main pulse.

Ref. [2] states that implosions should occur in a self-
similar fashion if the parameter � � �I2

max�2=�4�mR2
0� is

the same, where Imax is the peak current, � is the array
implosion time, m is the array mass/length, and R0 is the
array radius. For the array masses in our study, h�6i �
6:47, h�2:5i � 6:85, h�1:1i � 6:84. Our time- and
amplitude-normalized current pulses are self-similar be-
cause of the linear rate of rise of the current. The 10–90%
rise time of the radiation (Table I) scales linearly with � for
these arrays. Ref. [2] derives a convenient approximation
for the ~j� ~B work done in J=m to a thin shell containing
the total array mass,

 Wkin �
f�0

4�
I2

max ln
�
R0

Rp

�
; (1)

where Rp is the final radius of the pinch and f is a current
shape form factor. As shown in Fig. 3, the value f � 0:76
gives the most similar results over the range of interest to
1D thin-shell and ablation model calculations [10,13,14]
incorporating a circuit model. The circuit-model calcula-
tions are more accurate in that they self-consistently limit
the current as the Z pinch inductance increases.

An important feature of Eq. (1) is that the ~j� ~B work,
and thus the expected radiation yield, depends only on I2

max

and the magnetic field convergence ratio (R0=Rp). The
similarity of the � values nominally suggests similar

normalized dynamics and convergence ratios, so that it
might be expected that the radiation yield should scale as
I2

max and the power as I2
max=�th, where �th is the thermal-

ization time for the conversion of energy into radiation. We
note that these ratios, listed in Table I, violate these scal-
ings, possibly implying different convergences for each
mass array (we assume �th / �rise).

The plasma convergence ratio (CR) in these experiments
was estimated three independent ways, as illustrated by the
example 1.1 mg array data in Fig. 4. Shot z1099 radiated
455 kJ in the main radiation pulse and 846 kJ total. For the
measured peak current of 12.7 MA an average CR> 30
(Rp < 0:33 mm) is needed to get 455 kJ of kinetic energy
(Fig. 3). At the time of peak power [frame 2 of Fig. 4(a)]
50% of the radiation is emitted within a 0.91-mm diameter
region of the image, and 75% of the radiation is from a 1.8-
mm region. Contours containing 50% and 75% of the total
radiation are plotted for the grazing-incidence camera
(GIK) data [15] in Fig. 4(c), which is a continuous record
of the axially-averaged, radially-resolved x-ray emission.
These widths at peak power are 1.1 and 2.0 mm, respec-
tively. Finally, the power plotted for the transmission-
grating spectrometer (TGS) [13] in Fig. 4(d) is inferred
from a single-Planckian fit to the data at each time. At peak
power, a 165 eV plasma with an area of 6:9 mm2 is
inferred, corresponding to a diameter of 1.4 mm for the
5-mm tall aperture for that diagnostic. The plasma CRs
inferred from these data are also plotted in Fig. 3.

The pinhole camera images consistently give the largest
plasma CRs, yet for the bare-axis 1.1 mg case it still falls
short of the >30 magnetic field CR required to match the

TABLE I. Summary of radiated energy and other parameters for the data in Fig. 2.

Array
Mass

Emain

(kJ)
Etotal

(kJ)
Erod

main

(kJ)
Erod

total

(kJ)
�imp

(ns)
�rise

(ns)
Em=I

2
max

(kJ=MA2)
Pm � �r=I

2
max

(TW ns=MA2)

1.1 mg 440� 28 832� 21 195 488 66:6� 1:2 3:1� 0:2 2:50� 0:16 1:88� 0:27
2.5 mg 532� 46 1106� 106 306 689 80:8� 1:3 3:6� 0:4 2:08� 0:25 1:72� 0:15
6.0 mg 692� 66 1278� 239 428 748 100:6� 1:8 4:2� 0:3 1:85� 0:27 1:30� 0:23

FIG. 3 (color). Calculated ~j� ~B work vs axially averaged
convergence ratio, for example, shots at each mass using three
different models. For each shot the plasma CR inferred from
pinhole camera (�), TGS (�), and GIK (x) data is shown.

FIG. 2 (color). Average of the Kimfol-filtered x-ray diode
radiation powers for all shots with each mass plotted with
standard deviations (solid lines). Also plotted are the powers
from tests with a 1-mm diameter Al rod on the axis (dashed
lines). (1.1 mg array-on-rod data is V-filtered due to loss of
Kimfol data.)
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yield when compared with the most accurate estimates
containing circuit models. The smaller GIK and TGS
CRs are in closer agreement with one another. An example
TGS spectrum from the 1.1 mg shot is shown in Fig. 5.
From this we see that the GIK and TGS data are represen-
tative of the bulk of the soft x-ray emission with a peak
near 450 eV, while the Be-filtered pinhole camera images
(> 1 keV bandpass) are representative of the high-energy
tail of the spectrum (about 16% of the total energy radi-
ated). This high-energy tail can be represented using a two-
Planckian fit to the data in which a high-temperature,
small-area blackbody radiates a comparable amount of
energy to that emitted by the lower-temperature blackbody
[13]. This high-energy tail and the axially peaked distribu-
tion of the self-emission might be consistent with the
compression of some of the plasma by the magnetic field
to small radii. Indeed, the time-integrated self-emission at

6.15 keV from these loads is generally confined to a sub-
mm diameter column on axis and comes from numerous
bright spots that are 50–300 �m in size. The example
image shown in Fig. 5(b) is roughly consistent with a
�340 eV, 0:12 mm2 plasma (though it is from a different
array mass). The maximum local diameter of the 6.15 keV
emission at any given height is 0.4–0.5 mm, for a
‘‘CR’’>40–50.

The plasma and magnetic CRs are limited to 20 initially
in shots using 1-mm rods. The 1.1 mg shot (z1611) radiated
195 kJ during the main pulse and had a CR 	 14 (from the
pinhole camera). Its energy vs CR curves (not shown but
similar to z1099) indicate about 310 kJ of magnetic work
for CR � 14, so the 195 kJ on z1611 can be explained by
the observable ~j� ~B energy. The difference (115 kJ) is
likely energy lost in heating up the rod as noted later. The
same conclusion holds for the other two array-on-rod tests,
which had comparable CRs to z1611.

Considering only the main radiation pulse, the emission
data on bare-axis tests shows a discrepancy between the
observed final plasma compression and that required for
the ~j� ~B force to have done sufficient work to equal the
radiated energy. This is an important point, since previous
work (e.g., Ref. [8]) focused on the entire radiation pulse.
After the main radiation pulse, when still more energy is
radiated over a longer time scale, the plasma starts to go
unstable and the magnetic field can do work as it drives
two- and three-dimensional instabilities [16,17]. Even dur-
ing the main pulse when the plasma is relatively stable,

FIG. 5 (color). (a) One- and two-Planckian fits to
transmission-grating spectrometer data from a 1.1-mg array.
(b) Example time-integrated 6.15 keV emission image
(� 20 �m resolution).

FIG. 6. Radiography data from the 1.1 mg array-on-rod test
(z1611). (a) Image in transmission units (0–100%, black-to-
white). (b) Inferred axial line density showing axial mass trans-
port. (c) Timing of the radiograph relative to x-ray power.
(d) Density inferred from an Abel inversion of the radiograph
along with a running mass integral starting at r � 6 mm. The
negative density implies a violation of the cylindrical symmetry
assumption, but the amount of mass involved is small.

FIG. 4 (color). Data from a 1.1 mg array implosion (z1099).
(a) Gated pinhole camera data (12:7 �m Be filter, 200 �m
pinhole,�400 �m resolution). (b) Pinhole image timing relative
to x-ray diode signal. (c) Streaked grazing-incidence mirror
camera data showing axially averaged, radially resolved emis-
sion in the 375–450 eV range. (d) Time-resolved power inferred
from a transmission-grating spectrometer.

PRL 100, 145002 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
11 APRIL 2008

145002-3



however, it is possible for the magnetic field to convect into
the plasma and contribute additional energy to the plasma
column [16]. Though our data is not conclusive as to how
the full radiated energy during the main pulse is produced
during bare-axis experiments, we note that any proposed
mechanisms must be consistent with the observed radiation
power, size, and spectrum presented here. We also note that
the array-on-rod data represent the first clear case on Z
where the radiated energy in the main pulse could be
explained by the observed ~j� ~B work done.

In addition to the observations of the radiation emission
above, we also report new radiography results. On the 1.1
mg array-on-rod test we obtained a 6151 eV radiograph
[18] near stagnation, shown in Fig. 6, that had finite trans-
mission everywhere in the image (the heavier arrays have
opaque regions at this time). The on-axis rod suppressed
the time-integrated 6151� 5 eV self-emission. This al-
lowed us to Abel invert an axially averaged radial density
profile from the radiograph for the first time. This density
profile is consistent with our statement that the main
radiation pulse with an on-axis rod is produced primarily
by the observed ~j� ~B work. A simple illustration of this is
made by taking the density profile of Fig. 6 and propagat-
ing it with a fixed velocity. The peak kinetic power through
R � 0:7 mm (the observed pinhole camera radius)
matches the time of peak radiation power with a similar
FWHM for velocities of 540� 20 km=s [Fig. 7(a)].

The value of this data set is illustrated by comparison
with ongoing simulations of the 1.1 mg array-on-rod
experiment. Three-dimensional r-�-z ALEGRA-HEDP

magneto-hydrodynamic simulations [19] were made using
a mass-inflow boundary condition at the periphery which
models the duration, amplitude, and axial variability of the
mass ablation stage of wire-array implosions. Such simu-
lations produce qualitative features seen in these arrays
experimentally such as plasma prefills inside the array [10]
and trailing mass behind the main implosion front [18].
Good matches to Z pinch radiation pulses were obtained in
the past with very different physical models (e.g., Ref. [9]).
The present simulations, however, match not only the

radiation power pulse but also the observed mass distribu-
tion [Fig. 7(b)]. Detailed comparisons to the observed
radiation size and spectrum and the scaling of this model
to our other arrays are underway.

The simulations can assess the impact of the on-axis rod.
About 0:24 mg=cm of Al plasma ablates from the rod
before the main implosion front reaches the rod surface,
but the plasma is tamped by the higher-velocity, ablated-
prefill mass (about 40% of the total mass in these arrays, or
0:44 mg=cm here). The main impact of the ablated Al is
that during the final 1 ns before the implosion reaches the
rod the tungsten loses about 10% of its kinetic energy
relative to a simulation without a rod. During the radiation
pulse about 22% of the available energy goes into the
internal energy of the rod. These numbers are consistent
with the difference between the radiated energy and ~j� ~B
work noted earlier for z1611.

Eventually, we plan to use two-frame radiography to
estimate not just the density profile but the velocity of
the imploding mass, thereby estimating the peak kinetic
energy just before stagnation, and thus by inference esti-
mate the compressional work done on the plasma. We are
continuing to refine our computational models against this
data set and hope others will do likewise.
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FIG. 7 (color). (a) Measured radiation power on z1611, 3D
simulation results, and the kinetic power through r � 0:7 mm
assuming a fixed velocity for the density profile of Fig. 6.
(b) Comparison of simulated and experimental density profiles
and the enclosed mass inside each radius.
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