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Return-Current Heating and Implosion of Cylindrical CO2-Laser-Driven Targets

A. Hauer and 8,. J. Mason
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(Received 1 April 1983)

The Helios laser system has been used to deliver 2.3 kJ to the capped end of 0.75-mm-
long, 130-pm-diam hollow rods of 5-pm wall thickness. Soft-x-ray pinhole pictures dem-
onstrate the cylindrical implosion of these targets. The measured 130-eV core tempera-
tures from the filtered pictures and the 7&&106-cm/s collapse velocity from optical streak
photographs are consistent with heating by a 0.8&106-A return current, representing the
recycling of 15% of the hot-electron emission.

PACS numbers: 52.50.Jm, 52.25.Fi, 52.30.+r, 52.70.-m

At intensities which exceed 10"W/cm' most
of the energy absorbed from GO, lasers goes di-
rectly into a relatively small number of highly
energetic (&200 keV) suprathermal electrons. '
This energy must be transferred to a much larg-
er number of localized therma1 electrons to ac-
complish laser fusion. Since direct classical
coupling of the suprathermals to the background
plasma has proven inefficient, we have initiated
an effort to use the self-generated fields in spe-
cialized targets to improve the energy transfer.
Charge imbalance develops as suprathermals
leave a laser spot. The resultant E fields can
draw a return current, if an appropriate path is
provided. Benj amin et al. ' have demonstrated
the existence of these currents, and their ability
to heat a target support stalk. This Letter re-
ports the first experimental results from targets
designed to use the return currents to heat and
implode a thin-walled hollow cylinder —to pro-
duce a micro Z pinch.

A schematic of the "augmented return current"
(ARC) targets used in the experiments is given
in Fig. 1. Four tightly focused CO, -laser beams
from the Los Alamos Helios laser system im-
pinge on the capped end of a long hollow, low-Z
cylinder, coated with a thin layer of metal (gold
or aluminum). The cylinder is mounted at the
center of a large high-Z disk. Suprathermals
generated at the focus will drift toward the disk
in the plasma surrounding the cylinder. A ther-
mal return current is drawn back along its walls.
Hesistivity of the walls results in Joule heating
of the thermals. The B field from the resultant
current loop can implode and further heat the
cylinder.

Experiments were performed on targets with a
variety of diameters and lengths. The smallest
cylinders were matched to the minimal laser
spot diameter. Their length was set at roughly 5

diameters to maximize the aspect ratio for cur-
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FIG. 1. Sketch of the ARC target design.

rent-related effects, under the constraint of
minimum mass or maximum temperature gain
from energy deposition. The minimum wall
thickness was set by limits on structural integ-
rity. The metal layer was added to provide a
brighter signature in x-ray pinhole pictures. The
earlier experiments' recorded currents from
electrons escaping to the walls of the target
chamber. The ABC targets were designed to
augment this current through the axial alignment
of the cylinder and beams, with a cylinder much
thicker than the earlier 10-p,m stalks, and with
the addition of the collector disk for possible
suprathermal entrainment. The presence of
thermoelectric, Vn & VT 8 fields has been recog-
nized for some time. ' ' The cylindrical return
currents and any pinch effect should serve to en-
hance these fields. Suprathermal drift down the
cylinder' is consistent with a J3 field, directed
as in Fig. I, and with an outwardly directed E
field for containment of the electron cloud. The
axial E-field component, drawing the return cur-
rent against resistivity, introduces a "tilt" in
the ExB drift, which should aid capture of the
suprathermals by the cylinder wall. Alternative-

ly, the B field around the cylinder should help to
shield its interior from suprathermal preheat. '
The return-current effects discussed here will
be reduced to the extent that deposited energy is
lost to fast-ion blowoff. However, cylindrical
geometry may serve to reduce fast-ion losses,
as compared to those from foils, ' since the area
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FIQ. 2. (a) Soft-x-ray pinhole image showing the
initial wall position of a 260-pm-diam ABC target and
its imploded core; (b) filter transmission for the pin-
hole channel producing the image in (a).

for fast-ion emission increases only linearly
with distance along the axis.

The experimental ABC cylinders were plastic,
130 to 500 pm in diameter, and 750 to 1500 p.m
in length. The cap and wall thickness ranged
from 3 to 5 pm. The metal layer added an extra
0.3 to 1.0 p,m of thickness. The disk was of gold,
25 pm thick and 10' p,m in diameter. The laser
delivered a nominal 2.3 kJ to these targets in 0.6-
ns pulses. At tight, overlapped focus (providing
a 130-pm-diam spot) the intensity was I= 3 x10"
W/cm', of which a fraction f=0.6 was absorbed.

Hard-x-ray measurements' set the suprather-

mal source temperature at T„-450keV in these
experiments. Using the energy balance relation
flA=(J„/e)kT„,and A=1.3x10 cm as the end
area of the thinnest cylinders, we obtain J„=5.2
&10' A. Assuming, consistent with the experi-
mental results which follow, that 15/o of the
emitted current is recycled, we determine a re-
turn current of 0.8 MA. This yields a surface
field B=0.2J(A)/e(cm) of 24x10' G, and a mag-
netic pressure, ps=B'/8w, of 23 Mbar, For
comparison, the emitted-hot-electron pressure
is 6.5 Mbar, and the fully ionized perfect-gas
plastic pressure at 50 eV (characteristic of the
early wall conditions~ee below) is P, =15 Mbar.
The mass of the 5- p,m plastic and 0.3- p,m gold
in the cylinders was 1.5 and 1.7 pg, respective-
ly. If this is accelerated under the 23-Mbar mag-
netic pressure to a 20-pm minimum radius
(ignoring pulse shape, B-field compression, and
back-pressure effects), the average velocity
achieved is 7x 10' cm/s, and the transit time is
630 ps. Upon central collapse of the cylinder
this velocity implies a temperature rise over pre-
heat conditions in the gold (for an effective ioniza-
tion of Z=27) of 113 eV. Alternative calculations
balancing the Joule heating in the gold with black-
body losses from its surface lead to a similar
estimated temperature rise.

An important diagnostic in the experiments was
the soft-x-ray imaging, performed with an ar-
ray of filtered pinhole cameras. Figure 2(a)
shows a typical image (for shot 3, Table I) from
a camera viewing perpendicular to the target
axis. The bright oval feature at the right is the
region of laser incidence. The two outermost
parallel lines to the left are the heated cylindri-
cal walls. Between these lies the imploded core
displaying a twist reminiscent of magnetic kink
instability. In Fig. 2(b) is the filter transmission
for the x-ray channel yielding the image in Fig.
2(a). By examining several images with different
filtration, estimates of the initial wall and the

TABLE I. Imploded core temperature as determined by z-ray imaging.

Laser Target Target
Shot energy length diameter
No. (J) (eeem) (ee, m)

Coating
type/thickness

(pm)

Imploded core
temperature

(eV+ 30)

2367
2526
2315
2384

750
750

1500
1500

130
130
260
260

Au/0. 3
Au/0. 3
Al/2. 0
Au/0. 3

135
140
120
130

460
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FIG. 4. Soft-x-ray photograph of a typical CO&-
laser-illuminated spherical exploding pusher at I & 5

&& 10 5 W/cm showing little record of the compressed
core.

FIG. 3. (a) Optical streak photograph for the 130-
pm-diam ARC target; (b) streak photograph for an ex-
ploding pusher (directly suprather mal heated) target,
evidencing considerable outgoing material.

imploded-core temperatures can be made. ' As-
suming blackbody emission and making predic-
tions for the various experimental channels, we
chose the temperature giving the best overall
agreement between these predictions and the ob-
served channel signals. Table I collects results
from this analysis for the core temperatures in
the various target types employed. The tempera-
tures range from 120 to 140 eV- —with the smaller
tar gets hotter.

Optical streak photography provided an addition-
al useful diagnostic. The camera viewed the tar-
gets in a direction perpendicular to the cylindri-
cal axis in the same plane as the x-ray imaging.
The photograph for shot 2, Table I, is shown in
Fig. 3(a). The collection system was apertured
to cover only the cylinder, excluding the laser
absorption region. Camera filtering emphasized
radiation toward the blue end of the spectrum. A

maximum speed oi' (5 to 7) &10' cm/s is indicated
by the photograph.

Two observations strongly suggest that the heat-
ing and implosion of the cylinders is due to re-
turn currents rather than direct electron deposi-
tion. First, the optical streak photographs show
primarily inward flowing material. In contrast,
photographs of directly heated targets show con-
siderable radiation from outward flowing mater-

ial, as demonstrated by Fig. 3(b). The thickness
of the ABC cylinder walls is such that direct heat-
ing by the T, -100 keV suprathermals would give
essentially explosive behavior (with equal ma-
terial moving in and out). The second observa-
tion involves the soft-x-ray images themselves
[such as Fig. 2(a)]. Soft-x-ray photos (hv 1
keV) of exploding pushers show very weak (if any)
evidence of the imploded core. This is because
very soft radiation from the core is either masked
by the strong coronal radiation or is absorbed.
A typical soft-x-ray photo of an exploding pusher
implosion is shown in Fig. 4. The signature of
the exploding pusher core is lacking (despite a
strong implosion for the target), whereas the
subkilovolt ARC photographs display the core
vividly.

Although it appears that the desired target be-
havior has been generally achieved, the actual
energy transfer to thermals remains small. On-
ly 21 J is required to raise the entire cylindrical
3.2- pm mass to 130 eV. We anticipate that the
coupling can be improved by lowering the temper-
ature of the suprathermals. A threefold reduc-
tion of T„to 150 keV should raise the return cur-
rent correspondingly —for a ninefold increase
in magnetic pressure and a substantial increase
in the collapse velocity Aredu. ced T„could
come from flattening the illuminated cap into a
"nail head, "displaying an increased area for an
appropriately decreased laser intensity with de-
focused beams.

In conclusion, we have shown that CO, lasers
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can be used to induce the cylindrical implosion
of end-illuminated targets, and that the implo-
sion characteristics are consistent with heating
due to a return current. Laser-driven pinches
like these could be used to test pulsed-power
concepts. The production of a long thin high-
density plasma column may also prove useful in
experiments designed to observe gain" in the
x-ray region of the spectrum.
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the Helios laser operations group. This work
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Department of Energy.
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