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VACUUM LASER-INITIATED PLASMA SHUTTERS
FOR RETROPULSE ISOLATION IN ANTARES

by

T. W. Sheheen, S. J. Czuchlewski, J. Hyde, and R. L. Ainsworth

ABSTRACT

We have demonstrated that siniered LiF spetial fikkers may be used in a 10~-torr
vacuum environment as laser-initiated plasma shutters for retropulse isolation in the
Antares high-energy laser-fiision system. In our experiments, a 1.1-ns pulsed CO, laser,
at a 10-um wavelength and an energy of up to 3.0 J, was used for plasma initiation; a
chopped probe laser tuned to a 9.6-um wavelength was used in determining the blocking
time of the plasma. We measured the 10.6- and 9.6-um beam transmissions as a
function of fluence on the aperture edge. For an 800-um-diam aperture and a 1.2-mm-
diam Gaussian beam determined at the 1/c? intensity points, we observed blocking

times in excess of 1.0 us.

1. INTRODUCTION

In all high-energy laser fusion systems, protection of
front-end optical components from damage by the laser
pulses reflected into the laser system from fusion targets
is important. Any apparatus used in isolating the retro-
pulse should have a high forward transmission and a low
backward transmission; be minimally complex for re-
liable operation; and for the Antares configuration,
function in a vacuum environment.

Although an exploding wire system' and a metal iris in
air or ambient nitrogen® can block target retro-reflected
light, none of these retropulse-isolation approaches seem
appropriate for Antares. The exploding wire method is
not cost effsctive, and the vacuum environment of
Antares is not compatible with a metal iris in ambient
gas. Even though experiments have been performed
using a metal iris in vacuum in which a vacuum-blocking
plasma was formed,’ this device suffers from prompt
damage to the pinhole at fluences of 240 J/cm? or above,
without providing a critical-density plasma with the

lifetime of 530 ns or greater required for the Antares
beamline configuration.

In this report we demonstrate that a CO, iaser at 10.6
pum can initiate a plasma at the aperture of a sintered LiF
spatial filter in & 10~°-torr vacuum that will be of
sufficient density and lifetime to block the retropulse
from re-entering the laser system. The fluence incident on
the edge of the spatial-filter aperture controis the plasma-
initiated process and retropulse-blocking time. With the
1.1-ns:pulsed 10.6-um CO, laser incident on the edge of
a 0.787-mm-diam LiF spatial-filter aperture at a 63-
J/cm? fluence level, the laser-initiated plasma transmits
64% of the incident beam within the 1.1-ns pulse width.
Within 40 ns, the plasma reaches a critical density of
>10" cm™, sufficient to block the 9.6-um probe laser
for 680 ns. At greater edge fluences, blocking times in
excess of 1.0 us may be obtained for the 9.6-um probe
laser. Although we observed considerable dammage 0 the
metal iris in vacuum at high flwence levels, the simtered
LiF spatial filter shows only minimal demage, withowt
distortion of the aperture, after more than 200 pulees in a
10~*-torr vacuum.




II. EXPERIMENTAL TECHNIQUE
A. Experimental Arrangement

Our experiments employ a 10.6-um CO, laser with a
beam diameter of 3.0 cm, a pulse width of 1.1 ns, and an
energy of up to 3.0 J per pulse. This laser is focused on
the LiF spatial filter in a 10~%torr vacuum through an
NaCl window and lens with a 60-cm focal length for an
f/20 system. We used a chopped cw CO, laser tuned to
9.6 um as a probe laser to determine blocking time of the
laser-initiated plasma. The beam paths and experimental
configuration are shown schematically in Fig. 1.

Pyroelectric joulemeters measured the 10.6-um laser
input to the spatial filter and the transmitted energy.
Inserting calibrated CaF, attenuators varied output
without changing the input beam diameter. The spatial
filter was aligned for maximum transmission using the
micrometer adjustments that are fed through the vacuum
chamber wall. A video system consisting of a lens,
telescope, camera, and monitor is used during alignment.
It is calibrated for beam/spatial-filter position so that any

misalignment or asymmetry that develops during plasma
formation can be detected on subsequent realignment.
We aligned the 9.6-um probe laser with the spatial filter
by adjusting the two copper mirrors in the vacuum
chamber for maximum signal on the liquid-nitrogen-
cooled (Hg Cd Te) SAT detector.

B. Beam Profile Mcasurements

Using three methods, we determined the profile of the
10.6-um beam with an attenuated beam: (1) burn
patterns on exposed Polaroid film in and out of the focal
piane; (2) a 0.190-mm pinhole scan in front of a
pyroelectric joulemeter; and (3) as a prjmary diagnostic,
direct measurement of the beam profile with a 32-
element Sprincon pyroelectric linear array having 0.10-
by 0.0875-mm elements on 0.10-mm centers. Approx-
imately Gaussian profile data were taken in the vertical
and horizontal positions in and out of the focal plane and
recorded using a Tektronix 7834 scope. The methods
used in determining the beam profile and position are
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Fig. 1. Schematic of beam paths and experimental configuration.



within +20% agreement; also, shot-to-shot variation was
determined with the linear array and is within +20%
agreement.

C. Spatial-Filter Design

As shown in Fig. 2, a paraxial ray at an angle o off
axis, entering a spatial filter with a cone half angle of ¢, is
reflected at an angle n,, measured from the normal to the
conical surface, given by

T, =9°-9¢+a. (1a)
Succeeding reflections are at angles 7,
My = Vpoy = 2¢ ’ (]b)

for n = 2, 3, 4, ... As long as n, > 0, propagation
continues toward the apex of the corie.

In our experiments the spatial filter has ¢ = 39.4°, and
we employ a converging beam having rays with0 <a <
1.4°. Then 50.6° < #, < 52.0°,and -28.2 < m, < -26.8;
whence the beam exits the cone after the second
reflection.

The spatial filter for Antares has a cone angle ¢ of
18.2°, and the incoming beam has a convergence half
angle of 1.0°. The first few reflection angles will then be

71.8° < =, < 72.8°,
354 < m, < 364,

120 < m,

A
©

and

The third reflection leaves the surface normally, and
subsequent reflections move back out of the cone.

IIl. EXPERIMENTAL RESULTS

The CO, laser probe beam transmiseion is detected
using a liquid-nitrogen-cooled (Hg Cd Te) SAT detector
located in a screen room with a fast storage scope for
data recording. The blocking time by the spatial filter
aperture (Fig. 3) is a function of the 10.6-um fluence on
the aperture edge. A 1-mm quartz-core fiber optic was
used on each data shot to carry light from the plasma to
an RCA C 3080F PIN photodiode biased at +30 V, and
the pulse width of the signal agrees with the blocking
times shown in Fig. 3.

Figure 4 shows transmission of the 1.1-ns pulsed CO,
laser versus fluence incident on the edge of the spatial-
filter aperture. The dashed curve merely highlights the
higher transmission at a fluence of approximately 10.7
J/em? on the aperture edge. The effect of a higher
transmission may be real because the same behavior has

" been noted using a metal iris in a nitrogen environment;?

we think this may represent a plasma lens effect.? Also
indicated is a plasma closure time of less than the 1.1-ns
pulse width of the 10.6-um laser pulse.

The blocking time of the cw probe laser at 9.6 um
versus the percentage of transmission of the l.1-ns
pulsed CO, laser at 10.6 um (Fig. 5) agrees with the data
in Figs. 3 and 4. Figure 6 shows transmitted energy of
the 1.1-ns pulsed Iaser through the spatial filter as a
function of aperture edgefluence incident and also
represents E-out versus E-in for this beam and aperture
geometry; we did not observe any clamping of the
transmitted beam.

Figure 7 shows the blocking time of the probe laser as
a function of total fluence incident on the spatial filter

w77

/

Fig. 2. Antares LiF spatial filter.
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with the pulsed CO, laser focused 2.0 mm off the spatial-
filter axis. Blocking of the probe laser does occur but at
higher fluence levels. During the test series, we exposed
the LiF spatial filter to ~200 laser pulses in 2 vacuum
environment without distorting or opening the aperture.
Sputtering occurred around the circumference of the
aperture where the pulsed beam is incident. A 650-
pum-diam metal iris was initially tried in vacuum at 10~¢
torr at the same CO, beam intensity. and was noticeably
damaged after ~50 pulses. However, we. believe that
further work is required to establish moce definitive
useful lifetimes. o ’

Statistical fluctuations of +20% in transmission values
were observed. These are probebly due to the somewhat
crratic nature of the plasma initistion process. An
uncertainty of a factor of 2 is present iri the absolute
values of the cdge fluences, which is caused by the
uncertainties in measwring the beam profiles and in
aligning the beam on the aperture. The uacertsiniy im the
relative fluence values is much better, however, being
+10%.



IV. DISCUSSION
A. Experimental Data

In interpreting our experimental results, a primary
consideration is the spatial profile of the 10.6-um pulsed
laser beam. The experimentally determined spatial profile
was approximately Gaussian, with a radius defined at the
1/e? intensity points of 540 + 75 pm, at a position 20.0
mm in front of the f/20 input optics focal plane, where
the spatial-filter aperture was positioned to obtain edge
fluences of interest.

The theoretical beam radius at the 1/e? point for a
perfect optical system at a distance z in front of the focal
plane is given by

Az 9 12
mz=m,,|:l+(—z—):| . )
nwy .
In this expression, o, is the radius at the 1/e? point in the

focal plane and is defined as

2,01 f;
o, = 2t 6)

where f# is the f/number of the optical system.

To determine whether the experimental results for the
pulsed 10.6-um laser beam are self-consistent, we con-
structed an “idealized” Gaussian beam profile from the
experimental data. By assuming a 3.067-cm input beam
diameter and a 23.29-mm spatial-filter aperture position
z in front of the focal plane, we could define a beam with
a pure Gaussian spatial profile that would fit the
experimental data well within the 20% experimental
error. Using the 3.067-cm input beam diameter with the
60.0-cm focal length NaCl input lens, we have an 719.56
input optics system and a focal plane beam radius o, of
132 ym. The beam radius ©,, 23.29 mm in front of the
focal plane, is then 610 um. For such a beam, the
maximum transmission of the 10.6-um laser beam
through the spatial filter with a 0.3937-mm aperture
radius is 56.53% of the total energy input (E,) on the
filter axis. For this we use

. 2 ) .
Eouw = E(n)' = —n;ﬁFo[l - cxp('&,zzﬁ)] s @

with the peak on-axis fluence Fo given by
20
= )

2 -
z

Fo =

Note that, at an edge fluence between 6 and 10 J/cm?, '

the transmission of the pulsed 10.6-um CO, beam
exceeds the maximum calculated or small-signal trans-
mission. Czuchlewski and Figueira® noticed this effect
when a metal iris was used in a nitrogen-gas experiment.
We conjecture that a subcritical plasma (with a density
of less than 10" cm~? for the 10.6-um radiation) is
formed, with an index of refraction given by
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where ), is the plasma frequency and  is the optical
frequency. The formation occurs in less time than that of
the 1.1-ns laser pulse width; thus, the plasma acts as a
positive lens,* focusing the pulsed laser beam through the
aperture of the spatial filter into the /15 collecting
optics.

The data in Fig. 6 show that the laser-initiated plasma
is formed within the 1.1-ns time scale of the laser plasma
pulse with a density sufficient to decrease the trans-
mission of the plasma-initiating laser pulse. However, at
the fluences used in these éxperiments, the 10.6-um laser
pulse is not self-clamped,? to the point that the trans-
mission through the spatial fiker approaches zero. This
situation is most clearly shown in Fig. 6, where a plateau
is absent in the energy transmitted as a function of the
edge fluence.

The time during which the 9.6-um probe laser beam
transmission is blocked is a function of the pulsed 10.6-
um laser fluence on the spatial-filter aperture edge (Fig.
3). At fluences of 230 J/cm?, blocking times for the probe
laser arc greater than 1.1 ps, a time that exceeds the
reflection time of the laser pulse from a fusion target in
the Antares laser fusion system. The plasma formation
time needed to reach critical density swificient to block
the 9.6-um beam is ~40 ns. The mechanism by which
the plasma reaches this density is not discernible from
our present cxperimental deta. However, we speculate
that as the LiF is blown off the spatial filter the lithium
and fluorine disassociate and the lthinm, with is low
work function, is readily ionized by the energetic eloc-

trons. Loter, Halverson, and Lax® indicate that this may




be a plausible mechanism; they focused a 10.6-pym CO,
laser with a 3 x 10! ~-W/cm? peak irradiance on a CF,
target in soft vacuum and observed F VIII lines at
16.807 A. This flux is comparable to the peak irradiance
in our experiment of 2.33 x 10" W/cm?

From the experimental data, we cannot explain the
plateau in blocking time at approximately 800 ns, but we
think it is a region where plasma formation is in
equilibrium with losses. A similar situation is shown in
Fig. 7: the blocking time of the 9.6-um probe beam as a
function of total fluence approaches an asymptotic value
of approximately 1.1 ps when the pulsed 10.6-um beam
is focused 2.0 mm off the spatial-filter axis. With the
pulsed beam focused off-axis, the angle of incidence on
the LiF surface is 39°, which gives a reflectance per
steradian of 0.004.* This result indicates that most of the

*This information was supplied by A. Saxman, Group P-5,
Los Alamos National Laboratory, in “Geometry for Scatter-
ing and Reflection Measurements™ (1982).
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laser energy is deposited on the surface of the spatial
filter at first incidence.

Plasma lifetimes, determined by using fiber-optics
probe diagnostics to detect the plasma radiation, agree
very well with the blocking times observed for the probe
laser. This agreement serves as an independent correla-
tion of the plasma lifetime with the critical density
necessary to block the 9.6-um beam by the laser-initiated
plasma. The observed luminosity is probably due to
bremsstrahlung® that is proportional to electron density
because the plasma should be at a temperature too high
for significant recombination.

B. Retropulse Isolation in Antares

The optical beam path and elements of the Antares
power amplifier are shown schematically in Figs. 8 and
9; the element spacings are shown in Fig. 9. A plasma

Fig. 8. Antares power amplifier optical clements.
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that is caused by laser beam impingement could be
formed at the spatial filter (element 7 in Figs. 8 and 9} in
the following time sequences:

(1) t = ¢, = 0 ns as the input beam passes the spatial
filter on its way to the power amplifier;

(2) t = t, = 9 ns as part of the output beam leaving the
power amplifier is intercepted by a relay mirror (clement
12) and reaches the spatial filter using elements 8
through 11; and

(3) t =t, = 537 ns as the retropulse returns from the
fusion target to the spatial filter.

An edge fluence of approximately 45 J/cm? is required
at time tg to obtain a beam blocking time of 50 ns (Fig.
3). For an {/32 airy disk pattern on the spatial filter at
time ty, the radii of the first and second minima are
0.4138 mm and 0.7474 mm, respectively, for a ring area
of 1.264 mm’®. At an input energy of 7.0 J and an edge
fluence of 46.6 J/cm?, the first ring contains 8.4% of the
input energy, yiekling a plasma blocking time of 550 ns
and an incident beam transmission of 75%. An /32
Gaussian beam profile at the spatial filter at time t, has a
theoretical beamn radius at the 1/e? intensity points of
0.2159 mm in the focal plane. This radius would provide
sufficient edge fluence at the 0.3937-mm radivs spatial
aperture for formation of a plasma. However, the plasma
from the Gaussian beam would require further energy
input at time t, to provide sufficient retropulse blocking
at time t,. At time t, the fluence reflected onto the spatial
filter is less than 1.0 J/cm? in our configuration and
would not appreciably affect the plasma density or beam
blocking time. In Egs. (2)(5), decreasing the space
between the spatial filter and the focus mirror by 11.6
mm would produce an edge fluence of 100 J/cm®. This
fluence would provide a beam blocking time of 820 ns
relative to-time i,, a time greater than the retropulse
return time t,.

V. CONCLUSIONS

Laser-initiated plasma formation on or near metal
surfaces has been the subject of considerable
research,”!? both in and out of a vacuum enviconment,
using both short (1.0 ns) and long (60-105 ns) pulse
widths. The longer pulse width (<160 ns) studics in
air** indicate that plasmas are initisted at local sites on
the surface of the metal; where défects or ftakes exist that
can be casily heated to vaporization. Then plasma is
formed by surface-emitted priming clectrons hested by
inverse-bremsstrahlung absorption in the presence of the

7



neutral air molecules. The process results in initiation of
a nonequilibrium air-breakdown cascade, In several
experiments at 1.06 and 10.6 um where metal irises have
been used in a vacuum environment,’*? deterioration
and enlargement of the spatial-filter aperture have oc-
curred that are dependent on the incident energy. We
also obscrved this phenomenon in our work, where
stainless steel pinholes were initially used in a 10~%-torr
vacuum. Aperture closure times of ~1.0 ns were de-
termined in several experiments,*’ which are in agree-
ment with data obtained in our experiments.

The LiF spatial filter seems most satisfactory for the
Antares high-energy laser fusion system as a spatial filter
and as a plasma shutter to isolate the laser system from
retropuilse damage with beam blocking times greater
than the retropuise return time. The LiF spatial filter is a
passive device that functions in a vacuum environment
with a high forward transmission and negligible
backward transmission, using the incident laser-initiated
plasma for retropulse blocking.
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