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In Brief

This volume of the LLE Review, covering the period July—September 1997, begins with a general
introduction to LLE’s experimental physics program and a report on recent results. This article includes
a useful summary of the system’s operational capabilities and system parameters. Other highlights of the
wide variety of research presented in this issue are

» A promising method to directly observe the cold compressed shell of an imploding target. The shell
is normally observed by backlighting. The proposal described here is to use A doglant that
fluoresces under radiation from the hot core inkidine.

» A study of the instabilities associated with near-forward stimulated Brillouin scattering. It includes a
calculation of the saturation times and steady-state gain exponent.

» A successful program of pulse shaping for the OMEGA laser system. Examples of a variety of pulse
shapes that can be programmed are presented.

» A description of the angular-scattering characteristics of ferroelectric liquid crystal electro-optical
devices operating in transient and extended scattering modes. The possibility of applying these device:s

as modulators in practical IR imaging systems is evaluated.

» Afaster method of shaping and finishing IR materials by the use of magnetorheological fluids. Detailed
specifications and test results are included.

* Anintegrated circuit tester based on interferometric imaging. This technique holds promise of ultrafast
noninvasive testing of the voltage states of sections of microchips.

» Continued success of the Laboratory’s High School Summer Research Program. The program, which
started in 1989, has brought several dozen young people into intimate contact with modern science ant
technology.

The volume concludes with a Laser Facility Report and the National Laser Users’ Facility News.

Robert S. Knox
Editor



OMEGA Experimental Program and Recent Results

The Laboratory for Laser Energetics (LLE) with its OMEGA established experimental programs to address both issues. The
facility is part of the national laser-fusion effort within the U.S.seed amplitudes can be due to either laser nonuniformities
Department of Energy and has as its main mission direct-drigaser imprinting) or target nonuniformities. The role of drive-
laser-fusion research in support of the upcoming Nationajenerated seed amplitudes (laser imprinting) is studied exten-
Ignition Facility (NIF) at the Lawrence Livermore National sively at LLE. Assessment and improvements of target non-
Laboratory (LLNL). The upgraded OMEGA laser system hasuniformities (particularly those of cryogenic targets) are ad-
been in operation since May 1994. This versatile 60-beam Udressed elsewhere within the national program. RT growth
laser facility has proven capable of carrying out a wide varietyates have been studied in a collaborative effort between
of experiments related to inertial confinement fusion (ICF)LLNL and LLE for some time. The present LLE experimental
The facility also supports indirect-drive laser-fusion researclprogram on RT growth rates addresses the problem in both
under the direction of LLNL and the Los Alamos Nationalplanar and spherical geometries and for a variety of irradi-
Laboratory (LANL). ation and laser-beam-smoothing techniques.

The challenges facing direct-drive ICF are principally con- LLE is preparing for future cryogenic target irradiation
nected with drive uniformity (uniformity of laser irradiation on through a program centered at General Atomic in San Diego.
target), control of the hydrodynamic instabilities during theCryogenic targets will be irradiated on OMEGA within two to
compression phase of the target, and target uniformity, particthree years.
larly that of the future cryogenic targets required for the
success of laser fusion. The experimental program at LLEMEGA Laser Characteristics
addresses all of these issues; this article lays out the presentThe OMEGA laser systehis a Nd:glass laser system with
status of this research and its path for the future. frequency conversion to the third harmonic with a UV

(351-nm) energy capability on target in excess of 30 kJ for

Theirradiation uniformityon target depends on the numberpulse durations af2 ns. The system’s 60 beams (30-cm beam
of laser beams and their disposition, the intensity distributiodiameter) are arrayed symmetrically around the 3.3-m-diam
within each beam (beam-smoothing scheme), and the enertgrget chamber and are focused onto the target by 60 near-
and instantaneous power of each beam (energy and powgiffraction-limitedf/6 lenses.
balance). While the first two points are unalterable character-
istics of the OMEGA laser system (60 beams symmetrically Laser pulses with awide variety of predetermined, temporal
disposed around the target), all other contributors to the irradi&}V output pulse shapes have been produced by a versatile
tion nonuniformity are subject to ongoing research and impulse-shaping systef® To date these shapes range from 1- to
provements. The ultimate goals for OMEGA are 4%-5% rm8-ns flat-topped pulses to linear ramps (1 to 3 ns), Gaussians
beam-to-beam energy and power balance and <1% rmsirradi@®-2 to 1.2 ns), and LLNL's pulse shape PS22 (2-ns pulse
tion uniformity averaged over the target and over 300 to 500 pdesigned for indirect-drive targets).

Understanding and controlling the hydrodynamic instabili-  The demonstrated energy balance of the OMEGA system is
ties are the main ICF concerns. Of primary concern is the-2% rms for the IR part of the system, ~3% rms in the UV after
Rayleigh—Taylor (RT) instability in the acceleration and decelthe conversion crystals, and ~4% to 5% rms on target after the
eration phases of the spherically imploding ICF target. Th&V transport optics (two turning mirrors, a focusing lens, and
problem centers on both growth rates and relevant seed ammiblast shield per beamline). The system’s energy reproducibil-
tudes from which target perturbations can grow. LLE hagty is <1% rms excluding clearly identifiable flashlamp or
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pulse-forming network (PFN) malfunctions. The measurePresent OMEGA Experiments
ment accuracy of the beam energies (including residual funda- The present OMEGA experiments address irradiation uni-
mental and second-harmonic output from the conversioformity, implosion physics, hydrodynamic instabilities, laser
crystals) is ~0.8% rms. imprinting, and laser—plasma-interaction physics. In addition
LLNL and LANL carry out experiments related to indirect-
The laser system has three complete driver lines withlirive laser fusion.
corresponding pulse-shaping systems. Any one or any combi-
nation of two of these driver lines can be used to drive the lasdr. Irradiation Uniformity
system. The laser system supports the propagation of two The irradiation uniformity on target can be analyzed using
different pulse shapes, one for the main experiment (drivedpherical harmonic decomposition. One thus finds that the
and one for a backlighter. In this case one driver line feeds 4@nalterable OMEGA irradiation configuration (60 beams
beamlines, while the other feeds the remaining 20. The timingymmetrically arrayed around the target) and the on-target
between these two groups of beams can be chosen freely. beam envelops contribute primarily to modes of ofdef0.
Energy and power balance as well as pointing on target con-
Beam smoothing—an essential component for the succes$sbute predominately to the amplitudes of modes Wi,
of direct-drive laser fusion—is implemented on OMEGA The intensity distributions of the individual beams, on the
using smoothing by spectral dispersion (SSD) pioneered ather hand, contribute to high-order modes withanging
LLE.# LLE’s approach combines continuous-phase-platevell beyond/ = 100. The effort to control and reduce the
technology with polarization rotators and two frequency moduirradiation uniformity on target therefore requires many differ-
lators with corresponding spectral dispersion in two dimenent approaches.
sions (2-D SSD). Present capabilities are limited to 2- to 3-A
total bandwidth for the two modulators (3- and 3.3-GHz a. Enegy and paver balance. Energy and power balance of
modulation frequency). In addition, a limited number of phase-4%-5% rms between beams puts severe demands on the laser
plates and polarization rotators are available primarily forsystem. Very accurate energy- and pulse-shape-measurement
planar-target experiments. By the end of 1997 a full compleeapabilities are a prerequisite, as are stringent controls over the
ment of phase plates will be available for spherical irradiatiomains and losses of like amplification stages within the system
experiments. A complete complement of polarization rotatorgthey must be kept within ~2% rms). In addition, computer-
is projected for 1 to 2 years from now. At that time increasedbased strategies must be developed for energy redistribution
bandwidth (~10 A) and frequency modulation (FM) at higherand fine control of some key amplifiers.
frequencies (~10 GHz) will also be available, allowing an on-
target frequency bandwidth of ~1 THz in the UV. The energy-measurement requirements have been met by
OMEGA. The capability to sufficiently control the individual
The pointing capability of the OMEGA laser system hasbeam energies has also been demonstrated; however, some
been shown to be ~3@n rms on target. This performance has persistent problems with PFN’s presently prevent consistent
been repeatedly verified with x-ray imaging using pinholeachievement of the desired and achievable energy balance
cameras and x-ray microscopes. The stability of the system &f <4% rms on target. This goal will only be achieved after
sufficient to maintain the above pointing accuracy withoutsome critical components that currently perform marginally
adjustments for at least a period of one day. Furthermor@re replaced.
recent experiments have shown that beams can be placed in
basically arbitrary locations within ~1 cm from the target Power balance on OMEGA has so far been addressed
chamber center with essentially the same accuracy 20 primarily conceptually. Some significant improvements in
without corrections; better accuracy is achievable with ongulse-shape-measurement capability will result when two high-
iterative fine correction). This capability has been demon-quality multiplexed UV streak cameras are installed on OMEGA
strated on recent indirect-drive hohlraums of cylindrical (twowithin the next two to three months. They will measure the
laser entrance holes) and spherical shape (“tetrahedrapulse shapes of 20 of the 60 OMEGA beams. The expected
hohlraums with four laser entrance holes) with or withoutmeasurement accuracy is ~1% rms at the peak of the pulse for
additional backlighter targets. all 20 channels with an optical fiducial channel providing
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timing accuracy and on-shot sweep speed calibration. (Identspeckle patterns on target are slightly displaced and do not
addition, a new streak camera tube, designed at LLE and buiittterfere with each other. This leads to an instantaneous reduc-
by Phillips in France, is expected to provide a higher dynamition in beam nonuniformity by a factor @2 . LLE is currently
range and more extended multiplexing capabilities.) developing liquid crystal polarization rotators for all 60 beams
of OMEGA.
An essential component of LLE’s power balance strategy
relies on the fact that power balance is assured if enerd. Implosion Physics
balance is maintained for full-energy shots as well as for shots Implosion experiments have been conducted on the up-
with reduced output energy. Of course, the laser system mugtaded OMEGA since it was commissioned in May 1994. The
be operated under identical conditions (e.g., identical banknproved symmetry of irradiation and the 30-kJ energy capa-
voltages) with only the input laser energy reduced appropriateliility of this laser system immediately resulted in record
neutron yields in excess of ¥0for ~30-kJ UV irradiation of
b. Beam-intensity disitoution and smoothing meanisms. a DT-filled glass shell of ~1-mm diameter.
The intensity distribution of a typical high-power laser beam
on target is shown in Fig. 72.1(a). The target outline is indi- A series of recent implosion experiments were designed to
cated by the circle. The introduction of a distributed (quasiinvestigate the scaling of the measured neutron yields with
random) phase plate (DPP) with continuous phase reliefxpected core distortions due to the combined effects of the
generates an intensity distribution [Fig. 72.1(b)] whose enveRT instability in the ablation and deceleration phases. For this
lope and speckle pattern are statistically well defined. Ipurpose, targets with different fill pressures and various shell
addition, LLE’s phase-plate approach allows for control oftompositions (CH and Cl-doped CH shells) were used. A
both the envelop function and the speckle distribution. SSRorresponding plot is shown in Fig. 72.2, where the relative
combines FM with spectral dispersion to smooth the highneutron yield is plotted as a function of the expected distortion
frequency speckle of the DPP’s leading to the very smootfraction of the fully imploded target. The distortion fraction
intensity distribution shown in Fig. 72.1(c). This figure is awas obtained from ancillary calculations using current models
temporal average over the full pulse duration of 1 ns. Instantéer the RT growth factor in the acceleration (ablation) phase, a
neously, the intensity distributionis stillas shownin Fig. 72.1(b)heuristic feedthrough factor for the perturbations from the
outer to the inner pusher surfaces, and similar RT growth factor
Further enhancement of the uniformity (smoothness) oéstimates for the deceleration phase. This distortion fraction is
the single-beam-intensity distribution on target is obtained byhe radial core distortion divided by the final radius of the
using polarization rotatos.These optics are birefringent imploded core. The smooth scaling of these data for a variety
wedges that are placed in the beam near the focusing lens asfdargets and irradiation conditions suggests that this defini-
change the polarization across the beam in a continuous maion of the distortion fraction of the final core is a useful one,
ner. The effect of this plate is equivalent to splitting the bearsombining RT instability and target convergence concepts.
into two orthogonal polarization components whose indepen-

@) (b) (©

Figure 72.1

The intensity distribution of a single beam in the target
plane for (a) a typical high-power laser beam without
any smoothing, (b) the same beam as modified
(aberrated) by a phase plate with a continuous-phase-
relief pattern, and (c) 2-D SSD (phase plate and two FM
modulators with wavelength dispersion in two perpen-
dicular directions).

—650pum — —650pum — F—650pum —
Frequency-tripled Continuous DPP 2-D SSD
beam

E7846
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1.00

@ Cl'dOped CH The yield over calculated 1-D yield (YOC) scales reproducibly with the distortion
0 2-D SSD/pure CHj

fraction, which is defined as the distortion of the final core relative to its radius. This
L ® Pure CH _ distortion fraction is obtained from ancillary calculations using models for the RT
growth factors in the ablation (acceleration) phase, a heuristic feedthrough factor, and
the growth factor of the deceleration phase.

Figure 72.2
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ot Several experimental programs at LLE investigate various

aspects of the RT instability: two planar-foil experiments study

ﬂ. laser imprinting and RT growth rates respectively, and several
spherical target experiments address RT growth in both the

ablation and deceleration phases.

0.01 TN T T T T O B B B
0.0 02 04 06 08 1.0 a. Laser imgnting (planar tagets). Laser imprinting has

been studied at LLE using planar foils and multiple-beam
Teusan Distortion fraction((8g)/rs) irradiation (typically five to six overlapping beams). The

experimental variables included various beam-smoothing tech-

niques and foam-coated targets. Face-on radiography (85-ps
3. Hydrodynamic Instabilities exposure time) was used to measure the modulation depth as a

The hydrodynamic instabilities encountered in direct-drivefunction of time (Fig. 72.3). Initial mass perturbations caused

ICF are generally dominated by the RT instability. This instaby laser imprinting are amplified by the subsequent RT growth
bility is active during the target implosion in both the acceleraand are observed later in time. In other words, the mass
tion phase at the ablation interface and the deceleration phgserturbations that are initially invisible are rendered visible by
at the fuel-pusher interface before the final stagnation. Thiae RT amplifier. Changing the smoothness of the laser irradia-
instability grows from target imperfections and/or mass perturtion (from no DPP’s to DPP with 1-D SSD, etc.) one clearly
bations produced by irradiation nonuniformities (laser im-discerns a corresponding decrease in modulation depth at late
printing). This laser imprinting occurs primarily at early timestimes. Full 2-D SSD with distributed polarization rotators
when there is little or no plasma to smooth irradiation(DPR’s) leads to greatly reduced modulation, indicating sig-
nonuniformities. Since some degree of irradiation nonunifornificantly reduced laser imprinting. Fourier analysis of the
mity is unavoidable, a thorough understanding of the Rimages in Fig. 72.3 also shows clear quantitative reduction in
growth rates is vital, particularly with regard to effects that mayhe power spectrum for spatial wavelengths in the range of 20

reduce the growth rates. to 100um.8
DPP DPP DPP DPP + DPR
No SSD 1-D SSD 2-D SSD 2-D SSD

2.4 ns

2.1ns

E8378 Shadow in view

Figure 72.3

Laser imprinting using planar foils and five overlapping beams (3 ns flat-top) clearly shows the effect of different srremtdthigges applied to the laser
beam. The modulation face-on radiographs taken in the light of an x-ray backlighter around 2 keV are less pronouncedes teatylater (2.1 ns versus
2.4 ns) when RT growth of the laser imprint becomes much more noticeable.
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Foam-covered targets have been proposed to decrease laseceleration of, this target. Furthermore, since all RT growth
imprinting as well as reduce RT growth rafémprint experi-  rate interpretation requires code simulations, a prerequisite for
ments using such foam-covered targets do indeed exhilsticcess is good agreement between the time history of the
significantly reduced laser imprinting, but the analysis of thesaccelerated target position and code predictions. Such agree-
experiments is rendered more complex due to possible changesntis shown in Fig. 72.4 for a bare (smoothl20CH target
in target isentrope, which can reduce the RT growth rates. Toil accelerated by a 3-ns ramp laser pulse. Similar experi-
assess the utility of foam-covered targets all effects on targatents using foam-covered targets yielded equally good results
dynamics must be considered. and indicated unchanged coupling of the laser to the target.

b. RT growth (planar taget). Detailed studies of the RT  The RT growth of single-frequency sinusoidal perturba-
growth rates in direct-drive experiments have been carried otibns impressed on the target has been measured using initial
for some time in collaboration with LLNE.These experi- perturbation amplitudes of ~0/&n with 314um and 60gm
ments were initiated on the Nova laser at LLNL and weravavelengths. Initially these perturbations are invisible in the
subsequently moved to OMEGA he generic setup for these framing images of the backlit foil, but at later times the
experiments utilized flat-foil targets with known mass perturperturbations become clearly visible and measurable. Plotting
bations that were irradiated with five or six overlapping drivethe optical depth versus time (Fig. 72.5) shows the expected
beams. These drive beams were outfitted with DPP’s and othsignature of RT growth. Since the optical-depth fluctuations
variants of beam smoothing. The targets were radiographeudte proportional to areal densipyr] changes along the line of
with an x-ray backlighter and an x-ray framing camera. Irsight, one interprets modulation fluctuations as perturbation
addition, acceleration measurements of the foil were takeamplitudes assuming constant dengityin order to extract
with a streak camera and side-on x-ray backlighting. guantitative information from this plot, numerical simulations

are carried out using the 2-D hydrodynamic c@dRCHID.

Quantitative interpretation of the RT growth rates require§&s0od agreement between these simulations and the experi-
accurate knowledge of the laser coupling to, and the resultingental data in Fig. 72.5 is obtained provided the simulations

use measured laser pulse shagasinclude the experimen-
350 ; | ; ; ? tally measured noise in the x-ray framing camera snapshots. If

300 L i Experiment h
i 1 1.00 —— : : :
250 |- _ Apert=31pm B
B i 8 =05um g
o 2001 | <
Q r ORCHID
= i i = with noise
& 1501 — T 010} e
%) . Simulation _ 8 : .-
$ 100 ] A
a B N © i Noise level
i i E 7
50 [ . - A ORCHID
N | without noise
0 0.01 . ! . ! :
Iy n 0.0 1.0 2.0 3.C
-50 1 | 1 | 1 | E8402 Time (ns)
0.0 1.0 2.0 3.0
E8234 Time (ns) Figure 72.5
Rayleigh—Taylor growth as measured by the optical depihdfthe target)
Figure 72.4 for a 20um-thick CH foil with an impressed sinusoidal corrugation of.84.-

Trajectory of accelerated 2@m CH foil targets used for RT experiments. The wavelength and 0. amplitude. The perturbation amplitude onset and
experimental data were obtained using an x-ray streak camera with side-saturation are well modeled KWRCHID simulations, provided the experi-
backlighting of the planar-foil target. The solid line corresponds to numericamental noise in the framing-camera images is included in the analysis
predictions using the experimental laser pulse shapes. (dashed line).
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the experimental noise were neglected, one might infer re- The presence of a vigorously excited two-plasmon-decay
duced (and erroneous) RT growth rates. Furthermore, properstability is clearly seen in all implosion experiments on
interpretation of RT experiments requires allowance folOMEGA. This instability has an experimental threshold in the
nonconstant target acceleration and the concomitant changeaw 103 W/cn? and is difficult to suppress with any beam-
RT growth rates. smoothing technique's The importance of this instability lies
inits potential to generate energetic electrons. We are presently

c. Ablative RT instability in spheical tagets. Burnthrough preparing to quantify any energetic electron production that
experiments using imploding spherical targets with tdgh- may accompany this instability.
signature layers have been carried out at LLE for approxi-
mately five yeard? These experiments have clearly shownthat In the spectral region where one expects to observe stimu-
the measured time of appearance of the x-ray lines due to tleed Raman scattering (480 to 700 nm), we have observed
signature layer is more indicative of the RT instability in thescattering in a number of implosion experiments. However,
ablation phase than of the propagation of the ablation fronindications are that this instability is close to its threshold under
Recent experiments on OMEGA have confirmed the earlietypical OMEGA operating conditions (a fewfoN/cn).
observations and refined the interpretation in terms of equiva-
lent initial mass perturbations, which may be due to laser Long-scale-length experiments have begun using explod-
imprinting or target nonuniformities. Changing beam smoothing foil or solid targets with multiple-beam irradiation and
ing permits quantitative estimates for the laser imprinting irstaggered timing of the various beam clusters. These experi-
terms of equivalent target nonuniformities. ments are guided by 2-D hydrodynam®AGH simulations

that predict ~1-mm density-gradient lengths &8 at electron

d. Deceleation-phase R instebility (mixing). The RT  temperatures in excess of 2 keV.
instability during the final stages of the implosion (the decel-
eration phase) has been investigated at LLE using variol&ummary
signature layers close to the inner boundaries of the tHrgét. The 60-beam OMEGA laser system has now been in opera-
These layers are either Ti-doped plastic layers with a 10- tiion for three years. It has been used extensively for a wide
20-um CH ablation layer on the outside op CD layers variety of experiments relating to direct-drive laser fusion,
similarly overcoated with an ablation layer. Between the signarom high-yield implosion experiments to planar and spherical
ture layer and the inner target surface are CH layers of variabRayleigh—Taylor experiments and laser-imprinting experiments
thickness. The target fill is eitherthr or D,-Ar for the two  as well as laser—plasma-interaction experiments. OMEGA is a
types of targets, respectively. The performance of these targetsrsatile and effective target irradiation facility that will sup-
may be analyzed by using their neutron yield as a function gfort the National Ignition Facility now under construction at
the innermost layer thickness or by x-ray spectroscopic meansLNL. Experimental results obtained to date pertain to both
These experiments are still in progress, and results indicate ttditect-drive and indirect-drive laser fusion.
this will be a powerful experimental technique.
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Imaging the Cold, Compressed Shell in Laser Implosions Using
the Ka Fluorescence of a Titanium Dopant

The cold, compressed shell in laser-driven implosions cacold shell surrounding the hot core around the time of peak
normally be imaged only by backlighting because its x-rayrompression. The term “cold” in this context will be defined
emission is very weak. However, a highdoped shell can be below. Thisimaging method is much simpler than backlighting
imaged using th&a line radiation, which fluoresces due to and has an additional advantage: whereas in backlighting an
excitation by the intense radiation from the hot core. We showntense core radiation competes with the signal, here, to the
results from titanium-doped target implosions where the onesontrary, it enhances Ka emission in past experiments has
dimensional spatial profile of the Kia radiation yields the been associated with excitation by suprathermal eleétoons
dimensions of the cold shell around the time of peak compresy coronal radiatiod.However, the data in the present experi-
sion. This result, coupled with the shell areal density detement clearly shows that the excitation source fokitidine is
mined by th&-edge absorption, yields an estimate of the shellhe core radiation.
density. SinceKa emission depends only on the cold shell
density (not its temperature), its image directly reflects the Ka fluorescence can be imaged by monochromatic, two-
shell uniformity. Additionally, the measured absorption abovalimensional imaging; a method involving a Kirkpatrick—Baez
the K-edge and the energy in tKex line, which are directly (KB) microscope coupled to a diffracting crystal was recently
related, are shown to indeed be consistent. demonstrated by Marshall and OeftélHere we report on
one-dimensional polychromatic imaging obtained with a crys-
Laser-imploded targets consist of a hot core surrounded kgl spectrograph fitted with a spatially resolving slit. One-
a cold, compressed shell. Diagnosing the shell is vital tdimensional imaging cannot show the symmetry of the cold
understanding targetimplosion, and several x-ray—based me#hell, but it can determine its average radial extent. Coupled
ods have been developed to address this requirement. Rmith the measurement of the shell’s areal density by any of the
example, it has been sholwvhthat the peak in the emergent above methods, this result can lead to an estimate of the average
continuum radiation (caused by shell absorption of the sofhell density around peak compression. Also, the measured
radiation) can be used to determine the shell areal densitypatial extent dka radiation provides an additional constraint
More recently# it has been shown that doping part of theon two- and three-dimensional simulations of target implo-
shell with a highZ element provides additional signatures ofsion. The purpose of this work is to demonstratehamages
shell temperature and areal density, namely, absorption linesin be obtained with targets of low-level doping and that a cold
andK-edge absorption [including extended x-ray absorptiorshell is indeed found to surround the hot, compressed core.
fine structure (EXAFS)]. All these methods depend on the
core radiation; thus, a time-integrated measurement yieldSxperimental Results
approximately the conditions at peak compression, when that Figure 72.6 shows a schematic of the target and measure-
radiation is strongest. ment configurations. The polymer target is initially empty; at
peak compression, part of the overcoat has been ablated and the
Additional valuable information can be provided by imag-inner part of the mandrel forms the core. The doped layer
ing the cold shell. Since a cold shell emits few x rays, itgontains titanium at 0.5% by atom number. An axial view by
imaging is normally done by backlighti®fg’ However, we  the x-ray spectrometer shows the emission of continuum from
show in this article that when the cold shell is doped, it can bine core, as well d&-edge absorption ardr emission within
imaged usinda fluorescence excited by the core radiation.the doped layerAn off-axis view should show only ther K
The fluorescence oKa radiation can occur only in cold emissionThe overcoat is much thicker than the laser-ablated
material and is significant only when the pumping core radialayer, ensuring that none of the titanium-doped layer is ablated
tion is intense; thus, thka emission profile delineates the away. Likewise, the titanium layer is sufficiently far from the
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tatively relating the two we can verify that the absorption of
core radiation accounts for all the energy inKleeline. The
rapid changes in absorption above Kredge are related to
EXAFS# Also, the narrow spike of absorption at thedge
has been observed in synchrotron experiments on titafium
Core emission, and other metal$ and is attributed to a high density of
K-edge absorption,  g.orbital states above the Fermi level. The Ti dddine
Ka fluorescence o ) . . . 2
(along with its dielectronic satellites) is a signature of miging.
Earlier experiments with thinner, Ti-doped shelhowed
absorption lines due te32p transitions in Tiions with various
L-shell vacancies (in addition t-edge absorption); the ab-
sence of these lines in Fig. 72.7 indicates that the doped layer

Ka fluorescence

Figure 72.6 is uniformly cold T = 100 eV).
Schematic representation of the target and measurement configurations. An
axial view by the x-ray spectrometer shows the core emission of continuum 1.4 —
as well aK-edge absorption arttr emission within the doped layer. An off- L He- Shot 9095+
axis view shows only thEa fluorescence emission. 1.2+ -
. . . N : .2 10r
inner-shell interface to ensure no emission of titanium lines in@
the absence of mixin§The titanium layer is thus cold for the é 08L
most part and should give riseKar fluorescence. £ L
L 06

We analyze the results from a single target shot, No. 9095, - 1
on the OMEGA laser systeit. The target was a 6/4m- 0.4 K-edge .
thick, empty CD mandrel of 93@m outer diameter, coated 02 L]
with a 8.7um-thick CH shell that was doped with titanium at ‘4.0 45 5.0 5.5

0.5% concentration by atomic number (or at a density of

0.037 g/cm). Finally, the target was overcoated with an E858!
18.74um-thick CH layer. The 29.6-kJ laser pulse had a 1-ngigure 72.7
flat top (to within £5%) with 100-ps rise and fall times. Detailed view of the significant spectral features in the spectrum. TiKe Ti
Smoothing by spectral dispersion (SSB?JWas used in this line is emitted by the cold titanium-doped layer due to excitation by the core

experiment, but not distributed phase plates (DPlls’S). radlatlor]. Above th&-edge the co-nt-lnuum I.evel is segn to drop because of
absorption by the same layer emitting Ke line. The Ti Hea line (along

. with its dielectronic satellites) is a signature of mixfhg.
The x-ray spectrumin the range of ~4 to 9 keV was recorded

by a Ge(111) crystal spectrometer fitted with a L@®wide
spatially resolving slit. The crystal and film calibration meth-1. Temperature and Areal Density Determinations
ods used in the data reduction are explained in Ref. 4. Spec- The drop in intensity above tlkeedge of cold titanium at
trally dispersed images were also obtained with a KB x-ray.966 keV enables us to estimate the temperature of the ab-
microscope of resolutiors5 um, fitted with a dispersing sorbing titanium layer. To that end we show in Fig. 72.8 the
grating, similar to the arrangement described by Marshalthange in the TK-edge energy when successive outer elec-
etal? The KB microscope mirrors are coated with- trons are removetf When the 1M-shell electrons in Ti are
ium rather than gold® The dispersion of the grating was removed, the edge shifts progressively from 4.966 keV up to
0.97 A/mm (insufficient for resolving spectral lines), and the~5.3 keV; when the eight-shell electrons are removed, the
image magnification was 12.5. edge shifts progressively from ~5.3 to ~6.2 keV. Thus, a
distribution of charge states would cause the intensity above
Figure 72.7 shows part of the spectrum (in the axial view)he edge to decline gradually, rather than abruptly. The solid-
containing the main features of interest in this work:Kihe  state features near tkeedge (which may mask such a decline)
line and theK-edge absorption. The absorption of core emisextend over ~150 eV; we can therefore state that up to
sion seen above tlkeedge leads tBa excitation. By quanti- ~5 electrons could have been ionized. Using a collisional-

Photon energy (keV)
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radiative steady-state calculation this can be shown to correre rely on a wide range of the spectranmay from th&-edge

spond to a temperature in the doped layer of less than ~40 éVe show in Fig. 72.9 the total measured spectrum, in axial

This is consistent with the above-mentioned absence of aliew, after subtracting the background due to coronal emission

sorption lines, which would have requifalhigher tempera- (see Fig. 72.10). Starting with the observed spectt&nwe

ture (T ~ 200 to 500 eV). derive the spectrurh.(E) emitted by the core before being

attenuated by the cold titanium layer. This is given simply by

We now derive the areal density of the titanium shell using

the absorption above tieedge. The solid-state features near I.(E) = I(E)/exp[—pAr T (E)] 1)

the K-edge obscure the drop in intensity at the edge. Conse-

quently, in fitting the experimental spectrum with standardvherepAr is the areal density of the titanium alone af(i)

cold opacity data (which do not include th&sedge features), is the absorption (or opacity) of cold titanium. We adjp/fst

6.4 L o e S B 4.75
62L Titanium
L -14.70
—~ 6.0F
i L
< 5.8+ 7465 %\ Figure 72.8
8) - S The shift of the TK-edge and TKa energies with the
-5 56+ 41460 g removal of successive electrons by ionization.
N L
541
i -14.55
52
50— —4.50
0 5 10 15 20
E8587 Degree of ionization
N @ 20T 7T T T T T T T T 1
- [ T T T T T ] c
3 Shot 9095 i On Ka Shot 9095
o~ C Ka ] S 15F i
S J s
ST - =
g T=1.1keV S 10k _
& - 4 Corrected for | g
% I Ti absorption ]| g 05} pleeY M -
g I K-edge g d . . ~ =
g M d g 0.0F —— Initial target diameter—— ]
easure
P 105 &
T T T T T I | L | L | L | L | L | L |
40 45 50 55 60 65 7.0 -06 -04 -02 00 02 04 06
E8580 Photon energy (keV) E8501 Target-plane coordinate (mm)
Figure 72.9 Figure 72.10

Axial view of the calibrated spectrum showing the core continuum emissiohe one-dimensional image of target emission, in the target plane, averaged
(after subtracting the background due to coronal emission). The areal densiyer a photon-energy interval of 0.1 keV on each side d€¢hiene. The core

of the titanium-doped layer is obtained by dividing the observed spectrum bgmission is clearly distinct from that of the laser-heated coronal region. Note
the opacity of cold titanium: a layer pAr = (16+1.6) mg/cnd@ results in an  that the 10Q#m-wide slit has in this image a magnification larger by a factor
exponential curve that joins smoothly the spectrum belovKtedge. The  (1+1/M) ~ 1.55 than the target magnificatibh The emission profile at the
slope yields the core temperatdre. wavelength of th&a line is also shown.
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until the resulting core-emitted spectrum smoothly joins thés an upper limit, we use the value for neutral Ti (namely, 0.21)
spectrum below thK-edge. The best fit is shown in Fig. 72.9 and obtain a lower bound on the expedtad energy. Fig-

by the curve marked “corrected for Ti absorption.” The correure 72.8 shows that théa line emitted by these ions would
sponding areal density of the titanium alone is (8.56 shift by less than ~5 eWVhe observe&a linewidth is in fact
0.05) mg/cm; hence, the areal density of the doped layer isnuch larger than 5 eV (see below) and thus possibly includes
(16£1.6) mg/cn?. The error in the areal density is determinedthe emission from all these iofigKa) in Eq. (2) is the photon

by the noise in the spectral intenslit\gsing this value we can energy of th&a line (~4.5 keV), and the factor 0.5 accounts
estimate the total areal density of the compressed shell, usifay the fact that only half th€a photons travel outward. The
the value of total ablated target mass. Charge-collector datarrection factor in front of the integral accounts for absorption
showed that a layer of thickness ~rh (of the initial target of Ka photons in the polymer shell (th&x line cannot be
overcoat) has been ablated away, leavingiur@8inablated. It  resonantly absorbed since if the temperature is high enough to
has been shovrthat thepAr ratio of the unablated shell to produce the requiret-shell vacancy, it will surely be high
that of an embedded layer within the shell increases onlgnough to deplete tiM shell). Using the above estimated areal
slightly during the implosion (more so, the closer the embeddensity of the compressed shell, we obtain €rfCH)] ~ 0.7.

ded layer is to the inner surface of the shell); for our case thispplying Eq. (2) to Fig. 72.9, we obtain for the predidted

ratio increases by up to ~30% for increasing compressio@nergye(Ka) ~ (15:3) mJ. The error results from the noise in
ratios. Furthermore, the ratio can be approximately calculateitie spectrum and uncertainty mfCH). Measuringe(Ka)

by assuming the shell to implode incompressibly (the increastirectly from Fig. 72.9 (integrating over the line profile), we
in areal density is mostly due to the radial convergence, not thabtaing(Ka) ~ (13t2) mJ. Since the measured value is lower
compression); thus, a lower limit of this ratio is given by itsthan the predicted value (the latter being an underestimate), we
value in the initial target. For the present target this value isonclude that th&a line is indeed excited primarily by core
2.6, leading to an estimate of the total shell areal density a&diation. If, for example, coronal excitation played a signifi-
=42 mg/cn?. The slope ofl(E) indicates a core electron cant role in exciting th&a line, the measureg(Ka) would

temperature of ~1.1 keV. exceed the value predicted by Eq. (2). This point is further
supported below. The low measured valueg@fa) also
2. The Relationship betwedto Emission and suggests that the shell temperature is well below 40 eV,
K-Edge Absorption otherwise, the increase af with ionization would increase

The absorption of core radiation seen abov&teelge can  the value of(Ka) as determined by Eq. (2).
be used to calculate the energy inkteeline, which can then
be compared with its measured value. The relationship b&. One-Dimensional Continuum aKadr Target Images

tween the two is given by the equation One-dimensional images of the target emission in the range
of ~4 to 9 keV were obtained by placing a slit in front of the
e(Ka)= 0.5exp[—r (CH)] E(Ka) w(Ti) crystal spectrometer. Because of the relatively large width of

0 the slit (100um), the true core images will be derived by

J’[I (measured) — I(corrected)] dE/E. (2) differentiating the measured slitimages. Since the core emis-

Ex sion is mostly a continuum, we select a narrow band of the

continuum, close to the energy of te line, to characterize

The integral calculates the total number of photons absorbebe core size. Figure 72.10 shows the calibrated one-dimen-
above thék-edge and is obtained directly from the differencesional image of target emission, averaged over a photon-
between the two curves in Fig. 72u8 is the relative probabil- energy interval of 0.2 keV (0.1 keV on each side ofKloe
ity for an ion with a-shell vacancy to decay by emittinga  line). The image is shown in the target plane, where the
photon (the fluorescence yield). For neutral Ti the measureti0Oum-wide slit is magnified by a factor {1/M) ~ 1.55 in
fluorescence yield iax =0.2117When the outer electrons are terms of the target magnificatiod. The core emission is
successively removed, the fluorescence yield increases gradtlearly distinct from that of the laser-heated coronal region.
ally.18As discussed above, the titanium atoms in the cold shelNote that because the slitis wider than the core (see below) but
could have up to five electrons ionized. We calculaigdor narrower than the target, the coronal intensity is per slit width,
these ionic species using the model described by Mc@%ire: whereas the central emission is integrated over the core vol-
by removing fiveM-shell electronsgqy increases gradually ume. The emission profile at the wavelength ofKlaeline
from 0.21 to 0.31. Since the number (five) of electrons ionizeaveraged over a 10-eV interval around the line center) is also
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shown and is discussed later. Figure 72.11 shows the net congplosion, this is nearly eliminated by the convolution of space
emission after subtraction of the coronal emission from thand spectrum in the diffracted emission. It is possible, how-
continuum profile in Fig. 72.10. To remove the effect of the slitever, to estimate the size of the core emission region by taking
the derivative of the slit image is taken near the two slit edges lineout through the diffracted emission. In Fig. 72.12 we
(Schlieren). Figure 72.11 shows the result of the differentiashow one section of the core profile derived in Fig. 72.11
tion; as seen, the slitis wide enough with respect to the core si@@hich was obtained from an image averaged arount ¢he

for the two images to be completely separated. In Fig. 72.11ine) and a lineout at 4.3 keV through the dispersed KB-
neither the slit image nor its derivative has been smoothedicroscope image. The difference in units is immaterial for
(except for the averaging of the former over a 0.2-keV spectraéthis comparison. The average FWHM of the core size from
interval). The full-widths at half-maximum (FWHM) of the Figs. 72.11 and 72.12 is thus ~4%.

two resulting images in Fig. 72.11 are marked in the figure; the

two values, 46um and 44um, agree closely. We further We now study the spatial profile of tker line. Figure 72.13
compare the core emission profile obtained in Fig. 72.11 witBhows the spectrum emitted at various distances from the axial
that obtained by the dispersed images of then5resolution  view, after subtraction of the background due to the coronal
KB microscopée? Although the shape of the time-integrated emission (for clarity, the lowest spectrum was shifted down
emission in the zeroth-order image indicates a nonuniforrfrom its zero-level position). Continuous core emission, as

1.2 T T T T T T T T T T T 30
%‘ Lok Shot 9095 z
2 46pm [ 120 €
> ! >
2 08 2 :
-110 < Figure 72.11
% 06L Derivative % The continuum core emission profile (from Fig. 72.10)
O T R 2 UL > | 0 ox after subtraction of the coronal emission. The derivative of
8 0 4; o ) T ‘2 the image near the two slit edges (Schlieren) yields the core
g ’ ' ‘q')’ emission profile. The FWHM’s of the two images are
= ol .Target emission 1-10 2 marked in the figure.
= : (continuum) o
o , 2
) —4-20 &
o y
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L | L | L | L | L | L -30

-300 -200 -100 0 100 200 300

E8583 Radial coordinatepy(m)

A24_....,....,....,....,....,...._12
E fy Shot 9095
20 - €
o 110 S
< 16 L > Figure 72.12
% 9 Comparison of the continuum core emission profiles ob-
g 73 P A W > 0.8 g tained by two instruments: (a) KB microscope images
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well as absorption and Heelines, is observed only close to the the continuum radiation. Clearly, tKer-emitting cold shell is
axial view. On the other hand, tKer line, emitted by the cold considerably larger than the core; it has a FWHM of +250
titanium-doped layer, is seen to come from a much wider are20 um. The bars show typical errors in determining ktoe
around the hot core. Since the loikalemission depends only energy from the spectrum. However, the scatter of the points is
on the cold shell density (not its temperature), its two-dimengreater than the error bars, indicating significant shell nonuni-
sional image can reflect directly the shell uniformity. The Heformity, and even asymmetry with respect to the center. Be-
a line is indicative of mixind, which is outside the scope of cause of these limitations we can use onlyKeprofile to

this work. Suffice it to say that the spatial profile of this line agletermine the average outer extent of the cold shell. Studying
seen in Fig. 72.13 clearly shows that the mixing occurs closihe inner extent of the cold shell would require it to be highly
tothe core, i.e., during the shell deceleration rather than durirgpherical and uniform. In that case, the Abel inversion would
the acceleration phase. To obtain thekhespatial profile we  be applied (after deconvolution of the slit broadening); a flat-
could use the difference between the two curves in Fig. 72.1@p profile would correspond to a hollow shell of radial
However, a more reliable method is to examine a large numbemissior?0 Alternatively, a target where the doping includes
of spectra like those in Fig. 72.13 and for each to integrate ovédre mandrel layer can be chosen (the part that forms the hot core
the spectral profile of th€a line to obtain its total energy. The does not emiKa radiation). In that case, the difference in
results of the latter method are shown as points in Fig. 72.2idth between the two curves in Fig. 72.14 would give directly
and compared with the core emission profile as obtained froitme thickness of the cold doped layer.

49—

1.2+

1.0+ Figure 72.13
- r The spectra emitted at various distances from the axial
‘ﬁ 0.8 view (after subtraction of the background due to coronal
% 0.6 i emission). Continuous core emission, as well as absorp-
© ’ _ tion and Hea lines, is emitted only close to the axial
é 0.4 view. However, thi&a line, emitted by the cold titanium-
L L 30um doped layer, is seen to come from a much wider area

0.2+ around the hot core. For clarity, the lowest spectrum has

- 80um been shifted down from the zero-level position.
0'0_‘ 4 130um
. 190um
4.0 4.5 5.0 55 6.0

8579 Photon energy (keV)

12 T T T T e o—T—— 1 30

ol ~ ¢ Shot 9095,
g 25

Q ~
s 3 20 2E :
= 4 1S Figure 72.14
> 6 15 = % The spatial profile of the energy in the Kir line as
g % = measured by the spectrograph slit. The data points were
c > % obtained from lineouts such as in Fig. 72.13 and were
o 4 10 =% i . . :
) Zo fitted by a Gaussian curve. The spatial profile of the core
= 2 5 8 ‘_S" emission (from Fig. 72.11) is shown for comparison. The
g ~ cold, Ka-emitting region is seen to be considerably
0FEY e ;N 0 wider than the core.
| Continuum ----- >
L | L | L | L | L | L

-300 -200 -100 0 100 200 300

Eg584 Target-plane coordinateirf)

LLE Review, Volume 72 173



IMAGING THE CoLD, COMPRESSEDSHELL IN LASERIMPLOSIONS

The outer extent of the cold shell is derived from thetions involved, this estimate of the shell density has a large
measured profile in Fig. 72.14, after unfolding the broadeningncertainty (~50%). This uncertainty is large becaus&the
by the slit. Figure 72.14 shows that the data points can bmage is time integrated; thus it is unknown to what extent the
approximately represented by a Gaussian function, which waoping curve is due to a density gradient or to smearing intime.
use merely to facilitate the deconvolution. The net profile ofn arecent experimefita pure titanium layer embedded within
target emissiorP(x) can be obtained from the measureda thinner shell (2m)was shown (using an EXAFS spectrum)

profile Py,(x) through the relationship to compress by about a factor of #0415. As explained above,
an improved estimate can be obtained by extending the doping
dPy (x)/dx = Py (x+d) - Pr(x-d), (3)  tothe inner target surface; in that case, the inner radius of the

cold shell would simply be given by the measured radius of
where the slit width is@ To solve this equation one starts atthe hot core. The relatively low shell compression measured
one end of the image whef(x—d) is negligible and here is the result of the low laser-irradiation uniformity; as
Pr(x +d) ~ dPy (x)/dx, then moves successively through thementioned above, distributed phase pletegere not used in
rest of the image. The resulting FWHM of the deconvolutedhis experiment.
image is found to be ~2320 um. The fitted curve in
Fig. 72.14 is required merely for obtaining a smooth deriv- The relatively large emission region of ke line should
ative in Eq. (3), but we could simply estimate a FWHM basedbe reflected in a broader spectral profile (i.e., in the dispersion
on the experimental points and then subtract the slit widtHirection). Indeed, Fig. 72.7 shows thatieline has a larger
in quadrature, namely (28010)Y/2 ~ 230 um; the two linewidth (~16 eV) than that of the Heline (~8 eV) mainly
results are seen to be very similar. The diameter calculated hdyecause the latter is emitted in the hot core, whereas the former
relates to the doped layer, including the cold mandrel it enconis emitted in the cold shell surrounding the core; the possible
passes, but excluding the remainder of the compressed shigtbadening of th&a line because of the shift with successive
that is outside the doped layer (these three layers have comjpanizations was shown above to be less than ~5 eV. The source-
rable thicknesses). size broadening for these lines is givenAiy(eV) ~ 0.037D

(um) in terms of the emission region seHowever, this size

It should be noted that the radial extenKaf emission in  cannot be reliably derived from this relation because of the

this experiment is not limited by radiation-pump depletion.additional broadening, which must be subtracted out before
This is evident in Fig. 72.9, whekeshell absorption reduces applying this relationship (this includes broadening due to the
the pump intensity by less than ~30%. Also, in the case of purgystal, ~2.5 e\#! and the natural linewidth, which for tKex
depletion the curve corrected for titanium absorption woulds ~4.5 eV)22
not be a smooth exponential curve. The centrally pekked
spatial profile provides an additional indication that it is4. Core Density Derived from the Continuum Intensity
excited by core radiation: a coronal source would produce a An additional diagnostic is provided by the absolute inten-
profile that decreases toward the center. sity of the continuum radiation from the core. Knowing the

core temperature and the volume and duration of the core

We can now obtain a rough estimate of the density of themission, we can derive the compressed-core density and

compressed shell as follows: subtracting the core sizef5 compare it with the shell density derived above. The absolute
from the diameter of the doped layer (280) we obtain 92im intensity can be reliably determined since the crystal calibra-
for the thickness of the combined mandrel and doped layerson agrees well with theoretical calculatichiBhe continuum
We deduced above tigér of the total compressed shell from core emission is due to bremsstrahlung (free—free) and recom-
that of the doped layer. Similarly, we estimate hergothreof ~ bination (free—bound) radiations of the CH core. At the core
the combined mandrel and doped layér,(md), from that of  temperature (~1 keV) the hydrogen and carbon ions are fully
the doped layer alonpAr(d), found above to be 16 mg/ém ionized and the emission at an eneEginto the total solid
Using the ratiopAr(md)/pAr(d) in the initial target, namely, angle, per unit volume, time, and photon-energy interval, can
1.7, we find for the compressed shefir(md)= 27 mg/cn?. be shown to b&
Coupled with the 92#m thickness found above for the com-
bined mandrel and doped layer we finally obtain- _ -
2.9 g/cn? for the average density of the compressed shell, 05(1016 keV/keV ns /Jm3) =17x107¢ exp(— E/T)
a compression by a factor of ~2.7. Because of the approxima- [pZ/Tl/Z][1+ (25 /T)exp(E /T)]_ (4)
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Here,E; is the ionization energy of € (0.49 keV) andl'is  Combining Egs. (5) and (6) we find a core density of
the temperature in keV. The second term in brackets is the ratigk:1 g/cn®. The areal density corresponding to the FWHM
of free—bound to free—free radiation intensities. We choose iaf the continuum spatial profile is ~#Z mg/cn?.
Eq. (4)E = 4.5 keV (i.e., the continuum underlying tKer
line). The Gaunt correction factors are very close to 1 wheB. Summary of Derived Shot Parameters
E/E; >>1 (hereE/E; = 9.2). The imaging streak camera showed Table 72.1 summarizes the diagnostic results for shot 9095
that the time history of core emission has a FWHM ofanalyzed in this work, and the methods used in their derivation.
~0.25 ns. With the measured core temperature of 1.1 keV, th&®r comparison, the table also lists the corresponding results
time-integrated emissiog is for shot 8207, which was the subject of analysis described in
Ref. 4. The two shots are different in several important respects
but yield comparable results: shot 8207 had a thinner shell
(20 um as compared with 33/4m) and a lower laser energy
(20 kJ as compared with 30 kJ). Also, shot 8207 had a thin
The measured time- and space-integrated emission at 4.5 kéAyer (0.3um) of pure titanium as compared with a thick layer
is ~1x 106 keV/keV, after subtracting the coronal emission (8.7 um) of 0.5%-doped CH. ThKa analysis in this work
(see Fig. 72.9). This value has to be corrected for the attenuaas not applied to shot 8207 becausadbidine was outside
tion through the cold shell. From the shell areal densitthe measured spectral range (see Fig. 4 in Ref. 4). Also, the
measured above we find this attenuation to be by a factor &XAFS analysis of Ref. 4 was not applied to shot 9095 in this
~2.5; thus, the net emission is ~.5016keV/keV. The profile  work because EXAFS data for a doped polymer (rather than a
of the one-dimensional image (Fig. 72.12) can be approxipure metal) is not known. The results given in Table 72.1 show
mated by a Gaussian of FWHM &f= 45 um. Assuming the that spectral data can provide very useful and wide-ranging
core emission is isotropic, the peak emission per unit volumiaformation of target behavior.
can be shown to be related to the volume-integrated emission
through Conclusions

In summary, a diagnostic method is proposed for imaging
the cold, compressed shell of imploding targets using Bigh-
doping and imaging thKa fluorescence. Two-dimensional

£ (101 kev/kev pm?) =1.6x1070p2. (5)

peak emission = 8(In2/7'r)3/2 (total emission/A3). (6)

Table 72.1: Summary of diagnostic results and methods used for shots 8207 and 9095.

K-edge absorption,
absorption lines

Shot 8207 Shot 9095
Core temperature 0.94 keV 1.1keV
Continuum slope Continuum slope
Shell pAr >17 mg/cm? >42 mg/cm?

K-edge absorption

K-edge absorption,
absorption lines

Shell compression ratio 1.4+0.15 2.7+1.3
(o pg) EXAFS Ka spatial profile
Doped-shell temperature range ~10 eV to ~300 eV <40eV

K-edge absorption

Core density 7+2 g/cm3 4+1 g/em3
Core areal density 32+8 mg/cm?2 17+4 mg/cm?
Continuum intensity Continuum intensity
and core size and core size

Mixing

He-a line emission

He-a line emission
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imaging and time gating would greatly enhance the usefulness’-

of the method. However, even one-dimensional, time-inte-

grated images can yield the average outer extent of the cold "

shell around the time of peak compression. An advantage of
one-dimensional, polychromatic imaging is that the spectrum
of the Ka line (including the underlying continuum) can be
measured with high spectral resolution and thekimeemis-

sion can be reliably determined. The present results show that

adequateKa intensity can be obtained with a low level of 10.
doping, which minimizes target-behavior modification. The 11.

Ka emission signature studied in this work should prove very
useful in tracking the improved target performance with im-
proved laser uniformity. Additionally, the measured absolute

intensity of continuum x rays from the core can be reliably used.2.

to estimate its density and areal density.
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Near-Forward Stimulated Brillouin Scattering

In stimulated Brillouin scatteridg(SBS) an incident (pump) motive force associated with the light waves, which is propor-
light wave is scattered by the electron-density fluctuationsional to D(Ah D\h>.

associated with an ion-acoustic (sound) wave. This process

generates a frequency-upshifted (anti-Stokes) light wave and a The geometry of near-forward SBS is illustrated in
frequency-downshifted (Stokes) light wave. For most scatteiig. 72.15. The pump wave propagates in the directidag,of
ing angles the anti-Stokes wave is driven nonresonantly anhich defines the axis. By substituting the Anséatze

can be neglected priori. The resulting instability is referred

to as three-wave SBS. However, for near-forward scattering Ah(t,r) = )2{,60 +A, exp[i (ks N _wst)]
the anti-Stokes wave can be driven near-resonantly and must be _
retained in the instability analysis. When the role of the anti- +A_ exp[—| (ks - wst)]}
Stokes wave is significant, the resulting instability is referred .
- 3

to as four-wave SBS. exp[l (ko = wot)] Tec ®)

In this article the spatiotemporal evolution of near-forward (=N (k.3 O+ 4
SBSis studied in detail. The conditions under which three- and n(tr)= exp[| ( S ws )] cc. 4)

four-wave SBS occur are quantified, and expressions for the
saturation times and steady-state gain exponents are derivedEq. (1), wherekg « kg = 0 andws = ¢k, and using the

for both types of instability. envelope and paraxial approximations, one can show that
Governing Equations [ﬁ +i(k2 /2K = co /v ] = —ilw2 2000V N 5
SBS is governed by the Maxwell wave equation z (kS/ ko = s/ 0) Ar ( e /2w 0) #o. ()
(08 + w2 - c202) A = —w2n Ay, (1) [dz ~i(k2/2ko + w5 /vo)]A*_ = (w2 /2w0v0) N Ay, (6)
together with the sound wave equation where vg = czko/wo is the group speed of the pump wave.

The time derivatives were omitted from Egs. (5) and (6)

1 because the time taken for the light waves to cross the plasma
(df% —chz)m =EC§D2<Ah m\h>' (2) is much shorter than the time taken by the sound wave to
The electromagnetic potentiély, = (vh/cs)(me/rn )]/2 is the
high-frequency electron velocity divided by a characteristic
speed that is of the order of the electron thermal speisdhe
low-frequency electron-density variation divided by the equi-
librium electron density, is the electron plasma frequency,
Csis the sound speeat, andm, are the electron and ion masses, P1798
respectively, and the brackets) signify that only low-fre-
qguency terms are retained. The evolution of the light waves f§gure 72.15
modified by the nonlinear electron current, which is propor_Geometry of near-forward SBS. The pump, anti-Stokes, Stokes, and sound

. o denoted by the subscripts,3;, ands, tively.
tional ton/Ap,, and the sound wave is driven by the pondero=2"® 8¢ €eNotec by Te SUBSCTIPIS,Z:, ands, respeciively

ks

~ ~
| +
=
__Y__
wx
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NEAR-FORWARDSTIMULATED BRILLOUIN SCATTERING

respond to the ponderomotive forcEhe termkZ /2kg is the
reduction ink, associated with off-axis propagation and the
termszwy/vq are the changes iy associated with the anti-
Stokes and Stokes frequency shifts, respectively. For all but the follows from Eqgs. (13) thaG.(t-t', z-z') describes the
smallest angles the latter terms can be neglected. By substiteffects on the light waves at the poirgt)(of an impulse applied
ing Ansatze (3) and (4) into Eqg. (2), and making the weakto the sound wave at the poitit ¢'). The role ofG(t-t', z-2')
coupling approximation, one can show that is similar.

N(t,z)=J’:ﬁ°m G(t-t,z-z)qt,z)dtdz. (14)

AN =-i (ws/z)(p(),% +p0A*_). (7) One cap splve Egs. .(11) and (12) by using a Laplace
transform in time, for which

By making the substitutionsoj(/)zA+ - A, w]ézA*_ - A_,
ooeN/a)Jé2 - N, andz/vy - z, and adopting the convention
thatAy is real, one can rewrite Egs. (5)—(7) as

G(s2) = f: G(t, z) exp(-st)dt. (15)

The transformed Green functions satisfy the equations
(9, xiKk)A. =FiyN, (8)
(d, zik)G, =FiyG, (16)
(0 +v)N =iy (A, +A)+S1,x), 9)
where (s+v)G =-iy(G, +G.)+5(2). (17)

2 B bstituting Eq. (17) in Eq. (16 finds that
K:CZKSZ/ZOOO, V:wewsAo/Z(wows)J/: (10) y substituting Eq. (17) in Eqg. (16) one finds tha

(G,

0

a -pOG,0 G-ud(z)

v is a phenomenological term that accounts for the Landau %% S= 0O E% S+ O 5 E} (18)
damping of the sound wave, a8i$ a phenomenological term 2f6-0 Do AO-0 OHA(9) O
that maintains the electron-density fluctuations associated
with the sound wave at their thermal level in the absence afhere
instability. In addition to the instability described in Eqgs. (8)
and (9), there is a mirror-image instability, in which the a=p+ik, B=y?/(s+v), u=iy/(s+v). (19)
directions of the anti-Stokes and Stokes waves are inter-
changed, that evolves independently. If one denotes the eigenvalues of the propagation matrix by
*A, where
Analysis
The Green functions (impulse responses) associated with (2 2\V2
Egs. (8) and (9) are defined by the equations A= (a -B ) ’ (20)
(9, 2ik)G, =FiyG, (11)  one can write the solution of Eq. (18) in the form
Ocrv)e=-y(ei+6)relal). a2 6.0 Cecuen(ls) Ol Dwen(-)) .,
It follows from Eqs. (11) and (12), and the theory of character- -U Hl 1+p H—p 1+p
istics, thatG.(t,2) andG(t,2) can only be nonzero fdar= 0
andz = 0. The solutions of Egs. (8) and (9) are where
p=p/(A+a). (22)

At 2) :I: _fi, G.(t-t',z-2)qt,z)dt'dz, (13)
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It follows from Egs. (17) and (21) that For large values of one can use the method of steepest
descent to evaluate the inversion integrals. The Stokes re-
sponse

5 - _H(-p)ep(27)
(1+p) ( iy exp[iKz+ 2y(t2)¥2 - vtl
2(1— _ G_(t,2) ~ . (30)
L H2(1-p) exp(-27)  &(2) . 23) 2y (124
(1+p) S+v

and the anti-Stokes and sound responses
By using the fact tha(l- p)/(1+ p) = (a - B)/A, one can
rewrite the Green functions in the form G, (t,2) ~ i(y/2K)(t/z)]/2G_(t, 2), (31)

G. = p[Feosh(A2) +(a - B) sinh(A2)/A],  (24)
G(t,2) ~ =i (t/2"*G_(1.2), (32)

G =-2u?(a - B) sinh(Az)/A +3(2)/(s+Vv).  (25)
respectively. Equations (30) and (32) are the usual results for
Since the Green functions are even functions tifey have no  three-wave SBS, in which the anti-Stokes response is ne-
branch points in the complesplane. The inversion integral glecteda priori.# For future reference, notice that the coeffi-
associated with the Laplace transform (15) is cient of the second term in the exponent of the Stokes response
is real: In three-wave SBS the Stokes frequency shift equals

G(t,z)=i_J’ G(s.2) exp(st) ds, (26) the sound frequency. Let
2mJB
t3=y?z/v?, gz=y?z/v (33)
whereB denotes the Bromwich contour. To the best of our
knowledge, the inversion integrals associated with Egs. (2Bnd
and (23) cannot be done exactly.
T =k2z/y2. (34)

1. Three-Wave SBS

The anti-Stokes wave is driven nonresonantly wherThe Stokes and sound responses growtmsty, at which time
K >> |[3| . In this three-wave regime= a andp=if/2k. Since  their gain exponent ig;.*> Subsequently, they decay in a time
Re(A) > 0 for smalls, the expfdz) terms in Eqgs. (21) and (23) that is comparable to the growth time. It is clear from Eqg. (31)
correspond to spatial growth, whereas the €kg(terms that as the Stokes and sound responses grow, they produce a
correspond to spatial decay. The growing terms all contain theeaker anti-Stokes response that grows along with them. At
factor expikz), which is the spatial dependence required tantermediate timess, /G_ ~ y/k . The smallness parameter
drive the Stokes response resonantly. The transformed Gregfk, which is the ratio of the temporal growth rate of three-wave

functions SBS to the Stokes frequency shift associated with off-axis
propagation, also arises when one studies the temporal growth
G, = —u[pexp(az) + exp(—az)], (27)  of near-forward SBSWhent ~ 7 the amplitudes of the anti-
Stokes and Stokes responses are comparable. Since the anti-
G = pexp(az), (28)  Stokes process consumes phonons, the anti-Stokes response

moderates the growth of SBS significantly at this time and
Egs. (30)—(32) cease to be valid. This assertion is justified
G = -p?[exp(ad - exp(ad] +6(2)/(s+v). (29) mathematically in Appendix A.

The second terms on the right sides of Eqgs. (27) and (22) Four-Wave SBS

are required for small values afbut can be neglected for The anti-Stokes wave is driven near-resonantly when
large values of, as one can verify by evaluating the inver- k <<|[3|. In this four-wave regimeA = (2iKB)]/2 and
sion integrals. pzl—(ZiK/B)]/z. Since Re{) > 0 for smalls, the expi2)
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terms in Egs. (21) and (23) correspond to spatial growthgxponentigzand the four-wave equations [Egs. (37) and (38)]
whereas the expfz) terms correspond to spatial decay. Theare never relevant. Conversely, supposekhbt? << 1; then

transformed Green functions T<<t, <<tz Itfollows from these inequalities that the impulse
responses begin to grow according to the three-wave equa-
G, = J—ry[exp(,\z) + exp(—}\z)]/z, (35) tions, then continue to grow and decay according to the four-

wave equations. Their maximal gain exponegji€onsistent
with the assertion that the anti-Stokes response moderates the
G= —/Jz(l—p)[exp(}\z) —exp(—/\z)]/2+5(2)/(5+ v). (36) growth of near-forward SBS, in this parameter reggnés
smaller thangs by a factor of f?/kv)/2. Notice that the
transition from three-wave to four-wave growth always occurs
The second terms on the right sides of Eqgs. (35) and (3&) the absence of damping.
are required for small values afbut can be neglected for
large values of, as one can verify by evaluating the inver- Discussion
sion integrals. The anti-Stokes and Stokes waves evolve according to
Egs. (13). The properties of the Green functions were dis-
For large values of one can use the method of steepestussed in the previous section. To complete our analysis we
descent to evaluate the inversion integrals. The anti-Stokes anthke the common assumption that the source termis arandom
Stokes responses function with the statistical properties

VeIST12 oy %ei "/6(y2K22t /2)% _ WE - (qt,z))=0, (40)

Gi(t,2) ~7F v2(,,2,2 15\¥6
(12)"?(y 2% /2) (r.2)s (1" 2")) =05t -t")8(z -2),  (41)

respectively, and the sound response

where( ) now denotes an ensemble averfé.The source
strengtho is determined by the requirement that the density
fluctuations associated with the sound wave have their
thermal values in the absence of instabfiit}f It follows

It is clear from Eqgs. (37) that the anti-Stokes and StokeBom Egs. (13) and (41) that

responses are comparable. Let

G(t,2) ~ &3 (akty2)°G_(t.2). (38)

2\ _ z .t Y ) 2 1 !
t, =334 V2 2/4v32, g, =334¥V22/20¥2  (39) <|Ai(t'z)| >_a.[0 Jo |Ga(t-tz-2)[ oz (42)

The impulse responses grow unti t4, at which time their Because the integrands in Egs. (42) are non-negative, the
gain exponent ig,.>’ Subsequently, they decay in a time thatcontributions to the wave intensities from each source point
is comparable to the growth time. When the Stokes responseiigrease monotonically and saturate in times that are compa-
maximal, the temporal rate of change of its exponeimt/ig3: rable to the Green-function growth times described in the
In four-wave SBS the Stokes frequency shift differs from theAnalysis section. The Green-function gain exponents and
sound frequency by an amount that is proportional to thgrowth times are proportional fo- Z' in both the three-wave
damping rate of the sound wave. It is verified in Appendix Band four-wave regimes. Thus, the contributions from adjacent

that Eqgs. (37) and (38) are valid for> 1. source pointsZ =z) are small and saturate quickly, whereas
the contributions from distant source poird's< 0) are large
3. Evolution of the Impulse Responses and saturate slowly: The saturation times and asymptotic

The spatiotemporal evolution of the impulse responsesgalues of the integrals in Egs. (42) are dominated by the
depends on the parametar/y2.5 Suppose thatv/y2 >> 1;  contributions from distant source points.
thents << 7 <<ty. It follows from the first of these inequalities
that the impulse responses grow and decay according to the Suppose thatv/y? >> 1; then the saturation tinhe~ t3.11
three-wave equations [Egs. (30)—(32)]. Their maximal gairDne can evaluate the integrals in Egs. (42) by using the method
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of steepest descefiln steady state the Stokes intensity has thevith each other and the pump wave. However, as the Stokes and
form sound waves grow, they produce a weaker anti-Stokes wave
that grows along with them. In four-wave SBS the anti-Stokes,
Stokes, and sound waves all interact strongly with each other
2\ oexp(2g) : )
<|A-(Z| >*ﬂ- (43)  and the pump wave. In the weak-coupling regime the spa-
4 (293) tiotemporal evolution of SBS depends on the scattering angle
through the parameter &fv/y2, wherey is the temporal
Consistent with the discussion of the previous paragraph, tlggowth rate of three-wave SBS in an infinite plasmés the
gain exponent for the Stokes intensity gs.Zquation (43) is  frequency shift associated with off-axis propagation, aisd
the analog for near-forward SBS of the result of Bepal8for  the damping rate of the sound wave. For large scattering angles
backward SBS. Conversely, suppose #hdy? << 1; thenthe (kv/y2 >> 1) the instability grows and saturates according to
saturation timés~t,.11 In steady state the Stokes intensity haghe three-wave equations. The saturation time and steady-state
the form gain exponent are given by Egs. (33). For small scattering
angles kv/y? << 1) the instability begins to grow according to
2 12 the three-wave equations, then continues to grow and saturates
) (y /KV) o exp(29,) . ) . S
<|A_(z)| > ~ - (44)  according to the four-wave equations. The saturation time and
252334 n1/2(294)1/ steady-state gain exponent are given by Egs. (39). Since the
anti-Stokes process consumes phonons, the presence of a
Consistent with the discussion of the previous paragraph, ttstrong anti-Stokes wave reduces the saturation time and steady-
gain exponent for the Stokes intensity @5.2 state gain exponent significantly. The initial growth of SBS in
the strong-coupling regime and the subsequent transition to the
The preceding analysis is based on the weak-couplingeak-coupling regime were also discussed briefly.
approximation, which is not valid for short times, very small
scattering angles, or very high pump intensities. A generédfCKNOWLEDGMENT
analysis of Eqs_ (1) and (2), which allows the coupling to be This work was supported by the National Science Foundation under
strong or weak, is described in Appendix C. Wkeg/yz >> Contract No. PHY-9057093, the U.S. Department of Energy Office of

. tial Confinement Fusion under Cooperative Agreement No. DE-FC03-
1, SBS begins to grow as a strongly coupled three-wa\/§er
9 9 gly P 2SF19460, the University of Rochester, and the New York State Energy

mStabllllty' th.e.n continues to g.row asa Weakly (?OUpled threeﬁesearch and Development Authority. The support of DOE does not consti-
wave instability> The preceding results describe the latefyte an endorsement by DOE of the views expressed in this article.

growth phase. In particular, the value rof/y? determines

whether SBS saturates as a weakly coupled three- or four-wagg@pendix A: Three-Wave SBS

instability. Wherkwy/y? << 1, SBS begins to grow as astrongly  In the three-wave regime the transformed Green functions
coupled three-wave instability, then continues to grow as aan be approximated by Eqgs. (27)—(29). The inverse transform
strongly coupled four-wave instability and saturates as aweaklyf each term in these equations is tabuldfeso it is not
coupled four-wave instability.The preceding four-wave re- difficult to show that

sults describe the saturation of SBS.

Gi(t,2) = - {(y/ZK)(t/z)J/ZI1[2y(tz)]/2]exp(iKz—vt)

The transient (spatiotemporal) phase of SBS was observed
recently by Lakt all2 In their experiment SBS was initiated + iJo[ZV(tZ)j/Z] exp(-ikz- Vt)} H(t)H(2), (A1)
by optical mixing rather than density fluctuations associated
with the sound wave. There is good agreement between the
theoretical predictions described herein, modified to include
the effects of a low-intensity probe wave, and the experi- G_(t,2) = iylo[2y(tz)]/2]exp(iKz— WH(t)H(2), (A2)
mental results.

Summary

The spatiotemporal evolution of near-forward SBS wasg(t, 7) = y(t/z)l/zll[Zy(tz)]/z]exp(i Kz—vt) H(t) H(2)
studied in detail. Two types of instability can occur. In three-
wave SBS only the Stokes and sound waves interact strongly +H(t) 5(2) exp(-nt). (A3)
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Equations (30)—(32) follow from Eqgs. (A1)—(A3) and the fact 5 o\
that I,(x) ~ exp(x)/(2m)¥? as x — . (dtt Yoot )n =-2wy(A +A), (C4)

One can also derive Egs. (30)—(32) by using the method efherev is a phenomenological damping term. For simplicity
steepest descent. The arguments of the inversion integrals afl notation the subscrifg was omitted from the sound fre-
contain the factorexp[(p(s)], where ¢s) = y?z/(s+v)+s.  quencyw. Equations (C3) and (C4) govern near-forward SBS
The argument functiop is maximal ats=-v + y(z/t)]/z. in the strong-coupling regime and reduce to Egs. (8) and (9) in
At this point B:y(t/z)]/2 and the three-wave condition the weak-coupling regime.

Kk >>|B| is equivalent to the conditioh<<k?z/y?, as as-

serted in the text. One can determine the Green functions associated with
Egs. (C3) and (C4) by using a Laplace transform in time.
Appendix B: Four-Wave SBS The expressions for the transformed Green functions contain

Equations (37) and (38) were derived by using théhe terms exp(+Az), where A :(a2 —BZ)J/Z and
method of steepest descent. The arguments of the inversigh= —Ziwyz/(s2 +2vs+ a)z). In the strong-coupling regime
integrals all contain the factorexp[(p(s)], where |s|>>w and B =-2iwy?/s?.
®(s) = €4z(2k)¥? [(s+v)¥? + st. The real part of the argu-
ment functiong is maximal ats= -v +e/76 y2K22/2t2)1/3. The anti-Stokes wave is driven nonresonantly when .

At this point| | = (2y4t2/i<22)]/3 and the four-wave condition In this three-wave regime = ik — 2iwy?2/s? . The arguments

K <<|ﬁ| is equivalent to the condition>>k2z/y2, as as- oftheinversionintegrals containthefactexp[(pi(s)],Where

serted in the text. @+(s)= —2iwy?z/s? + st. The real parts of argument func-
tions ¢, attain their maximal valu63/2(y2wzt2) 3/24/3 at

It was stated in the text that the Stokes frequency shifs = e¢”T/6(4y2wz/t)1/ 3 5Theseresults are the analogs for near-
differs from the sound frequency. One can explain this differforward SBS of the results of Mounaix and Pesfhand
ence by analyzing four-wave SBS in the frequency domain. Ledlinkelet al., 1°for backward SBS. The three-wave condition
s - —iw; then the spatial growth rate i)sKJ/Z[Zi/(v - iw)]yz. >> [ is equivalent to the condition<< k32z/yw"2 and the
It is not difficult to show that the square of the real part ofstrong-coupling Conditioris| >> v is equivalent to the condi-
the spatial growth rate ig% H-w+(v2 +w2)y2%/(v2 +@?).  tion t<<y?z/w?.

The maximal value of %e spatial growth rate is

3%4yk¥2 /yY2 'which corresponds tw = -v/~/3. Thus, the The anti-Stokes wave is driven near-resonantly wheg
instability selects the Stokes frequency that corresponds & In this four-wave regimeA = 2(Kw)l/2y/s and
maximal growth. o(s) = 2(kw)¥?yz/s+st. The argument function attains its
maximal value2¥2(kw)¥4(yzt)¥? at s= (ka)¥*(2yz/t)Y2 5
Appendix C: Strongly Coupled SBS Notice that four-wave SBS is a purely growing instability. The
By substituting the Anséatze four-wave conditionk << 8 is equivalent to the condition

t >>k¥2z/ywV2  which is consistent with the analysis of the
A . preceding paragraph, and the strong-coupling condition is
An(tr)= X{AO + A, exp(iks[D) equivalent to the condition<< yx¥2z/w32.
+A_ exp(-iks m)} exp[i(ko M- wot)] +cc. (C1)
The spatiotemporal evolution of SBS in the strong-coupling
regime is controlled by the parameten/y2.5> Whenkaw/y?
n(t.r) = nexp(iks []) +coe. (C2) >>1,thetransition from strong to weak coupling occurs before
the transition from strongly coupled three-wave growth to
strongly coupled four-wave growth. Thus, SBS begins to
in Egs. (1) and (2), using the envelope and paraxial approgrow as a strongly coupled three-wave instability, then contin-
imations, and making the substitutiorrelézk - A, ues to grow as a weakly coupled three-wave instability. Subse-
wjézA*_ - A, coen/w]s/2 - n,andz/vy - z, one can show quently, SBS evolves in the manner described idtradysis
that section. Wherw/y? << 1, the transition from strongly coupled
three-wave growth to strongly coupled four-wave growth oc-
(02 + iK)Ai =Fiyn, (C3) curs before the transition from strong to weak coupling. This

182 LLE Review, Volume 72



NEAR-FORWARDSTIMULATED BRILLOUIN SCATTERING

second transition does not occur urtib> 1 [EqQ. (34)]. 9.

Thus, SBS begins to grow as a strongly coupled three-wave
instability, then continues to grow as a strongly coupled four-

wave instability and saturates as a weakly coupled four-10.

wave instability.

11.
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Pulse Shaping on the OMEGA Laser System

Current target designs for laser-driven inertially confined futor. In our system, one of the two modulators is used as a gate
sion experiments require that the laser drive pulse be tailoreahd the other for shaping. The gate and shaped waveforms are
tothe target, i.e., that the pulse have some temporal shape othgplied to the modulator radio frequency inputs, while the dc
than Gaussian. On the 60-beam OMEGdser system this is inputs are used to adjust the modulator dc offset. The gate pulse
accomplished by placing an electro-optic modulator at thés used to suppress possible pre- and post-pulses from the
input of the system, which is driven by an electrical pulse fronshaped-pulse—generation process and can aid in the production
a shaped microstrip line. This modulator shapes a 10-ns squarkpulse shapes with very steep rise or fall times.

optical pulse from a single-mode Nd:YLF laser, which is

preamplified in a regenerative amplifier (regen) and then ser& Electrical Waveform Generation

through the subsequent OMEGA amplifier chains. Gain satu- The electrical waveforms are generated using a system
ration in the amplifiers and the presence of the frequencynodeled after a design developed at Lawrence Livermore
tripling cells cause a significant distortion of the input pulse aNational Laboratory (LLNL} The gate pulse is generated
the output; however, by modeling these effects we can genassing a 502 microstrip with a single Si photoconductive (PC)
ally construct a microstrip line that produces a desired outpwwitch at one end. The microstrip is charged to the half-wave

in one pass. voltage of the modulator. When the Si PC switch is triggered
using a short optical pulse, a square pulse of twice the electrical
Pulse-Shaping System length of the microstrip line is generated.

The pulse-shaping system, shown schematically in
Fig. 72.16, has been described in detail in Ref. 2 and will be The shaped pulse is generated using & 5®crostrip

described only briefly here. charge line with an Si PC switch at each end. One end of the line
is connected to a shaped microstrip line, while the other end is
1. Optical System connected to the modulator. The switch nearest the shaped

The initial pulse is generated from a 10-ns pulse sliced frommicrostrip is triggered first, using a short optical pulse. The
a 100-ns single-longitudinal-mode Nd:YLF laser pulse usingquare pulse from the charge line propagates down the shaped
conventional Pockels cells. This pulse is input to the dualmicrostrip, generating a shaped reflected pulse. The second
amplitude, fiber-coupled waveguide integrated-optic modulaswitch is triggered after the initial pulse has left but before the

Single-mode ( ) Integrated optics ( )
laser E-O modulator Regen

A A Figure 72.16

The pulse-shaping system consists of the

. ] optical modulators, electrical-pulse—genera-
Si SW|tChe$ a_-nd tion system, and the SBS pulse-generation

sharped striplinge system used to trigger the Si photoconduc-

tive switches.

[

Master oscillator .
and master timing—> Regen Pre-amp<—> FIOSV\I'B'ggCgﬁ:h
reference

E8637
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reflected pulse has returned, allowing the reflected pulse table lookups, quick, accurate solutions can be obtained by
propagate to the modulator. Recently, the separation betwestandard root-finding routines.
the charge line and shaped line has been increased by connect-
ing a cable between them. This allows transients caused by theBy incorporating the laser-gain tables, frequency-conver-
switches to die out before the reflected pulse propagates basion tables, regen gain model, and th€ sindulator transfer
through the charge line. function into a spreadsheet, we can now rapidly compute the
electrical input pulse required to produce a specified output
The reflection coefficient required to produce the desiregbulse. The layer-peeling synthesis and microstrip line imped-
electrical pulse is calculated using a layer-peeling techrfiqueance to width formulas have also been incorporated, allowing
From this technique, the width of the shaped microstrip can bdirect generation of the Gerber plot file required by the mill
calculated using the formulas of Ref. 4. The microstrip isused to machine the microstrip line. Thus, microstrip genera-
machined to the required profile using a computer-controlletion is reduced almost to a one-step process. Bandwidth limi-

precision milling machine. tations in the system in general require the introduction of one
extra step because our output pulses typically require an
3. Trigger-Pulse Generation electrical input pulse with a sharp cusp at the end. The band-

The fast-rise-time pulses required to trigger the Si PQvidth of the shaping system isinsufficient to produce this cusp,
switches are provided by focusing the regen-amplified, 1- tgo the pulse is distorted. This problem is avoided by extending
3-ns pulse from a Nd:YLF oscillator into a liquid cell contain-the electrical pulse beyond the desired end of the pulse and
ing carbon tetrachloride (Cgl This produces a backward- rounding it off, thereby reducing the required bandwidth. This
propagating SBS pulse with a rise time of less than 100 ps. Tletra portion is gated off optically using the gate provided by
timing of the leading edge of the SBS pulse depends on tlike second modulator and, hence, does not contribute to the
amplitude of the incident pulse; hence, the input pulse isesulting optical pulse. Presently, the rounding process is not
actively amplitude stabilized. Using this system, an absolutautomated, resulting in a two-stage microstrip generation

timing jitter of less than 30 ps is obtained. process. It should be noted that microstrips must be designed
for a particular UV output energy. In general, even small
Pulse-Shape Calculation deviations from the design energy will result in significant

Generating the input pulse required for a desired UV outpytulse-shape variations.
pulse involves backward propagating the pulse through an
accurate model of the frequency-conversion cells and the laser Early in the development of the pulse-shaping system, it
system. Originally this was done by using the laser-propagavas determined that the modulator should not be driven too
tion codeRAINBOW combined with theVlIXER® model of  close to full transmission since the nonlinearity of the
the frequency converters. The presence of the frequency comodulator’s sif transmission function near peak transmission
verters and the system’s nonuniform radial gain cause thacreases the electrical bandwidth requirement in this region.
result obtained by this procedure to be inaccurate. This occuF®r this reason, we limit the shaped electrical pulse to 75% of
because backward propagating the desired output pulskke modulator half-wave voltage. The same bandwidth effect
through the system produces as many input pulse shapesadso occurs near minimum transmission, but many of our initial
radial zones used in the calculation, and forward propagatinaulse shapes were not particularly sensitive to the limitation.
the average of the computed input pulses does not reproduce
the desired output pulse. Iteration was used to improve the Pulse shapes that incorporate a lower-intensity lead-in, or
results, but the resulting procedure was slow and unwieldy. “foot,” place additional demands on the system. Although the

intensity of typical foot pulses is not generally low, the very

By recognizing that the laser provides energy gain, rathdrigh initial gain of the system means that the foot is formed by
than power gain, arbitrary pulse shapes can be forward @n input intensity where the nonlinearity of the modulator is
backward propagated through the system based on a talsignificant. This makes the pulse shape sensitive to offset
lookup of the output of a singIRAINBOWrun. Forward voltages. One source of offset is caused by impedance mis-
propagation through the system then requires 11 table lookupsatches in the electrical lines of the electrical-pulse—genera-
one for the laser and ten (one for each radial zone) for thén system, which introduces an effective baseline offsetto the
frequency converters. Backward propagation still requireglectrical pulse. This offset can be corrected by adjusting the
iteration, but since the required calculations are now simplynodulator’s dc bias-offset voltage. The original modulator
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control system, which could automatically adjust the biasulse-Shaping Measurements
offset to zero, did not allow further adjustment of the offset. We Figure 72.18 shows the measured regen output and the
have recently added provision to set the dc bias offset and han@wasured and calculated UV output from a nominal 3-ns
found that it effectively allows cancellation of baseline offsetssquare pulse. While the integrated energy must be adjusted by
in the electrical pulse. about 10%, the calculated and measured UV output shapes
are in exceedingly good agreement, indicating that the models
Another source of offset, the importance of which was onlyf the laser and frequency converters are highly accurate. We
recently realized, is the finite contrast of the modulator usetave found that apparent disagreements in shape between
for shaping. This introduces a small, but for some pulse shapésput and output measurements are invariably due to measure-
significant optical offset, which cannot be compensated foment problems.
with a modulator bias adjustment. If the modulator’s contrast
is known, the offset can be partially compensated for during While the measured output does not perfectly reproduce the
microstrip design. However, there will be no shape control iesign, taking the transfer function into account, we are pro-
the modulator leakage region other than that provided by thducing input shapes within a few percent of design. The
gate. For this reason, for demanding pulse shapes, we findrémaining errors are largely understood. Some deviations in
desirable to use the high-contrast modulator, normally used foine output are the result of dielectric variations in the stock used
the gate, for shaping and the lower-contrast modulator as the produce the shaped microstrip. These can be seen in time
gate. In this case, it is important to ensure that sufficierdomain reflectometer (TDR) measurements of the microstrips.
prepulse suppression is provided by other optical gates Me are investigating other materials to try to improve microstrip
the system. quality. Other deviations are caused by the Si PC switches and
can be reduced by inserting delay between the switches and the
The overall transfer function of the pulse-shaping systengshaped microstrip line. Still other deviations occur when the
laser, and frequency converters places extraordinary demanaistput energy does not match the design energy. Differences
on accurately producing the input shape. Figure 72.17 shovietween measured output and output predicted from measured
the calculated output obtained by placing a sinusoidal varianput result from bandwidth limitations and the finite resolu-
tion on the input electrical waveform with an amplitude oftion of the measurement of the initial portion of the input pulse.
0.5% of the peak. Early in the pulse this results in an output
error of about 12% (relative to design). The pulse-shaping system has produced a variety of shapes,
some of which are shown in Fig. 72.19. Some of the data were
taken prior to recent improvements in the pulse-shaping sys-

0.5 : : : : tem and thus show varying levels of quality.
Deviation in
| main region - i
0.4 3% _
7 = 10|
0.3+ . e
% Deviation in )
0.2} footregion 7 - 2
12% S 51
01} 12
>
O
00 | | | | 0
0.0 0.5 1.0 15 2.0 25 0
E8638 Time (ns) E8639 Time (ns)
Figure 72.17 Figure 72.18

A very small sinusoidal variation (0.5% of peak) in the input electricalMeasured regen output (dashed line) and measured (heavy line) and calcu-
waveform results in a significant variation in the output pulse shape (heaviated (light line) UV output for beam 19 on shot 8559, a nominal 3-ns square
line). The effect is most severe early in the pulse. The perturbation is barepulse. The measured output was scaled down about 10% to show the matching
noticeable in the optical input (light line). of the shape.
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Summary REFERENCES

Although we continue to make refinements, the OMEGA

pulse-shaping system can be considered fully operational. We -
have produced a variety of pulse shapes and have demonstrated
that we can accurately model the performance of the laser,
conversion crystals, and other transfer functions involved in 5
pulse-shape generation. Although measured outputs do not yet
perfectly reproduce the designs, the errors are understood and
should be reduced in the near future.
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Angular-Scattering Characteristics of Ferroelectric Liquid Crystal
Electro-Optical Devices Operating in the TSM and ESM Modes

Two optical effects in liquid crystals most frequently employedric cooler is required to provide thermal stabilization. A
for light modulation applications include (1) electrically vari- simple mechanical chopper is the only moving part in systems
able birefringence, which can be used to produce either phassing BST detector arrays. These systems are compact, light-
modulatior-2or, if polarizers are employed, amplitude modu-weight, and highly reliable with low-power requirements since
lation:3-® and (2) field-induced scattering effe€tdlthough  neither a complex mechanical scanner nor cryogenic cooling is
variable birefringence devices have received much greateequired. Numerous applications in both the military and
attention in recent literatufe? the inherent optical losses commercial sectors have been envisioned for this emerging
posed by the requirement for polarization optics make thenimaging technology.

less desirable for applications in which incident light energy is

limited. One such application is in mid-infrared imaging sys- Development activities in uncooled focal-plane-array tech-
tems that employ uncooled focal-plane-array detectors, whichology are currently driven by the need to achieve further
are comprised of a two-dimensional array of IR detectorgeductions in size, weight, and power requirements without
sensitive to radiation in the 8- to 14n region, that are sacrificing performanc@One issue that has a relatively large
thermally isolated from their surroundingsThe detector impact on systems employing BST detector arrays is the
material is selected to display a sharp change in its electricedquirement for a modulation device that enables the detector
properties (resistance, pyroelectric polarization, dielectric corto see a change in temperature between the target scene and
stant) with temperature. A frequently used example of such some background reference temperature. The current technol-
material is the ferroelectric ceramic barium strontium titanate@gy employs a rotating mechanical chopper containing a
(BST). The individual detector array elements are read ogermanium disk with a series of lenslet arrays ground into its
sequentially by means of an electronically addressable array stirface at various positions to alternately defocus (diffuse) and
readout cells connected to each detector. The detector sign&dansmit the incident IR radiation. A simplified schematic
are then multiplexed out of the focal plane for signal processingepresentation of the BST focal-plane-array imaging device is
and display of a visible image of the thermal signature of thehown in Fig. 72.20. Without the chopper in the system, only
scene and targets. Since these focal-plane arrays operate neawring objects in the scene could be detected since, in the
room temperature, only a single-stage, low-power thermoeleabsence of a repeatedly refreshed background signature, the

Germanium
chopper dis
Uncooled focal-
plane array :
Figure 72.20
A simplified schematic representation of an uncooled BST
focal-plane-array imaging device. The motor-driven ger-
Collector manium chopper disk contains a series of lenslet arrays
lens ground into its surface at various positions to alternately
diffuse and transmit incident IR radiation.
Transmissive Scattering
G3682 state state
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detector surface charge would dissipate and cause the scdreomes completely unwound and the new direction of spon-
contrast to reduce to near zero. Replacement of the motdeneous polarization is established. Rise and decay times
driven mechanical chopper with a low-power, solid-state moduanged from tens to hundreds of microsecdffddepending
lator that could be scaled to detector size would be a highlgn the magnitude of the drive voltage pulse and the cell
desirable technology-development option. Liquid crystal dethickness. More recently, Marshatlal1®demonstrated that it
vices suggest themselves as an excellent alternative for thigas possible to extend the duration of the scattering state to
application by virtue of their low power consumption, short-periods ranging from hundreds of microseconds to millisec-
path-length requirements, scalability of size, and excellertinds in TSM devices by using specially designed waveforms
transmission characteristics in many regions of the near- aridat consisted of alternating polarity dc pulses superimposed
mid-infraredl~7-9-12Modulation device concepts employing upon a high-frequency ac signal. The ability of these “ex-
the cholesteric-nematic phase transifidfidynamic scatter- tended-scattering-mode” (ESM) devices to modulate radiation
ing,11 and polymer-dispersed nematic liquid crystalsave  in both the visible and mid-infrared regions was verified in a
been demonstrated; however, the long electro-optic relaxatigimple experiment using an Fourier-transform infrared
times observed in these devices (100 ms to several seconds) @€IR) spectrometer, in which an unoptimized ESM device
several orders of magnitude too slow to satisfy current requirelisplayed a 40% modulation depth for IR radiation in the 8- to
ments (<1 ms). A more promising approach uses the scatteridg-um region!®
produced by rapid field-induced unwinding of the helical
structure in thick (10- to 10@m) ferroelectric liquid crystal In this article, we expand on this previous work to examine
(FLC) devices in which the helix axis is oriented parallel to thehe angular distribution of forward-scattered light by the field-
substrates. This “transient-scattering mode” (TSM) deviceinduced unwinding of the helical structure in TSM and ESM
first reported by Yoshino and Ozaki;18 is shown in ferroelectric LC devices. Such information on the distribution
Fig. 72.21. The initial application of an electric field producesof forward-scattered light is important for the design of optical
a highly transparent, helix-unwound state; the electric fieldystems employing TSM or ESM devices, in that it gives an
polarity is then rapidly reversed, and the violent moleculaunderstanding of how close to the uncooled focal-plane-array
motion that occurs as the ferroelectric LC domains align witldetector the modulation device must be to ensure that the entire
the new field direction results in intense light scattering. Thémage fills the detector’s clear aperture. Although it would
transmissive state is then restored as the helix once agdiave been most desirable to conduct angular-scattering mea-
surements in the mid-infrared for greatest relevance to the
application of interest, our FTIR spectrometer was, by design,
incapable of conducting measurements at any angle other than
[ normal incidence. Because no other mid-IR detector was
) : available to us, we instead conducted these measurements
-~ lo | lo using an existing goniometer setup employing a visible-region
- : || |[e—
|
[
I

| LCpeIix
|
|
|
| B e light source.
|
|
I

N

—

Angular-Scattering Distribution Measurements

'~*~1TO-coated Three FLC materials commercially available from Merck,
substrates Ltd.—ZL1-4139, ZLI-4003, and SCE-9—were evaluated us-
V=+V | ¢ »| V=0 ¢ > V==V ing the goniometer test setup shown in Fig. 72.22. The beam
unwound helical unwound from a 15-mW, linearly polarized, helium—neon laser was
. (b) (@) (© expanded and passed through a quarter-wave plate to produce
circular polarization. We chose to use circularly polarized light
: in this work in order to observe the distribution of forward-
Figure 72.21

The transient-scattering mode in ferroelectric liquid crystals. (a) With nofielascattered |Ight without polarlzatlon effects. After pr(?pagatlng
applied, the helix axis lies parallel to the substrates, producing a weaki§irough the quarter-wave plate, the beam was collimated and

scattering texture; (b) application of a dc field causes the helix to unwindallowed to pass through the FLC cell at normal incidence. A
rendering the cell highly transparent; and (c) a rapid reversal of dc fiewarger beam diametepll mm) than in our previous work
polarity and intense, transient light scattering occurs as the ferroelectric L&l mm) was used to ensure that Scattering was averaged over
domains align with the new field direction. . ., .

a large portion of the device’s clear aperture, thus allowing a
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Figure 72.22
Diagram of the experimental setup used to measure angular scattering for ferroelectric LC devices operating in both tHeS\S khades. The integrating
sphere can be rotated through an angk66f, about the normal to the FLC substrate surface.

more realistic evaluation of the device’s behavior. The forsolution of nylon in formic acid, which, after being baked at
ward-scattered light was collected by an integrating spher£l5’C for 1.5 h and then buffed, served as an alignment layer
with a UDT PIN-10D photodiode. The integrating sphere wagor the FLC. The coated substrates were oriented with their
rotated about the normal to the cell substrate plane to determiabgnment layers parallel to each other, but with opposing rub
the angular spready) of the incident light out to 2Qbeyond  directions, and then bonded together using Master Bond
this point the signal-to-noise ratios attainable with this setup)V15-7TK1A UV curable epoxy mixed with 10-, 22-, or
were too small to allow reliable data. 24-um glass fiber spacers to control cell thickness. The cells
were then heated above the clearing temperature of the FLC
The FLC cells were driven with a Stanford Research Sysmaterial’s isotropic phase and filled by capillary action. To
tems DS345 digital function generator connected to a Hewlettensure homogeneous alignment of the FLC throughout the
Packard 6827A bipolar power supply/amplifier. The amplifiedcell, we used a Mettler FP82HT Hot Stage to cool the cell very
signal was routed to a Hewlett—Packard 54520C digital osciklowly (0.2C/min), from the isotropic phase down to the
loscope to display the driving waveform. The integratingferroelectricS.” phase, while applying a 15- to 30-V, 0.1-Hz
sphere detector was connected to a Melles Griot 13AMPO0G&ine wave by means of a function generator. This step was most
wideband detector amplifier, which in turn is connected to theamportant for thicker cells (>20m) and the short helical pitch
oscilloscope to display the output signal. materials (ZLI-4139 and ZL1-4003) to help ensure good align-
ment within the FLC devices. Prior to filling, the cell thickness
The cells evaluated in this study—SCE-9 (@® and was verified through an interference fringe counting method
24 um), ZLI-4139 (10um and 22um), and ZLI-4003 using a Perkin—Elmer Lambda-9 spectrophotonfét@hese
(24 um)—were assembled from glass substrates bearing empty cells were shown to vary by less than 7% from the
500-A, transparent, conductive ITO coating with a resistivitynominal spacer diameter. For consistency, all scattering re-
of 100Q/square. The substrates were spin coated with a 2-wt%&ponse measurements were done atambienttemperaf@g (22
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TSM Angular Scattering tested when the photodiode output values were plotted over a
All TSM angular-scattering measurements were taken us20° angular spread, as shown in Figs. 72.24(a) and 72.24(b).
ing a simple square wave as the driving waveform (Fig. 72.23%pince all evaluated devices displayed symmetrical scattering
Similarly shaped plots were obtained for all of the device®behavior about normal incidence, only one-half of the scatter-
ing envelope about normal incidence is shown in these and all
LI B R T T T subsequent figures for convenience. Each cell was driven at its
optimum frequency and within its ideal voltage range [deter-
mined experimentally (&5 = 0) for each material/cell combi-
nation] to produce the greatest possible modulation depth. As
shown in the figures, the bulk of the forward-scattered radia-
tion falls within & of the normal and drops off sharply up to
approximately 5. Very little scattering is observed past 6
which is in direct contrast to the behavior observed by both
Tagaweet al?! and Kobayastet al,22 who reported measur-

Drive
waveform
80.0 V/div

Photodiode
response
1.00 V/div

e T_IZerol transmissiop able scattering of the input beam at angles of up toGbe
-2.5ms 0.0 ms 2.5ms  probable explanationis thatthe FLC cells used in these studies
688 500 ps/div were one order of magnitude thicke 00 um) than the cells
used in our study and thus would be expected to exhibit much
Figure 72.23 stronger scattering behavior due to the increased path length.

Electro-optical response of ZLI-4003 in the transient-scattering mode. Thg\/e were unable to verify this supposition because the voltage
Il path length loyed Bn. . . . .
cell path length employed was 2 required to drive such long-pathlength TSM devices at their

3.5 T T T T T T T T T
@)
30 =
S
S 254 SCE-9 ]
2 /V—app: 10 V{im
3 20 :
= ZL1-4139
o . |
E’ 15+ /V—app. 13.8 Vlim
g 10| Figure 72.24
(a) Angular-scattering behavior of 1Bn-path-
05 length SCE-9 and ZL14139 FLC cells operated in
0.0 | the TSM mode. The applied voltage per unit path
’ length for each device is shown in the figure.
(b) Angular-scattering behavior of SCE-9 (24-
3.0 ! ! ! ! ! ! ! ! ! um), ZLI 4139 (22um), and ZLI 4003 (244m)
y SCE-9 (24Hm) (b) FLC cells in the TSM mode. The applied voltage
’>‘ : N - ] per unit path length for each device is shown in
= V-app: 8.3 Viim the figure.
§_ 2.0 .
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X
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optimal response levels exceeded the output capabilies of oemhance temporal response in our earlier work with TSM and
equipment. However, we cguoalitdively compare scattering ESM devices, which prompted us to look for a similar relation-
as a function of path length under non-optimal drive-voltagship in these experiments with respect to the intensity of
conditions in cases where the applied voltages per unit pafbrward-scattered light. In Fig. 72.24(b), the forward-scatter-
length are of a similar magnitude. If we examine the data img response of 24im-thick ZLI-4003, 24um-thick
Table 72.11, which shows the relationship between the magnBCE-9, and 22#m-thick ZLI-4139 cells, each driven at its
tude of angular forward scattering on applied field, we see thawn optimum frequency and voltage requirements, is com-
for the 10um and 22um ZLI-4139 cells, both driven at pared. The SCE-9 cell, in which the FLC material has a
nominally 6.8 Vum, the thicker cell shows the greater amountspontaneous polarization of 33.6 nCfcralearly scatters
of forward scattering in the°86° range. A similar trend can more strongly than do the ZLI-4003 and ZLI-4139 cells, in
also be seen from Table 72.II for the @ and 24um  whichthe FLC materials have spontaneous polarization values
SCE-9 cells, driven at applied field strengths of 7/8WAnd  of —20.2 nC/cm and 13.8 nC/c# respectively. The helical
7.29V/um, respectively. pitch length of the FLC material, shown in our earlier work
to have a marked effect on response times, appears to make
The strength of the spontaneous polarization of the FLdttle if any contribution to improving the intensity or angular
material and its helical pitch length were both shown tepread of forward-scattered light. Although our previous work

Table 72.11:  Angular-scattering response data obtained from FLC cells of various materials composition
and path length operated in the TSM mode.

Material SCE-9 | SCE-9 | SCE-9 | SCE-9 | ZLI-4139| ZLI1-4139 | ZL1-4139 | ZL1-4139 | ZL1-4003 | ZL1-4003

Path Length 10 10 24 24 10 10 22 22 24 24
(pm)
Applied
Field 6.5 75 6 7.3 6.8 10 5.7 6.8 35 5.1
(V)
Angle (°) Detector output (V)
0 1.516 2.312 1.969 2.562 1.562 2.141 1.453 1.719 1.719 2.328
1 1.344 2.140 1.766 2.328 1.422 1.906 1.344 1.610 1.562 2.219
2 1.109 1.719 1.429 2.008 1.125 1.531 1.094 1.312 1.219 1.891
3 0.734 1.289 0.867 1.321 0.688 1.031 0.812 0.953 0.781 1.297
4 0.367 0.555 0.469 0.750 0.359 0.562 0.406 0.500 0.406 0.625
5 0.070 0.148 0.078 0.141 0.062 0.125 0.109 0.156 0.094 0.188
6 0.031 0.023 0.078 0.086 0.078 0.000 0.312 0.312 0.062 0.000
7 0.031 0.039 0.062 0.078 0.109 0.031 0.312 0.312 0.062 0.031
8 0.031 0.039 0.062 0.078 0.094 0.031 0.312 0.312 0.062 0.031
9 0.031 0.031 0.055 0.078 0.062 0.031 0.312 0.312 0.062 0.031
10 0.023 0.023 0.055 0.062 0.062 0.031 0.312 0.312 0.062 0.016
11 0.023 0.023 0.055 0.062 0.062 0.031 0.312 0.312 0.047 0.016
12 0.023 0.023 0.031 0.055 0.062 0.031 0.312 0.312 0.047 0.000
13 0.023 0.023 0.031 0.055 0.062 0.031 0.312 0.312 0.047 0.000
14 0.023 0.023 0.023 0.047 0.062 0.031 0.312 0.312 0.047 0.000
15 0.023 0.023 0.023 0.031 0.062 0.031 0.312 0.312 0.047 0.000
16 0.023 0.023 0.016 0.031 0.031 0.031 0.312 0.312 0.047 0.000
17 0.023 0.023 0.016 0.031 0.016 0.031 0.312 0.312 0.047 0.000
18 0.023 0.023 0.008 0.016 0.016 0.031 0.312 0.312 0.031 0.000
19 0.023 0.023 0.008 0.016 0.000 0.031 0.312 0.312 0.016 0.000
20 0.016 0.023 0.008 0.016 0.000 0.031 0.312 0.312 0.016 0.000
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illustrated that materials with thehortesthelical pitch and between the TSM and ESM modes of operation in the same
largest spontaneous polarization were the most desirable fdevice. One possible explanation may be that in these experi-
maximizing the speed of response, here we can see froments the apparatus sampled a tenfold-larger area of the cell’s
Fig. 72.24(b) that the material with tlemgestelical pitchand  clear aperture than in our previous work. Cells that employed
the highest spontaneous polarization (SCE-9) shows the larpnger material path lengths and/or shorter helical pitch lengths
estamount of forward scattering over the® range. The ZLI  are known to have a much stronger tendency to be multidomain
4003 cell, whose FLC material has thmgesthelical pitch  and thus reduce the overall scattering response. We can see
and a large spontaneous polarization, follows closely behindome evidence of this by looking at the results in Table 72.111
while the ZL14139 device, whose FLC material has arelativelyor the 24um ZL1-4003 cell, which has the shortest helical
weak spontaneous polarization and a moderate pitch lengtbitch length {3 um) and also shows the greatest variation in

shows the poorest performance of the group. forward-scattered intensity between TSM and ESM modes.
Another contributing factor may be that the ESM waveforms
ESM Angular Scattering employed to obtain these results were those used in our earlier

The ESM driving waveforms in these experiments werexperiments and thus may require further optimization. Al-
produced using Stanford Research System’s Arbitrary Wavdéhough some adjustment of the waveforms is possible after
form Generator (AWG) software running on a standard P@ownloading to the function generator, this adjustment is
platform and downloaded via an RS-232 interface to thémited to modifying only the frequency and voltage values of
function generator. These ESM waveforms consisted of altethe entire waveform. Separate adjustments to the dc and ac
nating-polarity dc pulses superimposed upon a high-frequen@omponents of the waveforms may provide comparable TSM
ac signal, which made it possible to modulate the incident lighind ESM performance.
so as to produce nearly ideal square wave, optical output
(Fig. 72.25). Several specially designed ESM waveforms from | R E— T T
our previous studies were examined for their ability to modu-
late the incident light; those waveforms showing the best . o IRA Il
performance were used in this study. These waveforms were | l I | l |
further optimized at the function generator after downloading i I
by making real-time adjustments to the amplitude and
frequency of the overall waveform while driving the device
under investigation.

Drive
waveform
80.0 V/div

Photodiode
response
1.00 V/div

The angular-scattering data collected from ESM measure-
ments, shown in Figs. 72.26(a), 72.26(b), and Table 72.111, E—— Sy we—
show some significant variations from the TSM data in —2-°MS 0.0 ms T 2.5ms
Figs. 72.24(a), 72.24(b), and Table 72.1l. The same general 500ps/div
trends observed in the TSM experiments with respect to
forward-scattered intensity at different applied voltages, path
length, spontaneous polarization, and helical pitch length were
also observed in the ESM experiments. However, comparison -
of the TSM and ESM data for ZLI-4139 at }fn and \MA
10 V/um (Fig. 72.27) shows that the TSM mode produces a WVV
considerably higher degree of scattering than does the ESM S P
mode within the 8-6° angular range. Similar results were also 19.9 KHz —J L—
observed for SCE-9 at 24n, inthe TSM and ESM modeswith 3689 66 us
comparable voltages per unit path length of 7.3mv/

(Table 72.11) and 7.1 \{/im (Table 72.1llI), respectively. This Figure 72.25

finding is somewhat contradictory to our earlier investigationglectro-optical response of the 2&a-thick ZLI-4003 cell in the extended-
with TSM and ESM devices, in which there was little differ- scattering mode. An expanded view of the drive waveform used for the
ence observed in the intensity of forward-scattered radiatiofjeasurement is also included.

Zero transmissiol
313us

127.4V

126.25V
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05 - Figure 72.26
(a) Angular-scattering behavior of 10r-path-length
0.0 SCE-9 and ZLI 4139 FLC cells operated in the ESM
mode. This data was obtained using the driving
25 0 0 0 0 0 0 0 0 0 waveform shown in Fig. 72.25. (b) Angular scatter-
SCE-9 (24|-1m) (b) ing behavior of SCE-9 (2dim), ZLI 4139 (22um),
. and ZLI 4003 (24um) FLC cells in the ESM mode.
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Table 72.111:  Angular-scattering response data obtained from FLC cells of
various materials composition and path length operated in the ESM

mode.
Material SCE-9 SCE-9 | ZLI-4139 | ZL1-4139 | ZLI1-4003
Path Length 10 24 10 22 24
(um)
Applied
Field 10 7.1 10 7.4 85
(V/pm)
Angle (°) Detector output (V)
0 1531 1.422 1.109 2.047 1.100
1 1.461 1.344 1.078 1.921 0.965
2 1.226 1.102 0.773 1.625 0.717
3 0.766 0.726 0.531 1.180 0.497
4 0.289 0.336 0.258 0.719 0.244
5 0.070 0.133 0.109 0.328 0.094
6 0.133 0.055 0.172 0.109 0.044
7 0.102 0.031 0.187 0.055 0.031
8 0.078 0.023 0.164 0.055 0.025
9 0.055 0.023 0.156 0.055 0.025
10 0.031 0.023 0.125 0.055 0.025
11 0.031 0.031 0.109 0.039 0.021
12 0.023 0.031 0.078 0.039 0.025
13 0.023 0.031 0.078 0.039 0.019
14 0.023 0.031 0.070 0.039 0.019
15 0.023 0.031 0.062 0.031 0.019
16 0.016 0.031 0.055 0.031 0.016
17 0.016 0.031 0.047 0.031 0.016
18 0.016 0.031 0.047 0.031 0.019
19 0.016 0.031 0.039 0.031 0.016
20 0.016 0.031 0.039 0.023 0.016
Summary forward scattering over the®86° measurable range of our

In this work, we have shown that the magnitude and distriexperimental apparatus than does the ESM mode. These re-
bution of forward-scattered light in FLC devices operating insults indicate that additional work will be required before ESM
the TSM and ESM modes are most greatly influenced by théevices can be employed as modulation devices in practical IR
device’s path length, the strength of the spontaneous polarizamaging systems employing uncooled focal-plane-array de-
tion of the particular FLC material used in the device, and theectors. Of greatest importance is to obtain a much better
operation mode—TSM or ESM. The helical pitch length,understanding of the physical and optical mechanisms that are
which was shown to have a large effect on the tempordahe underlying processes that govern the ESM effect. Only
response of TSM and ESM devices in our previous workwith a better working knowledge of these processes will it be
appears to have little or no effect on the magnitude or distribypossible to design driving waveforms and new FLC materials
tion of forward-scattered light in either mode of operationto better enhance angular scattering while at the same time
Although there appears to be little difference in the angulamaintaining the rapid temporal response required for mid-IR
distribution of forward-scattered light between the TSM andnodulation applications.

ESM modes, the TSM mode appears to produce more efficient

LLE Review, Volume 72 195



ANGULAR SCATTERINGCHARACTERISTIC®F FERROELECTRIALIQUID CRYSTALELECTRO-OPTICAL DEVICES

ACKNOWLEDGMENT 10.

This work was supported in part by the Army Research Office under
contract DAAL03-92-G-0147, the U.S. Department of Energy Office of
Inertial Confinement Fusion under Cooperative Agreement No. DE-FC03-
92SF19460, the University of Rochester, and the New York State Energy

Research and Development Authority. The support of DOE does not consti 5

tute an endorsement by DOE of the views expressed in this article.

REFERENCES 13.

1. W. Gunning, J. Pasko, and J. Tracyniaging Spectroscopgdited by 14.

D. D. Norris (SPIE, Bellingham, WA, 1981), Vol. 268, pp. 190-194.

15.

2. P. Joffre, G. llliaquer, and J. P. HuignardElectro-Optic and Mag-

neto-Optic Materials and Applicationedited by J. P. Castera (SPIE, 16.

Bellingham, WA, 1989), Vol. 1126, pp. 13-20.

3. S.-T.Wu and R. J. Cox, Lig. Cry${.1415 (1989). 17.

4. S.-T.Wu, Opt. Eng26, 120 (1987).

18.

5. Y. Shi, in Optoelectronic Science and Engineering ,’'&dlited by
D.-H. Wang (SPIE, Bellingham, WA, 1990), Vol. 1230, pp. 58-60.

19.

6. V.A. Berenbergt al, Sov. J. Opt. Techno0, 487 (1993).

7. S.-T. Wu, U. Finkenzeller, and V. Reiffenrath, J. Appl. Pi85. 20.

4372 (1989).

8. R.E. Flannery and J. E. Miller, infrared Imaging Systems: Design,

Analysis, Modeling, and Testing ,llédited by G. C. Holst (SPIE, 21.

Bellingham, WA, 1992), \Vol. 1689, pp. 379-395.

22.

9. V. V. Danilovet al, Sov. J. Quantum Electrob5, 1111 (1985).

196

J. G. Pasko, J. Tracy, and W. ElseAdtive Optical Devicesdited by
J. Tracy (SPIE, Bellingham, WA, 1979), Vol. 202, pp. 82-89.

I. C. Khoo, Final Report #TCN 87-569, U.S. Army Research Office
(1988).

J. W. McCargar, R. Ondris-Crawford, and J. L. West, J. Electron.
Imaging1, 22-28 (1992).

K. Yoshino and M. Ozaki, Jpn. J. Appl. Phg3, L385 (1984).
M. Ozaki and K. Yoshino, Tech. Rep. Osaka U88/.53 (1985).
K. Yoshincet al., Jpn. J. Appl. Phys., Supplement 248,59 (1985).

K. Yoshino and M. Ozaki, Jpn. J. Appl. Phys., Supplement 242,
130 (1985).

M. Ozaki, S. Kishio, and K. Yoshino, Mol. Cryst. Lig. Cry546,
251 (1987).

K. Yoshino, M. Ozaki, and S. Kishio, Jpn. J. Appl. Phys., Supplement
24-3,24, 45 (1985).

K. L. Marshall, S. D. Jacobs, and J. E. Miller, Appl. O,
6704 (1995).

I.-C. Khoo and S. T. WuWptics and Nonlinear Optics of Liquid
Crystals Nonlinear Optics, Vol. 1 (World Scientific, Singapore,
1993), p. 108.

A. Tagawat al,, Jpn. J. Appl. Phys., Supplement 2&&,133 (1989).

J. Kobayashét al, Mol. Cryst. Lig. Cryst263 595 (1995).

LLE Review, Volume 72



Magnetorheological Finishing of IR Materials

MRF of Optical Glasses 1. “Standard” MR Fluid

In magnetorheological finishing (MRF), a magnetic-field— To date most MRF work has utilized an MR fluid consisting
stiffened ribbon of fluid is used to polish out a workpiece.of magnetic particles of carbonyl iron (Cl) in water, with small
Removal occurs through the shear stress created as the riblmmcentrations of stabilizers added to inhibit oxidation. Al-
is dragged into the converging gap between the part and sortimugh this formulation will polish glass, removal rates are
reference or carrier surface. The zone of contact is restrictedéocelerated with the addition of cerium oxide (GeQ\

a spot thatis smaller than the part’s diameter. The removal spstandard” formulation used in many experiments at the Uni-
constitutes a subaperture lap that conforms perfectly to theersity of Rochester’'s Center for Optics Manufacturing
local topography of the part. Deterministic finishing of flats,(COM) consists of (given in vol %) 36/Cl, 6/Cg®5/water,
spheres, and aspheres is accomplished by mounting the partaomd 3/stabilizers. This high-solids-content fluid exhibits an
a rotating spindle and sweeping it through the spot undexpparent viscosifof ~0.5 Pes outside of a magnetic field. In
computer control, such that dwell time determines the amourt magnetic field of 160 to 240 kA/m (2 to 3 kG), the apparent
of material removed. The MR fluid lap is unique because (1) itsiscosity exceeds ~10,000-Bat a shear rate of 8fsnaking
compliance is adjustable through the magnetic field, (2) iit stiff enough to support loads for finishing. Figure 72.28 gives
carries heat and debris away from the polishing zone, (3) ibitial size histograms and median particle sizes for the solid
does not load up, and (4) it does not lose its shape. A prelimparticles® The CI (lefttop) @ 4.hm is in the middle size range
nary theory and an extensive review of the MRF process afer commercially available magnetic powdé&rghereas the

given elsewheré:2 CeQ, (left bottom) @ 3.5um is a coarse, impure, and aggres-
20 B tororrnn rorrrrn rorrrnn
< L i
(TR B i
0 il ul
20 ™
< L -
oL L -
0.1 1.0 10 100 1000
64202 Diameter im) 5pm
Figure 72.28

Histograms showing initial particle sizes of solids in MR fluid. The SEM shows the solids after one week of use.
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sive commercial polishing abrasiVelhe scanning electron contact angle of ~5 Material removal occurs during the 5- to
micrograph (SEM) of the MR fluid shown on the right in 10-s contact time between ribbon and part. Peak and volumet-
Fig. 72.28 was taken after one week of use. The round Qic removal rates are calculated from interferometric data
particles are essentially unaltered from their initial mediarobtained on a phase-shifting interferom&efter correcting
particle size, but the irregularly shaped Gefarticles have for the initial surface shape. It is important to measure removal
been broken down to smaller sizes by constant milling actiorates for surfaces that are initially well polished out (rms

of the CI. surface roughness less than 5 to 10 nm). This avoids reporting
erroneously high rates of removal that are seen for spots taken
2. MRF Machine Platforms on ground surfaces. Usually, three spots are generated over

In MRF, the workpiece is positioned above a movingseveral minutes, and the average result is reported. Data for
surface that supports and carries a shaped ribbon of MR flufdsed silica suggest that results are goathh—5%.
into and through the polishing zone. The dc field from an
electromagnet, located just below the carrier surface and cen- The shape and magnitude of material removed in the polish-
tered under the workpiece, stiffens the ribbon before it contacisg spot are used in two ways. Peak removal ratgsitmin
the part. Two machine configurations are shown in Fig. 72.2%ive an indication of polishing efficiency for different materi-
The research testb®ih Fig. 72.29(a) consists of a 560-mm- als when studied under identical fixed conditions. Volumetric
diam rotating aluminum plate with a shallow trough along itsemoval rates are necessary for determining the machine
rim. With this machine, it is possible to conduct screeningprogram and finishing time required to process a specific
experiments on different MR fluids and/or workpiece materi-part geometry.
als, provided that the test samples used are convex and less than
50 mm in diameter. Figure 72.29(b) shows the vertical wheel By fixing all process parameters, it is possible to use MRF
configuration used in the new prototype MRF macHikkere,  to study removal rates and conduct finishing experiments on a
the wheel rim is a segment of a 150-mm-diam sphere. Convexariety of optical glasses. Process conditions and experimental
flat, or concave parts up to 100 mm in diameter can be finishe@sults are given in Table 72.1V, Fig. 72.31, and Fig. 72.32. The
without changing the setup. standard MR fluid is very effective at removing mass from
silicates, borosilicates, lead silicates, lanthanum borates, and
3. Removal Rates, Polishing Spots, and Smoothing of phosphates. Peak removal rates as high as 10 toniin
Optical Glasses are seen for soft glass compositions. Rates are between 1 and
Removal rates are obtained by generating spots as illug-um/min for the hardest glasses. An excellent positive linear
trated in Fig. 72.30. With the part mounted on a stationargorrelation between volumetric removal rate Effff/KCsz
(nonrotating) spindle, a program is used that moves the lens (&, Young's modulusK,, fracture toughnesst,, Knoop hard-
surface to be polished into the field-stiffened ribbon at a fixesess) is seen in Fig. 72.31.

Figure 72.29
(a) Horizontal-trough MRF machine;
(b) vertical-wheel MRF machine.
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Zygo filled plot

Figure 72.30
Removal rates are derived from polishing spots. Interferom-
Zygo profile plot etry is used to determine the peak and volumetric removal for
0.000 T ] a part that is positioned without spindle rotation in the MR

—0.032 - . 2.8um/min fluid ribbon at a ~3angle for ~5 s.
= 0.29 mn¥/min
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Q Volumetric removal rates for optical glasses under fixed processing condi-
g tions given in Table 72.1V, plotted against a set of mechanical properties as
é 05 described in the text.
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Table72.1V:  Removal-rate results with “standard” MR fluid on MRF of IR Materials
optical glasses. The standard MR fluid composition is effective for finish-

Conditions: ing optical glasses, glass—ceramics, plastics, and some non-
«  Plano-convex plugs, ~40-mm diam x 70-mm radius; magnetic metal$! This standard fluid does not perform well
pitch polished on magnetic or IR materials. In this section, we identify IR
« Horizontal-trough machine materials of interest, illustrate some of the difficulties encoun-
« Trough velocity, 20 rpm (~0.5 m/s) tered when polishing these materials with the standard MR
«  Work spindle fixed for spots, 70 rpm for polishing fluid, and show how new MR fluids and modified processing
« Ribbon height/gap, 2/1 mm conditions enable the MRF of IR materials to be accomplished.
e Magnet current, 8 A
Glas® Peak 1 rate Vol 1 rae 1. IR Materlal§ of Interes_t . _ _
mvmin mm3/min Some phys_lcal properties of e|ghF IR materlals of interest to
the COM and its collaborators are given in Table 72.V. Proper-
KzF6 (S) 7.81 0.55 ties of BK7 are included for comparison. Data are rank ordered
F7 (9 11.85 0.91 according to increasing hardness. Most of these materials are
considerably softer than optical glasses. One is water soluble;
LHG8 (H) 9.16 143 two are significantly harder than any glasses. Several of the
SF7 (9) 8.48 0.65 single-crystal materials exhibit orientational anisotropies in
SF56 (S) 9.24 124 hardness. The two polycrystalline compounds ZnSe and ZnS
differ in grain size by an order of magnitude. Samples of most
Q89 (K) 775 1.40 materials listed in Table 72.V were obtained in the form of
K7 (S 487 0.53 plugs, 25 to 40 mm in diameter, and subsequently processed on
one side into 70-mm-radius spheres. Sapphire samples were
FS(C HA) 2.08 0.29 provided as bend bars, and the CVD diamond part was in the
BK7(S,0) 4.03 0.48 form of a 1.1-mm-thick by 17-mm-diam disk.
SK7(9) 10.10 0.73
2. Processing Limitations of Standard MR Fluid
K14 (9 4.79 0.46 Table 72.VI gives removal rates and smoothing data for
LaK10 (S 242 0.45 several IR materials under conditions similar, but notidentical,
Lak33(S) 0.99 011 tp those set forth in Table 72._IV. The modified process condi-
tions (2 lower trough velocity and 50% larger gap—e.g.,
TaFD5 (H) 1.87 0.21 smaller spot—between workpiece and trough) reduce the
(8)(S) shott, (H) Hoya, (K) Kigre, (C) Corning, polishing efficiency for the BK7 reference part by;-®ithout
(HA) Heraeus Amersil, (O) Ohara. affecting achievable surface finish. Under these somewhat

relaxed conditions, MRF of soft IR materials is too aggressive.

The ability of MRF to remove mass from a surface islnitially smooth surfaces become rougher by anywhere from
necessary to eliminate subsurface damage and accompligk to 30x after 1um-removal runs, and pits and/or scratches
figure correction, but is not sufficient: MRF must also smoothappear. Figure 72.33 shows the degradation created in a pitch-
away surface microroughness. This is done exceedingly weabolished ZnS surface by MRF.
for glass. Figure 72.32 shows the evolution of surface
microroughness with elapsed finishing time for fused silica Conversely, the standard MR fluid has little effect on hard
and six optical glasses, measured with noncontacting opticdR materials. The removal rate for sapphire is very small, and
profilometry12.13Conditions are as indicated in Table 72.1V. no effect is seen for CVD diamond. The correlation between
The final rms surface microroughness, independent of glasemoval rate and material mechanical properties (not shown) is
type, is ~1 nm. The smoothing process is sensitive to the initialot observed.
condition of the glass surface and the glass hardness. If the
initial rms surface microroughnessisless than ~30 nm, smootB- Improved MR Fluids and Process Conditions
ing occurs in 5 to 10 min. More time is required for rougher Two strategies are found in the literafifréor polishing IR
surfaces (e.g., the result for BK7 in Fig. 72.32). materials conventionally. One approach uses aqueous-based
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Water Knoop Young's Fracture
Material Source Structure(® Solubility | Hardness H(P) | Modulus3 E | Toughness K,
g/100 g @ 20°C (GPa) (GPa) (MPasv/m)
LiF Optovac cubic sc 0.2714 0.85-0.951° 91 0.36(9)
ZnSe VI cubic pc, ~50 to 80 pm insoluble 1.0816 6716 0.516
CaF, Optovac cubic sc 0.001714 1.54-1.7515 110 0.33(¢)
Amorphous | .

- ass, GeqyrASs 17 17 (d)
AMTIR-1 materials g 33AS12Se55 insoluble 1.67 22 0.34
ZnS 11-V1, Morton | cubic pc, 2 to 8 um insoluble 21116 7516 0.816
MgF, Optovac tetrag. sc, c-cut insolublel4 2.87-4.0718 138 0.9()
BK7 Schott, Ohara | glass insoluble 5.8419 8119 0.8520
Al,0O4 U.S. Army hexag. sc, c-cut insoluble 13-2121 405 2.2(c)
CvD ; - 22 24 25

. NAWC cubic pc insoluble 56-102 1100 56
diamond
@ = single crystal; pc = polycrystalline (©weakest plane
(b)100 of (d)Unpuinshed, measured at COM
Table 72.VI: Removal-rate and smoothing results with standard MR fluid
on pitch-polished IR materials.
Conditions:
» Plano-convex plugs, ~25- to 40-mm-diam x 70-mm radius
« Horizontal-trough machine
e Trough velocity, 10 rpm (~0.25 m/s)
»  Work spindle fixed for spots, 38 rpm for polishing
* Ribbon height/gap, 2/1.5 mm
e Magnet current, 8 A
Roughness?6
initial - final
Material Peak Volume 1 um removed
r rate r rate rms
(um/min) (mm3/min) (nm)
LiF 1.04 0.041 3.5 P @
ZnSe 0.34 0.012 4-75 (p, scr)
CaF, 0.26 0.029 2-16 (p)
AMTIR-1 4.21 0.36 2.4 (scr)
ZnS 0.17 0.006 4132 (p)
MgF, 0.17 0.017 2-10 (p, scr)
BK7 1.78 0.18 1-1
Al,Og 0.036 0.002(b) na
CVD diamond na na na
(@p = pits; scr = scratches.
(b)Trough velocity, 20 rpm; spindle velocity, 75 rpm.
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slurries containing alumina (coarse/@® to fine/0.05um)  “nanoalumina” and “nanodiamond” products, which are in the
on a pitch or wax lap at low (50-gf) loaés28 Another  0.04-um size range. Figure 72.34 gives a nomograph showing,
approach recommends diamonds (coarse(8r0to fine/ for a given particle size (assumed monosized), how many
1.0 um) in nonaqueous (or partially aqueous) glycol-basegarticles would be contained in 1 ml of MR fluid prepared from
suspensioné? It is recommended that, in order to prevent pitsa given volume percent of abrasive. The standard MR fluid has
or scratches, removal rates should be low in the final finishing 1(° Cl and CeQparticles per milliliter. There are nearlyf0
stages for soft materials. nanoabrasive particles dispersed in the MR fluid when it is
prepared with as little as 0.1 vol % of these materials.
Alumina or diamond abrasives are easily substituted for
Ce0, in the MR fluid. Table 72.VII gives the properties of a. Remwal rates with alumina-based MRuids. The MR
some submicron-size alumina and diamond polishing agentiiid is adjusted for IR materials by substituting Qué
used in this work. Two interesting materials are thealumina at ~5 vol % for CeQand by further relaxing process

1.0pm 1016

ToTTTTT T T T e
; ; 0.03
- 1015 Particle size|{m) 0.05 E
: Ay g 104
" Peal )
Bel £
efore: 2
49 nm p-v, 5 nm r 2 10
————————— QL 1011
2 I3
= ' ; Dai 1010 /
e 2 - 2 | Valley 109
—=_— = V/ 108
After: 0.01
2600 nm p-v, 140 nm _1.0pm 4208 Volume percentage
G4207
Figure 72.33 Figure 72.34
2.6-um-deep pits on a 0.25-mr0.35-mm area of ZnS after removingrh Nomograph for estimating the number of abrasive particles in 1 ml of MR
of material with MRF under conditions in Table 7238l fluid, based upon volume percent and particle size (assumed monosized).
Table 72.VII: Polishing abrasivesfor IR materials.
Particle size (@ (um)
Abrasive Source30 Structure Form of Supply | Primary(® | Aggregate/Agglomerate
9220 nanoalumina | Norton Co. apha platey | 19%-23% solids| 0.04 0.07/—
“B” adumina Praxair gamma blocky dry 0.09 0.16/—
“A” alumina Praxair apha  platey dry ~0.3(©) na
®
DIAN.AN Mark Technologies —— dry 0.03 —/0.75
nanodiamonds

(@Numerical average of 20 primary particles by JEOL 200 EX transmission electron microscopy (TEM).
(b)pri mary particles: single domain, homogeneoudly ordered, single crystals; aggregates strongly bonded assembly

of two or more primary particles, agglomerates: weakly bonded ensemble of primary particles, aggregates, or both.31
(9)From vendor literature.
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polishing aggressiveness with reductions to trough velocity, lm——— v ——
gap, and magnet current. As shown in Table 72.VIIl, volu-
metric removal rates for the BK7 reference are now 22
and 6 lower than those reported, respectively, in
Tables 72.VI and 72.1V. Volumetric removal rates for the IR
materials (Table 72.VIII compared to Table 72.VI) have actu-
ally increased (LiF#+3%; ZnSe,+1.3x), remained approxi-
mately the same (CaFZnS), or dropped (AMTIR-1;3X;
MgF,, —8.5x). Figure 72.35 shows that the correlation previ-
ously established between removal rates and mechanical pro
erties for MRF of glasses with CeOn the MR fluid is 0.001———rrml vl vl
preserved for alumina slurries, and it is now seen to hold for 1 10 100 1000 108
IR materials as well. The advantage to these adjustments isio0 ESY(K Hi)(103GPa7/m-1/2)
smoothing without scratching or pitting for IR materials.

T T T T
L1

LiF

©
[

o
o
=

Volume r rate (mr#min)
T
wn

MgF,

o

Figure 72.35
Volumetric removal rates for IR materials and optical glasses using an
alumina-based MR fluid, plotted against mechanical properties.

Table 72.VIIl: Removal-rate results for IR materials with
alumina-based MR fluids and relaxed
process conditions. generated parf&® and results from figure-correction experi-

ments are summarized on the right-hand side of the table.

Conditions:
¢ Plano-convex plugs, ~25- to 40-mm-diam x 70-mm
radiys, pitch polished _ Surface smoothing without the generation of pits or scratches
*  Horizontal-trough machine . is seen for all materials. Roughness in LiF, S@#MTIR-1,
* 03-um aluml_naabrasveln MR fluid ZnS, and Mgk is reduced from ~2000 nm to 4 to 6 nm with
e Trough velocity, 5 rpm (~0.13 m/s) . . .
« Work spindle, fixed (spots) alumina abrasives under relaxed MRF conditions. Examples of
+ Ribbon heighi/gap, 1.5t02/1to 1.5 mm smoothing are given for AMTIR-1 and ZnS in Fig. 72.36.
e Magnet current, 1 A
- . o .
Material Peak 1 rate Volumer rate The addition qf asll|ttl.e. as O.l{r vol % nanodiamonds to the
) 3 standard MR fluid significantly improves removal rates for
(um/min) (mm=/min) . .
_ sapphire, as was previously reportédable 72.1X (bottom)
LiF 4.07 0.149 shows the results of an experiment to process four bend bars
ZnSe 0.57 0.016 (3 mmx 4 mmx 45 mm long) meant for fracture strength
CaF, 0.40 0.024 testing34 Work was conducted with the vertical-wheel ma-
chine, using translational motion of the part along the fluid
AMTIR-1 3.68 0.127 ribbon without spindle rotation. MRF reduces p-v and rms
ZnS 0.22 0.007 roughness of initially ground surfaces by x18fter 4 to
MgF, 0.21 0.002 6 h. Simultaneously, because of the compliant nature of the spot
BK7 035 0.008 and its large lateral size rglatlve to the part width, the
sharp edges of the part adjacent to the work surface are
SF7 051 0.013 smoothed. Figure 72.37 shows the setup, a part, and part edges
FS 0.16 0.005 before and after MRF. Most edge chips, cracks, and scratches

are removed.

b. IR méderal finishing epetiments with modied MR
fluids. Details of finishing experiments for IR materials An MR fluid with 0.14-vol % nanodiamonds can be used for
with alumina- and diamond-based MR fluids are given imroom-temperature polishing of CVD diamond. Table 72.IX
Table 72.IX. Indicated across the top and down the left-hanshows that, in 80 h of elapsed polishing time, MRF with the
side of the table are the machine processing conditions anértical-wheel machine reduces the p-v roughness of CVD
abrasives used for each material. The middle of the table give&amond from almost 2m to under Jum. The rms roughness
results of smoothing experiments conducted on ring-tools reduced by 10to under 40 nm.
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Table 72.1X: Finishing results for IR materials with alumina- or diamond-based MR fluids and relaxed process conditions.

-lel’cljlatrllcc)fgbnvex plugs, ~25- to 40-mm-diam x 70-mm radius, ring-tool—generated surfaces, MRF on horizontal machine @ 1 A.
«  Sapphire bend bars and CVD diamond disk (see text for preparation); MRF on vertical-wheel machine @ 2.5 A.
Smoothing Finishing
Amount Roughness Roughness Fig. Errorl0 Amount
Material Abrasive/ Trough Vel./ | Ribbonht/ | Material | initial - fina | initial »final | initia - final Materia
vol % Spindle Vel. gap ht Removed p-v rms (90% aperture) | Removed
(rpm) (mm) (Lm) (hm?5) (hm?6) (m) (Lm)
LiF B alumina/2.7 10/53 15/1 3 188045 50-3
ZnSe 9220 nano/5.4 20/75 2/1 20 2000- 250 180- 15
CaF, A dumina/5.1 15/53 2/15 3 650- 35 124 0.63-0.16 0.65
0.63-0.32 1.0
AMTIR-1| B dumina/2.7 1.9/53 2/1.5 9 23700) 30 | 100-4
Zns A aumina/5.1 20/75 2/15 9 2550 56 108- 6 0.63-0.16 0.3
MgF, B alumina/2.7 20/75 2/1 9 2340-.50 57-6 0.19-0.63 10
BK7 A alumina/s.1 15/53 2/15 6 2410- 20 7351 0.32-0.13 10
Al,03 | CeO,Std@)/5.7 175/one | 2/1 na  |8650-1365 | 540-.56
g\;gon 4 | 9220 nano®/25 | 175/100 211 11 8735 840 435,39

(@with 0.14-vol % DIANAN® nanodiamonds.
(B)1nitial surface, loose abrasive ground with 3-pm alumina.
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Figure 72.36

(a) Smoothing of AMTIR-1 with MRF after grinding with (@n loose
abrasives; (b) smoothing of ZnS with MRF after grinding with 2- tofine

diamond ring tool on a Rogers & Clarke GP 150.
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Two types of artifacts from the MRF smoothing process
require further study. One type of artifact is seen in the
processing of curved surfaces on single-crystal ,Caitl
MgF,. For small amounts of material removed (e.qg..0r5
during figure-correction runs, surface figure errors are cor-
rected well. In removing larger amounts of material (e.g.,
>1 um), asymmetric features are seen to develop that may
relate to orientational anisotropies in mechanical properties for
these crystal$®>18 An example for Caj is shown in
Fig. 72.38. Similar behavior in MgFcauses the increase in
figure error reported in Table 72.1X.

A second type of artifact is seen in finishing ZnSe. As
shown by the smoothing data in Table 72.IX, gross roughness
is reduced by MRF, but only to a level that is * hgher than
that achieved for other crystals. Microscopic examination
shows that the surface features causing this microroughness
are not pits or scratches but are a manifestation of hills and
valleys on the part surface whose lateral feature size is compa-
rable to the ZnSe grain size (see Fig. 72289)he irregular
surface texture is called “orange peel” and is related to the
chemistry and mechanics of the polishing proéédglore
work is required to adjust the MRF process for finishing ZnSe.

LLE Review, Volume 72



MAGNETORHEOLOGICALFINISHING OF IR MATERIALS

Sapphire bend bars Edges before

Figure 72.37

MRF processing of sapphire bend
bars by the translation along the
ribbon. The nanodiamond doped
MR fluid removes edge chips,
cracks, and scratches (wsvork
surface).

G4211
0.65um removed
0.16pum p-v 0.3
Figure 72.38 e
Evolution of one type of artifact possibly related to anisotropies in = - Hum
mechanical properties in single-crystal Gawhen polishing out a b
convex surface. Surface figure error data is referenced to best-fit £ G 60'8
70-mm radius-of-curvature sphere, 90% apertdre. ' ¥ l,"
| |F _;.
Initial: 0.63pm p-v .éu e I mm
I| . _-".._
| %
et 10
14 mm 55

1 um removed

0.32pum p-v 0.3
.ll i s l\.'l' .'ll e '
Y = Y= T — i um
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i -0.8

- = ; '| I_.-'.
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G4213

Figure 72.39
Characteristic texture called “orange peel” in the surface of a ZnSe part after MRF.

4. Aspheric Surface on AMTIR-1 10 min on a special 185 to remove deep tool marks. This

An important goal of MRF is the ability to finish aspheric surface was then processed by MRF in three runs (~24 min) to
lens surfaces for use in IR imaging systems. This articleemove surface microroughness and change the surface from a
concludes with an example of rapid aspheric surface manufasphere to an asphere with a conic constarDd5 (ellipse).
turing using the IR material AMTIR-1. Processing conditions and results are given in Table 72.X.

A nanoalumina polishing agent was used in the MR fluid.

A 40-mm-diam by 8-mm-thick part was cut to a base radiugigure 72.40 gives the required radial deviation from least-
of 70 mm with a series of three bronze-bonded, diamond ringemoval spheR® and stylus profiler scaf%of the part surface
tools on the Optipf® SX5036 The part was prepolished for before/after MRF processing. The final figure was Q8

Table 72.X: MRF resultsfor AMTIR-1 ellipse.

Conditions:

¢ Plano-convex plug, 40-mm diam x 70-mm radius
¢ MR fluid, 2.4-vol % 9220 nanoalumina

e Vertica-wheel machine

e Whesel velocity, 175 rpm (~1.4m/s)

e Work spindle velocity, 55 rpm

* Ribbon height/gap, 2/1 mm

e Magnet current, 2.5 A

206

Amount Material | Final Roughness | Final Roughness | Final Figure(® Error
Process Step Removed p-v rms p-v
(time, min) (um) (hm26) (nm26) (um)
Grind — 2510 194 —
Prepolish (10) — 300 5 5.11
Run #1 (14) 15 2 0.79
Run #2 (7) 1 13 15 0.20
Run #3 (2.5) 0.5 13 14 0.13

(BRef: least-removed sphere.
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Figure 72.40
Aspheric finishing of AMTIR-1 part. 12.
13.
Conclusion

MRF of optical glasses is accomplished with an MR fluid 14.

containing Ce@to accelerate removal rates. By substituting

nanoalumina or nanodiamond abrasives for £a@ making  15.

changes to the MRF process conditions, it is possible to finish

IR materials as well. Work will continue to understand process; g

chemistry and the mechanics of removal for these materials to
further improve the quality of finish.

17.
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Integrated Circuit Tester Using Interferometric Imaging

A noninvasive optical diagnostic technique for testing thdion source, and the time delay between the initiation of the

electrical state of an integrated circuit has been developed stite and the laser probe pulse allows us to take a series of

LLE. The interferometric probe is capable of distinguishingimages that map the time evolution of the interferogram. So

between the on- and off-state of Blchannel field-effect long as the DUT state is stable, multiple probe pulses can be

transistor (FET) with micron-size dimensions. Continued deaveraged to improve the signal to noise. The stability does not

velopment of advanced semiconductor devices relies on thequire that the state be static. For example, a given state can be

availability of diagnostic techniques to identify and eliminateinitiated in the DUT and probed at a later tiieThe DUT can

design flaws. As semiconductor integrated circuits (IC) bethen be resetto zero and reinitialized before the next laser pulse

come faster and more complex, they are starting to exceed thgives atl gk + At, WhereT ok is @ multiple of the clock

capabilities of the present generation of diagnostic prbbesperiod. A mode-locked laser typically operates at 50 MHz to

The technique described here requires no external leads 160 MHz, soitis possible for a device to be tested at or near the

probe the voltage state; thus, it is relatively noninvasive. Aormal clock frequency.

subband-gap optical pulse is used as the probe so we can look

at both buried structures and flip-chip devices. The tempordhysical Basis of the Measurement

resolution is determined by the duration of the optical pulse, Semiconductors are characterized by a band structure with

which is in the picosecond regime. With appropriate opticsa nearly full valance band and a nearly empty conduction band.

submicron spatial resolution can be achieved. Finally, if a pulsé/e build devices by modulating the number of charge carriers

train from a mode-locked laser is used, the sampling rate camthese bands. This modulation affects not only the electronic

approach the IC’s natural clock frequency. properties but also the optical properties of the semiconductor.

The particular optical property we are interested in is the index

Our interferometric imaging technique is being used tof refraction. An excess of free carrié&i¥ causes a change in

provide time-resolved diagnostics of semiconductor integratetthe index of:

circuits. The device under test (DUT) is placed in one arm of

an interferometer ar7d illuminated with a picosecond pu_lsg An=nAN ez/(2£a)2m*), 1)

from a subband-gap infrared laser. Even though the material is

transparent, it does interact with the light probe. The laser

samples local variations in the index of refraction, giving risavhereeis the electronic chargey* is the effective mass of the

to an interference pattern, which we detect. The variations acarriers, € is the dielectric constant, and is the angular

caused by a number of physical phenomena including ddpindrequency of the incident radiatidrsing numbers for silicon

in the material, heating due to the flow of electrical currénts,and 1um radiation we get

and changes in carrier concentrations due to injeétidrese

variations have both static and dynamic components. The An~10"21cm=3AN. (2)

dynamic components are associated with the normal device

operation and are the most interesting. To separate the twosubmicron FET can have an excess free-carrier concentra-

components, the device is firstimaged in a quiescent state (tion of 1(*9to 10t8 cm™3 extending to a depttof 0.25um into

external voltage applied), and then a second image is takéme bulk® A light pulse passing through this region (double

after the device enters a known voltage state. Differencgsass) will experience a change in optical pattnj of 0.0005

between the two images determine where the local index o6 0.05 waves. The former value is probably beyond the

refraction has changed and by how much. Activation of theesolution of our system, but 1/20 wave should be observable.

DUT electronic state is synchronized with the pulsed illumina-
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Free carriers are not the only contributors to the change ithosen a simpler, more empirical approach. A set of transistors
the index of refraction: temperature can also change the indevas placed in the interferometer and set to a number of
of refraction. Typically the index of refraction will change by different voltage states. An interferogram was acquired at
one part in 10% to 107 for each degree KelvinThe tem-  each state, and the differences were compared to see if the
perature can change because as current flows in the semicalifferent voltage states were resolvable. This same criteria
ductor,I?R heating occurs. Two situations can develop: If thewould apply if this diagnostic were fielded in a manufacturing
device is embedded in a silicon substrate, the high thermaétting, i.e., it would be used to determine if a particular
conductivity will diffuse the energy over a large volume. Thudransistor was working but would probably not be used to
temperature rises of a few degrees can be distributed over dstermine, for example, the exact carrier density in the gate
much as 50@m, which is the typical substrate thickness. Thechannel of an FET.
small change in the index of refraction will be offset by the
large path length. These combine to induce changes in the The Tyman-Green interferometdsee Fig. 72.41), which
optical path lengths of about 1/20 wave. Alternatively, a burieds used to determine the index-of-refraction changes, allows
SiO, layer can insulate the device from the substrate leading the whole substrate to be examined at once since it works with
100°C temperature changes over a few wavelengths, agaalarge, collimated input beam. The interferometer uses a short-
producing few-percent changes in the optical path lehgta.  pulsed laser instead of a cw beam, which allows us to take time-
estimate that the resolution of our imaging system is 0.0Besolved “snap-shot” interferograms. The interferometer is
waves limited by our 8-bit CID camera. This is based on anonstructed as follows: The beam from a pulsed Nd:YAG laser
analysis of standard deviation of several identical measur€120 ps) is up-collimated in a telescope to a diameter greater
ments. This magnitude of change is easily seen in the silicdhan the DUT. The laser passes through a compensated absorb-
FET circuits we have examined. ing doublet, which converts the Gaussian spatial profile into a

flat-top. This beam strikes a 50/50 beamsplitter. The DUT acts

We did not have a sufficiently detailed description of theas a mirror in one of the two interferometer arms. The second
device structure to calculate the combined effects of all tharm is terminated in a flat mirror. Both beams then retrace their
physical phenomena in a real device. That calculation woultespective paths back to the beamsplitter, where they recom-
require a 3-D map of all the dopant and barrier layers, a ddine, i.e., the electric fields add. The combined beam passes
tailed knowledge of the index of refraction of each of thes¢hrough a pinhole to eliminate stray reflections from optical
structures, and the dependencies on temperature and freewfaces and grating reflections from the circuit elements, then
carrier concentration. In addition, a dynamic model that simuthrough imaging optics, and finally onto a charge-injection-
lates device operation and converts the output into opticatievice (CID), 51% 512 camera where the interference pattern
index-of-refraction data is required. Rather than developings detected.
such a first-principles method of evaluating our data, we have

Glass wedge
Drive
Light pulse cireuit
Square top DIG| S
forming doublet

Beam splitter
1N Imaging optics Figure 72.41
inhol In the experimental setup a pulsed laser illuminates a
Pinhole Twyman-Green interferometer. The recombined beam
was imaged onto a CID camera withus resolution.

Y CID camera at

72089 image plane
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The interferometer mixes the electric fields from the referblock the stray reflection. This pinhole must be selected
enceE,qs, and devicep 1, arms to produce a total irradiance carefully. If the pinhole is too small, it will attenuate the high
I. Due to differences in the optical path length the sum can b&patial frequencies in the image, thereby reducing the resolu-
written as tion. The back side of the chip can be antireflection coated to
minimize the reflection. We have demonstrated that an antire-
Eief + Eput ev, (3) flection coating consisting of single quarter-wavelength-thick
layer of HaQ can reduce the intensity of the reflection, but it
whereW is a phase angle. The detected quantity is actually the not clear that the device can survive the deposition processes.
total irradiance obtained by multiplying the total electric field
by its complex conjugate. We note that the intensity is equal to The light source was a Nd:YAG laser operated at 30 Hz and
the square of the electric field times a constamtecE2/2,  was synchronized with the scan rate of our 51212 CID
wheree is the permittivity and is the speed of light. Thus the camera. The laser pulse arrived during the blanking period of
total | irradiance can be written®s the frame to prevent extraneous noise in the image. The second
mirror is the front surface of an uncoated glass wedge. The
intensity of the reflection roughly approximated the average
reflection from the DUT. From Eq. (4) it can be seen that the
maximum fringe visibility will occur when the reference and
wherel,¢¢is the reference-arm irradiance dpg is the test-  test arms are exactly balanced. It was impossible to exactly
arm irradiance. The irradiance formula has three physicallpalance the arms because the DUT is a honuniform mirror. At
measurable quantities that are used to determine the phasame points the IR light will reflect off of surface metalization
angleW, l,or, IpuT, andl. Several images must be acquired towith a near-unity reflectivity; at other points it will encounter
accomplish this determination: Firsgt andlof are mea- the bare silicon interface with 32% reflectivity; and at some
sured by alternatively blocking each of the two arms of th@oints absorption in the IC will result in no reflected light.
interferometer. Next, the interferograns acquired with both
arms unblocked while the DUT is in a zero-voltage or inactive Even with high-quality optics, it was impossible to com-
state. This enables the determinatiot/¢¥ = 0). Finally, an  pletely eliminate large-scale fringes in our images due to
image is acquired with the DUT in a known voltage statemultiple reflections and misalignment. The fringes were typi-
which allows¥(V) to be determined. The interesting physical cally confined to a few well-defined frequencies. These were
quantity is AW = W(0) - W(V) because it can be related to aremoved by Fourier transforming the image and filtering in the
length times a change in the index of refraction. The DUT majfrequency domain.
have different combination external voltages applied to it to
determine¥ (V) for different states. A test structure provided by Intel consisted of several
NMOS FET'’s with varying channel sizes. There was a com-
Optics must be of high quality to make this device work;mon gate as well as a common sourceRyjg electrodes for
however, the most difficult optic to deal with is the DUT, whichall of the devices, but each device had a separate drain. The
is typically a piece of silicon with semiconductor componentdransistors were situated in a line between fi@Bsquare
fabricated on it. We want to probe the interior of this materialdrain contact pads with the source and gate being fed in through
so the laser beam must penetrate the surface. The back surfadris line on either side of the pads. The back of the IC package
of the device is the choice for the laser illumination because theas open to allow optical access to the back side of the chip. A
interior structures are not obscured by surface metalizatiomircuit was constructed around each of the transistors consist-
However, the back surface of an IC is not typically opticallying of a grounded source, a 2-V gate pulse supplied through a
polished and not parallel with respect to the front surface. OWB-MQ resistor, and a variable-amplitude drain voltage sup-
test chips were polished but not parallel. Silicon has a 3.7 indgtied through a 5004 resistor. For these tests, a 209-0- to
of refraction, leading to a 32% reflection as the IR enters th&-V pulse was applied to the common gate with and without the
material® This reflection can combine with the interferogramdrain voltage present. Images taken under these conditions
and reduce the visibility of the fringes. The antiparallelism ofconstitute the generalized set of imagggr. These images,
the front and back surfaces produces beams that are not quibgether with the appropriate reference images, allow us to
collinear. If the beams become sufficiently separated in thealculate the phase angles associated with each device state.
detector leg of the interferometer, a pinhole can be used to

2
| = g +lput +2(1e lput) " COSW, 4)
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Experimental Results wave. Figures 72.42 and 72.43 show the phase variation for the
The experimental results consist of the phase angles assottiree devices. The 1344/0.7 and the gn®x 20 um show
ated with each state of the transistors. Three different NMOSimilar behavior with the phase angle increasing (with respect
FET's were examined: a 1344n x 0.7-um channel serpen- to the no bias case) as the gate is turned on, then decreasing as
tine device, a 1.Qam x 20-um device, and 2@im x 0.7.um  thedrainis turned on. The last device shows different behavior,
device. The first number represents the length of the source anith the case of drain voltage without a gate being the most
drain electrodes; the second number is the width of the gathfferent of all the device states. However, without an underly-
channel. Each device was illuminated in four different voltageng physical model it is impossible to interpret these results in
states: no applied bias, gate bias only, drain bias only, and gaegms of specific carrier-density changes. What is important is
and drain together. The gate bias was pulsed foud dnd the that the different states are resolvable. When transistors turn
probe came in the middle of the pulse. The imaging of then, we see variations of 0.1 to 0.15 waves giving signal-to-
device was such that each camera pixel correspondeghto 4 noise ratios of from 3 to 5. A similar analysis on portions of the
x 4 um; thus, several pixels were active for each device. Thdevice containing no transistors found no correlation with
active pixels encompassed the gate channel, drain, and souagglied voltage. This technique makes it possible to determine
regions. The phase angle presented for each state is the averidigeparticular transistor in an IC is actually functioning.
over all of the active pixels. In addition several images were
averaged to produce each measurement. The standard deviatimitations to this technique are obvious: For example,
tion of the value o as computed from the several images waghere was also a 1.0/0um device on the Intel chip. Given our
always less than 1/30 wave and was typically less than 1/5thaging system, this device should only have affected about

0.3
1344/0.7 1.0/20

g |
S 0.2+
S Figure 72.42
% | The 1344/0.7 and the 1/@n x 20-um devices
rcc showed similar behavior. The error bars are
o 0.1k displayed next to the 0 bias case.

0.0

Vg= 0 2 00 20
Vg= 0 0 35 35

20/0.7 N-channel FET

0.3

Figure 72.43
The 20/0.7 device showed the largest phase variations.

Phase (waves)

o

72212
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one pixel. We were unable to resolve this device. When wACKNOWLEDGMENT

examined pixels likely to be associated with this device, no Thiswork was performed under contract with Optometrix Corporation on
correlation was found with any applied voItages. Also. somén SBIR grant funded by the USAF Phillips Laboratory. The author thanks
structures on the IC precluded the use of this techniqugrian Shinseki of Intel Corp. for providing the IC for testing.

Typically t_he metahze_d bonding pads shoyved up as dark Sp?&EFERENCES

on the IC |mages._Th|s was uneXPeCted S_mce the metallzatlonl. The National Technology Roadmap for Semicondu¢8emiconduc-
should have provided a good mirror. It is probable that the  tor Industry Association, 1994), pp. 39-43. (Available on the Internet
polysilicon used to electrically isolate the pad acts as infrared ~ at http://www.sematech.org/public/roadmap/94e_rdmp.html)
absor.ber.. Thus another .deV|ce Igcated under a. surface, 1 A soref and B. R. Bennett, IEEE J. Quantum Elec@23,
metalization structure was inaccessible because no light from 123 (1987).

that area reached the camera.
3. J. |. PankoveQptical Processes in Semiconduct¢Bover Publica-

. tions, New York, 1971), pp. 27-89.
Conclusions

The technique described here offers an exciting new diag-4. G. Breglioet al, IEEE Electron Device Letl4, 487 (1993).

nostic for semiconductor integrated circuits. The technique is _ . . ,

. . . . . . . S. M. SzePhysics of Semiconductor Devic@and ed. (Wiley, New
noninvasive anq compa.tlble with h|gh—speed .operat|on of " vork, 1981), pp. 477-481.
integrated circuits. The picosecond time resolution enables us
to either characterize specific logic states or even watch an6. B-M. Tenbroeletal, IEEE Trans. Electron Devicés, 2240 (1996).
individual d_eVICe turn on. T_hIS imaging technique is sen5|_t|ve 7. M. Born and E. WolfPrinciples of Optics: Electromagnetic Theory
to all of the index-of-refraction changes that can be associated  of propagation, Interference and Diffraction of Ligléth corrected
with IC’s, including heating due to current flowing through ed. (Pergamon Press, Oxford, 1980), pp. 302-305.
narrowlwwes and charge injection into t,he deple“O.n region of . K. J. Gasvik, innterferogram Analysis: Digital Fringe Pattern Mea-
a transistor. As more manufacturers shift to flip-chip technol- surement Techniquesdited by D. W. Robinson and G. T. Reid (IOP
ogy and its associated inaccessibility of surface leads for  Publishing, Bristol, England, 1993), pp. 23-71.
device testing, the noninvasive nature of the interferometric
imaging technigue could enable it to become one of the few
external IC testers still capable of operating with the latest
chip designs. It should also be able to operate at the IC’s rated
clock speed.

S. Adachi, J. Appl. Phy§6, 3224 (1989).

The interferometric method examined and tested here will
provide a very effective method of IC testing. The fringe
sensitivity is of the order of 1/30 wave, which is sufficient to
distinguish the voltage state of an FET in an integrated circuit.
This work is in a preliminary state, and several improvements
could easily be achieved by using an electronic camera with
lower noise, using better optics with higher magnification, and
applying antireflection coatings to reduce optical losses and
eliminate stray beams. These improvements should make it
possible to actually measure physical parameters such as the
time-resolved carrier density in a switching transistor.
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LLE’s Summer High School Research Program

During the summer of 1997, ten students from Rochester-area The students spend most of their time working on individual

high schools participated in the Laboratory for Laser Energetresearch projects with members of LLE’s technical staff. The
ics’ Summer High School Research Program. The goal of thigrojects, which can typically be completed during the eight-

program is to excite a group of high school students abowveek period, originate from all areas of interest in the labora-
careers in the areas of science and technology by exposimbgry: from plasma physics and optics to chemistry and materials
them to research in a state-of-the-art environment. Too oftescience. The projects vary from year to year depending on
students are exposed to “research” only through classrooirl E’s requirements. An example of the breadth of projects is
laboratories, which have proscribed procedures and predicthown in Table 72.XI, where the students and their projects

able results. In LLE’s program, the students experience all dfom 1997 are listed.
the trials, tribulations, and rewards of scientific research. By
participating in research in a real environment, students be-
come more excited about careers in science and technology.

Table 72.XI: High School Students and Projects—Summer 1997.

Student High School Supervisor Project

Devon J. Battaglia Greece Arcadia M. Guardalben Analyzing Aberrationsin aLaser System Using a
Liquid Crystal Point-Diffraction Interferometer

Daniel Bouk Greece Athena S. Craxton Beam Phasing for Indirect-Drive Experiments
on OMEGA

Anthony E. Green Bishop Kearney W. Donaldson Constructing and Characterizing a Diode Laser

LisaHaber-Thomson | Brighton I. Walmsley Femtosecond Autocorrelation M easurements
Based on Nonlinear Two-Photon Induced
Photocurrent

Yanlin Liu Brighton J. Delettrez Fourier Decomposition of Rayleigh-Taylor
Unstable Surfaces

Sarah Mitchell The Harley School K. Marshall Self-Organizing Lyotropic Liquid Crystals Based
on Cellulose Derivatives

Matthew T. Pandina | Rush—Henrietta J. Kelly Lower-Level Lifetime and its Effects on Square-
Pulse Distortion

David Rea Honeoye Falls-Lima T. Kesdler High-Efficiency Silver Halide Holographic
Diffraction Gratings: Production, Evaluation,
and Results

Danielle Schillinger Our Lady of Mercy R. Epstein The Effect of Rayleigh-Taylor Instability of
Compressible Fluid

Jeremy Yelle Honeoye Falls-Lima | J. Knauer The Calibration of Plasma/X-Ray Calorimeters
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The students attend weekly seminars on technical topics In 1997, LLE added a new component to its high school
associated with LLE’s research, including an introduction teutreach activities: an annual award to an Inspirational Science
lasers in general, to LLE's 60-beam OMEGA laser, and tdeacher. This award honors teachers who have inspired our
plasma physics and controlled fusion. The students also religh School Program participants in the areas of science,
ceive safety training and are introduced to LLE’s resourcesnathematics, and technology. The students in our program
especially the computational facilities. Topics have also inhave been exceptional, and we are honoring those teachers
cluded introductions to nonlinear optics, instabilities, datavho have brought them to this point. The award is presented at
analysis, numerical methods, and ethics. the High School Student Summer Research Symposium and

includes a $1000 cash prize. Alumni of our Summer High

The program culminates with the High School StudenSchool Research Program nominate teachers for the award.
Summer Research Symposium at which the students preséitte 1997 winner is Mr. Raymond Sherbinski from Brighton
the results of their research. They also prepare written reportdigh School. Mr. Sherbinski, a mathematics teacher, inspired
which are bound into a permanent record of their work. ThesBaniel Nelson, a participant in our 1994 program. In nomin-
reports are available by contacting LLE. ating Mr. Sherbinski, Daniel wrote, “I left my year with

Mr. Sherbinski with renewed vigor for not only math, but for

Eighty-two high school students have participated in thall learning. Mr. Sherbinski creates a class atmosphere that
program since itbeganin 1989. Each year students are selectechoves a student’s inhibitions toward risking vocal expres-
from approximately 50 highly qualified applicants. sion of ideas before his or her peers.”
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Laser Facility Report

During FY97 the OMEGA Laser Facility was in full opera- ence with this instrument grows, we expect to obtain high-
tion, shooting targets for 41 of the 52 weeks. The remainingynamic-range, high-temporal-resolution characterization of
time was invested in adding new capabilities as well as peBMEGA UV beams.
forming preventive maintenance. New features added this
fiscal year include a fourth-harmonic fiducial laser for timing  SSD system implementation continued. Amplitude modu-
reference, a limited set of distributed polarization rotatordation at the fundamental frequency of the modulators was
(DPR wedges for up to five beams), and a multibeam streadignificantly reduced through two minor modifications to the
camera. Incremental improvements in smoothing by spectr&8SD configuration. Reducing the beam spot size in the far-field
dispersion (SSD), timing systems, power conditioning, angrystals and limiting the beam deflection angle while imaging
beam-balance equipment were accomplished this year tbrough front-end components allowed the bandwidth to be
supplement OMEGA's versatility. nearly doubled (to 1.261.75 A) without inducing appreciable
amplitude modulation (5%). In addition, a phase-locking tech-
During the first quarter the fiducial laser was installed in thenique was implemented to optimize smoothing and ensure
target bay. This independent laser source is synchronous witbpeatability of smoothing parameters.
the OMEGA beamline pulses and is utilized by a variety of
target and laser diagnostics as a timing reference. The deep UVProgress in uniformity of laser amplifier performance re-
of the fourth-harmonic pulse is used on a number of x-ragulted from adding the capability to diagnose small-signal
diagnostics to measure relative timing of target events. Flexgain. Equipment and procedures were developed that allow
ibility in delivering pulses for diagnostic setup and trouble-accurate measurement of the gain of each of OMEGA's 213
shooting improves the overall performance of instruments iamplifiers in a next-day operation. The data from these experi-
the single-shot acquisition mode common to experiments oments demonstrates consistency within the six gain stages and
the OMEGA facility. clearly identifies individual units that do not lie within the
normal distribution. The few units not performing at the
Uniformity improvements for FY97 included the deploy- average level for a given stage generally are found to have
ment and testing of DPR wedges on five of the 60 OMEG£electrical circuit component failures, which can be readily
beams. Time instantaneoug2/2 improvements in single- rectified prior to proceeding with target shots.
beam uniformity, as theory predicts for DPR’s, was confirmed
with UV and x-ray imaging techniques. The five prototype The shot summary for OMEGA for FY97 is as follows:
components were fabricated from KDP material and AR coated

for high UV transmission. Several of the planar-foil campaigns Driver 722
characterized improved beam imprinting and foil acceleration Beamline 419
when these devices were installdd.E continues to evaluate Target 805
options for cost-effective production of these devices. Total 1946

The first of several multibeam streak cameras was installed
on one ten-beam cluster of OMEGA. While the device iREFERENCES
collecting data on beam-to-beam power balance, the prelimi-1. Laboratory for Laser Energetics LLE Reviéty 103, NTIS document
nary nature of the data and startup of this complex diagnostic ~ No. DOE/SF/19460-186 (1997). Copies may be obtained from the
.. . . National Technical Information Service, Springfield, VA 22161.
preclude definitive power-balance conclusions. As our experi-
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Management and Operations 7. FY98 Proposals

Several important changes were made to the National Lasers Eleven proposals, with funding requests totaling $1,371,593,
Users’Facility (NLUF) management and operations during thevere submitted for FY98 work. This is the largest number of
1997 fiscal year: proposals submitted since 1991.

1. Proposal Submission Schedule Progress in Current Programs

In coordination with the Department of Energy the proposal Users funded under FY96 and FY97 grants continued to
review schedule was advanced by three months. DOE will nomake progress on their research:
issue calls for proposals sometime near the end of the calendar
year, and the proposals will be reviewed in May of the follow- Hans Griem, Ray Eltoet al. (University of Maryland)
ing year. This will allow the principal investigators to receivecompleted their FY96 work with a series of OMEGA shots
information on the disposition of their proposals in sufficienttaken in September 1996 and submitted a final report. They

time to make plans for the subsequent fiscal year. have continued their FY97 work and have taken two series of
runs on OMEGA during this year. One of the goals of their
2. Research Areas experiments has been to measure the electric field in the laser-

In keeping with the NLUF Steering Committee’s recom-produced plasma at early times using satellites-to-forbidden
mendation, DOE approved an expansion of research areaslitte ratios in the extreme ultraviolet region. The inferred
include nearly all aspects of high-energy-density science. electric fields from these measurements are consistent with

estimated values of the laser irradiance. Several publications
3. NLUF Users’ Guide and reports were produced on these experiments.

A new NLUF Users’ Guide was produced and distributed.

The new guide has enhanced descriptions of the OMEGA laser John Seely (Naval Research Laboratory) continued to make
facility and its capabilities to assist prospective users with thprogress on obtaining time-resolved, hard- and soft-x-ray
development of their proposals.& images of laser-irradiated targets (see Fig. 72.44). Time-re-

solved, soft-x-ray images of targets were obtained with a
4. NLUF Web Pagénttp://www.lle.rochester.edu/pr/niuf.html)  microscope and compared to hard-x-ray images obtained with

An enhanced NLUF home page was implemented thdtltered x-ray pinhole cameras. Recently Dr. Seely’s work has
contains an on-line version of the NLUF Guide. Also availabldocused on extending these results to four different energy
on the LLE web page for NLUF users is the annual OMEGAegimes with the same instrument. Theoretical modeling is
facility schedule. In addition, a complete diagnostic databasglanned to compare the images with the expected laser irradi-

is available via the LLE Home Page to approved users. ance uniformity.
5. DOE Grants Program Joseph J. MacFarlane (University of Wisconsin) has begun
Coordination between the NLUF and the newly formulatedsoft-x-ray tracer diagnostic experiments on hohlraums on the
DOE Grants Program was established. Nova laser. When this experiment was originally proposed, no
other hohlraum experiments had been conducted on the
6. Users Questionnaire OMEGA laser, so the NLUF Steering Committee recom-

Based on a recommendation of the NLUF Steering Conmended that Dr. MacFarlane’s experiments be coordinated
mittee, a users questionnaire was established to solicit inputith the national laboratories and begun on the Nova laser. A
from facility users to continually improve NLUF operations. proposal from the same group for FY98 has since been submit-
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time of imploded targets. Dr. Hooper's follow-on experiments
require the use of full 2-D SSD with phase plates and thus are
scheduled to be conducted in FY98 when a full complement of
phase plates will be available on OMEGA.

Paul Drake (University of Michigan) began experimental
design work for long-scale-length plasma experiments to be
conducted on OMEGA. Software is being developed to man-
age the data to be produced in these experiments, and instru-
mentation is under developmentto conduct Thomson-scattering
experiments on long-scale-length plasmas.

Qichang Su (lllinois State University) has continued col-
laboration with LLE scientists on analysis of x-ray spectra
from imploded capsules. The work has so far produced four
U199 papers on diagnostics for high-density implosions.

Figure 72.44 Stephen Padalino (SUNY Geneseo) carried out a pilot
Monochromatic soft-x-ray image (257-eV energy) of the emission from thﬁaroject to compare the neutron yield [producefl(tdm)“He

focal spot of six overlapping OMEGA beams without SSD beam smoothingya 5 otions] as measured by aluminum activation to that mea-
The emission is uniform on a spatial resolution scale pfii0rhe image was

formed by a multilayer microscope and was recorded on two striplines of gured by copper activation.
gated framing camera 2.0 and 2.5 ns after the rise of the pulse.

FY98 Proposal Review

The NLUF Steering Committee met on 13 May 1997 to
ted to NLUF and accepted for indirect-drive experiments omeview proposals submitted for FY98. The Steering Commit-
the OMEGA laser. tee membersin attendance were Drs. Michael Cable (Lawrence

Livermore National Laboratory), Allan Hauer (Los Alamos

Charles Hooper (University of Florida) completed duringNational Laboratory), Ramon Leeper (Sandia National Labo-
the past year the experiments called for in his FY96 grant arrdtory), Kevin McGuire (Princeton Plasma Physics Labora-
has completed planning for the FY97 work. In experimentsory), John Soures (NLUF Manager), and Prof. Tudor Johnston
conducted in March 1997, a density-dependent shift of spectréhstitut National de la Recherche Scientifique). Eleven pro-
lines is indicated. Time-resolved comparison¥eghell Ar  posals were submitted to DOE for consideration as NLUF
and L-shell Kr lines were completed, and diminution andresearch during FY98. The committee carefully reviewed all
subsequent recovery of broadband emission were observptbposals and approved for funding the eight proposals listed
(using time-resolved x-ray spectroscopy) near the stagnation Table 72.XII.
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Table 72.XI1: Approved FY 98 NLUF Proposals.

NATIONAL LASERUSERSF ACILITY NEWS

Principal Investigator Affiliation Title of Proposal

H. Griem University of Maryland Early-Time Measurements of Laser—Plasma Conditionsin
OMEGA-Upgrade ICF Targets.

Q. Su Illinois State University Measurement of High lon Temperature Using the Doppler
Width of the Kr Heg Line (0.8 A) from Kr-doped Target
Implosions.

S. Padalino SUNY Geneseo Neutron Yield Measurements via Activation Diagnostics.

S. Padalino SUNY Geneseo Measurements of Core Conditions, Implosion Symmetry,
and Anomalous Acceleration Mechanisms on OMEGA
through Charged-Particle Spectrometry.

R. Petrasso Massachusetts I nstitute of Measurements of Core Conditions, Implosion Symmetry,

Technology and Anomal ous Acceleration Mechanisms on OMEGA

through Charged-Particle Spectrometry.

J. MacFarlane University of Wisconsin, Development of X-Ray Tracer Diagnostics for Radiatively

Madison Driven Ablator Experiments.

J. Seely Naval Research Laboratory | Beam Uniformity Determination by Multi-Thermal Soft-
X-Ray Imaging.

C. Hooper University of Florida Time-Resolved X-Ray Spectroscopy of Imploded Gas-Filled
Microballoons: Systematic, Quantitative Comparison with
Nuclear Diagnostics and Investigation of Line Shifts,
Continuum Lowering, and Opacity.
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