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IN BRIEF 

Experiments to measure the interaction of ultraviolet light with 
several different target materials continue to produce significant 
new research results. Most notable was the measurement of x-rays 
produced by the targets. Incident laser energy was converted to 
x-ray lines with efficiencies of 1 O/O at 1.8 KeV(Si lines). Nickel x-ray 
lines at 7.8 KeV were produced with 0.1% efficiency. 

In addition, highlights of other recent developments include: 
Liquid crystals may be utilized to design large aperture 
waveplates. 

Simple modification of the LLE 600 psec oscillator produced 
an oscillator capable of generating 1 . I  5 nsec pulses with 
f 4% stability. 

Active and passive stabilization of the synchronously 
pumped dye laser reported in LLE Review, Volume 5 
reduced the sources of instability and produced pulses 
shorter than 300 fsec. 

Modeling of the interaction of intense electromagnetic 
waves with a plasma has determined the threshold and 
growth rate for a filamentation instability. These narrow 
filaments of high intensityand low plasma density will form 
at laser intensities above 1 Ot4  W/cm2. 
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Steve Jacobs testing performance of liquid crystal isolator. These passive devices hold promise as 
large scale isolators for high power laser systems. This review reports on the design of liquid crystal 
waveplates and their potential for replacing more expensive optical materials. 



Section 1 
LASER SYSTEM REPORT 

1 .A OMEGA Facility Report 

Tests to evaluate the spatial intensity distribution of an OMEGA 
beam at the location of a target were conducted this quarter. In 
addition, the 24 beam laser was prepared for the first series of 
target experiments scheduled for later in the year. 

The near field photographs discussed in Volume 5 of the LLE 
Review were digitized and processed on the LLE Cyber 175. 
Extensive cross checks of the calibration of this process were 
performed. It is anticipated that these photographs will provide 
the data to normalize several beam propagation codes during 
the following quarter. 

A series of shots were taken on OMEGA to study the optical 
properties of the laser beam at the end of the laser and at the 
target chamber focus lens. Near field cameras were used at both 
locations to measure the pulsed beam intensitydistribution and 
shearing interferometry was used at both locations to measure 
the pulsed beam phase distribution. In addition, far field array 
cameras recorded the intensity distribution from best focus to 
approximately 1,200 pm inside of focus on the OMEGA focus 
lens. This data is now being reduced to compare to calculations 
and to provide a baseline characterization of a typical OMEGA 
beamline at 100 psec and at 600 psec. 
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1 .B Liquid Crystal Devices for 
High Powered Lasers - 
Part 2: Waveplates 

The ability to manipulate the state of polarization of laser radiation 
is fundamental to successful operation of large laser systems 
like LLE's OMEGA. Propagation of circularly polarized light 
through large rod amplifiers maximizes system output power.' 
Electro-optic switching of linearly polarized light with Pockels 
cells2 suppresses amplified spontaneous emission (ASE)3 and 
provides isolation between amplification stages. Rotation of the 
plane of polarization for linearly polarized light incident on 
beamsplitting mirrors determines beam energy balance among 
the arms of multiple beam systems.This control over the polarization 
state of light in a laser system is achieved through the use of 
passive optical devices called phase retardation plates, or 
waveplates. Although traditionally fabricated from optically 
birefringent solid single crystal materials like quartz or mica, 
waveplates can be made from a class of l iquid crystals called 
nematics.This article discusses the physical properties of nematic 
liquid crystals, their relationship to optical birefringence, and the 
potential advantages offered by nematic liquid crystal waveplates. 

Of the various types of liquid crystals (cholesterics were discussed 
in Volume 5 of the LLE Review) nematic compounds have made 
the largest impact in the marketplace. Information displays using 

. . 

Fig. l a  
Structure of nematic liquid crystal. A 4-cyano-4' -n-pentylbiphenyl 
nematic liquid crystal molecule consists 
of carbon/hydrogen bonds connected 
by benzene rings. The properties of 
this compound, K15, are given in the k- 1 01s of 8 -4 
text. 

Fig. 1 b 
Alignment of liquid crystal molecules. 
In the nematic phase, all liquid crystal 
molecules align spontaneously through 
the bulk with their longitudinal axes 
parallel. 
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nematics are commonly found in digital watches, calculators, 
and electronic games4 This commercial success is due to the 
unique physical properties of the nematic liquid crystal phase. 
Nematics possess the structure depicted in Fig. 1 a, wherein 
chains of hydrocarbons are connected by benzene rings to form 
long, rigid, rodlike molecules.The most striking feature of nematics 
in bulk form is the tendency of these rodlike molecules to 
spontaneouslyalign with their long axes parallel throughout their 
volume, as in Fig. 1 b. The spatial order so obtained imparts 
crystalline behaviorto the nematic, simultaneouslypreserving its 
fluid-like properties of low viscosity and flow. The composition 
and shape of nematic molecules and their preference for 
spontaneous alignment form the basis for their unique optical 
properties. 

:-p Optical Birefringfence,An = ne - no . 
Longitudinal Axis 

Fig. 2 
Propagation of polarized light through 
nematic liquid crystal. Nematic liquid 
crystals exhibit a refractive index that 
depends upon the propagation direction 
and polarization vibration direction of 
incident light. Orthogonal components 
of linearly polarized light that enter a 
nematic vibrating in phase will emerge 

Linearly Polarized L.C. Cell 
Input Elliptically Polarized 

A Output 

wlth one component's phase retarded 
with respect to the other. The emerging 
llght will ~n general be elliptically 
polar~zed. 

Nematic molecules are optically birefringent. Light incident 
upon a layer of oriented nematic fluid will propagate through it 
with a speed that depends upon whether the light polarization 
vibration direction is parallel or perpendicular to the long axes of 
the nematic molecules. As shown in Fig. 2, a nematic molecule 
resembles a uniaxial crystal in that it has two different refractive 
indices, no and n,. Birefringence is defined as the difference 
between these two values, an=n,-no. In nematics no may be 
larger or smaller than n,. If it is larger, then light propagating 
through the liquid layer with a polarization vibration direction 
parallel to the long axes of the molecules travels more slowlythan 
its orthogonal component. If the two components were in phase 
upon entering the liquid layer, they will be out of phase after 
leaving the liquid by an amount given by: 

2n a=-  tan 
A 

where 6 is the amount of phase retardation, X is the wavelength of 
optical radiation, and t is the thickness of birefringent material 
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Fig. 3 
Quarter waveplate and half waveplate 
conditions. In the special case where 
nematic liquid crystal thickness (t) times 
birefringence (an) equals a quarter 
wavelength, incident linearly polarized 
light will emerge circularly polarized. 
Incident linearly polarized light will 
emerge with its plane of polarization 
rotated by an angle 20 when tan equals 
one half wavelength. 

Table 1 
Optical properties of nematics compared 
to quartz and mica for half waveplate 
applications at A = 1 . 0 5 ~  

traversed. This phase retardation is the key to the use of liquid 
crystals as waveplates. 

QUARTER WAVEPLATE 

Linearly Polarized L.C. Cel l  

Rotated 
Linearly 
Polarized 
Output 

HALF WAVELPLATE 

G821 

Two types of waveplates are required for the polarization 
manipulations described at the beginning of this article. Quarter 
waveplates convert linearly to circularly polarized light by 
introducing a 90 degree phase shift (S=9O0) to optical radiation, 
and half waveplates rotate the plane of vibration of linearly 
polarized light by introducing a 180 degree phase shift (S=180°) 
(see Fig. 3). Table 1 gives the birefringence, and thickness 
required to fabricate half waveplates from nematics compared to 
quartz and mica at X = 1.05 pm. 

It is clear from Table 1 that nematics are order of magnitude 
more birefringent than solid crystalline materials. It is therefore 
necessary to produce liquid crystals in thin layers to achieve 
appropriate values of retardance. 

Material: Mica Quartz Nematics 
an: 0.003 0.0088 0.08 - 0.25 
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Fig. 4 
Substrate support required for thin 
liquid crystal waveplates. A sandwich 
is made with the nematic fluid layer 
filling a gap between two glass plates 
whose separation is fixed with mylar 
spacers 1 - 10 pm thick. Molecular 
alignment parallel to the substrate 
surfaces is assured by unidirectionally 
rubbing the glass plates with diamond 
paste prior to assembly. 

The components of nematic liquid crystal waveplates are shown 
in Fig. 4. Prior to assembling a cell as a liquid crystal sandwich 
with mylar spacers, the inner cell substrate surfaces must be 
rubbed unindirectionally with quarter micron diamond paste. 
This commonly prescribed technique5 forces the nematic 
molecules into alignment with their long axes parallel to the 
surfaces of the substrates. Thus anchored at each wall, the bulk 
of the nematic fluid spontaneously aligns as depicted in Fig. 4. 
With its rub direction oriented at 45" to the polarization direction 
of incident optical radiation, the cell functions as a waveplate, 
with capabilities not easily achieved with solid crystals. 

Cell Windows 

Light 

The primaryadvantage of nematic liquid crystals as waveplates 
is the ability to fabricate them in large sizes. Mica is verydifficult 
to obtain in apertures larger than 1500 mm, and the avilability of 
large stones of natural single crystal quartz with adequate optical 
quality has greatly diminished in the past 5 years. The useful 
aperture of a liquid crystal waveplate, however, is limited only by 
the dimensions of the glass substrates that comprise the cell. 
There is a problem in constructing cells whose liquid layer 
thickness is maintained at a constant value across the device 
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Fig. 5 
Retardance contour plot of  a 100 mm 
diameter liquid crystal waveplate. The 
problem of uniform retardance can be 
solved by the use of thicker windows. 
The BK-7 windows which comprise 
this cell were 9 mm thick. 

Table 2 
Properties of 3 commercial nematics 
used in the fabrication of waveplates at 
LLE. Note the birefringence ranges 
available and the temperature regions 
over which useful operations may be 
expected. 

REGIONS OF COMMON 
RETARDANCE, f 5nm 
MEASURED AT X =1.064 p m  

Llquld Crystal: K 15 
Layer Th IC kness. 3 Opm 

aperture. Figure 5 gives a contour plot measured on a 100 mm 
diameter liquid crystal cell whose glass substrates were not thick 
enough to support a uniform gap thickness of 6 pm. Cell windows 
with a lower aspect ratio and perhaps the use of nematics with a 
somewhat smaller birefringence (see Table 2) should enable 
larger devices with uniform retardance profiles to be constructed. 

Vendor Merck Hoffman LaRoche BDH 
Material ZLI-1646 TN-2080 K15 
Viscosity, cst: 26 36 - - 
Temp. Range, "C: - 7  to +60 -5 to +72 24 to 35 
Birefringence: n. 1 565 1.61 0 1.702 

@A=0589um n o  1.480 1.489 1.539 
An 0.085 0.1 21 0.163 

A second advantage to liquid crystals is the flexibility of design 
they offer in waveplate applications. Because of their large 
birefringence, thin liquid crystal layers provide the retardation 
required in most waveplate applications. This makes them less 
sensitive to the angle of incidence of incoming radiation than 
solids (see Fig. 6). A large acceptance angle relaxes alignment 
requirements in laser system applications. 
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ANGLE OF INCIDENCE, DEGREES 

Fig. 6 
Retardance versus angleofincidence. This design flexibility is also evident in the application of liquid 
Liquid crystal waveplates exhibit  crystals as radially birefringent waveplates. Figure 7 shows how, 
minimal angular sensitivity when by putting a few waves of curvature on the inner surface of a glass 
ComParedtosolidcr~stalalternatives. f lat,onecanthenassembleacellwhoseliquidthickness(and 
Measurements made with a mm therefore cell retardance) decreases radiallyfrom center to edge. 
diameter CW:Yag laser the Weak birefringent lenses composed of crystal quartz have 

K15 to be insensitive to recently been proposed as a means for constructing soft 
of incidence when compared to mica. 

apertures for  laser^.^ By index matching to the substrate, a liquid 
crystal radially birefringent element would remove the require- 
ment for a correcting lens in such a scheme. 

This article has explained how the nematic class of liquid crystal 
compounds might be used to fabricate waveplates for large 
aperture laser systems. Some of the advantages to the use of 
liquid crystals in place of solid crystals have been discussed. 
Preliminary measurements have shown that, although more work 
is required, liquid crystals can be aligned over large areas and 
oriented to operate as waveplates. The laser damage threshold 
of liquid crystals and their potential for use at other wavelengths 
will be the subject of future research. 
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Fig. 7 
Fabrication of waveplates with radially 
varying retardance. Liquid crystals may 
be used to construct waveplates with 
radially varying retardance. Filling the 
air gap between a weak lens and a flat, 
a liquid crystal radially birefringent 
element could serve in conjunction 
with a polarizer as a soft aperture. The 
transmittance profile for a 25 mm 
diameter cell oriented between crossed 
polarizers and scanned across its 
diameter using a 1 mm CW:Yag laser 
beam, shows that an internal sag of 
8 pm is adequate to give just over one 
half wave of retardation at cell center 
using nematic TN-2080. 

Active-Passive Mode-Locked Oscillator 
Generating Nanosecond Pulses 

Laser oscillators operating at 1.054 pm are needed to drive 
phosphate-based glass laser amplifier chains optimally. For 
explosive pusher mode laser fusion experiments, one of the 
important parameters is peak power. Consequently, short pulse 
oscillators have been designed which operate reliably between 
50 psec and 600 psec FWH M pulse duration.' Recent advances 
towards ablative or quasi-ablative target compressions2 and 
high efficiency frequency conversions3 have made reliable 
optical oscillators generating pulses between 1 nsec and 1.2 nsec 
duration necessary. Actively mode-locked oscillators fulfill this 
requirement; they offer high repetition rates, quick tuning of the 
pulse duration, and very good pulse duration and amplitude 
~tabiIity.~Theirdisadvantage, however, is high cost largelydue to 
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a complicated electronic package compared to an LC-discharge 
network driving a conventional oscillator. Operating a passive 
oscillator in the monomode regime5 is also possible, but the 
reproducibility and absence of substructures in the pulse are 
often not considered sufficient for target irradiation experiments. 
Regenerative amplifieP17 systems are able to produce injection- 
locked pulses which can be stretched up to 1.5 nsec FWHM; at 
that duration, however, their amplitude stability is not yet truly 
satisfactory. 

The Laboratory for Laser Energetics has developed an active- 
passive mode-locked oscillator with much the same characteristics 
of earlier  oscillator^,^ which is capable of generating optical 
pulses of up to 1.4 nsec duration. 

Presently, the oscillator described in Ref. 1 is used in the 
University of Rochester's laser systems GDL8 and OMEGA? 
Though very reliable as a short pulse oscillator, pulses longer 
than 700 pseccannot beachieved with the required stabilityand 
absence of substructures. The reason for this limit can be 
understood as follows: 

For a cavity length of 1.5 m and a gain bandwidth of 
20 nm, the laser runs on about 2.5 X l o 4  longitudinal 
modes when pumped 20% above threshold. 

8 An etalon with a finesse of 2 and an optical thickness 
of 5.88 mm restricts the FWHM bandwidth toapproximately 
0.048 nm so that the laser will run on about 65 modes. 
With such a laser we observe still reproducible pulses of 
<700 psec duration. If the number of modes drops much 
below the above value however, one finds incomplete 
mode-locking, poor stability, satellite pulses, and oc- 
casional no lases. 

In order to further restrict the lasing bandwidth without restricting 
the number of modes on which the laser is running, the cavity 
length has to be increased.Therefore, doubling the cavity length 
limits the bandpass bya  factor of two (e.g., an etalon with finesse 
= 2, thickness = 8, index= 1.47) while maintaining the number of 
modes and hence the major stability characteristics of the 
oscillator. 

Apart from the thickest etalon as a bandwidth-restricting element, 
the laser contains two bandwidth-generating elements, namely 
the dye and the A 0  (acousto-optic) modulator. The pulse duration 
r,,, resulting from etalon and A 0  modulator only, can be calculated 
quite well using the theory for active mode-locking described in 
Ref. 10. Differences between theoryand experiment arise from a 
lack of buildup time to ensure Fourier transform-limited mode- 
l ~ c k i n g . l l ~ ~ ~ T h e  pulse duration r, resulting from etalon and dye 
only is much harder to calculate as the process of the transient 
mode-locking of a gradually bleaching dye is very complex and 
we are not aware of a closed form solution to this problem. The 
contribution of dye and etalon to the pulse duration, however, 
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Fig. 8 

can easily be measured. The final pulse duration due to both 
processes can, assuming Gaussian pulses in each case be 
obtained via: 

Our 1.5 m oscillator as well as our3 m oscillatorwhen Q-switched 
with a slow dye follow this relationship closely. 

The experimental layout is shown in Fig. 8. To keep the laser 
cavity within manageable dimensions, we used two dielectric 
mirrors (R,,, at 45") to fold the cavity. 

Glass Rod (LHG 8) 

- L=3Om 

Schematic layout of the oscillator cavity. 
An osci//ator capable of generating The pump cavity was a double elliptical unit (Raytheon LC-73) 
o ~ t i c a l  ~ u l s e s  UD to 1.4 nsec was built which uses two FX6-81 -C4 flashlamps in series. A pulse forming 
i i t h  only sma'll modification of a network was used to form a current pulse of about 240 psec 
600 psec oscillator. duration discharged through the flashlamps. This current pulse 

makes it possible to increase the fluorescence power from the 
laser rod more gradually, such that the nonlinear bleaching 
phase of the dye becomes as long as possible. This ensures a 
maximum number of passes through the A 0  modulator, hence 
the closest approach to complete mode-locking during the 
lasing-buildup phase.l1?l2 

The laser was Q-switched with a slow Ni dye (Eastman Kodak IVi 
dye #I401 5) such that the contribution of the dye to the 
shortening of individual pulses was less than that of the modulator. 
Accordingly, the modulator dominates the observed pulse duration. 
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~ i s e r  output pulses. Shown are five 
consecutive shots, The osci//ator Figure 9a shows a sequence of five consecutive shots, the 
exhibits amplitude stability of * 4%. response of the detection system is shown in Fig. 9b. The pulse 

duration is 1.1 5 f 0.06 nsec, the relativeamplitude stabilityof the 
Fig. 9b envelope of the output train was measured to be f 4%, with single 
Response time of the detector and pulse energies up to 0.6 mJ. Figure 10 shows a streak of the 
scope. frequency-doubled pulse which verifies the absence of sub- 

structures in the red pulse to within 2% amplitude modulation. 

Only relativelysmall modifications to a 1.5 m cavity1 are needed 
to achieve these results. From the theoretical considerations, it 
can be  expected that the limit of the system is a pulse of 1.4 nsec 
duration, obtainable with BK7 etalons of finesse 2 and 8 mm 
thickness. The separation between pulses of 20 nsec provides 
for easy single pulse switch out. This oscillator represents a 
useful addition to the possibilities of generating a stable mode- 
locked laser pulse in the nanosecond regime. 
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l .D  GDL Facility Report 

The GDL facility continued a high level of operation during the 
second quarter of FY 81. 

A total of 759 shots were delivered by this facility in the period 1 
January- 31 March, 1981. The shot distribution was as follows: 

3 0  Target Experiments 174 Shots 
3 0  Diagnostics c/o 59 
3 0  Beam Characterization 42 
Damage Test Facility 453 
X-Ray Program 3 1 

Total 759 Shots 

Details of some of this quarter's work are presented elsewhere 
in this volume. One of the primary elements of the experimental 
program on GDL during this time was the 0.35 pm interaction 
program. Measurements were made of the target absorption with 
both long (450 psec) and short (1 00 psec) pulses, the time and 
spectrally resolved stimulated Brillouin backscatter, x-ray line 
conversion efficiency, stimulated Raman backscatter, burn through 
depth (using x-rayspectroscopy), time resolved x-ray emission, x- 
ray continuum plasma blow-off ion velocity distribution, and 
beam intensity distribution on target. 



Section 2 
PROGRESS IN LASER FUSION 

2.A High X-Ray Conversion Efficiency with 
Target Irradiation by a Frequency 
Tripled Nd:Glass Laser 

Recen'tly the high efficiency frequency tripling of a high power 
Nd:glass laser has been demonstrated.lq2 The single beam GDL 
laser system produces pulses of peak power 0.1-0.2 TW at a 
wavelength of 0.35 pm. Using this laser we measured x-ray 
production from various plane targets irradiated by short (1 00 
psec) and long (500 psec) UV pulses where the flux on target was 
varied in the range 1 013- 1 015W/cm2 by changing the beam spot 
size on target. 

The determination of x-ray yield from UV laser-irradiated targets 
is of interest both in obtaining a signature of the efficiency of 
coupling laser energy into the target as well as in assessing the 
target usefulness as an intense x-ray source for probing other 
samples. Short wavelength lasers (A < 0.5 pm) are currently 
strongly favored as drivers in fusion studies primarily because of 
their superior coupling to the target3This means higher absorption 
and a smaller fraction of the absorbed energy which goes into 
fast electrons. Both of these factors lead to better coupling into 
the thermal plasma component and should result in a higher 
intensity of x-rays in the energy range of a few KeV. Indeed we find 
that for a comparable irradiance on target, tripling the laser 
frequency leads to about an order of magnitude higher x-ray yield 
in this photon energy range. 

The application of x-rays from a laser target as a probe of 
transient phenomena has recently received increasing attention. 



Fig. 11 
X-ray spectrum emitted from titanium 
target irradiated by a 0.35 pm laser 
(5 X 1 014 W/cmS 500psec). Lowertrace 
shows the simultaneously obtained 
spectrum through a 15 p n  thickalumi- 
num foil. The filtered spectrum allows 
the determination of exposure far below 
the intensity range of film saturation. 

PROGRESS IN LASER FUSION 

X-ray radiography(back-lighting) is being developed as perhaps 
the most promising way for diagnosing cold, highly-compressed 
laser targets4 X-rays from laser targets have also been used 
recently to record the diffraction pattern from a crystal protein5 
and the K-edge fine-structure absorption spectrum of sulfur in a 
Gypsum crystaL6 Finally, x-ray pumping leading to lasing in the 
soft x-ray region has been under active study, employing either 
resonant or photo-ionization type pumping.' In all of these areas 
the intensity of the x-ray source has been the factor limiting 
significant progress; the advent of frequency up-converted high 
power lasers thus opens new possibilities. In some of these 
applications a quasi-monochromatic source is required (radio- 
graphy, diffraction, resonant pumping) whereas the others require 
a wide-band continuum source. We find that both lines and 
continuum increase significantly in intensity in going from infrared 
to ultraviolet target irradiation. Furthermore, over the parameter 
ranges studied, the x-ray intensity was found to depend almost 
exclusively and nearly linearly on the total laser pulse energy. 

The flat targets used in this study(of size2 X 2 mm and thickness 
0.2 mm) were glass, saran, titanium, and nickel. X-ray line spectra 
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TARGET NUCLEAR CHARGE, Z 

 as;-monochromatic x-ray conversion 
efficiency versus the nuclear charge Z 
of the emitting ion. X-ray emission into 
45r refers to the resonance line ls2- 
1 s2p of the helium-like ionization state 
including the nearby dielectronic satel- 
lite and intercombination lines (Si lines 
also include the resonance line of the 
hydrogen-like ionization state). The 
targets used to obtain these points 
were: glass, saran, titanium and nickel. 
The corresponding laser pulse para- 
meters: upper curves: 40 J, 500 psec, 
5 X 1014 W/cm2: lower curves: 175 J, 
800 psec, 1 015 W/cm2. 

of the helium-like and hydrogen-like ionization states of the 
elements Si, CI, Ti, and N i  were recorded. Gypsum, P.E.T., 
germanium, and LiF crystals were used alternativelyto record the 
respective spectra. The diffraction curve and hence the integrated 
reflectivity of each of them was measured for a set of wavelengths 
at the National Bureau of Standards. The spectrometer viewed 
the target at an angle of 45" with respect to the laser beam 
direction (and the normal to the target). Silicon spectra were 
recorded on Kodak RAR-2497 film, all other spectra were taken 
on Kodak No-Screen Medical x-ray film. These films were calibrated 
using continuous x-ray sources and the results agree well with 
published data.BvQ. 

Figure 11 shows as an example the spectrum obtained from a 
titanium target irradiated with 40 J, 500 psec pulse focused with 
an f / l 2  lens to give an irradiance of about 5 X 1 014 W/cm2. The 
lower trace shows the spectrum attenuated by a 15 pm thick 
aluminum foil, obtained simultaneously. The filtered spectrum 
allows the determination of exposure far below the intensity 
range of film saturation. The spectrum consists mostly of lines, 
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the onlysignificant continuum appearing in the lower-Z Si and CI 
spectra beyond the series limit (see below). To obtain quasi- 
monochromatic radiation a titanium filter can be used; its K-edge 
is slightly above the 1 s2-1 s2p line thus attenuating strongly the 
higher energy lines but hardly affecting the intense resonance 
transition (all elements with Z > 16 have this property). We 
therefore consider the integrated intensity of the resonance line 
1 s2-1 s2p of Ti+20 along with the adjacent weaker lines, the 
intercombination lines 1 s2-1 s2p 3P, and a blend of dielectronic 
satellites. For Ni these normally weaker lines become more 
intense than the resonance line. Figure 12 shows the intensityof 
the comparable transitions of the helium-like ionization state of 
Si, CI, Ti, and Ni. For Si we added the intensityof the Lyman-a (1 s- 
2p) line of Si+13 which is more intense than the 1 s2-1 s2p line of 
Si+12, and which cannot be removed using the foil filtration 
technique described above. The experiments involving glass, 
saran, and nickel targets had similar irradiation conditions to 
those of titanium (Fig. 11). The results in Fig. 12 were obtained 
from the measured intensities by integrating over the full solid 
angle, assuming spherical symmetry. If the source angular 
distribution is Lambertian instead, its average intensity will be 
very close to that at 45" to the surface normal, where the 
spectrograph was actually located. For the applications listed 
above one is mostly interested in the intensity per unit solid angle 
in a given direction. The precision in this quantity is limited by 
uncertainties in the film calibration curves which we estimate to 
be within a factor - 1.5 based on comparing our calibration with 
published  result^.^^^ 

Short laser pulses (1 00 psec, 0.2 TW) produced nearly the same 
x-ray conversion efficiency as longer pulses for Si through Ni. 
Defocusing the laser to lower the irradiance by more than an 
order of magnitude typically increased the conversion efficiency 
byafactor < 1.5. All this indicates that x-ray yield scales primarily 
with total laser pulseenergy, at least within the present parameter 
range.The fact that large focal spots produce more, not less, total 
emission is favorable for back-lighting where the source angular 
size has to exceed that of the probed target. 

Figure 12 compares these results with x-ray yield data obtained 
from the same laser operating at 1.054 pm. Its output energy was 
boosted by four active mirrors1° to produce 700 psec pulses of 
175 J energy. An f/4 focusing lens produced an irradiance of 
1 015 W/cm2. As seen in Fig. 12, UV irradiation is more efficient in 
producing x-rays, by a factor of order 10 which decreases with 
increasing Z. This observation at high Z is believed to be due to 
the significant presence of fast electrons in IR laser irradiation 
which can contribute to the excitation of high energy x-ray lines. 

In addition to lines, the spectra also display continuum radiation 
due to recombination; bremsstrahlung radiation is much weaker. 
As an example we show in Fig. 13 the free-bound continuum due 
to the recombination process e- + Si+14 + Si+13 + hv. The 
continuum fluence is expressed in terms of KeV/KeV, the 
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Fig. 73 

numerator refers to the intensityof the radiation, thedenominator 
to the spectral interval. This unit is numerically equal to the 
number of photons per energy interval AE = E.Again, thisfluence 
is higher by about an order of magnitude than for comparable I R 
laser irradiation. Integrated over its spectrum (E > 2.7 KeV), the 
total continuum fluence amounts to 2 X 1015 photons, about 
equal to the number of photons in the 1 s2 - 1 s2p resonance line. 
Similar intensities of Si continuum have previously been obtained 
with 100 J pulses of a six beam laser (A = 1.06 pm) which 
symmetrically irradiated and compressed spherical targets6 
However, continuum intensitycomparable to that in Fig. 13 could 
only be achieved with targets which were optimized for a high 
density implosion. 

si +13 si +13 

LYMAN -0 LYMAN - 'Y 
K +17 

0 

5 

1 

2.4 2.6 2.8 3.0 3.2 3.4 

PHOTON ENERGY (KeV) 

Free-boundx-ray continuum due to the 
recombination e- + Si+I4 from a glass 
target irradiated by a 0.35 pm laser 
(5 X 7 OI4 W/cm2, 500 psec). Potassium 
is an impurity in the glass. The strong 
potassium and silicon lines extend 
beyond the figure scale. Silicon radiation 
is emitted at a lower temperature 
region (T - 0.7 KeV) than that of 
potassium (T > 7.5 KeV). 

The plasma temperature deduced from the slope of the silicon 
free-bound continuum is 0.8 KeV. On the other hand, the intensity 
ratio of the K+17 resonance line to the nearby dielectronic 
satellitesll yields a temperature of about 2 KeV. This difference, 
completely in agreement with theoretical predictions of the 1 D 
laser fusion code LILAC, is explained by the temperature profile 
in the target: lines of higher-Z ions are emitted mostly around 
peak temperature near the critical layer, whereas lines of lower-Z 
ions come from inside the critical layer where the temperature is 



PROGRESS IN LASER FUSION 

lower. The fact that lower temperature regions lie further inside 
the target and have a higher density is the main reason for the 
decrease in line intensity with increasing Z in Fig. 12. 

Figure 14 shows a comparison between measured and calculated 
silicon continuum (from Fig 13). The calculation was performed 
with LILAC which includes a radiation transport treatment. The 
target was represented by a sphere of radius twice as large as the 
laser focal spot, being subjected to the same irradiance as in the 
experiment (but a higher total energy). The calculated x-ray 
intensity was then scaled to the measured laser pulse energy. 
This procedure is known to give best results when trying to 
simulate the inherently two-dimensional behavior of flat target 
irradiation by using a spherically symmetric numerical simulation. 
The agreement with the experiment is very good, in spite of the 
estimated uncertainty in the experimental absolute values. Further 
code runs showed the intensity of the silicon continuum to be 

Fig. 14 
Comparison of measured continuum 
spectrum (Fig. 13) with prediction of the 
one-dimensional laser fusion code 
LILAC. LILAC includes radiation trans- 
port treatment. 
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very nearly linear in the laser irradiance (for a constant target size) 
over the range 1 013 - 1 015 W/cm2. 

Afurther enhancement of x-rayfluence by an order of magnitude 
can be expected if UV laser pulses of energy - 1 kJ were 
available and the scaling found here applied at higher intensities. 
This would mean an irradiance of 1 014 W/cm2 or afluence of 1 016 
photons in either the resonance line of Si+12 at 1.85 KeV or the 
integrated silicon continuum in the range - 2.7 - 3.5 KeV, and 
2 X 1 O1"hotons (1.5 J) in the 4.7 KeV line of Ti+*O. We mention 
two examples of an application which would be made feasible by 
such x-ray intensities: (a) the Si+12 resonance line at this 
irradiance would be capable of resonantly pumping7 the 1 s2 - 
1 s 3p transition in Al+ll such that gain in the3-2 transition of Al+ll 
at 4.6 nm may become observable, and (b) for Extended X-ray 
Absorption Fine-Structure measurements (above an absorption 
edge)12 the number of photons above the K-shell edge of, say, 
Chlorine would be about 1 01° per resolution element of AE = 10 eV 
at 200 mm from the target, after Bragg diffraction. This would be 
sufficient to measure EXAFS spectra in systems of dilution down 
to 100 mM. 
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2.B Filamentation of Short Wavelength 
Laser Beams in Plasmas 

A plane electromagnetic beam propagating in a plasma has 
been s h o ~ n l ~ ~ ~ ~  to be unstable against modulation in the 
direction perpendicular to the direction of propagation. This 
instability causes the beam to break up into narrow filaments of 
high intensity and low plasma density and is known as the 
filamentation instability. Such an effect may be important in laser 
fusion since non-uniformities in illumination at thecritical surface 
may produce non-uniform ablation pressures which will prevent 
the symmetric implosion of the target.The increased intensityin a 
filament can drive other plasma instabilities such as stimulated 
Raman scattering and the two-plasmon instability, these 
instabilities produce fast electrons which may preheat the fuel. 

In a laser produced plasma two mechanisms that can cause the 
laser beam to form filaments are the ponderomotive force1 and 
thermal forces4 If the plasma is collisionless the mechanism 
responsible for filamentation is the ponderomotive force on the 
electron fluid. This force is proportional to - v <E2>/02, where E 
is the electric field of the wave of frequency o and <> denotes 
time average. The net effect of the ponderomotive force is to push 
electrons awayfrom regions of highest intensity. However, if the 
plasma is coll isional then inverse bremsstrahlung heating 
becomes important and filamentation due to thermal effects4can 
occur if the mean free path of an electron,&,,, is smaller than the 
filament width. In regions of higher intensity inverse brems- 
strahlung leads to a temperature increase which in turn causesa 
hydrodynamic expansion. In both cases there resultsa reduction 
in plasma density where the intensity is greatest. Since the index 
of refraction, N= (14~e~n,,/mwo~)'h, of a plasma depends on the 
local electron density, no, a decrease in plasma density increases 
the index of refraction and decreases the phase velocity, v, = c/N, 
causing the wave fronts to curve in such a way that the beam is 
focused toward the original region of enhanced intensity 
becoming even more intense. 

As the wavelength of the beam decreases the radiation can 
penetrate to higher densities where the plasma is more collisional 
and for a given intensity the ponderomotive force decreases. 
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Fig. 1 5 ( a  ,k) 
Configuration of wave vectors for 
filamentation (a) (o,,_k,) the incident 
electromagnetic wave, (o,, _k,-k) the 
Stokes electromagnetic wave and (a, 

Y o l ? o ) - ~  k g  -k) 

k) a density perturbation; (b) (w,, _k,+_k) 
the anti-Stokes electromagnetic wave 
and (a,-_h) a density perturbation. The 
beating ofan incident electromagnetic 

( Y o , k o )  o +  k) 

wave with a density perturbation leads 
to the generation of Stokes and anti- 
Stokes electromagnetic waves which (a&) 
grow exponentially if the incident wave 
intensity is above a threshold value. 

mechanisms must be  considered together. 

The filamentation instabilityis basicallya four wave processand 
is illustrated in Fig. 15. (w,, ko )  is the frequencyand wavenumber 
of the initial planeelecromagnetic pump wave which beats with a 
density perturbation with frequency n and wavenumber k to 
produce two sidebands, the Stokes wave with frequency o, wo-n 
and wavenumber _k, = _ko-k and the anti-Stokes wave with 
frequency w, = wo+n and wavenumber _k, = ko+k. 

The configuration of the problem is taken to be the following. 
The initial electromagnetic wave propagates in the x-direction 
and is polarized in the z-direction and the density perturbation is 
in the y-direction. The Stokes and anti-Stokes waves are also 
polarized in the z-direction. 

Using a two fluid model together with Maxwell's equations the 
following equations for the electromagnetic fields and density 
perturbation can be obtained: 

where c is the velocity of light, ope is the plasma frequency, e the 
charge of a proton, v the electron velocity field due to all the 
electromagnetic waves, OJ the frequency of the electromagnetic 
field, no the equilibrium density, k, the wavenumber of the density 
perturbation in the y direction, k, the Boltzmann constant,Te the 
electron temperature, B the magneticJield of the waves, V ,  the 
electron ion collision frequency and T, the perturbation of the 
electron temperature. The first term on the R.H.S. of Eq. (2) 
represents the ponderomotiveforce while the second term is due 
to thermal effects. We have treated the density perturbation as a 
driven response and neglected ion inertia. Balancing the wave 
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heating with the thermal conduction term in the energy equation 
for the electrons and neglecting all other terms allows us to 
obtain an expression forthe electron temperature perturbationT, 
in terms of the electromagnetic fields 

ly 

T, = -eRe < E.v >/tck; (3) - - 

where Re means real part and K is theelectron thermal conductivity. 

We now write the pump, Stokes and anti-Stokes waves as 

where the slow amplitude variation e,(x,t) is determined by the 
non-linear interaction and linear dissipation and the phase factor 
is due to linear dispersion. Using a perturbation procedure on 
equations (1)-(3) we obtain the following equations for the 
Stokes and anti-Stokes waves 

where v, and v, are the group velocities, y, is the damping, 
e2Wpc2 1 

6 = 00 - 01 r = gm2dm,vTC2 + 2.5ky2*,$ ) 

and v,, is the electron thermal velocity. The first term in the 
coupling coefficient comes from the ponderomotive force while 
the second is due to thermal effects. The ratio between them is a 
comparison between the strength of the ponderomotive force 
and thermal force, this ratio is 2.5k,2&,,2. Thermal effects can 
dominate over ponderomotive force effects whenever&,, is less 
than the filament width. 

The spatial growth rate in the direction of propagation kll and 
threshold can be obtained by solving equation (4) for E, = constant. 
The maximum spatial growth rate being given by 

where 
eEo 

f i  = q,:vo'/4002v~: and VO, = I I , 

is the quiver velocity in the pump field, maximum growth 
occurs for ky = w,f11 /2~ ,  The threshold in terms of v, is given by 

Following the treatment of Rosenbluth15 Eq. (4) can be modified 
by the addition of a spatial mismatch, to include the effects of 
plasma inhomogeneity. We find that the effect of a density 
gradient on filamentation is just to limit the size of the growth 
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Fig. 16 
Laser intensity I(Watts/cm2) for the 
onset of the filamentation instability as 
a function of laser wavelength in plasmas 
at quarter critical with different charge 
states Z and different temperatures. 
The solid lines represent the case 
when both the ponderomotive force 
and thermal effects are included in the 
theory. The dashed lines represent the 
case for the ponderomotive force only. 

region.This is in contrast to three wave resonant processes such 
as stimulated Raman scattering and stimulated Brillouin scattering 
where a detuning of the resonance occurs. To fully understand 
the effects of a density gradient on the filamentation instability 
other effects such as the dependence of the coupling coefficient 

and damping on x must be taken into account. 

The laser threshold intensities for the onset of the filamentation 
instability as a function of laser wavelength for different charge 
states Z are plotted in Fig. 16a, 1 6b.The solid lines represent the 
case when both the ponderomotive force and thermal effect are 
included in the equation for the threshold, the dashed lines 
represent the case when the thermal effect is neglected. For low 
temperature plasmas the thermal effect is dominant especially 
for short wavelengths and high Z materials. At higher temperatures, 
T, - 1 KeV, the thermal effect is still dominant at short wavelengths 
while the ponderomotive force becomes more important at 
longer wavelengths and low Z materials. 
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In summary we have shown that for short wavelength lasers and 
plasma temperatures of about 1 KeV the filamentation mechanism 
is dominated by the thermal force rather than the ponderomotive 
force. 
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Section 3 

GENERATION OF 
SUBPICOSECOND PULSES 

Fig. 17 
Autocorrelation trace of CW Nd:YAG We reported results of a synchronously pumped dye laser using 
laser. Pulsewidths from 40 - 100 psec a new pumping source in LLE Review Volume 5. A frequency- 
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Fig. 18 
Conversion efficiency curve for the 
barium sodium niobate frequency 
doubling crystal. The peculiar shape of 
this curve is due to self-absorption of 
the 0.53 pm frequency doubled output 
producing localized heating in the 
doubling region. 

doubled neodymium YAG laser is used to pump a rhodamine 6G 
dye laser. In the previous article we reported pulses as short as 2 
psec in an inadequately stabilized experimental setup. Through 
active and passive techniques we have reduced our sources of 
instability and produced pulses shorter than 300 fsec. 

Many previousauthors have reported on theeffects of instability 
and cavity length mismatch on the pulsewidth in synchronously 
pumped dye  laser^.^^^,^ All of these illuminate the need for a 
stable pump laser cavityand modelocker and an ultrastable dye 
laser cavity. 

In order to stabilize our Neodymium YAG base we mounted all 
of the components on a super invar rail. This eliminated any 
decrease in modelocking efficiency due to typical laboratory 
temperature variations. A high quality frequency synthesizer 
(Rockland 61 00) was used to drive the acousto-optic (AO) 
modulator. Careful attention was paid to the correct angle of the 
A 0  modulatoras it is directly related to the modelocking efficiency 
and amplitude stability of the Nd:YAG laser. Pulsewidths from 
40 psec- 100 psec are obtainable from the Nd:YAG laser shown 
in Fig. 17. 

The barium sodium niobate crystal was temperature stabilized 
to approximately f 0.05" C. This variation does, however, produce 
a significant variation in the output intensityas one must maintain 
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Fig. 19. 

psec 

 toco correlation trace of the rhodamine the temperature on the slope of the efficiency curve of the 
6G laser. A pulsewidth Of  450 fsec Ba,NaN b5015. Figure 18 illustrates this rather peculiar efficiency 
inferredassumingasechpulse shape. curve for the doubling crystal that is due to self absorption of the 

0.53 pm frequency doubled output. Absorption of the 0.53 pm 
radiation produces localized heating in the doubling region 
requiring one to maintain a lower crystal temperature for optimal 
efficiency at high powers than at low powers. 

The dye laser cavitywas also mounted on low thermal expansion 
super invar. A piezo ceramic crystal is mounted on the end mirror 
for fine tuning the dye laser cavity. Cavity length fluctuations are 
primarilya 200 Hzvariation of 0.2 pm due to instability in the dye 
jet. A monomode helium-neon laser was injected into the dye 
laser cavity and Fabry-Perot fringes were noted as a result of 
reflections off the two end mirrors. By locking onto one of the 
fringes and feeding back an error signal to the piezo ceramic 
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Fia. 20 
~ i e c t r a l  output or rhodamine 6G dye crystal, this cavity length fluctuation was significantly reduced. 
laser AA = 1 nm. This output together This feedback did not, however, produce any shorter pulsewidths 
with the pulsewidthof450fsecim~lies from the dye laser. As there were no bandwidth limiting elements 
thatourpulsesarenearlY Fouriertrans- in the cavity, this negligible improvement in pulsewidth with 
form limited. cavity length stabilization implies that other instabilities in our 

system are preventing the production of shorter laser pulses. 

Through careful matching of the dye laser cavity to the Nd:YAG 
cavity, pulsewidths of 450 fsec are obtainable as seen in the 
autocorrelation trace of Fig. 19. The spectral output, as seen in 
Fig. 20 has a bandwidth of 1 nm indicating a nearly Fourier 
transform limited pulse. Cavity length detuning results in pulse 
shapes similar to those in Ref. 4. By adding cresyl violet to our 
rhodamine 6G to act as a slight saturable absorber, pulsewidths 
shorter than 300 fsec have been obtained. 
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Section 4 

NATIONAL LASER USERS 
FACILITY NEWS 

This report covers the activities of the National Laser Users 
FaciIity(h1I-UF) during the quarter January to March 1981. In this 
period we have conducted design reviews of equipment to be 
used on laser experiments, received eight new proposals for the 
next years, appointed a new NLUF Steering Committee to review 
proposals, and participated in two scientific meetings to 
acquaint scientists with the opportunities of research at the 
N LU F. 

The purpose of the design reviews is to guarantee the interface 
of user equipment on the OMEGA system. The first review 
finalized the design of a spectrometer for the Physics International 
experiment(Dr. Glen DahIbacka).This spectrometer will measure 
the alpha particles and protons from a DT filled target irradiated 
by the OMEGA system. The second review was for the University 
of I Ilinois (Dr. George Miley).Their review covered the preliminary 
design of a spectrometer to also measure the alpha and proton 
reaction product spectra. 

The NLUF received eight new proposals during this period, 
submitted by universities and industries. We now have 15 
proposals to be reviewed by the N LUF Steering Committee. The 
proposals are in the fields of plasma diagnostics, spectroscopy, 
basic plasma physics, astrophysics, gas breakdown, x-ray 
diagnostics, physical chemistry, material studies, and laser physics. 
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The hl LLIF Steering Committee will meet on April 28. Its purpose 
is to provide scientific review and merit ranking of proposals and 
recommend the order of funding for DOE-supported user research 
funds. Membership of the committee includes scientists from the 
fields of atomic physics, biophysics, x-ray astrophysics, plasma 
physics, materials, and laser fusion. A report from the Steering 
Committee will be available in the next issue of the LLE Review. 

The NLUF was represented at two scientific meetings to inform 
researchers of the opportunities for user experiments at LLE. 
NLUF was a participant at the invited poster session on national 
facilities as part of the American Physical Society meeting in 
Phoenix on March 18.This type of session attracted many useful 
discussions and interest in potential experiments at NLUF. The 
facility was also represented at the Third Topical Conference on 
High Temperature Plasmas in Baton Rouge on February 26. 

N LUF now has six ongoing user experiments in various stages 
of work, from design of diagnostics to experimental data 
collection. 

Further information on N LUF is available from two publications: 

i) Experiments with Very High-Power Lasers, The Report of 
a Workshop, 

ii) NLUF Users Handbook, 1981. 

These publications can be obtained by writing to: 

Dr. Thomas Bristow 
Manager, National Laser Users Facility 
Laboratory for Laser Energetics 
University of Rochester 
250 East River Road 
Rochester. New York 14623 
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This report was prepared as an account of work conducted by the 
Laboratoryfor Laser Energetics sponsored in part by the Empire 
State Electric Energy Research Corporation ('ESEERCO'), Exxon 
Research and Engineering Company ('EXXON'), the General 
Electric Company ('GE'), the New York State Energy Research 
and Development Authority ('NYSERDA'), Northeast Utilities 
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a. Makes any warranty or representation, express or implied 
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