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In Brief

This volume of the LLE Revieyeovering the period October—December 1995, contains a description of
the generation and characterization of continuous, deep-surface-relief phase plates that dieiembre ef

and versatile than previous desighise LLE program plan has scheduled a number of enhancements to
OMEGA's performance and uniformjthe first of which is the implementation of these new distributed
phase plates. Other articles in this volume include the discussion of an x-ray diagnostic method to measur
shell-fuel mixing, the theoretical analysis of ablation-front stab#itgescription of a major subsystem

in the OMEGA control system software, a study of the population inversions in intensely pumped
Nd:YLF, and a description of a new ultrafast laser system and its uses.

Highlights of the research presented in this issue are

» New continuous phase plates have been manufactured and characterized for use on the OMEGA lase
system. These components have demonstrated the ability to couple up to 25% more energy to the targe
than previous designs, and to operate over a wider range of target diameters.

* A method is proposed to diagnose shell-fuel mixing using x-ray spectroscopy. Emission and
absorption lines from dopant material, localized in the target shell, diagnose the extent that shell
material has mixed with the fuel of an imploded target.

» Analytic calculations of the stability of ablation fronts subjected to the Rayleigh-Taylor instability are
presented. This model assumes an arbitrary power-law dependence of the electron thermal conductior
thus allowing application to both direct and indirect drive. Excellent agreement is demonstrated
between the model's growth-rate formula and numerical results for a variety of conditions.

* One of the top-level subsystems in the new control system for the OMEGA laser is the Power
Conditioning Executive—the software that controls the power conditioning hardware. It provides
interface to the system operators and is responsible for the safe and reliable execution of laser shot:s

» Tosimulate and investigate the intense pumping associated with diode-pumped lasers, a pump-probs
experiment has been performed. The results show that, at high population inversions, two-body energy
transfer upconversion (ETU) can be a significant loss mechanism f6F{jzeupper state of the
Nd:YLF laser.

» Using commercially available subsystems, a Ti:sapphire laser system has been configured to product
ultrashort pulses that are tunable to a wide region. Using nonlinear optical conversion processes,
femtosecond pulses have been produced in the spectral range from the ultraviolet to the infrared,
including terahertz pulses. These pulses have been used to perform ultrafast measurements of solic
state media used in optics, electro-optics, and electronics.

Thomas R. Boehly
Editor



High-Efficiency Distributed Phase Plate Generation
and Characterization

An essential requirement for both direct-drive and indirectOf that lost enayy (22%), 16% was due to &iction rings
drive laser fusion is the uniform irradiation ofgats that are produced by the edges of the binary elemditts.goal was to
located at the far field and quasi far field of the laser systemetrieve all of this engly by implementing continuous features
Higher uniformity results in reduced Rayleighylor insta- on the phase plates, thereby eliminating thé&adifion loss.
bilities and improved spherical congence of fuel capsules This would result in DPRB’that have to-tget transmission
during high-density compression. For high-povealid-state  efficiencies of 94%—-96%Ihe DPPdesign should provide an
laser drivers, a major contribution to irradiation nonunifor intrinsic eficiency of 100%; howevesome loss is allowed to
mity is the intensity distribution of the individual accommodate both alignment and manufacturing tolerances.
frequency-tripled beams at thedat plane.The irradiance Of the remaining 4% to 6% emgrloss, approximately 3.5%
nonuniformities are caused primarily by spatial variations irmust be allocated to beam-togat alignment tolerances.
the neaffield phase front that accumulate as the pulse propaFherefore, additional engy losses associated with the manu-
gates through the air and laser optics. Optical phase conversitatturing process, such as surface scatter and reflection, must
at the end of a laser system, using distributed phase plates limited to less than 2.5% of the incident gyer
(DPP’s)! modifies the bearsffield coherence, thereby chang-
ing its focusing properties and shifting emertoward the The required irradiance envelope produced by the ®iBP’
higher spatial frequencies that can be rapidly blurred usinmathematically represented by a rotationally symmetric
temporal beam-smoothing techniques. supegaussian of order between 2 and 3. (An order 2 produces
a Gaussian distribution.) It is also desired that the DPP provide
In the past, the price of this coherence control was a loss tie relatively flat power spectrum characteristic of the previ-
20%—-25% of the laser emgst The primary goal in the design ous two-level DPR.When these distributions are overlapped
of a new phase converter is to achieve lossless, wavefrordn a taget, the amplitudes of the low- to mid-range modes (
insensitive, phase conversidiis has been recently achieved > 20 um) should not exceed the extremes produced by random
with a new variety of DPP (continuous, deep-surface-relie$tatistics. High spatial frequencies< 20um) are less detri-
phase plates) that has been generated and characterized formgatal because of their fast smoothing times in the presence of
in the 60-beam OMEGHAaser systemlhe two-level binary temporal beam smoothing.
phase plates previously deployed on the 24-beam OMEGA
laser system provided coherence control but had significant The DPP must also provide an irradiance distribution that
losses and operated over a narrow range in the focal directicedequately integrates over the full aperture of the input pupil
These new continuous DRPperform nearly lossless phase so that the spectral modes, produced by spatial color cycling,
conversion of high-power laser beafproviding a cou- overlap at the tget plane. DPR’containing Fourier gratings
pling eficiency to taget of=95%.They also operate over the inherently meet this requirement when used at or near the focal
full range of taget diameters planned for the LLE experimen-plane of a lens. Finallyhe new DPPnust provide the above

tal fusion-physics program. efficiency, irradiance, power spectrum, and temporal beam-
smoothing capability for tget diameters ranging from 800 to
OMEGA DPP Requirements 1000um. On OMEGA this necessitates operation in a range of

The requirements for this new generation of BRIPe high  +4 mm along the optical axis of the lens.
transmission to the tget, a weak supésaussian irradiance
profile, and operation over a range ofjtrsizesThey must = Phase-Plate Concept
be significantly more étient than the previous two-level To achieve both high f€iency and the desired profile at
DPP’s whose overall couplingfefiency was limited to 78%. the taget plane, the continuous DRias designed with a

LLE Review, Volume 65 1



HicH-EFFIiciENCY DISTRIBUTEDPHASE PLATE GENERATION

specific combination of a Fourier grating phase plus a randof©PD’s) in the form of a thin film of varying thicknegs,y)
phase. Produced by the surface relief on such ath®phase and material refractive indax The exact amount of phase
consists of a random term combined with several spatiallyetardationpexperienced by a transmitted wavefront depends
periodic termsThese two terms are superposed on a singlapon the wavelengtij of light and is given by

surface but are shown in Fig. 65.1 on either side of a plate for

clarity only The purpose of the spatially periodic terms, or _2m _2m

Fourier grating terms, is to dli&ct the collimated incident (D_T(OPD) _T[t(x' y)(n—l)]. (2)
beam into multiple orders or multiple beam&These orders

are collected by the lens to form an array of foci at the Fourier Optical modeling shows that the eggcoupled to a tget
plane of the lenslhe lateral separation of these fodf)(can  using the new continuous distributed phase plate is substan-
be expressed in terms of the wavelengtf light used, thé tially greater than that using a two-level binary phase plate as
number {z) of the focusing lens, and the number of grooveshown in Fig. 65.2To allow for small beam and gat

or elements in the gratingjl: misalignments, approximately 3.5% of the incident gyer
misses the tget. This enegy is accessible with the penalty of
ANf _ Af lower irradiation uniformity Underfilling a spherical tget
d* = ANfyy = —=—, (1) . . . . .
D d causes an increase in the amplitude of medium-order spherical

harmonic modes. Nevertheless, an increase inggnefi-
whereN is equal to the diameter of the gratimy ¢livided by  ciency from 78% to 96% represents a 20%—25% increase in
the groove spacingl); N=D/d. The Fourier gratings separate total enegy delivered to the tget. Simulations have shown
an incident laser beam into a two-dimensional angular spethat phase conversion with our new continuous BPRkEets
trum of beamlets that focus at the focal plane of a lees  the design requirements over afgigntly long depth of focus
result, the interference pattern produced by the coherent ovéo accommodate a wide range of&trdiameters.
lap of the beamlets depends primarily on the phase transfer
function of the distributed phase plate rather than the wavefroPP Generation
of a typical laser beam. Optical lithography is an excellent means of generating
complex surface-relief structures that subsequently can be
In the simplest case, the surface-relief profile of a DPP careplicated into polymers that are compatible with high-irradi-
be composed of several sinusoidal components together wiéimce UV laser light. Using a combination of photographic and
arandom componenthe phase retardation is distributed overphotolithographic techniques, both mask fabrication and pho-
the DPPsurface by introducing optical path fédifences toresist patterning have been successfully demonstrated at

8004m
Continuous t;};%%t
distributed
phase plate 1000um
target plan\
. Figure 65.1
The surface of a continuous distributed phase
plate consists of a random term combined with
Random . . several periodic terms. These produce an irradi-
phas Grating = ance distribution at the focal plane of a lens that
e\ / phase ; efficiently couples laser light to targets in the

range of 800 to 100@m in diameter. The two
phase terms are shown on either side of the sub-
strate for clarity only.

Focusing/ -t F >

lens

E7847
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The energy coupled to a target using a continuous distributed phase plate is

substantially greater than that using a two-level binary phase plate. Approxrigure 65.3

mately 4% of the incident energy is distributed around the target to allow fofhe calibration mask is a sheet of photographic film containing both con-
minor beam and target misalignments. An increase in energy efficiency frominuous and stepped regions of varying density whose corresponding
78% to 96% represents a 20%-25% increase in total energy delivered tiansmittance functions are used to characterize the linearity of the
the target. photolithographic process. A 9-in. enlargement made from a computer-
generated, 35-mm negative is produced using standard silver-halide
processing techniques.

LLE, resulting in the fabrication of 310-mm-diam continuous
DPP’s suitable for use in OMEGA.

The photolithographic process begins with the calibration

of a Celco photographic-film writeusing, as a reference, the

interferometric measurement of a test phase plate made in Continuous
photoresistThe calibration mask used in this stage is a sheet ramp

of photographic film containing both continuous and stepped L

regions of varying density whose transmittance functions are B

used to characterize the linearity of the photolithographic Stepped
processAn enlagement made from a computpenerated, ramp
35-mm negative, shown in Fig. 65.3, is produced using stan- B

dard silverhalide processing techniques. Following the ﬁ
chemical processing of the photoresist, Fizeau interferometry
is used to characterize the optical patlfietlénces within the %
photoresist phase plat€he interference fringes, shown in
Fig. 65.4, are computer analyzed to examine linearity of the
transfer from mask transmittance to phasétéhce in the
photoresistThese results are used to generate an end-to-er,}%ure 65.4
process inversion curve. Fizeau interferometry is used to characterize the optical path differences that
are photolithographically generated in a photoresist coating using the calibra-
The final inversion curve, shown in Fig. 65.5, relates thdion mask shown in Fig. 65.3. The interference fringes are computer analyzed
Celco film writer's code values to the range of phaséedif to examine linearity of the transfer from mask transmittance to photoresist

. . . . . . . hase difference.
ences required in the DRIBsign.The inversions contained in P

E7849 A=6328 A
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Figure 65.5

this final curve include the nonlinearities in the film wrjter
recording film, enlagement film, and photoresist. Several
iterations were required to yield a Bciently linear relation-
ship between the desired phaséadénces and those produced
in the surface relief of the photoresisthe mask used to
generate the desired DPP surface relief is shown in Fig. 65.6.
It is a sheet of silver halide film containing the distribution of
densities that follow the range established by the previous
calibration proces3he mask transmittance function times the
material removal function of the photoresist is linearly related
to the phase dérence produced in the DRIBsign.

Interferometric analysis of the DPP master is performed
by positioning the edge of the master in a single-pass Mach-
Zehnder interferometeBpatial synchronous phase detection
is used to analyze the high-frequency fringes that extend from
the region of thick photoresist to the region of thin photo-
resist. Low-frequency fringes are shown in Fig. 65.7(a) to

The final inversion curve relates the code values for the Celco film writer t&elp the reader visualize the phase shiftee peak'to'va”ey
the range of phase differences required in the DPP design. The multip@ptical path diierence, shown in Fig. 65.7(b), corresponds to
inversions contained in this final curve include nonlinearities in the filmthe maximum phase dérence contained in the photoresist
writer, recording film, enlargement film, and photoresist. Several iterationgypp master.

were required to yield a sufficiently linear relationship between the desired
phase differences and the actual phase difference realized in the surface relief

of the photoresist. The final steps to generate DBRor the OMEGAlaser

system involves the transfer replication, of the surface relief
into a suitable UN\tompatible materiahfter extensive devel-
opment of release mechanisms, the replication of photoresist

Modulation
7 s reforence Figure 65.6
P The mask used to generate the desired DPP
reference

surface relief is a sheet of photographic silver
halide film containing a density distribution
whose transmittance function follows the range
established by the previous calibration iteration.
The mask transmittance function times the
material removal function of the photoresist is
linearly related to the phase difference required
in the DPP design.

Mask density
reference patch

E7851
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Interferometric analysis of the DPP master is performed by positioning the edge of the master within a single-pass Mach-Zehnder interferometer. Spati
synchronous phase detection is used to analyze the high-frequency interference fringes that extend from the region of thick photoresist to the region of tf
photoresist. Low-frequency fringes are shown in (a) for clarity. The peak-to-valley optical path difference (b) measured here corresponds to the maximum pha
difference contained in the DPP phase distribution.

masters into a UV epoxy succeeded using an evaporativeiore eficient pattern produced by the new continuous DPP
coating release-layer technology borrowed from the industridiote that the difaction lobes are absent from the spot pro-
sector? The fabrication of DPR'is performed in class 100 to duced by the continuous DPPhese images were density-to-
1000 clean-room conditions to limit contamination that carirradiance converted using a calibration curve derived from the
cause losses due to surface-relief scattering, material scatt&known changes in exposure between images of each Asray

ing, and material absorption. can be seen in Fig. 65.9, a dynamic range dfig¢Qhen
obtained.This range is required to accurately measure the
DPP Characterization high-contrast speckle produced by phase conversion of the

The on-taget irradiation distribution from a single focused laser beam.
laser beam is measured with equivalengdaiplane photo-
graphic cameras. Experimental results from these cameras areA photographic image generated with cw laser light
shown in Fig. 65.8. Each element within the array represen{g&ig. 65.10(a)] is compared with that from a beamline of the
the same spatial image recorded at successively lower exp@PMEGA laser system [Fig. 65.10(b)Although the wave-
sures. Figure 65.8(a) shows a focal-spot distribution producddngth of the cw (364-nm) laser isfdifent than the OMEGA
by a two-level binary phase plate, while Fig. 65.8(b) shows thiaser (351 nm), compensatingfdiictive and refractive &dfcts

(@)

Figure 65.8

} The on-target irradiation distribution from a
* # : i single focused laser beam is measured with
an equivalent-target-plane photographic cam-
era. Each element within the array represents
the same spatial image recorded at succes-
(b) sively lower exposures. Figure 65.8(a) shows
the lossy diffraction lobes produced by a two-
level binary phase plate, while Fig. 65.8(b)

* ﬁ % i = shows the more efficient pattern produced by

the new continuous DPP.

Two-level binary DPP

E7853 Continuous DPP
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cause these results to be essentially equivalent. Orthogonak 65.12 shows the total eggrcontained within a circle
scans through the center of an equivalergeabplane image surrounding the center of the beam as a function of the radius
show the irradiance modulation that is characteristic of lasesf that circle.This is referred to as an encircled ayeplot.
speckle.The dominant visual characteristic for these phas€urve Ais an experimental cw result, curve B is an experimen-
plates is the random variation in irradiance, which obeys$al pulsed result, curve Cis the result of theoretical calculation,
negative exponential statistics. Figures &fa) and 651(b) and curve D is the desired encircled gryeprofile for the
show horizontal and vertical cross sections of the irradiancéyradiation for direct-drive taets. Good agreement between
respectivelyfor the OMEGAbeam shown in Fig. 65.10(#)n these curves, near the 4061 radius, indicates that a useful,
individual cross section can contain a peak-to-average irradnighly efficient DPPhas been generated.

ance ratio of several hundred percent; howewely a small

fraction of the total engy resides in these modulations. Fig- Extensive testing of the DFBr-field performance is per
formed to ensure that accurate focusing can be accomplished
on the OMEGA laser system. In addition to the photographic

A T analysis described above, egetransfer measurements are
made by translating tget-sized apertures along the optical
30F axis. These measurements are used to determine both the
— minimum spot size and the egg+transfer diciency of the
e DPP Equation (3) shows the functional form of the relation-
% 2.0k ship between tget diameter and focal shift for a given DPP-
S specific minimum spot and a desired encircled gnem
a target:
1.0
o M) G
AZp = 6.429(Dm)%55 -15 +0Z,, (3)
0.0 —_— m O
1.0 2.0 3.0 4.0 5.(
E7854 log (H/H,) whereD,, = minimum beam diameter containifigy; Dt =
target diameter (800 to 10Q@m); E; = encircled engy on
Figure 65.9 target; N(E.) = calculated order; ande = powerinduced

The photographic images generated by the equivalent-target-plane camdacal shift. The minimum spot sizeX,) is used in Eq. (3) to
are density-to-irradiance converted using a calibration curve derived from ”\ﬁrovide the correct position of the focus lens given a desired
array of images. A dynamic range ofi§obtained to accurately measure the target dianeter and a specific encircled emer A limited
high-contrast speckle produced by phase conversion of the laser beam.

amount of defocus can be used to compensate for DPP

@ (b)

Figure 65.10

(a) The photographic image generated with cw
laser light is compared with (b) that from a
beamline ofthe OMEGA laser system. Although
the wavelength of the cw (364-nm) laser is
different than the 351-nm OMEGA laser, com-
pensating diffractive and refractive effects
cause these results to be essentially equivalent.

Erass 650 mm ' 650 mm
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Orthogonal scans through the center of an equivalent-target-plane image show the irradiance modulation characteristic of laser speckle. Figures 65.11(a)
65.11(b) show horizontal and vertical cross sections of the irradiance, respectively. An individual cross section can contain a peak-to-average irradiance ra
of several hundred percent; however, only a small fraction of the total energy is contained in these peaks.

phase undermodulation, thus providing a favorable manufa®f the curve in the vicinity of an 800m taiget is approximately
turing tolerance. a change in diameter of J@m per 100um of focal shift.
Additional families of hyperbolic curves can be generated to

The family of hyperbolic curves shown in Fig. 65.13 allow flexibility in choosing an encircled emgron taget; the

represent a specific case of Eq. [)e radius of the contour limits, howeverare the amount of erggrthat misses the @get

containing 96.6% of the ergyris plotted as a function of the and the overall irradiation uniformityA coupling eficiency

focus lens position along the optical axis. Minimum spot size®f 96.6% (incident light that irradiates theget) is a compro-

of between 675 and 7%0n are represented hefde gradient  mise between these constraints.

T T T I T T T I T T T
k=)
S 1.0 —
N L i
‘_U B T —~
£ 0.8 ] =
o C ] S
5 - i N
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S I ] 5
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2 o2 -
S L i
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w L 4
O'% 0 0.4
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E7857 Radius (mm)
Figure 65.13
The radius of the contour containing 96.6% of the energy presented to the
Figure 65.12 focal plane is plotted as a function of the shift of the focus lens along the

The total energy contained within a circle surrounding the center of the beaoptical axis. A range of target diameters between 800 and A90fan be

is plotted as a function of the radius of the circle. Curve A is an experimentafradiated with the new continuous DPP. The gradient of the curve in the
cw result, curve B is an experimental pulsed result, curve C is the result efcinity of an 800um target is approximately a change in diameter qirh0
theoretical calculation, and curve D is the desired encircled energy profilgper 100um of focal shift.
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Conclusions REFERENCES

An extensive development program has produced signifi-
cantly improved DPR'that are characterized as continuous,
deep-surface-relief phase platdhiese DPR can perform
nearly lossless phase conversion of high-power UV laser
beams, thus delivering up to 25% more ggehan previous
designs.These DPR also provide the desired irradiance
envelope and speckle distribution over the full 800- to
1000.um range of taget diameters envisioned for the near
term experimental tget physics program at LLE. In addition,
epoxy-replicated DPB’exhibit high damage thresholds and 4
meet the design requirements for the upgraded OMEGA laser
system. It is anticipated that nearm taget experiments will 5.
be carried out on OMEGA to study the hydrodynamic benefits
of these new DPB'with temporal beam smoothing and that -
additional criteria will be established to design fully optimized
DPPss for the futuré.®
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Diagnosis of Shell-Core Mixing Using Absorption and Emission
Spectra of a Doped Layer

A major limitation on fusion target performance is the mixingadmixture of titanium dopant in a thin CH layer is sufficient
of shell material with the fuel during the final stage of thefor the measurement of titanium lines, yet creates minimal
implosion. This mixing is the result of hydrodynamic instabili- perturbation of the target behavior. We calculate the emerging
ties that cause nonuniformities on the inner surface of thepectra of a particular target implosion on the OMEGA laser.
shell to grow as the shell decelerates. The seeds for this growkbr this test case&,|LAC results were used for the expected
are nonuniformities that grow sufficiently during the acceleratemperature and density profiles of the unmixed target. A post-
tion phase to feed through the shell. This acceleration-driveprocessor code was developéd calculate the emission and
growth is initially seeded by laser and target nonuniformitiestransport through the target. A simple procedure is used to
The open geometry of planar targets has been used extensivsigulate the mixing, and the radiation transport equation is
to investigate growth during acceleration; however, to studyhen solved for unmixed as well as mixed targets.
deceleration-driven growth and shell-core mixing, implosions
are required. Recent experiments used the image of x-ray The target is a polymer shell of 94@ diameter and
emission from the shell (enhanced by hijleping) to diag- 30-um thickness, filled with 80 atm DT gas. Within the CH
nose these effects experimentallyVe have subsequently polymer shell is a layer doped with titanium; the doped-layer
shown theoreticalfthat when backlighter imaging is used in thickness and position within the shell are varied. The concen-
the experiment, additional information is obtained and thération of titanium atoms, 1% by atom number, is such that a
ability to detect shell-core mixing is enhanced. We have alsdoped layer of a few-micron initial thickness would show
showr?—>that in such a backlighting experiment, monochro-significant absorption at the wavelengths of titanium lines.
matic imaging (using, for example, a diffracting crystal) isOne-dimensional simulations byILAC showed that the
required because of the overwhelming self-emission fronaddition of such a layer made little change in hydrodynamic
the target. behavior. (This point is discussed further in the next section.)
The choice of titanium was dictated by the fact that, at peak
We present here the analysis of a different diagnosticompression of the test target, radiation wavelengths shorter
method for detecting shell-core mixing that does not requiréhan ~3 A are needed to avoid severe continuum absorption by
backlighting; in effect, the central core emission is used asthe shell (as opposed to the much stronger line absorption). On
backlighter for the surrounding shell. A particular target exthe other hand, too highza(and thus too short wavelengths)
perimentis simulated and the expected experimental signatuweuld cause even the line absorption, essential to the method,
calculated and analyzed. This signature is the emerging x-ray be insignificant.
spectrum rather than the target image, as was the case in the
work cited above. The absorption spectrum produced when the For all simulations, the laser pulse is trapezoidal, rising
core radiation traverses an embedded signature layer in theearly over 0.1 ns to 13.5 TW, then remaining constant for
shell was reported earli€in that work (conducted in collabo- 2.2 ns, before dropping linearly over 0.1 ns. Figure 65.14
ration with LANL), we showed that when a KCI layer is shows the density and electron-temperature profiles predicted
embedded in a CH shell that is imploded as an explodinfpr this target at peak compression. The shell material has been
pusher, the continuum core radiation produces absorption linesmpressed to a mean radius of B0 and a thickness of
of K and Clions that provide information on the temperature~30 um, with a density in the range of ~10 to 50 glcm
andpAr of the imploded shell. Here we show that, in dopectorresponding to @Ar value of ~90 mg/cfh The electron
targets that suffer shell-core mixing, emission lines of théemperature in the shell ranges from ~80 to ~800 eV. Most of
dopant ions can appear due to inward migration of dopethe line absorption will occur within the colder, outer part of
material. We show that for OMEGA experiments a smalkthis compressed shell.
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100 ‘ ‘ 10 resulting fraction of, say, fuel material as part of the total
density is reasonably smooth and reaches the correct values at
the boundaries of the mixed region. Furthermore, the effect of
the mixing on the temperature and electron density distribu-
tions in the mixed region was also included. Finally, the model
allows for the mixing of specific doped layers; namely, the
dopant material follows the CH element in which it was
embedded initially, and the percentage of doping remains

1.0 the same.

Mass density (g/ci)
Electron temperature (keV)

To discern whether the discontinuity introduced by the
doping increases any existing instability and thus mixing, the
_ 0.01 influence of doping on the growth rate of Rayleigh-Taylor

0O 2 4 6 8 10 12 14 instability was investigated. We note that the linear growth rate

Radial coordinatep(m) is proportional td\l/2, whereA is the Atwood number, defined
as(pn - m)/(on + 1) interms of the high and low mass densi-
Figure 65.14 ties on each side of the discontinuity. In our case the density
The density and electron-temperature profiles predicted blylt#eC code discontinuity caused by the doping is 2%, which by itself
at peak.c.ompression for the gase studied in this article. The vertical bar mar\lf‘;omd give rise to an Atwood number &f~ Ap/2p ~ 0.01. In
the position of the shell-fuel interface. typical target implosions, the Atwood number (determined by

the density gradients near the ablation surface) is in the range
Modeling of Target Mixing and Radiation Transport of 0.5 to 1.0%8it can therefore be estimated that the growth-

The procedure for modeling shell-core mixing was de+ate increase due to doping is less than 10%.
scribed in an earlier publicaticiiThis procedure is applied to
LILAC-calculated profiles of a particular implosion experi-  To simulate the emergent absorption and emission spectra,
ment; it does not include self-consistent feedback, i.e., theultigroup opacity tables were generated using the OPLIB
effect of mixing in one time step upon the hydrodynamics andpacity library? The radiation transport model developed
radiation physics in subsequent steps. The limitations resultirgarliefwas used to calculate the emergent spectra. That model
from this simplification will be discussed. Briefly, mixing uses temperature and density profiles generatétl B\C and
occurs during the deceleration (or burn) phase of the implahe multigroup opacity tables to calculate radiation emission
sion. The model determines a radial region within whichand absorption. The use of the OPLIB opacity calculations
mixing is assumed to occur, the width of which is characterizetequires the assumption of LTE conditions, the applicability of
by a parametan. It is defined such that the deepest penetratiomvhich is discussed in the following section.
of shell material into the fuel region spans a fractioof the
distance between the shell-core interface radius and the free-Figures 65.15 and 65.16 show examples of OPLIB data for
fall line (defined as the constant-velocity trajectory at the sheliwvo density and two temperature values, relevant to the condi-
maximum velocity). As time progresses, this penetration intions of Fig. 65.14. The spectra consist of helium-like and
creases; however, for the values considered here, the hydrogen-like lines, including satellite lines that appear on the
penetration is not severe enough to reach the target centlaw-energy side of those lines. The major difference between
Simulations of Rayleigh-Taylor unstable implosibrshow  the spectra & = 0.4 keV andl = 1 keV is the appearance of
that, in the nonlinear regime of the instability, the shell penthe hydrogen-like (Lyman) lines; this is because, at the lower
etrates into the fuel in the form of spikes; between the spikesemperature, the population of the hydrogen-like specie is
the fuel penetrates into the shell region in the form of bubblesegligibly small. In going from a density of 0.4 to 12.8 gfcm
whose penetration is typically half that of the spikes (for aithe plasma becomes less ionized, as indicated by a lower
Atwood number close to 1). Within the mixed region, the fuerelative intensity of the Lyman lines when comparing the two
and shell material densities are assumed to decay linearly info= 1 keV curves (the Lyman lines are absent from the lower
each other’s region. As explained in Ref. 3, this choice isemperature curves). Also, a comparison of the satellite mani-
more realistic than a uniformly mixed region. In particular, thefold near the Hex line (especially for the twd = 0.4 keV

E6738
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Examples of OPLIB opacity data for CH polymer containing 1% titanium (by number of atoms) for a density of 8, 4&gtem temperatures.
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Figure 65.16

Examples of OPLIB opacity data for CH polymer containing 1% titanium (by number of atoms) for a density of 13, &tgAwmtemperatures.

curves) shows an intensity distribution of the peaks that idecrease with increasing temperature, but these trends are
skewed more toward high energies for the lower-density casmodified by the changes in line ratios discussed above.

again indicating decreased ionization with increasing density.

This is the result of the increasing importance of three-body Satellite lines appear on the low-energy side of the various
recombination, which rises faster with density than other, twolines, such as the He-line (at 4.7495 keV), the Lymam-
body processes. In the caseTor 0.4 keV angp=12.8 g/cc, line (at 4.9733 keV), the HB-ine (at 5.5821 keV), and the

the combined effect of the low temperature and high densityyman-3 line (at 5.8915 keV). The satellite lines correspond
reduces the ionization to the point where even thertiiee is  to transitions similar to that of the nearby resonance line, in
hardly visible. In that case, the spectrum consists mostly abn species that are progressively less ionized. For example,
satellite lines. Finally, we note that the absolute magnitude dhe Hea line corresponds to the transitiog2h 1P—1s? 1S,

the opacity tends to increase with increasing density and twhereas those of the nearby satellites correspond to transitions
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of the type $(21)™-1s%(21)™1, wherem changes from 2 (Li- shell-core interface, are (a) 0 to 1/, (b) 0.9 to 1.124m,

like specie) to 8 (F-like specie). Since the satellite linegc) 0.92 to 1.12um, and (d) 0.94 to 1.12m. The continuous
correspond to L-shell ions, they are excited in colder targetpectrum emitted by an undoped target is also shown. The
regions as compared with those of the K-shell ions. This is theurves represent the x-ray fluence per unit area along a line of

basis for the mixing diagnostics described next. sight through the center of the target (with unit magnifica-
tion), normalized to a spectral intensity of xA02° keV/
Target Design for Mixing Diagnostics (keV ns cd Q).

The diagnostic method for mixing relies on the sharp
temperature gradient at the shell-fuel interface within the Each spectrum shown in Fig. 65.17 contains two distinct
imploded shell (see Fig. 65.14). Near that interface, the tenfieatures: (a) the absorption-line manifold in the range ~4.5 to
perature is high enough (~0.5 to 1.0 keV) for the emission of.7 keV, and (b) the higher-energy emission lines. Feature (a)
helium-like and hydrogen-like titanium K-shell lines. In this consists of satellite lines near the Hdine. These lines are
method, the titanium layer is placed in the original target faabsorbed within the colder, outer part of the compressed shell,
enough from the interface, such that in a stable target, it nevas is evidenced by the fact that they are almost identical when
gets hot enough to significantly emit these lines. Then, mixingomparing the four spectra of Fig. 65.17. The ionization
causes migration of doped polymer into the high-temperaturenergy of the Li-like to F-like species ranges from ~1.4 keV
regions closer to the fuel interface, thus causing emission diown to ~0.8 keV. These species will predominate in regions
these lines. of temperatures lower than ~0.5 keV. Figure 65.14 shows that

the temperature of the outer half of the compressed shell is

Having chosen the doping material and concentration, wmdeed within this range; it is there that these satellite lines are
next determine the optimal location of the doped layer withirabsorbed. It should be noted that these satellite lines usually
the fabricated target. Figure 65.17 shows the spectra calculategpear in absorption but not in emission. The temperature
using the OPLIB opacity tables and the radiation transpomvhere species with = 2 bound electrons can exist is insuffi-
model described above, using the target profiles of Fig. 65.1dent for excitingh = 1 electrons. Thus, the satellite lines can
(peak compression in an unmixed target). A signature layer &e excited only by continuum radiation streaming from higher-
different locations within the shell consists of 1% titaniumtemperature regions, leading to absorption lines at energies
doping (by atom number) in the CH polymer. The boundariethat are at resonance with satellite transitions. However, these
of the signature layer in the initial target, with respect to théines can appear in emission in flat-target experint@sisce

@ Doped: 50-58

(b) Doped: 51-58
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Figure 65.17
Predicted spectrum, at the time of peak compres-
sion, emitted by the imploded target of Fig. 65.14,
with no mixing. A signature layer is added at
different locations within the shell (Lagrangian
code zone numbers are shown). The boundaries of
the signature layer in the initial target, with respect
to the shell-core interface are (a) 0 to 141,
(b)0.9t01.124m, (c) 0.92to 1.1pm, and (d) 0.94
to 1.12um. The continuous spectrum due to an
undoped target is also shown. The curves represent
the target fluence per unit area along a line of sight
through the center of the target (at the plane of the
target), normalized to a spectral intensity of ¥.0
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the exciting continuum is then moving into the target, and th&om lower ionizations (Li-like to O-like species) and emission
detector sees only the fluorescent lines emitted as a condees come from higher ionizations (He-like and H-like). We
guence of the radiative excitation. examined the equilibrium conditions for these two line groups
separately (following Ref. 11) for the compressed-shell condi-
The spectral lines above ~4.7 keV (from helium-like andions in Fig. 65.14. The condition for complete LTE [Eq. (6-60)
hydrogen-like ions) are seen in Fig. 65.17 to be emitted onlin Ref. 11] for a temperature of 300 eV and average excitation
close to the interface, where the temperature is sufficientlgnergy of 1 keV is thagb be greater than ~7 g/émFor the
high to excite these lines. One may wonder why these lines akeshell species giving rise to the absorption lines (Fig. 65.17),
not seen to be absorbed far from the interface. The helium-likhe condition is well satisfied for the compressed shell. It
and hydrogen-like lines could be absorbed in regions wherghould be emphasized that the assumption of LTE is not critical
the temperature is sufficiently high to ionizeraH 2 electrons  when calculating the spectrum of absorption lines. Absorption
but not high enough to excite these lines; evidently the regiolines depend on the ground-state populations that are almost
of this intermediate temperature is too narrow for signifi-equal to the total density of the pertinent ion specie, whereas,
cant absorption. emission lines depend on the excited-state populations that can
vary greatly between LTE and non-LTE model predictions.
The various features in Fig. 65.17 offer the possibility ofFurthermore, the absorption manifold observed in the spec-
diagnosing mixing: if the doped layer is placed as in the targeétum corresponds to a range of ion species of successive
of Fig. 65.17(d), the spectrum in the absence of mixing willonizations. Therefore, small deviations from LTE would
show only the absorption lines in the range of ~4.5 to 4.7 keVherely redistribute some of the absorption among neighboring
However, mixing could cause some of the titanium material téonic features, but the total amount of absorption will hardly
migrate to hotter regions, which will cause the appearance change. Turning to the emission lines, we find by comparison
emission lines in the range above 4.7 keV [as in Fig. 65.17(a)lith results obtained with the non-LTE cad®PION-2 that
the LTE model slightly overestimates the intensity of He-like
The titanium concentration should be high enough to yieldines and greatly overestimates that of the H-like lines. Thus,
substantial line absorption but low enough to minimize itdn comparing experimental spectra to theoretical results, em-
effect on the target behavior. Figure 65.17 shows significarghasis should be placed on the helium-like lines.
line absorption (attenuation by up to a factor of ~10) on the
lines in the range of 4.5 to 4.7 keV. The minimal effect on thé&ffect of Mixing on the Spectrum
target behavior is evidenced by the negligible increase in We apply now the mixing model described earlier to the
continuum emission with respect to the no-doping case. Thiarget experiment under consideration (Fig. 65.14) and calcu-
considerations for optimizing the doped-layer location withinlate the emergent spectrum for various degrees of mixing. As
the fabricated target are as follows: The inner radius of thmentioned, the portion of the CH layer from 0.9¢ to
doped region should be far enough removed from the interfade12pum away from the interface was doped with titanium at a
to show no emission of lines in the absence of mixing, yet natoncentration of 1% by atom number.
too far so as to require very severe mixing to yield a difference
in the spectrum. Figure 65.17(d) shows an optimal choice for Figures 65.18 and 65.19 show the results of such calcula-
this distance. Finally, the outer radius of the doped layer shouttbns for two mixing severitiesx = 0.2 anda = 0.4, respec-
extend far enough from the interface to give rise to significantiively. The curve marked “undoped” corresponds to an undoped
line absorption, otherwise the dopant concentration must kend unmixed target simulation thatis shown as areference. The
increased. The extent of the layer must be limited to minimizenixing in the case = 0.2 (Fig. 65.18) is seen to be too weak
the effects on the stability of the ablating part of the target. to be diagnosed using the emitted spectrum. The main effect of
mixing on the spectrum in Fig. 65.18 is a slight lowering of the
The applicability of the LTE assumption in using theintensity in the emergent continuum. This occurs because
OPLIB opacity library will be discussed in this section, in viewmixing causes the transfer of some titanium material to smaller
of the spectra shown in Fig. 65.17. Generally speaking, thedii, thus increasing its areal densip() and increasing the
LTE approximation becomes valid for high-density, low-tem-absorption of the core continuum by the titanium in the shell.
perature, and low-nuclear-charge conditions. Note that the
two groups of lines in the titanium spectrum originate from When the mixing level is increasedde 0.4, the effect, as
different ion species (see Fig. 65.17): absorption lines com&een in Fig. 65.19, is dramatic. For clarity, the curves for the
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ped as well as unmixed target run. =
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case of mixing and for the case of no mixing are shown §
separately, and on different scales, in Figs. 65.19(a) andE 10F
65.19(b). Mixing causes the level of the emitted continuum to '
rise because some of the titanium migrates into the high- 05 = /Undoped
temperature layer close to the interface. However, the main ' T
mixing signature is the appearance of emission lines above ool v L b e b
~4.7 keV. More quantitatively, mixing can be indicated by the 4 5 6

measured ratio of emission to absorption lines, for which only
relative line intensities need to be measured. As seen irf76s3

Fig. 65.19, the absorption-line manifold does not change;
Figure 65.19

qppr.emat?ly due tO_ mixing. Smce_ the absorption of thes%ffect of mixing (b) on the spectrum (a) from Fig. 65.17(d), for a mixing
titanium lines (relative to the continuum level) depérids  parameten = 0.4. The curve marked “undoped” corresponds to an undoped

mainly on thepAr of cold doped layer, this indicates that the as well as unmixed target run.
PAr is not reduced appreciably due to the transfer of some cold
doped material into the hot interface region. The appearance ©he pAr of the absorption region is apparently high enough to
this absorption manifold in the measured spectrum can thuabsorb the satellite lines near the &éne but not to absorb
serve to determine how much of the cold shell remained intatihe weaker satellite lines near the Bléne (the latter, how-
in spite of mixing. ever, have previously been observed in absorption in &fgon
In comparing the line absorption in Fig. 65.19(a) to that in

The emission lines above 4.7 keV include helium-like andrig. 65.19(b), one would have expected less absorption in the
hydrogen-like lines, as well as satellites near the Lymbne  latter case because the transfer of some titanium to the high-
and the HeB line. These latter satellites do not appear intemperature layer necessarily reduces the amount of cool,
absorption, as do the satellites near theoHee, for the  absorbing titanium. However, the relative absorption in the
following reasons: The satellites near the Lynsaline are  two cases is comparable because some titanium moves inward
due to transitions of the typ@2—1s2l, so that the absorbing but still remains within the absorbing layer, yielding a higher
level 1s21 is an excited state; thus, the density of ions that caareal density of absorbing material.
absorb these transitions is relatively small. On the other hand,
satellites near the helium-like lines are absorbed by ions in We compare this method with a similar mixing experiment
ground configurations,s#2|, whose relative density is high. involving chlorine-doped, argon-filled targétsBoth meth-

Photon energy (keV)
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ods are based on the observation of spectral lines of a shell
dopant that moves into higher-temperature regions due to
mixing. In the CI/Ar method, the use of relative line intensities
from the two elements obviates the need for absolute intensity—
measurement; here, a similar role is played by the comparisorE
of emission and absorption lines. Generally, the choice of §
dopant has to be adjusted to the expected conditions: a higherg
Z dopant is required to probe higher temperatures and to est-
cape from higher-compression targets. 0.1
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We finally consider an experiment based on the results L1
presented here. Since the determination of mixing relies on 10 (b)
comparison with code simulations, we have to allow for
uncertainties in the modeling. In particular, results such as in
Figs. 65.18 and 65.19 do not account for self-consistent hydro-=
dynamic calculations. Thus, the core temperature can bef; 1.0
expected to rise less if the compression is unstable. This effect2
would reduce the intensity of emitted titanium lines and 5
counter the intensity rise due to mixing. To address this -
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concern, the experiment should include a normalizing target, 0.1 Undoped =
where the doping extends up to the interface [as in E §
Fig. 65.17(a)]. We show in Fig. 65.20 the effect of mixing at a T T S R
level of a = 0.4 on such a doped target. As seen, the effect is 4.0 4.5 5.0 5.5 6.l
minor since the interface contains doped material even without__ Photon energy (keV)

mixing. The line emission from this target is therefore depen-

dent mostly on the core temperature rather than on mixing aw'gure 65.20

Can serve as a normalizing experiment. For example, if Frect of mixing on the spectrum shown in Fig. 65.17(a), for a mixing
experiment using the target of Fig. 65.17(a) shows strong lingrameten = 0.4. The curve marked “undoped” corresponds to an undoped
emission, but one using the target of Fig. 65.17(d) does not, vae well as unmixed target run.

can surmise that the mixing is smaller tlean 0.4 since the

interface is hot enough for the emission of titanium lines. Thisower than that. To limit the measurement to the peak of the
assumes that the cooling effect of the instability on the twaompression, the spectrum should be detected with a streak or
targets is comparable. This is to be expected since, as shofvaming camera; however, since most of the radiation from
for the present level of doping, the effect on target energetidsiploding targets such as in Fig. 65.14 is emitted around peak
is small. More quantitatively, we can calculate the intensitompression, a time-integrating instrument should also pro-
ratio between emitted titanium lines in Fig. 65.19(b) and irvide useful results.

Fig. 65.20(b) as a function af This ratio depends strongly on

a since only the former case depends strongly on mixing; thACKNOWLEDGMENT
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Self-Consistent Stability Analysis of Ablation Fronts
with Large Froude Numbers

In inertial-confinement fusion (ICF), the ablation front of the A qualitative description of convective (or ablative) stabi-
imploding capsules is hydrodynamically unstabfeThe lization can be obtained by using the incompressible sharp
heavy material of the compressed pellet is accelerated by theundary modéi-10consisting of two fluids of constant den-
low-density ablating plasma, thus making the pellet interfacsity separated by an interface of zero thickness with mass
unstable to density perturbations (Rayleigh-Taylor instabilflowing from the heavy to the light fluid. For subsonic ablation
ity).3 The classical treatmehof this instability occurring at  flows, the perturbed velocity field is assumed to be incom-
the interface of a heavy fluid with uniform densfy, sup- pressible(D W= O) through the interface. It is easily shown
ported by a light fluid with uniform densitg,, yields the that the assumption of divergence-free velocity perturbations
growth rateyy = Arkg, whereg is the acceleration and is not consistent with an accelerating equilibrium flow, i.e., the
Ar = (ph - P )/(ph +p|) is the Atwood number. It is note- equation describing the perturbation cannot be used to deter-
worthy that, in the classical case, the growth rate monotomnine the equilibrium profiles. Since the equilibrium is
ically increases with the mode wave numkeand the At- one-dimensional, the incompressibility condition leads to a
wood number is constant. However, in ICF, the convection afiniform velocity profile U = constany}, in clear contradiction
ablated material through the interface leads to a reduction efith the mass conservation that requires a uniform mass flow
the growth rate with respect to the classical ve@qﬁyd <1) (pU = constant and a jump in the profiles. In addition, the
and, for sufficiently short wavelengths, the instability is sup-model requires a closure equation, as the number of unknowns
pressed20 Thus, only those modes with wave numberexceeds the number of equations. Several closure equations
smaller than a critical valdié16(k <k., wherek, is the cutoff  have been proposed by different autiot8leading to dis-
wave number) are unstable. In addition, the density profile afrepancies in the final results. In Ref. 10, the sharp boundary
ICF targets monotonically decreases in the ablation and blownodel is improved by a self-consistent calculation of the
off regions, thus complicating the definition of a light-fluid density jump occuring at the ablation front. Nevertheless, an
density (o) to be used in the definition of the classical At-additional closure equation [Eq. (5) of Ref. 9] is still needed
wood number. For a monotonic density profile and modend the model is not self-consistent.

wavelength smaller than the density-gradient scale length,

Monotonic equilibrium profiles of ablation fronts can only
be reproduced by retaining the effect of finite thermal conduc-
tivity in the energy equation. Thus, for consistency, the effect
of thermal conduction should be retained in the stability
the growth rate of the classical Rayleigh-Taylor instabilityanalysis as well. Kull and Anisimov developed a mb e
(without ablative flow) isyy = +/9/Lmin » WhereL,in is the  isobaric model) that includes thermal conduction and neglects
minimum density-gradient scale length. This result has ledther less important physical effects such as finite Mach
several authofs?0 to approximate the Atwood number with number. Their model is self-consistent because it can be solved
an asymptotic formulaéAT =11+ kLmin) that reproduces the to determine the equilibrium profiles as well as to carry out
classical results for long- and short-wavelength modes, arttie stability analysis. However, in Ref. 4, Kull and Anisimov
for py << py. In this article, the Atwood number is derived for analytically solve the isobaric model without determining the
equilibria with ablative flow, and it is shown that the classicakelf-consistent equilibrium. They assume instead that a sharp
formula does not apply to ablation fronts. The ablative Atwoodoundary exists between the heavy and the light fluids. Al-
number depends on the density-gradient scale length, thieough their model is self-consistent, their solution is not.
mode wavelength, and the law of thermal conduction. Later, KulP numerically solves the self-consistent isobaric

kL>>1, where L =p(dp/ dy)_l,
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model and finds a large discrepancy with the sharp boundagndFr > 10, but significant discrepancies exist for lavgeA
results. The numerical results of Kulilso agree with the more detailed comparison between analytical, semi-anal-
results of Ref. 6. The latter can be fitted by the well-knowrytical, and numerical results is presented in Discus-
formula sion section.

y = aT@ - BrkVy, (1) In this article, the importance of a growth rate formula valid
over a large range afs is emphasized. In fact, numerical
simulations show that direct- and indirect-drive ICF capsule

whereV, is the ablation velocity angl;, B are given later in  implosions have different instability growth rates. This could
the section orStability Analysis. This formula has been be related to the different mechanism of energy transport—
derived by numerically solving the exact eigenvalue problemindirect-drive ICF is dominated by radiation transport and
including electronic heat transport ¢ T, v=2.5), for large  direct drive by electronic thermal conduction. In the diffusive
Froude numbersF¢ = 5-9, see Table | of Ref. 5), where radiation modef! the heat flux transported by radiation heat
Fr =VZ2 /gLy andLis the characteristic width of the ablation conduction is proportional to the temperature gradient
front and will be specified in the next section. The numerica(q = —KDT) and the effective radiation thermal conductivity
results of KulP and Takab® have also been confirmed by k =160 T3I(T)/3, where o is the Stefan-Boltzmann con-
several two-dimensional simulations of accelerated targettant, and(T) is the Rosseland mean free path. According to
and capsule implosior$:19 Ref. 21,I(T) can be approximated by a power law with the
power index dependent on the material properties. For ex-
The great difficulties in the analytic solution of the self-ample, inan optically thick, fully ionized homogeneous plasma,
consistent problem had prevented the derivation of an analy(T) ~ T3->andk ~ T6-5. The variance of the power index has
tic growth-rate formula that reproduces the numerical result@rovided the motivation to carry out the stability analysis for
Only recently, some attempts have been made to close thasbitrary values of (k ~ TV) and to determine a generalized
gap by solving the self-consistent problem using asympformula for the growth rate.
totic techniques.
In this article, we present the analytical solution of the
The first attempt is found in Ref. 12, where the Wentzeleigenvalue problem derived from the linearized isobaric
Kramers-Brillouin (WKB) approximation is used to determinemodel of Kull and Anisimo¥ for long-wavelength perturba-
the cutoff wave number in the case of electronic heat condutions kL << 1), closing the gap between theory and numerical
tion (v=2.5). Based on this analytic estimate, V. V. Bychkov,computations, and extending the validity of the growth-rate
S. M. Goldberg, and M. A. Liberman derive an approximatdormula to a large range ofs. The analysis is limited to> 1
growth-rate formula, similar to Eq. (1), wifh=2.5-3.2 and and large values of the Froude number, thus restricting the
a?= (pl - Pz)/(Pl + pz), wherep, is the peak density apg  unstable spectrum to wavelengths longer than the width of the
is the critical density. In Ref. 16, the cutoff formula for long-ablation front. In fact, as shown in Ref. 16, the cutoff wave
wavelength modes ariet > 1 is derived self-consistently for number for large-Froude-number equilibria occurs at long
an arbitrary power law dependence of the thermal conductiomavelengths: k.Lg ~]/Frﬁ <<1. Configurations with
(K ~TY, v >1) using boundary layer theory. The eigenvalueFr > 1 are typical for ablation fronts characterized by pure
equation is solved in the overdense, ablation, and blowo#lectron heat conduction (such as those considered in Ref. 6),
regions, and the solutions are asymptotically matched. F@ome indirectly driven targets with large ablation velocities,
v = 2.5, this formula agrees with the analytic estimate ofind some directly driven targets with a strong radiation emis-
Ref. 12 and reproduces the numerical results of Ref. 5 faion [such as those containing poly-vinyl-chloride (PVC
different values of. or GH3CI)].

A semi-analytical, self-consistent analysis is also carried The growth rate is obtained by performing a boundary layer
out in Ref. 13 by matching the analytical solution of theanalysis in the regions of different scale lengths for the pertur-
ablation region with the numerical solution of the blowoff bation and subsequent asymptotic matching. The analytic
region. The growth rate of Ref. 13 and the fully analytictheory is compared with the numerical results of Kaihd
formula derived in this article are in agreementior 2.5  Takabé for different values oFr andv.
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This article is organized as follows: First, the isobaric model L= Yh—1 Akg
describing the evolution of accelerated ablation fronts is pre- 0~ Yh  PaVa
sented; next, the equilibrium profiles are derived, a stability
analysis is performed, and the growth-rate formulas are ré-or classical electron thermal conductions 5/2, andk, is
ported. Finally, in the discussion section, the growth-ratgiven by Spitzef2
formulas are compared with the numerical results.

(6)

. 321Y? @
SN 2d(2)A\ze*\m,

Isobaric Model

We consider an ablatively accelerated fluid in steady state.
In the ablation-front frame of reference, the evolution of the
mass densityp, velocityv, and temperatur€is described by whereA is the Coulomb logarithm and
the following conservation equations:

®(Z)=(Z +4.16)/(Z+0.24).

p _
r3 +Otv=0 2) As will be shown later, the constary is proportional to the
density-gradient scale length at the ablation front.
p%+vﬂﬂv@— ~Hp+pg ®) Equations (2), (3), and (5) represent a complete set of
four equations for the four variablpsvy, vy, andp that can be
T used to study the equilibrium and stability of accelerated
PCy % v DDTEZ —pUlv+DIOT, (4)  ablation fronts.

where g = gey(g < 0), p=pT/A is the hydrodynamic pres- Equilibrium Profiles
sure,c, = A‘l/(yh —1) is the specific heat at constant volume,  The equilibrium profiles can be derived from Egs. (2), (3),
and y, is the ratio of the specific heats. The constantind (5) by settin@/at = 0. Although a detailed description of
A= p/(ni + ne)zrq/(1+ Z) represents the average particlesuch profiles is given by Kull in Ref. 5, we summarize herein
mass, wherary; is the ion massZ is the atomic number, the main results. The density profile obeys the following first-
andn;, ng are the ion and electron particle densities, respemrder differential equation obtained by combining Egs. (2)
tively. The thermal conductivitx has a power law depen- and (5):
dence on the temperature,=k,(T/T,)", whereT, is the
ablation temperature. dé _ Evﬂ(f f) (8)
dy LO
For realistic ICF implosions, the energy equation can be
simplified by assuming that the sound sp€gdt the ablation whereéyis an integration constant. The appropriate boundary
surface is much larger than the ablation velodifyi.e., a conditions for ablation fronts require the density profile to be
negligible Mach numbe (M V,/Cs << 1) and the den- flat at the peak valuef( =0 for £ =1, leading toéy =1) and
sity-gradient scale Iengtb (dp/dy) is much smaller evanescentinthe downstream or expansion redion Q for
than the stratification lengticZ /g. Following the work of y - —w). The steepness of the profile depends on the value of
Kull and Anisimov# the simplified energy equation can be L, that is determined by the thermal conduction and the
rewritten in divergence-free form, ablation rate. Using Eq. (8), the density-gradient scale length
can be written ag = LO/[EV 1- E)l and its minimum value
is proportional td_g, Ly =|(v+1 "+1/v" Lg. As described
O % *LoVa v+2E 0, ©)  inRef. 16, the lengthg can also be relatéd to the distabhge
between the peak of the density and thepbint.

whereé = p/p, is the density normalized to its peak vatde Although Eg. (8) cannot be solved in closed form, an
andL is the typical width of the ablation front, approximate solution can be found in proximity of the peak
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density (overdense region), where> 0, & = 1, and in the ity, i.e., V(te) =0, P() =0, and p(+x) = 0. Because of
blowoff region, wherg/ < 0, § << 1: the complicated spatial dependence of the coefficients,
Eg. (10) cannot be solved in closed form. However, an approx-
0L DW imated solution can be found for large valuesFofand
& overdense =1 €710 & powort = H'—OH . (9 long-wavelength mode§¢ >> 1,0 << 1). The presence of the
vy .
small parametef] makes Eq. (10) solvable by asymptotic
methods such as boundary layer theory. First, the equation is
Equation (9) shows that the density profile is sharp near th&lved in regions of different scale lengths for the perturba-
peak density, wherd. = Ly, and becomes smooth in the tions. Then, the solutions are asymptotically matched at the
expansionregion, where = —vy and-y >> L. The equilib-  boundaries of each region. The asymptotic matching and the
rium velocity profile can easily be derived from the massoundary conditions lead to a unique value of the growth rate
conservation equatioED E(pU) = O]. Since the ablated mate- y. Using the shape of the density profile and the scale length
rial is flowing toward the light fluid, thetd =Ue,, U <0,  of the perturbations, three regions can be identified (see
and pU = const In the overdense region, the velocltly Fig. 65.21): (1) the overdense region, whgre> [, (2) the
approaches a constant valUk{y - oo) =-V,, and its mag- ablation front, wherey ~ [, and (3) the blowoff region,
nitude monotonically increases in the blowoff regionwhere -y >> [.

[U(y - —) - —OO].

Overdense Ablation Blowoff
region

It is important to observe that the density-, velocity-, and region | front
temperature-gradient scale lengths are determined by thg
thermal-conductivity coefficient, the ablation rate, and the
power indexv. The profiles become smoother &g or
Vv increases.

%

Stability Analysis

The linear stability analysis proceeds in the standard manj
ner. Following Ref. 16, all perturbed quantities are written as
Q =Q(y) exp(ikx +yt), and the linear equations can be com-
bined into a single fifth-order differential equation,

Heavy fluid Light fluid P
TC3834
Figure 65.21
Density profile with regions of different scale lengths for the perturbations.
x [ I:[(l_af + (99)&3{" + 62&)] HereA is the mode wavelength.

Region 1: The Overdense Region
+‘79(ra5+‘79)[59&3fv+ Dﬁzé] In ICF capsule implosions, the heavy-fluid region is the
overdense portion of the shell whefe=sky~1, p=p,,
E=p/pa :1—exp(—§//|])+o[exp(—29/D)], andL >> L. In
+ 0020 + i&;gvﬂ =0, (10)  thisregion and to lowest orderdaxp(—y/D), Eq. (10) reduces
OFr to a constant-coefficient fifth-order differential equation,

where® = p/(p&"*), §=ky, Fa = —y/KVy , Fr =V2/|dLo (ag —1)(ral . ay)(mag 0y 4T D)&:h exp(9/0)=0, (11)

is the Froude number] = k™10, O=kLy, and L =L/Lg.

Equation (10) is an eigenvalue equation for the growth raterherel™; = —y/kV, and the superscriptdenotes the heavy-
y =-T4kV,;. The eigenfunction must satisfy the boundaryfluid region. The solution of Eq. (11) can be written in the
conditions corresponding to a vanishing perturbation at infinfollowing form:
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oh = (ahe‘9 +bhed ™V +chey wh(oz) = 1- Dz[l—bh(l— D)+[}Dl/"]
o v\ ¢ 2 3
+dheTad + ghed y)e 9/0 (12) . (1_bh)%]2 Z__[p2_+o([,4)g (17a)
o 2 6 0
where ah, bh, ch, dh, g7 are integration constants and - o .
a* :lli\1+4D(D—ra)l/2 0. In order to satisfy the bound- X"(0ra,02) = JZO Xi(Ora 0. (17b)

ary conditions of vanishing perturbations ato,

ch =dh =qg" =0, and Eq. (12) reduces to the simple form
It is important to observe that the paraméi€y, is small for

long-wavelength modes and large Froude numbers. Indeed,
51 = (ahe-T + phe )i, sy CITal=0y/(0%) < Oy u/(kVs) = TFr <<1. Thus, each
term of the series in Eq. (17b) can be further expanded in
powers ofll;:
It is important to observe that the incompressible theory

(00 = 0) yields only the sonic solution 220

X5 =8"0Or,)z + bhémra)2%+?5
Psonic ~exp[—§/—§//D]. 53 an
+(0r,) Ot 72 +22%
Equation (13) shows that a new solution is introduced by the

finite thermal conductivity and, because of its diffusive char-

acter, we denote the second term in Eq. (13) as the diffusion or + bHOr )4E|z4 +z_3 +§22 +52D
entropy solution. The asymptotic matching conditions can be @ 2 2 E

greatly simplified by the following choice of the integration 5
constants: +O[(Dra)

@ (18a)

Dl/v

ah=1-ph, ph=Bh-g——
ra

(14)

2
xh=o0, ¥h= —2bh§DFa)Ez+%E+ o[(mra)2 E (18b)
whereB", B must be determined from asymptotic matching,
and the normalization conditioa” + b" =1 has been used. The next step is to solve Eq. (10) in the ablation-front region
The heavy-fluid solution [Eq. (13)] can be rewritten using theand asymptotically match that solution with Eq. (16).
ablation-front variablez = y/0 and expanding™ in powers
of O anddr ,, Region 2: The Ablation-Front Region
The ablation front is the region where the density, velocity,
) 0 and temperature profiles undergo sharp variations. In this
+0My -2 +2(0r,)" +..0 (15  region, §~0, L ~ Lo, andé ~ 1. Sinceé = p/p, ~1, Eq. (8)
O cannot be analytically solved and an explicit expression for the
spatial dependence of the density profile cannot be found.
A short calculation yields Thus, itis more convenient to usas the independent variable
in Eqg. (10). By denoting&)a as the solution in the ablation
Eph(y ~0)= e—Z[Lph(D 2)+ )"(h(D | )] (16)  region and after some straightforward manipulations, Eq. (10)
can be rewritten in the following operator form:

0
@ =Tal- DDr2
0 a

where Wh(Oz) and ¥"(Or,,02) can be written as an Lo+ OLy+ P L+ [ Ly|®2 =0, (19)
O-series
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where
Lo =a,(0r +az)azlmr Lev+ (Lo, +1) (e +az)], (20a)
v+2 2
Ly==- 2 (Ora)°, (20b)
L, =-3,(0r +d,)3,L - (Or +4,)
((or +0,)&” +02] -4, 0T, (20c)
L,=0rL+a,L-1, (20d)

0, =" H1-8)0;, L=8V/(1-€), T =To&, Tc=y Kd,
and z=y/0 is the ablation-front coordinate ¢ 1 in the
ablation-front region). Furthermore, each operatocan be
expanded in powers dfll;, and the eigenfunction can be
expressed as a double power series,

L=y L(or.),
j=0

¢3= 5 o2, (21)
j=0

~ _ ©o ~ k

8= 3 B3(0r2)

x~
11
o

1-£68(8) ¢ dn
W, = -
37 ¢ E 6 A nv+1(1_,7)2
JERVAVE &
Iln (X)lx:("l dx%, (23c)
_1-¢& ¢ dn
Vo = & I{(o) nv+i(1- )2’ (23d)
_ dn

where T, (x) =1/x% +a(x-1) -1, and&(0) is the density at
z=0. To determine the integration constants, the solution in
the ablation front must be asymptotically matched with the
solution in the heavy-fluid region. This can be accomplished
by taking the limit of§ - 1(z - ) in Eq. (22). According to
standard boundary layer theory, the asymptotic matching will
occur if a common region of validity of the two solutions
exists. Substitutingl—¢& =e™2 +O(e‘22) and matching the
lowest-order term of Eq. (22) with Eq. (16) yielfs=C2=D?2
=E2=0, andA?= 1. The first- and second-order matchings in
[, yield ®§ = B"W;, g, =b"(W; +W,). The functions
®g; and ®§, can also be derived from Eq. (19) and, because
of the lengthy expressions, they are reported in Appendix A.

The next step is to solve Eq. (19) to zeroth ordéenlin
and first/second order in, i.e.,

The next step is to solve Eq. (19) order by order. To lowest

order in andOr 5, Eq. (19) yields

D3, = A2, + BAY, + CAW, + DAY, + EAY, | (22)

whereA?2, B2, C2 D2 andE2 are the integration constants. The

five solutions can be written in the following integral forms:

w=t ws Tf A9, (23a)
w 1EF), 16 T) 8 (23b)
2 '3 ED 2 VIl nV+l(1_l7)2 n%’

22

Looa)%o =0 and LOO&J%O = —Lzoa)go.

Matching the] and[J2 terms of the solutions with Eq. (16)
yields

whereB2 =1~ b"(1- ) + B T#V. The functionsb2, and 3,
are important to describe the eigenfunctif to the desired
accuracy; they are also reported in Appendix A.

Region 3: The Blowoff Region

The blowoff or expansion region is located downstream
with respect to the ablation front. In this regiony ~1,
L >> Ly, andé = (-Lo/w)"” <<1. The analysis can be sim-
plified by introducing the new variable
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c= Q/(VEV) y[1+O ] Sinceo and0V are small, the differential operator and the
eigenfunction can be expanded in powers ahd1,

and rewriting Eq. (10) in the following form:

Mj = 3 My O,
k=0

% Mo®' +0 M@ +02M,d! =0, (25) (29)
@l &l = el H
v =Y opo", op= Yo, 0V,
whereo = |ra|V(D/v21 , and the superscriptienotes vari- n=0 =
ables in the low-derisity fluid,
Each term of the series satisfies the boundary condition
(Z N oo) = 0. Substituting Eq. (29) into Eq. (25) and col-

Mo = 1 U 1 1 01 Iectlng terms corresponding to the lowest powetoadnd
0~ c]/" El E vOFrr2 %t gzyv’ Vv leads toMgy®}, = 0, which results in
ad (26a)
(92 ——ﬁ — - =o. 30
1 102~ 0 =0+ e Ol (30)
—A[12
M = dyD VZ]/V(l—E)
The solution of Eq. (30) satisfying the boundary conditions at
_E@ 1 +D o1, 10¢ g infinity can be written in terms of the Kummers’ confluent
y ZZI/V Edy Zl/v y ZJ/V Hl—f . .
O 0 hypergeometric functiobl(a, b, X),
D 1 "2|:| .
*Fyve PR (26b) ®ly = G¢¥ve?U(a b, 2),
(31)
as-— L L1 .1
10 1 0 2vOFrTg 2v v
M, == g 26
2= LB e I % g + 07 200

The other terms of the series in Eq. (29) can be found from
Eqg. (25) in a similar manner. Particularly useful for matching

0y =~(1-¢&)9,, and £ = (7v¢)"". Focusing on the values is the termdl that satisfiesMog®!, /v = ~My®l,. How-

of v > 1, Eq. (25) yields different solutions according to theever, because of its complexity, we simplify such an equation

magnitude obv: (1) ov << 1 and (2ov >> 1. by assuming that, to lowest orderfih 0, andOr ,, the
eigenvalue has the classical foy = Klg|. This assumption
Solution 1: ov<<1 is verified later by the matching conditions. First, observe that

Since the growth rate of the long-wavelength motles{  for y2 = Klg|, Eq. (31) reduces to
1) scales as the classical growth rigte- M) the condition
ov << 1 can be rewritten in the following form: &)|00 = ¢Vvelr (1+J/V.25),

0% v Fr <<1. (27)
wherefl (a, X) is the incomplete gamma function. By rewriting

My = -02¢ DZZ Vv and substitutingbly, into Eq. (25), the
For large Froude numbers, Eq. (27) can be satisfied only faquation ford! 10 can be solved in closed form, yielding
density profiles withv > 2 and wave numbers

bl = ZJ/C’Q WM (2v,20)- VM (142, 20)|, (32)

2

0 1 -
O<< . (28)
% E where u = v/(v -1). To achieve matching with the solution in
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the ablation front, it is important to derive the asymptotic _ 1 1 36b
behavior of the solution in the blowoff region for small = v2 OFrr2 ,7"*32 ’ (36)
Combining Egs. (31) and (32) leads to the following form of
the eigenfunction: 1 1
V\é = ;ﬁu nl/v
~y oy
P+ P10 010050, 0 1010
1 Eﬁu n]/"Hl—fDu Eau n¥vBvnpo
1+1
= Q¢ {A(t+ad+.)-B () (2+bl+..) o, -1 By N (360)
ugiu r’]/\/ Edu 1_ E'

2Woz2v(1+ 7+ )}, (33)

U 1 0n 1

W, = [y - =l - =, 36d

where ly Eﬂu eI Hﬁ y (36d)

Mi+v] _2Vo reo

Mra+iv] v B=ps (342)  andé¢ = (yavn)*". Observe thal/A ~ (JFr)2e9 <<1, and

the variable& ~ (JA)Y” <<1. Thus, each operatt¥; can be

expanded in powers QUA) ,and the elgenfunctiomt can
be expanded in powers Afand (D’A)

,61:

10 Mi+v] pa g 2Ye0
4= ADr[l+a+]/v] %B l|:| 1% E’ (34b) DDd]/v
W = ZWn '
N G L) S T (37)
v+l NE b SR tDDDJ/V
® :n§o¢nA : Zq’nJDAD :

Substitutingd = @/(vf") Eq. (33) can be rewritten as the sum

of three power series id. It is important to observe that the To lowest order inA and (D’A) , EQ. (35) reduces to
power series in Eq. (33) cannot be matched with’thend V\boq’oo =0, where

ar , power series of the ablation-front solution. This suggests

that a transition region exists between the ablation front and

the blowoff regions. The solution in such a region must match 0 = v2 ”Eﬁ” +,7WE

the ablation front as well as the blowoff region solution. 1 v

O, 5 v O
x 0,7E/ nﬁn—2V0n+T—n]/V E (38)

By introducing the layer variablg = ¢ /o# and the opera-
tor d, = ~(1-&)d, . Eq. (25) can be rewritten in the following
form: This equation can be further simplified by introducing a new

. . . . function xt = ®t/p¥v and by integrating three times with
VP! + AWO! + AW 0! + AW, =0, (35) respect ton. A straightforward manipulation leads to the
following second-order differential equation:
whereA = g#, the superscriptdenotes the transition region,

and _1
T32%t _ ot — at (1 -pove 8 LYK
vr; “0,7)( -x'=A J’Ode e J’Odqoe
O 10 n —eYH t
—o.5 - +B' [,d6 eH9™ -Ct, (39)
Wo =0, [0, v E IO
X 0 Hn M, 101 _,_0-,2%4_1& +i% (36a) whereA!, B!, C! are the constants of integration. The solution
"El-& " n¥VOvn UD v of Eqg. (39) can be written as a linear combination of the
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homogeneous and particular solutions, where
)?t :AIXK+BtXE+Cth+DtXB +Eth , (40) ( ) [.14 F(Z/.l) oo((A)'l'[J)u/V
Fals)=-=—5 dw,
H 20
where x&, xE, x€ are the particular solutions corresponding V¥ (s+p)fis @
to each term in the right-hand side of Eq. (39) ald x£ are (46)
the homogeneous solution®!(and E! are integration con- e r(u)
stants). Next, we observe th)pg =1 and we rewrite Eq. (39) Fa(s) = TS Y
for the other four solutions by introducing the new variable ( IJ)
T =n¥H. A short calculation yields
Here,[(x) is the gamma function and = 7% . The behavior
vid2 xt - ud, xt - p?xt = pPn(r), (41a) of the particular solutions for — o and 7 -~ 0 can be
determined by expanding Egs. (44) and (45) in proximity of the
where poles. A short calculation yields
N(r) = Alp? IT d9(0“/"e‘“9) Ie d(P((D“/VeW) Pr=0)=qrHd+ H ;4B
0 0 XA @ v-1
+Bly [ do(gH/veho) (41b) 0 0
IO ( ) +(P2T2H+1ﬂ-_ v T+ (47&)
0 23v-2 O
The homogeneous solutions can be easily calculated from
Eq. (41a), yielding p Vo1 v+1 O
T - 0)=———7°H +——+... 47b
XA(T = =) v+l wr 8 (470)
XH =tH2K (Zuﬂ/r/v) ,
(42) U O
P(r=0) =
T=0 —6r“%+ T
XxH =tH?) (2/14/T/V) Xe(r=0)=6 2v-1 H
0 v |
purlm ¥ .
whereK ,(x) andl ,(x) are the modified Bessel functions. To * Ot % 2(3v -2) r E’ (47¢)

determme the two partlcular solut|oq§ and XB- Eq. (41a)

is transformed in Laplace space, 1
XE(1 = o) =T (u)uHV - —1H2e7HT = (47d)

Hv
d 2y +
é( s ,u DYt = AlFA(s) +B'Fg(s).  (43)  where
S [ vs
o=@ el pocod?
The Laplace transforms ofk and x§ are the particular v-1 Ch-v' vOvO 48
solutions of Eq. (43): _ y (48a)
® = - v-1)’
~p 'u4|_( eIJZ/VS 0 uT q
=-— X
XA v IJ 2+/—l I]./S 1+X[J)
o gy p 0K KO
ooy + w2, (44) =50 "oy o
(48b)

v

A P v

Equations (47) and (48) determine the lowest-order solution
in the transition region. By inspection, one can immediately
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conclude that the exponentially growing soluti)pE does not Ha &+ 0 R 1
match the solution in the light-fluid region, and the! - gv+l 2v2gev+l
generates arfll, series forn=0/vA&" that cannot be h h -

. . B"+0Or 1
matched by the ablation layer solution. Thus, weDdet - Dra% R(€)- ?rr, ﬁ%
E'=0in Eq. (40) and rewrite the transition region solution as vé ¢

—ctepC HA 5B
Bpy = C'PG, + Aldy, + Bldg, x SH Bl
v
where
- P razD A+ - BV Ry€ 1+ Q€+ ]D_E3v’ (51)

5 =nY, ®f=n¥xRk, and ®F =n¥xE.

Some higher-order terms in theand & ~ (D’A)]/V series are  where

also important; they are reported in Appendix B.

The growth rate of the instability can be found by matching
the solutions in the ablation front, the transition, and the
blowoff region. First, we combine the terms of the transition
region into a single function

ot = Ct(ég + AP + A2DG +)

Ro =1~ Ozp(1-b")+ Or,B"z,

&:E

Q.L:

%

P~ Oz(1-b")-Ob

(52a)
hv+ 10

v

vzo -1 Q =[v(v-)(v-1] ™", (520)

93 -11v2 + 4qv

t ot DU ...D thl/vyP Q=
+A %DOO +A¢’10 DV 0 Lt EH' B'n VXB . (49) (V —1)2(3V _ 2) (520
Qq =[2v2(2v-1)(av-1)|
Then, we rewrite the transition region solution near the abla-
tion region by substituting) = Jv AV into Eg. (49) and ar
. L 1 a
taking the limit of € - 0, R(&)=1 O
Bt - tDEDVV
®'(n - 0, - 0)=C' 7 ) (or.)? oo (520
O kg 2 O 2(v-1?(2v-1(3v-2)e2v-)
+...
651 &w? " o
Vi R(&)=1+ 02—+ (52¢)
ooov k(¢ 23v-2)¢v
{ofu-clad]-wa) 2207 5
Atg, O O Fz( ) 1 Here, zp =S _ &0)"V /(v-n). Matching Eg. (50) with
¥ %DA O 53" ( Yl ) Eqg. (51) yieldns ?he following set of equations:
w000 6 50
Oay O Qt2v 2(5) (50) Ry ot DED’I/V __g :_Rl (53a)
wal V2 Ry’

Equation (50) must match the ablation-front solution in the
limitof & — 0. The asymptotic behavior of the ablation-front
solution neag = 0 can be obtained from the section covering
the Ablation-Front Region, leading to

26

Bh =-

nod Algfi+0o(a )] +Ble;

QA0

AT,(1+0r,Q/BN) (530)
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+1 ~ 2=
Bt =A% pa+ Hlal) (53c) klo << [V(2V+2)/VFr]v/( v
v
kg hir Al Solution 2: ov>>1
y2 =1-b"(1-0+ A3F2 ' (53d) Forov >> 1, the solution of Eq. (25) can be determined

by following the procedure described in Ref. 16. The differen-
tial operators and the eigenfunction are expanded in powers
The next step is to match the solutions for the transition anaf 1/v:
blowoff regions. Taking the limit of Eq. (48) foy -~ « and

A - 0 yield o -
e w= 5wl §=3 a65E, 6o

wherei = 0,1,2. Substituting Eq. (58) into Eq. (25) and
O gt - atdd V0 , . _
=[C - r(u)ul‘VB -@A Ol DU]/ [1+O Af])] collecting terms up to the first two orders irv Jields the
= following equations:

A3 K9 g i ofan)]. (54)
v +1§ y2 H [ | (ra5+dy) (03 —1) c(d)% —1)53'0 =0, (59)

Upon the substitutiod = An, the terms of this equation must
match the powers af in Eq. (33). A short calculation yields

- o!
2 _ 2 _ | R 2 _ 0
(raa + ag,) (09 1) q(% 1)q>1 + (raa + ay) (09 1) =2

NEDE -5 R,
T 5
(55) [ 20(ras+05)- = 5(r 5+0 )(a )cmc
2 put v+18 1+O(D]/V A)
2= v A 1+ kg > QA ' 0
Fa5(0"9|ncdg,—lnc)c+(1—5) lﬁy(ra6+a§,)+1g

Equations (53) and (55) determine the order of magnitude of

the constants. It is easy to show thBf ~AVV/I, <<1, x ((92 —1)c~p|0 =0, (60)
Bt ~ AV*D/V - At << Al, and B~ 1. Equations (53) and Y

(55) can be used to determine the instability growth rate and

the parameteB. Retaining all terms up to ordefF ;B"and],  where

the instability growth rate satisfies the following equation:

D/v . C= g/(vf"), and 09:—(1—£)dc

y(k =< kc) - \/AT K| - Ava., (56)  The function&b'0 can be written as a combination of the three
decaying homogeneous solutions of Eq. (59):

where
&)I :AI&)I +B|&)| +C|a)|
2 0 A B (of
1+ o OV 0= r(v\:rl) r2(v;1)' where

ol =e¥, b= e‘9J‘y derXJ'Xd—n, (61a)
Equation (56) represents the growth rate of the instability for e C(’])

v> 2 and
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e2n — 1T ad) 4 0 1-6 10

ARy S} _ X 2 _ - —-—r=0. 65
o = e[ dxe X[ dn ) (61b) ra-175'a TFa+e) of 0 (65)
Solving Eq. (65) yields the growth-rate formula:
The next step is to determine the coefficiedtsB', C' by
matching the solutiom'0 with the ablation-front solutio®?. [0 0\2L20s 10 0
Using the 1v expansion of the ablation-front solution, y :\s“ATk|9| - (AT) k“VaVio _(1+ AT)kVav (66)
where
&)a:u+1|n_c+ C[l_bh(l_l_ ra)] v
J v.o A—? — 1_(:VV)1/ VO - Va (67)
=—\77 0 = )
x +1an+‘1 55 1+(gv)*" ° (ov
v _

Note the different coefficients af*’V in the Atwood numbers
2 m-5 1 o Ll 0 aE defined by Egs. (67) and (57). Itis important to remember that
t——7 BT SE” (1_ ra) o5 24 ”C% Eq. (66) has been derived using the dxpansion and, to the
lowest order in W, yo = (yv)¥" and A2 = Ar. Furthermore,
replacing AQ with Ar and Vig, with V, /(1o V) in Eq. (66)
3 . .
¢ @—bh(1+ Fa)+i[(1—bh[1+ ra]) would alsq reprqduce th_e cutoff wave nur_nber_obtalned in
2v Ref. 16 by including the higher-order corrections wn Thus,
we conclude that replacir@v)w with po VY in Eq. (66)
improves the accuracy of the growth-rate formula up to the

x1+56+2lnc(1—36) first order in 10

i-9)
Y = Arkig - ARV ~ (L5 ATV, (68)
9 0,.a010
YO ra5[ o —b"(1+ ra)] H O5z0  where
(62)

Voo = (69)

and matching the lowest power o/ih ®2 and @} yields Ho CHV Ar 1+ po OV
A =(1-¢)/5,8'=C'=0.
Although Eg. (68) is valid over a large rangeud > 1, a
The first-order correctiorﬁ)'1 can be obtained by solving significant degradation of its accuracy is expected to occur for
Eq. (60), v - 1, where the Y expansion breaks down. This problem is
addressed in the next section, where the range of validity of the

ol = m_Cey +(1-9)c} &>IC _ (63)  growth-rate formulas is discussed.

)

Summary of the Growth-Rate Formulas forFr >> 1
The constantsq, b*:, and the dispersion relation are deter-  For values ob> 2, two different growth-rate formulas have
mined by matchingD'O and dJ'l with Eq. (62): been derived according to the magnitude of the wave number:

— 2 pv
V= Arkd - By, for Kg<< > vFrg ", (700)

h_ 2 O o6 0 2 0O1-r,d
b" = - In 0
14T, 5 v(1-0) Hi-or,Hi+or, g
(64) and
C]I-ZZ 1_ra _ ‘q‘ 21,2
e Y = Arklg - ARV ~ (L4 Ar)va,

for kiy >> (v2+5 Fr)ﬂ : (70b)
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where A1, B, and Vo are defined by Egs. (57) and is numerically solved. Figure 65.23 shows plots of the normal-

(69), respectively. ized growth rateyly/V, calculated using Eg. (70) (solid
lines) and one numerically derived in Ref. 5 for 2.5 for

For values of 1 ¥ < 2, the analysis of the previous sectiondifferent values of the Froude number (dots). Remarkable

still applies. However, because corrections due to higheagreement between numerical and analytical results is ob-

orders of 1v are not included in the derivation, the growth-tained. In Fig. 65.24, the analytic growth rate is compared with
rate formula [Eqg. (68)] shows poor agreement with the numerthe numerical results of Ref. 5 for different valuevaind

cal results forv < 1.5. Figure 65.22(a) shows the unstablefixed Froude number. The solid lines represent the result of the
spectrum obtained by Eq. (68) and the numerical results @nalytic theory and the dots are the numerical results. The

Ref. 5 forv = 1.5, 1.2, and 1.15. Note the degradation inanalytic formula [Eq. (70)] is also compared with the self-
accuracy of the analytic growth rate ok 1.5. The analytic consistent growth rate derived in Ref. 13. A significant dis-

formula can be improved by observing that, for- 1, the  agreement between the results of Ref. 13 and Eq. (70) is found

cutoff wave number is so small that th¥Y corrections can be  for large values ofv. Figure 65.25 shows the plot of the
neglected in the analysis and the eignevalue equation can bestable spectrum fov = 8 obtained from the numerical
numerically solved in the blowoff region. It is found that by computations of Kufl (dashed line), Eq. (70) (solid line), and
modifying g to g +0.12/v?2, the matching conditions are the growth-rate formula of Ref. 13 with zero Mach number

satisfied over a large range of Froude numberyand*, thus  (dotted line).
leading to a general growth-rate formula valid for & < 2:

Next, Eqg. (70) is compared with other growth-rate formulas

obtained by fitting numerical results. The most commonly

y= \/ATk|g| - A% k2 VaVho _(1+ AT)kVa’ (712) used formula has been derived by Takabel in Ref. 6 for
spherical geometry, electronic heat conductior 2.5), and

where large values of the Froude number. Following Ref. 6, the
numerically derived growth rate can be fitted by the following

V. 0.12

W, =—2a h= U+ —— 71b formula:
bo IJbD]/V Ho = Ho V2 ( )

y =arkg - BrkV,, (72)
andAr is defined by Eq. (57). Figure 65.22(b) shows that fowhere
values ofv close to unity, excellent agreement is obtained
between the numerical results of Ref. 5 and the modified at =09G002,
formula [Eq. (71)].
.075
Discussion Br = 2_35&50 G02, (73)
The validity of the asymptotic formula has been tested by Ps
comparing the growth rate obtained from Egs. (70) and (71)
with the numerical results of Ref. 5, where the isobaric model G=gr /02
S/ ~¥s
102 E Figure 65.22
] Unstable spectrumylL, /V, versukLg) cal-
culated using (a) Eq. (68) and (b) Eq. (71)
y_LO 103F 4 (solid lines) compared with the numerical
a ] results of Ref. 5 (dots) for = 1.5, 1.2, and
1.15 andFr = 5.
104 N

TC4101
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1m E T IIIIII| T IIIIII| T IIIIII| T IIIIII| T III“E : I j j T IIIII j j T IIIII ! ! I:
101 £ Fr=1 il 102 .
L I ] ]
\% 102¢ E
a 3 ; Ybo g3l -
r ] Va i g
103 = :
i I 1041 7
104 ¢ 3
100
TC4100 TC4099
Figure 65.23 Figure 65.24
Unstable spectrum)(Lq/V, versuskLg) calculated using Eq. (70) (solid Unstable spectrumyLy/V, versuskLo) calculated using Egs. (70) and
lines) compared with the numerical results of Ref. 5 (dotsy foR.5. (71) (solid lines) compared with the numerical results of Ref. 5 (dots) for

v=1.2, 2.5, 8 anffr = 5.

and ps, C;, andrg are the sonic density, sound speed, and
position of the sonic point, respectively. Siregis almost

independent of the equilibrium parameteos & 0.9), we 0.05¢ . — —
focus our attention of. It is important to remember that, I
while Egs. (72) and (73) have been derived for spherical 0.01L |
geometry including finite Mach number, Eq. (70) is valid for 0 6055_ E
slab geometry, neglecting the Mach number. Since the only Lo T ]
isobaric dimensionless parameter is the Froude number, theﬁ
coefficient By must be rewritten in terms &fr. Using the 0.001¢ E
isobaric profiles [Eq. (9)], we defingas the distance at which 0.0005- 3
g(ys) = Ps/Pa=(|—0/V ys)]/" << 1, and correlate the param- [
eterG to the Froude number, 0.0001L |

| | PR BT R | i

.- 04 1, [, o 5&Do.s - 0.001 0.002 0|£05 0.02  0.05
Fr Ve EE pSH ) TC3822 0
Figure 65.25

wherer, is the radial location of the peak density. Table | offlot of the normalized growth rate versiigor v = 8 andFr = 5. The solid
line represents Eq. (70), the dashed line is the numerical result of Ref. 5, and

Ref. 5 shows values of the relevant dimensionless parametgrs (. line is Eq. (16) of Ref. 13.
for G=2. According to these values, Takabe’s coefficients can
be rewritten in the following form:

Br =186 Fr02, Table 65.1:  Equilibrium parameters of Refs. 5 and 6.

oy, P2 tior, P8 sop, P (7P G=2

B3rs E EQrS E E foN E . fa/Ts Fr Pa/Ps Ys/Ts 6
0.899 5.88 25.0 0.26 0.99
Observe thab is very weakly dependent on the equilibrium 0.903 714 50.0 0.30 1.00
parameters, and its values are always close to l@ﬂit=y 1).
Table 65.1 shows the values @torresponding to the equili-

0.904 8.70 98.0 0.34 1.01
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briain Table | of Ref. 5. Sinagis approximately constant, the Appendix A: Higher-Order Correction to ® in the
coefficient depends mainly on the Froude number. The nexAblation-Front Region

step is to find the best filf;) for Eq. (70) based on a formula  In this appendix, important higher-order corrections to the
similar to Takabe’s(ym = a\?g - kaa). The fitting proce- eigenfunction in the ablation-front region are reported. Those
dureis straightforward. The err(),r—yfit) isminimized over corrections are terms of Eq. (21), and they are derived by
the portion of the unstable spectrum of interest to ICE{1 solving Eq. (19) order by order. After a very lengthy calcula-
<A <200um). Since the typical cutoff wavelengihis of the  tion, these terms can be written in the following convenient
order of 1um, the minimization condition can be written in the form:

convenient form

-§ @p 2 Goa(n) E
a —
oe 200, P53 = +z°+2z- > dn0
P =0, — —J’A (v - vsit) 2dr. (76) f H B Il nv+i1- n) 5
S o g H
The two minimizing conditions yield the valuesaaindb that T Kog(f) C (A1)
are subsequently fit with a power law formuba~ FrHa and a B
b ~ FrHb). For the values dfr reported in Table | of Ref. 5
(5 <Fr <9), the described procedure leads to the following fit 4 -3 2
~ 1-é0 "  z° 5z O
of Eq. (70): P2, == 2+ + T + 5z
g. (70) =77 Ej 2 o
Vit = 0.9Fr003 kg —2.0Fr0ky,. (77) £ dn pov

n Hy
_ .[1 nv*i(1-n)? .[1 dXHD Cos Vs KM%’ (A2)
The good agreement between Eqs. (77) and (72) confirms the
accuracy of the analytic derivation. Furthermore, the general
analytic formulas [Egs. (70) and (71)] are valid for arvy 1 &3?1 =0, ®3 = Epgff - th(qu + qu), (A3)
and can be applied to configurations that are not described by
pure electron heat conduction.

Conclusions - g _Il nv+i(1-n)?

The stability analysis of accelerated ablation fronts is car-
ried out self-consistently for an arbitrary power law dependence
of the thermal conductivity(~T" with v> 1) and large Froude
numbersfr > 1). The eigenvalue equation is solved in differ- .Il
ent regions of the density profile (overdense, ablation, and
blow-off regions), and the solution is asymptotically matched.

5 dy + BNGy (x )g (A4)

The growth-rate formula is derived from the matching condi- 531 kg Dl & & dn
tions, and its validity has been tested against the numerical CD12 - 0 y D vé Il ’7V+1(1 ’7)
results of Ref. 5. The excellent agreement between the growth-
rate formula and the numerical results shows the high level of
accuracy of the analytic derivation.
g d I L y2v+1 dy, (AS)
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Goz(n) :Iln dx%xv—l+l —]%z+ 2)+

el 0
“wld)= [, ,7V+1?1n-n)2
J'ln [, y2‘}+1(§/.‘: Y (A7)
Goul) = kg -0 +az s
_LX yV+1gLy 7 Gos(y), (A8)
usl)= [} i)
s S

1 x ytl-1 01 0
=l y2v+2(1_y)dy+ZDxV+1_lD' (A10)

Gy (x) =

Note that these corrections are essential to the derivation of

Egs. (51) and (62).

Appendix B: Higher-Order Correction to ® in the
Transition Region

(B2)

dx x Ho(y)XE (y)

&% = xt(n)[” PIR
E
O2 gud o
+ Vw2 g H - B5

where x2, x5, and®4, are defined iSolution 2: ov >> 1,
and

y y
Hao(y) = _Io O"Hoo(f)JfI0 dgeHOY

In this appendix, the higher-order corrections to the
eigenfunction in the transition region are reported. Those

corrections are terms of Eq. (37), and they are derived by

solving Eq. (35) order by order. T@andA corrections tobgo
and ‘D@o can be written in the following form:

®§ =n¥v(1-¢), (B1)

32

[C do-opgiolee”. (o)

Hao(r) :I; dee-uesz dgeHe™ (B7)
Haa(n) = [ = R()

,Hoo(n) 2 e k) ©8)

nvo v-2" v-2
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+(an7—1 +]_)e_l”lj/“ Ig d(lElJ(P]/“ . (B9)

Observe that Egs. (B1) and (B2) include allfherrections

to (DSO and 53%. These terms are essential for the derivation

of Egs. (49) and (50).
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Design and Implementation of the
OMEGA Power Conditioning Executive

A significant amount of hardware was added to OMEGA toAs shown in Fig. 65.26, the primary executives are Power
upgrade it to a 30-kJ, 60-beam laser. To control this hardwar€onditioning, Alignment, Shot Supervisor, Facility Interlock,
an entirely new control system was implemented. This articleaser Drivers, and Experimental (target irradiation and fusion
describes one of the core subsystems of that control systemetagnostics). Executive processes are interconnected via
the Power Conditioning Executiveliming and control of the  Ethernet using TCP/IPIn the following sections, we will
electrical energy fed to OMEGA's amplifiers are provided bydescribe the power conditioning subsystem (Fig. 65.27), while
the power conditioning system comprising state-of-the-arta future article will review the entire control system design.
high-power electrical switching components that are centralbAdditional design details are available in the OMEGA Control
controlled by a workstation linked to distributed sets of 218System Design Document (CSDTnd the OMEGA System
embedded processors, one per amplifier. In this article w@perations Manud.

review this important subsystem of the OMEGA control

system, beginning with a “black box” view of its role in the Power Conditioning Subsystem

overall control system and proceeding with anin-depth review As illustrated in Fig. 65.28, the power conditioning sub-

of the subsystem itself and its major components. system is organized vertically into the following components:
executive [Graphical User Interface (GUI), state engine,
Laser Control System Overview status display, timing interface, etc.], local operating network

The OMEGA laser control system is an entirely new de{LON)/LON to Ethernet network adaptor (LON/LENA) in-
sign, based in part on the previous OMEGA system in terms ¢érface, power conditioning modules (PCM’s). The PCM’s are
overall requirements and system concepts. The new systeire main control interface to the power conditioning units
makes use of both centralized and distributed control corfPCU’s), which contain the pulse-forming networks that sup-
cepts. Central control is provided by a series of Sun SPAR@ly electrical energy to the laser amplifiers. This article discusses
workstations, each running an individual “executive” processhe control software for this portion of the system. For details
that controls one aspect of the laser or diagnostic subsystena$.the timing system, the PCU'’s, or the PCM’s, consult the

CSDD and related design docume?nts.

Shot
Executive

Facility Power Alignment Figure 65.26
Interlock Conditioning Ex%cutive The laser control system is distributed over several
Executive Executive executiveshat are interconnected via Ethernet using

TCP/IP. Each executive performs or oversees one

- aspect of the laser operation and interacts with its
(to facilities (to control associated devices
750 kVA, etc devices) '
Drivers Experimental
< > Executive Systems |« >
(to driver Executive (to target
devices) Y diagnostics)
TC4102 (to diagnostics, etc)
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\ Other
\ | executives

/ Power \
Other / Conditioning \ M
executives / Executive \
/
/ N M A\ Network
/ A\ \ adaptor
/| Network Timing \

/ | adaptor(s) System \

Hardware \
timing signal

Ethernet

TC4105

Figure 65.27
Power conditioning is one subsystem of the OMEGA laser control system. It operates as a unit to control individual poeincpmdits (PCU’s) but also
interacts with the other OMEGA executives via Ethernet communication.
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1. Power Conditioning Executive (PCE) lists. This state engine has been generalized for reuse in the
In addition to providing the central control for power other executives.
conditioning, the Power Conditioning Executive (PCE) sub-
system also establishes and implements the “shot sequence”b. Message queue. The messages that cause state transi-
for the entire laser system. As shown in Fig. 65.29, thisions in the PCE are generally queued in a first-in first-out
subsystem comprises several interconnected subprocesgEf0O) message queue that operates asynchronously with the
whose functions are to operate the laser in a safe and predistate engine. An exception is made for abort messages, which
able mannef. These subprocesses all run on a singleause all pending messages to be dequeued, thus placing the
multiprocessor Sun SPARC workstation under the Solaris 2.dbort at the head of the queue for immediate processing. The
operating system. The majority of the code was developethessage-queue subprocess has also been generalized into a
using the @+ object-oriented programming languatfepugh  library for reuse in other executives. It includes both a simple
some subprocesses and libraries were developed using AN&Immand line and a text-based interface for use with the
standard &%for convenience in device interfacing or reusabil-independent GUI process.
ity. In addition, the PCE has an X-based status display that
was developed using low-level X libraries for optimal dis- c. Status display. Amplifier status information can be
play speed. displayed on one or two workstations using an X window to
show the charge status for 218 PCU's, the interface states,
The Graphical User Interface is a separate process, writt@ountdowns, system parameters, errors, and other information
in C, utilizing the UIM/X Graphical User Interface builder to regarding the current state of the power conditioning. This
construct the X/Motif interface. It will be discussed in adisplay is maintained by a subprocess of the PCE and is
later section. independent of the GUI used for operator control of the PCE.
The status display is illustrated in Fig. 65.31.
a. State engine. The heart of the PCE is a general-purpose
state engine that is programmed with the transition network d. Timing system interface. Critical to the control of the
illustrated in Fig. 65.30. The transitions are caused by megower conditioning system is its interface to the OMEGA
sages that can be received from the user interface, anothraaster timing system—the synchronization reference for the
executive, or the PCE itself, in the caseaafomatic(self-  laser system. This system provides essential timing signals
initiated) transitiong! For speed and simplicity, the state andthat are phase locked to the laser oscillator (an Antares™ cw
transition lists are stored in fixed-size arrays rather than linkeshode-locked laser) whose 78-MHz master timing clock is the

Power Conditioning ; .
Graphical User Interface ) X window displays

Power Conditioning Executive Process
4

Text
interface STATE

ENGINE

Figure 65.29

The Power Conditioning Executive Subprocesses
exist within the executive computer and are com-
posed of bothightweightand normal processes.
For example, the Graphical User Interface (GUI) is
a separate (normal) process, while the state engine
and the message queue are examplagiveight
processes within the PCE process.

To/from

master timing central database

Message Timing
system
interface

To/from

Broadcast
server
interface

From executives To LENA (PCM'’s) To executives/diagnostic

TC4107 systems
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The Power Conditioning Executive is fundamentally a
state enginavith several states and transitions related to
the shot sequence of the laser system.
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reference for the entire system. This allows all events that The interface to the timing system allows the Power Condi-
occur during the operation of the laser to be properly synchrdioning Executive to synchronize itself to the timing system
nized to the occurrence of the ~1-ns laser pulse. Without thend to initiate and control the shot sequence. The timing sys-
precise synchronization, the laser system and its diagnostitam provides the PCE with a 0.1-Hz signal via the timing
could not operate. interface hardware illustrated in Fig. 65.32. To execute a laser
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shot, the PCE initiates and monitors the charging of the systefthe database API has been written in ANSI C for compatibility
capacitors. Once all capacitors are charged, the PCE waits foith a variety of other applications.
a 0.1-Hz signal and then enables Theninus 10event; this
signals the preparation of many diagnostic subsystems for the f. _Broadcast. To support inter-executive communication
shot. On the next 0.1-Hz signal (whicfTiminus 1), the PCE  (over Ethernet via TCP/IP), several libraries and subprocesses
enables th& equals @vent—the actual shot, which will occur have been developed. One important implementation is the
exactly 10 s later. Both thEminus 10andT equals Gevents  “broadcast” subprocess that allows any number of other execu-
are referenced by electrical signals that are fiber opticallyives or diagnostics to “listen” to messages from another
coupled to numerous hardware devices, including the PCUxecutive, in this case the PCE. The PCE broadcasts state
that initiate the firing of the amplifiers. These devices uséransitions, the shot countdown, and other shot-related infor-
the enable signals from the PCE to discriminate which of thenation such as the type of shot and the database log number. In
0.1-Hz pulses is the actual shot. addition to these messages, the PCE transmits an empty mes-
sage every few seconds as a “heartbeat” to allow other pro-
e. Database interface. The PCE is interfaced to an Ingressses to verify that the PCE is still operating. This is per-
database that stores the post-shot data and maintains feemed to insure constant control of the high-voltage
various shot counters. Patabase Log NumbgiDBL#) is  power-conditioning system.
incremented for all shots or aborts, and counters are used to
keep track of the various shot types. The database keeps ag. LENAinterface. Much of the lower-level functionality
precise record of the number of shots on each of the ~70@d the power conditioning subsystem is performed by the
flash lamps in the system, allowing for periodic maintenanceower conditioning units (PCU’s), each of which contains a
in a timely manner. The post-shot data logged to the databagewer conditioning module (PCM) that in turn contains a
can be used to review the amplifier performance on any shdleuron™3 control device. These Neurons™ communicate
or to perform statistical analysis of amplifier performance ovevia a proprietary network protocol called LONTalk™To
time. In addition, post-shot reports are generated from theommunicate with the Neuron™ devices, the PCE and other
database using this information, as well as other diagnostexecutives make use of a process called the LON Ethernet
data that are stored in the database after the shot. network adaptor (LENA). This process was developed as part
of the OMEGA Upgrade Project and can operate either on an
An early version of the PCE used a separate process callt8M PC or SPARC workstation. As suggested by its name, the
the Data Managerto communicate with the database. ThisLENA acts as an interface between the proprietary network
was necessary because of an incompatibility between theotocol of the Neurons™ and the Ethernet protocol (TCP/IP),
multithreaded PCE and the database API. Recent updatesvibich is used by the executives. (Six LENA's are used by the
the database system have allowed this functionality to bRCE to contact six distinct LONTalk networks among which
merged directly into the PCE, resulting in a significant im-the 218 PCM’s are distributed.)
provement in performance as well as simplicity and reliability.
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The LENA is composed of several parts, as illustrated ifiace. This GUI acts as a “front end” to the PCE, so that for
Fig. 65.33. The executive API (application programmer’soperators, this is the only interface to the PCE. The GUI
interface) was developed inH€ and is directly accessed from (illustrated in Fig. 65.34) has buttons for selecting state tran-
the executive (PCE). It communicates, via TCP/IP socketsitions as well as displays of the current database log number,
with the LENA process, which may run on the same or anothéhe time, the elapsed time since the previous shot, the state of
computer. The LENA process has a master loop that watch#se enable lines, and the countdown. In addition, a scrolling
for either executive requests or asynchronous Neuron™ regvindow displays the text output from the PCE, and an option
sponses and relays these requests and responses to lib#on allows the operator to select various procedures that are
appropriate destination. The LENA communicates with thenot part of the basic shot sequence.

LON via the manufacturer-supplied API, which was ported to
Solaris at LLE for use on OMEGA. The LENA process was This Graphical User Interface was developed using the

also developed usingt@. UIM/X Graphical User Interface Builder, which constructs the
X/Motif user interface. Call-back procedures for the various
2. Power Conditioning Graphical User Interface (GUI) buttons and windows were written in ANSI C.

One part of the message-queue system of the PCE is a
command-line interface that is used mainly for development. The look and feelof this interface conforms with the
In operation, the PCE is accessed via a Graphical User Intestandards established for the OMEGA executive processes.
These standards were meant to create an aesthetic, functional,
and uniform interface that will allow system operators to move
Executive software comfortably to the various control executives, thus supporting
a cross-training philosophy basic to OMEGA operations.

LENA The Power Conditioning Executive workstation is
Executive API equipped with two monitors so that both this GUI and the
previously described status display are presented simulta-
¢ neously to the operator.

3. Power Conditioning Unit (PCU)
LENA server interface As mentioned, each amplifier is equipped with a power
conditioning unit (PCU) that is responsible for charging and
discharging the capacitors for the execution of a shot. On a
shot, the PCU first charges its associated capacitors to the
LON Ethernet network requested voltage and then holds that voltage until the com-
adaptor (LENA) S ) )
main loop mand is given to discharge into the flash lamps. The charge
profile, holding parameters, various delay times, etc., are
preprogrammed into the PCU and are constantly monitored
during the shot sequence by the power conditioning module
(PCM) and its Neuron™ processor. Deviations from expected
performance are identified and acted on to insure safe, reliable

Serial interface driver operation of the system.

Echelon API

a. Power conditioning module (PCM). Each PCM contains
one Neuron™ processor that is pre-programmed with the

Tolfrom serial LONTalk adaptor (SLTA) PCM firmware and is controlled by the PCE. The firmware
performs all of the tasks outlined above and was written in a
Figure 65.33 _ N ' variation of the C programming language called Neuron C™.
The LON Ethernet network adaptor (LENA) is a critical mlq-level (':om- In addition to the normal C constructs, Neuron C includes
ponent in the control system, which connects the executives with the . .
Neuron™ networks. Several features for handling event-driven processes. These

events are related to state changes in several hardware I/O lines

TC4111
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and interfaces, or are related to the state of the so-called a. Pre-shot. The shot sequence begins with the pre-shot
“network variables” that are used to communicate informatiorstate during which the “shot template” is loaded. This template

between the Neurons™ and the executive. contains a list of the amplifiers to be used and all of their
relevant shot parameters, including charge voltages, various
4. Shot Sequence thresholds, and the required trigger del§/Fhis informa-

All of the hardware and software systems described thus faion is displayed in the scrolling window on the GUI and is
have a single purpose—to fire the laser. A laser shot is @so available for individual amplifiers on the status display.
carefully orchestrated sequence through system states tt&tlected amplifiers on the status display show black;
charges and discharges the PCU’s, then propagates a larenselected amplifiers are blue.
pulse. It requires precise and flawless operation of 218 ampli-
fiers. The entire sequence takes about 5 min and is repeatedAt this stage, if the operator or shot director notices some
every 30 to 60 min. A variety of shot types are possible, but afiroblem with the shot, it is possible to terminate the shot
shots (assuming there is no abort) follow the sequence illusequence without an abort. No data is logged to the database,
trated in Fig. 65.35. and the database log number is not incremented in such an

event. Once the template is accepted by the operator and shot

The normal intershot state is called “maintenad®elf’  director, the sequence proceeds to the “prepare” state by
can be either “maintenance active,” meaning that the 750-kVAressing the “prepare” button on the GUI.
power supply is turned on, or “maintenance inactive,” meaning
that the supply is off. The 750-kVA power is controlled by the b. Prepare. In the prepare state, system configuration
facility interlock executive (FIE), which provides most of the information (from the template) is downloaded to the Neu-
top-level safety interlock control functions. The PCE uses theon™ modules (PCM’s) via the LENA's. At completion of the
broadcast system to communicate with the FIE to determindownload, the status of each amplifier on the status display will
the state of the 750-kVVA power. The PCE can request 750-kVAurn from black to green and then to white, indicating to the
power be turned on but cannot progress to the shot sequeraggerator that the selected amplifiers are ready to charge. In this
until the FIE has turned on the 750 kVA. state, it is still possible to terminate the shot sequence without

an abort.
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Dormant | PCE is not running.

Maintenance | PCE is running; “heart beat” being broadcast, toggles between
active and inactive based on communication with Facility
Interlock Executive.

Pre-shot | Template is read; sanity checking; template is reviewed by

. . ; . Figure 65.35
l operator and shot director using Graphical User Interface (GUI). | typical OMEGA shot sequence carries the
Prepare | Communication with PCM's and timing interface is established, ~ SYstem fromits dormantor maintenance state

database log number is obtained; template is downloaded to through pre-shot, prepare, charge, fire, and

PCM’s; status of amplifiers is displayed. post-shot, and returns it to the maintenance
state. In each state, various conditions must
Charge | PCU’s begin charging. Voltages are polled and displayed, be met, and tasks performed, before proceed-
charging can take from a few seconds to several minutes, ing to the next state. Note that this typical
depending on the voltages; automatic transition to fire when shot sequence. Many other transitions are
all amplifiers are at voltage. possible, particularly in aabort condition,

as illustrated in Fig. 65.30.

Fire | PCU’s are “armed” to fire; timing interface is controlled to
i initiate shot.

Post-shot | Post-shot data is read from PCM’s; data is logged to databgse.

Maintenance | PCE returns to maintenance mode.

TC4117

c. Chage. When all selected amplifiers show “ready,” itis5. Error Handling
then possible to progress to the “charge” state. The operator In addition to the normal sequencing of the PCE, a large
selects “charge” from the GUI, and the amplifiers begin tgortion of the system is dedicated to proper handling of error
charge after waiting the requested individual charge-delagonditions. Great care has been taken to ensure that the PCE
times. This is the last transition in the shot sequence that vgill remain operational and function properly in the event of a
operator initiated (aside from an abort). While the capacitora/ide variety of possible error conditions.
charge, the PCE polls the voltages and displays a yellow bar on
the status display. Minimum and maximum voltages for each a. Abort. The PCE is designed to accept and respond
amplifier stage are also displayed. When an amplifier reportsnmediately to any abort messages resulting from an unrecov-
“at voltage,” the display bar turns green, and when all amplierable error condition detected during the shot sequence. These
fiers are fully charged, the PCE automatically proceeds to thmay come from the user interface, another executive, or one of
“fire” state. the subprocesses within the PCE itself. The PCE responds to
an abort by first disabling the timing interface, thus preventing
d. Fire. In the “fire” state, the shot-timing sequencethe shot from occurring. Next, the PCE sends an abort message
described previously is initiated, and a countdown is displayeth each active PCM, ceasing the charging process and dumping
on both displays. This countdown is also broadcast to anhe charge through the emergency dump resistors. Once the
processes that may require this synchronization. system is aborted, the PCE automatically proceeds to the
“post-shot” state and records much the same information that
e. Post-shot. After the shot, the PCE automatically prois recorded on a normal shot.
ceeds to the “post-shot” state, during which the PCM’s are
polled for a variety of recorded information to be logged to the b. Casualty mode. One field in the template that is loaded
database. In addition, the shot type, shot time, and other shet-pre-shot is a “casualty mode” flag for each amplifier. If this
related data are logged. Once data logging is complete, tflag is on, it indicates that a detected error on this amplifier is
PCE returns automatically to the “maintenance” state and isot to be treated as an abort condition. In this mode, the
ready for the next shot sequence to be initiated. amplifier is flagged as inactive and the status display will show
red, but the shot sequence will proceed for the remaining
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amplifiers. This mode was added during the activation of th€onclusion
laser system to allow amplifiers with noncritical defects to The power conditioning subsystem is central to the opera-

be operated. tion of the OMEGA laser system. The Power Conditioning
Executive (PCE) and Power Conditioning Graphical User
Future Directions Interface (PCEGUI) are key software components that control

Although the PCE is used effectively for routine operatiorthis subsystem. Together they provide the operator interface,
of OMEGA, many aspects of the system could be improvedstate engine, interprocess communication, and device control,

Several of these areas are outlined in this section. which are essential to the operation of the laser system. The
primary task of this subsystem is to perforshat sequence
1. LON Throughput which entails not only the charging and firing of the laser

Currently, the LON throughput is severely limited by vari-amplifiers but also careful monitoring of the entire laser
ous aspects of the hardware and software. This affects tkgstem to ensure safe and controlled operation. It is also
ability to read certain diagnostic information from the poweresponsible for logging shot data for later analysis.
conditioning modules and the receipt of notifications that
occur during critical shot-related events. Work is ongoing to Implemented in C/€+ and making use of X/Motif and

improve this throughput at several levels. threads, these programs take best advantage of the state-of-
the-art software tools to provide an efficient and effective
2. Templates interface to the power conditioning hardware. Graphical User

On each shot, the PCE is now configured by using a sdnterfaces (GUI's) make the system easy to operate and present
calledflat file that contains the voltage and timing parametershe status of the system in an attractive and accessible format.
for each amplifier. Ultimately, this information will be con-
tained in an overalSystem Templatea comprehensive To perform its task, the PCE interacts continuously with a
description of the entire laser system configuration for eachentral database system, a master timing interface, other ex-
intended shot. It will be created and stored hierarchically in thecutives, and the Neuron™-based power conditioning modules
Ingres database system and will include an automatic validdPCM's). Judicial use othreads(or lightweight processés
tion scheme. Much work in the coming months will be dedi-and interprocess communication allows these many tasks to
cated to the creation and deployment of this template systebe performed in concert with one another.
for all of the OMEGA control systems.

The successful deployment of this subsystem, as part of the

In addition to the power conditioning parameters, a comentire OMEGA Upgrade Project, has been the work of many
plete description of the shot will eventually be logged at shanhdividuals over several years. Many more years of work
time. In the present implementation, much of this informatiorremain to implement all of the desired aspects of this new
is either not available to the computer or not directly availabl© MEGA laser control system.
to the PCE for logging. As the templates are developed, this
information will become available and will be logged at ShotACKNOWLEDGMENT

time. The goal is to create an electronic database that containsThis work was supported by the U.S. Department of Energy Office of

all pertinent information about a shot. Inertial Confinement Fusion under Cooperative Agreement No. DE-FCO03-
92SF19460, the University of Rochester, and the New York State Energy
Research and Development Authority. The support of DOE does not consti-
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Both the operator interface and the status display for the
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p_rograms were de_veloped u3|_ng different tools ahd_ tech- 1. During its activation, the OMEGA laser achieved 40-kJ UV energy on
niques and are driven from different processes within the  target, matching the previous record obtained on the Nova laser at
executive. The appearance and operation of the system can be Lawrence Livermore National Laboratory.
improved by merging the two into a single process and stan- o ,

.. . . . . TCP/IP (Transmission Control Protocol/Internet Protocol) is the pre-
dardlzmg theirlook and feelusmg the same teChmque to vailing standard for network communication over the Internet.
implement them.
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Transient states are shown in italics in Fig. 65.30.

Previously, the database log number was known as the shot number. It
is incremented on each shot or aborted shot, including “software”
shots, and is used to uniquely identify information stored in the
database. Other counters are also incremented depending on the type

of shot.

The Neuron™ name is a trademark for single-chip network-based
microcontrollers produced by Echelon Corporation.

LON stands for local operating network.
Note that the “dormant” state means that the PCE is not operating.
Each PCU fires on a pre-programmed delay relative to-thérigger.

In addition, each amplifier has a charge delay to allow all amplifiers to
reach voltage at approximately the same time.
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Upconversion and ReducedF, , Upper-State Lifetime
in Intensely Pumped Nd:YLF

Intense diode pumping of active elements doped with i#&d  of increased dopant levels in Nd:YLElose-range multipole
acommon approach to produciaént, reliable, and compact or quantum mechanical exchange interactions between ions in
laser systemJhe high quantum &€iency of diode pumping the 4F5/, upper state andlg;, ground state result in two
can develop laye population inversion densities in they,  excitations at intermediate eggievelsThe rate of additional
upper level that can be lased at eithgmior 1.3um.12The  loss from theé*F5/, upper state introduced by self-quenching
upperstate lifetimer is an important parameter for engineer generally increases linearly with dopant concentration. It is
ing such lasers since itfatts the achievable stored-egyer shown in this work that significant reductions in thieetive
density for a given pumping scheme and ultimately determinagpperstate lifetime also result from ETU processes at high
the output engy of the laserThe long%F5, upperstate  population inversion in Nd:YLFETU, also known as nonlin-
lifetime of Nd:YLF (~520us for 1-at.% doping%) makes it ear self-quenching, is analogous to self-quenching except
an attractive laser material. interactions between two ions in the;, upper state promote
one ion to a highelying enegy level at the expense of
Figure 65.36 depicts several egyitransfer mechanisms demoting the other ion to a lower level. In this case, the
active in Nd:YLF that can reduce thefeftive *F5/, upper additional loss rate from the upper state is proportional to the
state lifetime, including concentration quenching andsquare of the excited-state ion density
enegy-transfer upconversion (ETU). Concentration quench-
ing, or self-quenching, of the uppstate lifetimé& "’ is a In this work, high population inversions are achieved by
well-known cross-relaxation process that limits the benefitglirectly pumping from the ground state into ttey, upper
state with an intracavity-pumping arrangement in a tunable,
(b) pulsed Cr:LiSAF laser shown in Fig. 65.3he approxi-
A mately 1.4-mm-thick, uncoated Nd:YLF sample is placed
inside the cavity at Brewstar angle with the pump laser
polarization matching the strongespolarization absorptidn
(a) in the range of approximately 855 to 885 Mgy mode
operation is accomplished with an intracavity aperture in the

4 & 4
Fai2 1> Fals—@— > nearly hemispherical cavityypicalQ-switched pulse lengths
v W njng were approximately 200 ns (FWHM).
— worf
Y — Both a1053-nm small-signal-gain probe beam and fluores-
I cence, collected at both 1047 and 1053 nm, are used to monitor

the population dynamics of the pumped sample small-

4 —&— |0> — 0> . . . ;
lor2 . 10 10 signal-gain probe beam is focused to an approximatelyns0-
Concentration Energy-transfer . : .
quenching upconversion (ETU) spot in the center of the pumped region and measured with an

E7828 amplified silicon diode (Thorlabs PDA150). 10531 nm
(FWHM) interference filter and a 2-mm-thick piece of RG-

Figure 0536 1000 filter glass, along with Il apert dt
Energy-transfer processes introduce additional losses that reduce the efféc- liter glass, along with a small aperture, are used o pass

tive 4F 3/, upper-state lifetime. (a) Concentration quenching rates depend oRNlY the 1053-nm probe beaiihe small-signal gain is used to
ground state population densities, which are equal to doping concentra- measure the absoluf€s, upperstate population achieved,
tions under typical operating conditions. (b) Energy-transfer upconversiogiven the dective stimulated emission cross sec%iorﬂossz
(ETU) rates depend on the square of the excited-state population deﬁsity, 1.9x 1019cm2. The 14m fluorescence from the sample is
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[ cwMLNA:YLF | 1053 nm >

Birefringent

HR Q/S  Cr:LiSAF tuning filter (P00 Nns HR
(810-900 nm (FWHM)
Figure 65.37
Q\Nd:YLF Anintracavity pumping scheme achieves high popu-
sample lation inversions in Nd:YLF. Q/S—Pockels cell
Q-switch; HR-high-reflector mirrors; PMT—pho-
Small-signal- Monochromator tomultiplier tube; @—amplified silicon diode.
gain probe
Gy |
I 2.5x
- | / ()> PMT
1053t1 nm
e HlltEr Fluorescence

collected and imaged onto a 406+ pinhole to sample ap- sion fluorescence measured at approximately 530 nm under
proximately the same volume as the small-signal-gain probsimilar conditionsVisible fluorescence is also observed near
The fluorescence is measured using an S-1 photomultipli&91 and 665 nm with similar decay dynami@$e long
tube (Hamamatsu R5108), cooled td€pand fitted with a duration and nonexponential nature of this upconversion fluo-
105%7.5 nm (FWHM) interference filter and a 2-mm-thick rescence are consistent with several predicted two-body ETU
piece of RG-1000 filter glass. Upconversion fluorescence iprocessedthat promote ions from tH& 5/, upperstate popu-
collected and imaged onto the 2ffrentrance slit of a 1/4-m lation to the highelying G, and?Gg,, manifolds. Since the
Jarrel-Ash monochromator and measured using an uncooldidetimes of these latter states are very shoi (LO[As), no
multi-alkali photomultiplier tube (Hamamatsu R928he

2.5< magnification of the imaging/collection opticsfesf- 1.00 — , P —
tively samples a 10 width around the center of the § 8  10f §
pumped region. - R [ .

B 8 o4 T

L S > E _

Figure 65.38 shows the time evolution of fifg,, upper- Measured § _;3 oLk

state population normalized to the doping concentration, 0.10 / §§ TE E
n = N/Nyg , after intense pumping with an ~200-ns (FWHM) 8 0001 ]

0 100 200 300 400 -

Q-switched pulséAt early times when lgie population inver Time (us)

sions exist, there is a strong departure from the simple

Normalized upper-state population (N/Nng in %)

exponential decay that ultimately occurs at long times and 0.01 & er;c?rintial .
lower inversions. Higher time-resolution measurements show - 3

a rapid initial decay consuming approximately 10% of the N ]
initial population for times shorter than approximately.40 - Upper limit for flashlamp- 1
The horizontal dashed line in Fig. 65.38, representing the pumped Nd:YLF X
approximate maximum uppstate populations achieved in 0.001 ——~—-»d—l 1
typical flashlamp-pumped Nd:YLF lasers, illustrates that the 0 400 800 1200 1600 200C
nonexponential decay associated with the two-body ETU Time (ps)

process is observed only at inversion densities typical of Fres

intensely diode-pumped lasers. Figure 65.38

Measured population decay of thes/» upper state normalized to the dopant
An ETU loss channel from ﬂT’éFg,/z upper state is con- ionconcentration. Inset: Visible upconversion fluorescence decay measured
firmed in the inset to Fig. 65.38, which illustrates UpCOﬂvel’under similar experimental conditions.
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significant population accumulates in these levels and thiey plotting the time derivativern/dt at each time of the decay
resulting fluorescence reflects the ETU raftee rapid de- versus its corresponding population The linear term in
crease in upconversion fluorescence at early tilmedQus)  Eq. (1) represents the fluorescence lifetime of‘ag, upper
is interpreted as static ETU, while the longenexponential state, including both radiative and nonradiative deeay
decay is associated with both migration-assisted ETU and tlomncentration quenching, if present. Quadratic and higher
underlying fluorescence decay of they, upper state. order terms can be included to represent gnrémansfer
upconversion processes that consume two or more units of
Static and migration-assisted ETU can bédé@ntiated by  excitation per interactiorA two-body ETU process is in-
analyzing the nonexponential decay of ffg,, upperstate  cluded in Eq. (1), as indicated by the quadratic dependence on
population in coordinates specific to each regime. Followingipperstate population. Normallyhe quadratic term would
the approach in Ref. 10, the observed defBys transformed include a factor of 2 to account for the two excitations lost for
to [no exp(—t/r)/n(t)] -1 to remove the underlying fluores- each ETU interaction; howevdor Nd:YLF, ions promoted to
cent lifetimer and plotted in Fig. 65.39 versus the coordinatesigher enegy levels rapidly decay back to tfe;/, upper state
for static and migration-assisted regimesf(ﬁ) and by nonradiative processes. Figure 65.40 graphically displays
1- exp(—t/r), respectively The linear relationship for the the decay dynamics of Eq. (1) along with a quadratic curve fit
migration-assisted coordinates is consistent with migratiorthat best represents the transformed decay Ha¢a.= 523 us
assisted nonlinear self-quenching of they, upper state fluorescence lifetime derived from this curve fit matches very
predicted from the engy-transfer microparameters calcu- well the published valuéd for 1-at.% Nd:YLF while the
lated in Ref. 9The departure from linearity near the origin in quadratic codicient a = 1.0x 10716 cm?/s yields the macro-
Fig. 65.39 is attributed to the initial phase of static ETU.  scopic, two-body engy-transfer upconversion cdiefent.

The“F3, upperstate decay dynamics in Fig. 65.38 can be The efect of ETU processes on eggrstorage in Nd:YLF
transformed into a more familiar “rate equation” form when operating at high population inversions can be estimated
by evaluating the “relative” quantumfieiency® of the 4F s,

dn __ > upper state, defined as
— = —-anc-... 1
i D)
0.8 — T 25 7 000 , , , , , 1
Migrated S ]
igrate 2120 = ]
4 0.6 |- assisted ; g 001 Measured .
g S 415 3 e ]
< | 0.4 FInitial static g -
2| ETUD S 410 B 002 —nr—an® 7
o u .o. b m
< o B T=523pus 1
s, t i i
/ e Static 0.5 % -0.03} o =1x10"1%cm%s —
. | ) 1
TN L . L 0.0 © ]
0.2 0.4 0.6 0.8 S _0_040 . é . 4|1 . é . zla . 1|0 ) 1'2
Cop1s 1-exp(-tt) or erf (t/1) ' )
Normalized upper-state population
7816 (N/NNg in %)
Figure 65.39

The linear dependence of thigs/» upper-state decay plotted versus dxp

(-t/1) indicates migration-assisted ETU. Measurements are equally spacédgure 65.40

(At = 10us) with time increasing from left to right. An initial phase of static Rate equation form fdtFz/» upper-state population decay dynamics shows
ETU causes the measured plot to depart slightly from Eq. (3), which is alsthe quadratic nature of the energy-transfer upconversion (ETU) process
active at high population inversions.

plotted using measured values forr, andng.
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o 1.0 .
1 nt L I B B
Mrel :?Iydt, 2 I - .
0 'O & o8l 72% for initial inversion _
2 L - & measuredin Fig. 65.37 )
where 1 is the fluorescence lifetim&he relative quantum E 06 _
efficiency compares the fluorescence yield of a sample withan 2 ! 1
initial populationng to that expected in the absence of gper § 04k ! ]
transferThe analytic solution to Eq. (19, E’- L |
[ |
8 02 _
_ no exp(-t/7) x L 1
n(t) = 1 ®3)
+art no[l— exp(—t/r)] ooL—a L 10

0.0 0.2 0.4 0.6 0.8 1.0

. . . ) Normalized initial upper-state
can be substituted into Eq. (2) and integrated to obtain an population (N/Nig)

analytic expression for the relative quanturiicency EreL

Figure 65.41
InfaTtny +1 Relative quantum efficiency of Nd:YLF under intense pumping calculated
i el B |

Nyl (nO) = 4) using Eq. (4).

atng

which is plotted in Fig. 65.41 using the experimental values fointensity, these important laser operating parameters are ad-
a and 1. A large penalty due to the ETU losses is seen fowversely afected by increasing threshold densities. Using the
normalized*F5, upperstate populations greater than a fewexperimental values for and 7 in 1-at.% Nd:YLF a frac-
percent. For the experimental conditions in Fig. 65.39, thed#nal threshold inversion of only 1% increases ttiective
losses would reduce the relative quantuficieihcy to 72%. It saturation intensity by more than 7% over its value with no
should be emphasized that this analysis underestimates théU losses.
effect of ETU losses since Eq. (1) does not represent well the
rapid initial decay due to static ETU or the likely onset of strong Increased ETU rates should be observed as the doping
three-body ETU processes at hitffy;, upperstate popula- concentration increases for several reasons. First, the macro-
tions. On the other hand, the above analysis overestimates @opic, two-body ETU coftient, a, increases with doping
effect of the ETU losses on eggrstorage in real laser systems concentration in the migration-assisted regime since more
since it compares the relative importance of ETU processes twpantions are present on which to migrate. Second, the higher
fluorescence over an infinite periodn analytical form for  excited-state population densities achievable in higher doped
storage diciency! appropriate for pumping pulsed lasers ismaterials and the strong dependence ofg@ntransfer rates
complicated by the nonlinear nature of fifg, upperstate  on interion separation lead to an increased contribution of
decay dynamics, requiring numerical calculations to evaluatgtatic ETU.
the fraction of pump engy stored in the upper state at the end
of a finite pumping period. In conclusion, a nonlinear loss channel from ffg,,
upper state caused by two-body gyetransfer upconversion
ETU losses also negatively impact cw laser performance ihas been observed in intensely pumped Nd:YLF saniiies.
active elements operated at high population inversion threskess channel significantly degrades the gpstorage capacity
old densitiesny,. These losses must be accounted for in amnd increases the threshold power of Nd:YLF lasers operating
effective saturation intensity at high population inversions.
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A NewTi:Sapphire LaserSystem:A Source of Femtosecond Pulses
Tunable from Ultraviolet to Infrar ed

The availability of reliable, solid-state laser sources that pra800-nm spectral range with 1- to 5-kHz repetition rate. Fig-
duce femtosecond pulses with egies of about 1 mJ and ure 65.42 shows the layout of this syst&he amplifier output
repetition rates of 1 kHz provides new prospects for ultrafags used to pump three devices: a white-light continuum genera-
laser spectroscopyhe T:sapphire oscillator/amplifier sys- tor (WLC), an optical parametric amplifier (BF and a

tem is such a source. Nonlinear optical conversion of its outptérahertz (THz) radiation sourc€he continuum generator
frequency using optical parametric generation/amplificatiorproduces femtosecond pulses in the visible andinéared.

or sum and dference frequency mixing fefctively extends Its output may serve as both a probe beam in ultrafast pump-
the spectral range available for femtosecond optical experprobe experiments and a seed for the optical parametric
mentsAt LLE/COI, several UR faculty members are working amplifier. The output of the O®lies in the neamnfrared range

to produce a multiuser laser system that will generaté = 1.2 to 2.4um). The signal and idler waves out of theAOP
femtosecond pulses tunable through the visible andge lar are mixed in the diérence frequency generator (DFG), pro-
portion of the infrared. Such a system will be used for experiducing tunable femtosecond pulses in the mid-infrared range
ments in materials research, nonlinear optics, atomic and@p to 12um and possibly longer wavelengthEhe output of
plasma physics, electronic devices, and circuits testing. In thii:sapphire oscillator also pumps the optical parametric oscil-
article we describe the layout of the system under develogator (OPO) that produces signal and idler waves covering the
ment, the main components and their characteristics, and th@nge between 1.35 and 26. The OPO output can also be
applications of the systeVe also present the first experimen- mixed in a diference frequency generator giving femtosecond
tal results produced at this facility pulses in the mid-infrared range at a repetition rate of 82 MHz.

System Configuration Ti:Sapphire Oscillator/Amplifier

A Ti:sapphire oscillator/chirped-pulse-amplification sys-  The core of this system isTasapphire oscillator/amplifier
tem—comprising an oscillatestretcheregenerative amplifier  combination manufactured by Spectra Physics Lasers in col-
and compressor—is the source of sub-100-fs pulses in thaboration with Positive LighT-he oscillator is a regeneratively

Ti:sapphire > OPO > DFG——>
oscillator
Ar-ion laser >
Figure 65.42
. . General layout of the femtosecond Ti:sapphire-
Nd:YLF laser > Ti:sapphire > WLC > > based laser system. OPO—optical parametric
ampllfler oscillator; OPA—optical parametric amplifier;
WLC—uwhite-light continuum generator; DFG—
Y Y difference frequency generator; THz—terahertz
radiation generator.
<«— DFG = OPA <

<«— THz [«

72101
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mode-lockedTsunami (model 3960%,pumped by 8 to 13V 800 nm with a pulse-to-pulse eggrstability of ~2%.The
from anAr-ion laser and produces pulses at 82-MHz repe-amplifier is also capable of higher repetition rates—up to
tition rate. Typical pulse duration at the laser output is 70 to5 kHz, producing up to 1.9/ of average power
80 fs, but, using an external prism compressolses as short
as 45 fs can be obtained [Fig. 65.43(afje spectral width White-Light Generator
(FWHM) of the oscillator output is typically 15 to 17 nm  To perform time-resolved spectroscopic measurements
[Fig. 65.43(b)]. Currentlythe Sunami tuning range is 720 to (pump-probe experiments) in a broad spectral range, we utilize
850 nm and the output power is aboW/1To pump the opti- the technique of femtosecond continuum (or supercontinuum)
cal parametric oscillatpwhich requires higher pump power generation. Femtosecond pulses out offiteapphire ampli-
levels, theTi:sapphire oscillator cavity is reconfigured to fier are focused onto a plate of glass or crystalline material. For
deliver up to 2V of average power and slightly longer pulsespump intensities above a certain threshold, broadband radia-
(90 to 100 fs). tion spanning the entire visible and a portion of fiefxared
range is produced at the output of the plateaumber of

Part of theTi:sapphire oscillator output is splitfdb seed  mechanisms are involved in continuum generation, the major
the amplifier—a Spitfire, from Spectra Physics Lasers antbeing spectral broadening of the pulses due to self-phase
Positive Light The amplifier utilizes the chirped-pulse-ampli- modulation® The generation of femtosecond continuum re-
fication techniquéwhere the seed pulses are first stretched tguires materials with a high nonlinear refractive index and
about 150 ps in a difiction-grating stretcher to reduce nonlin- resistance to damage at very high intensitigs. tested a
ear efects and avoid damage to the optical elements in theumber of glass and crystalline materials and, based on a
amplifier and, at the same time, to allowi@ént enegy = compromise between fefient continuum generation in the
extraction from the amplifierThese temporally expanded nearinfrared and resistance to optical damage, we selected
pulses are switched into a regenerative amplifier calltg ~ BaF, crystals.The threshold for continuum generation in a
Ti:sapphire amplifier is pumped by a Nd:Yl@-switched BaF, plate of 5-mm thickness was about 1 taJR2per pulse
laser (Merlin, from Spectra Physics Lasers and Positive Light]the pump radiation was focused onto the crystal using
which is capable of producing up toW2of average power at 20-cm-focal-length lens). Using a Si or Ge photodiode for
527 nm (200- to 300-ns pulses at 1[kKHdjer 15to 20 round- detection, we observed continuum radiation spanning 400 nm
trips through the amplifier cavitgmplified pulses are switched to 1500 nm. Femtosecond continuum was also generated using
out and contain 1 to 1.5 mJ per pulse (the repetition rate is thidite second harmonia € 400 nm) of &i:sapphire system; the
of the pump laser—1 kHz). Following this amplification, the outputis in the visible-ultraviolet spectral range. For the pump-
pulses are compressed to 75 to 140 fs in thieadtfon-grating  probe measurements, portions of the continuum in the spectral
compressor [Fig. 65.43(a)], depending on the seed pulsesinge of interest are selected using bandpass interference
characteristicsThe enegy per pulse is up to 1 mJ at 1-kHz filters. The duration of probe pulses produced in this manner is
repetition rate (i.e., 1-W average power) when operating neaearly that of the pump pulses (~100 fs).

(€Y (b)

’UT 12 T [ T | T T T T T T T + T T T + T
= I Oscillator ifi i . T
5 1.0 1 (after compression) Amplifier -~ | Oscillator _
> | Autocorrelai Altocorrdlati L FWHM =16 nm . Figure 65.43

| Autocorrelation utocorrelation L | :
g 0.8 T AWHM = 77 fe EWHM = 114 fs T Amplifier ] (a) Intensity autocorre-
8 06 - . ) B | FWHM =15nm ] lation functions and (b) spec-
@ ol fu5lgefW|dth E’uelg(s)ef;wdth L | tra of the Ti:sapphire oscil-
2 o4t ¢ - 4 L _ lator (thin line) and regen-
g I r 1 erative amplifier (thick line).
g 02 4 F ]
T 00 ks ~ [ J

-300 200 -100 O 100 200 300 760 780 800 820 840

72102 Time (fs) Wavelength (nm)
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Although it is easy to implement, femtosecond continuunized input waves.JThe layout of the two-pass, single-crystal
generation over a broad spectral range has certain limitation®PA is shown in Fig. 65.44The output of the white-light
First, the intensity of the continuum drops rapidly when mov-continuum generator and the pump radiation at 810 nm are
ing away from the pump wavelengithe useful spectral range collinearly combined in the nonlinear crystal using a dichroic
in the infrared is limited to 1.3 to 1/8m when pumped by mirror. The white-light seed is not spectrally filtered before the
pulses centered at 800 nm. Second, the intensity of the co@PA since the nonlinear crystal, with its limited wavelength
tinuum may be too low for many applicatiod® produce acceptance bandwidth, is a natural spectral filtee central
intense, tunable femtosecond pulses in a broad spectral ranggvelength is selected by angular tuning of thé ©fystal.
we use the optical parametric amplification technique andhe first-pass O®output is backreflected onto the crystal and

subsequent d#&rence frequency mixing. is again combined collinearly with a fresh portion of the
800-nm pump using a dichroic mirrdihe temporal overlap

Optical Parametric Amplifier and Difference between the pump and seed (first pass), and the pump and the

Frequency Generator signal wave (second pass) is adjusted by two optical delay

To generate femtosecond pulses in the 1.2- tathBange  lines.When 100¢J pulses were used to pump the first pass and
we are developing a traveling-wave optical parametric ampli200 pJ for the second pass, the £OButput was more than
fier that is seeded by pulses from the white-light continuunlO pJ per pulse (total output in signal and idler beams). Fig-
generatof. Seeding the OF with femtosecond continuum ure 65.45 is a demonstration of the tunability from degeneracy
pulses allows operation at lower pump levels (as compared town to 1.2um (signal wave) and up to 2t4n (idler). The
the optical parametric generator/amplifier configuration, whictspectral width of the OF output is about 25 nm FWHM
utilizes parametric fluorescence as the seed) and leads to madjggnal wave), which is enough to support pulses shorter than
reliable and stable operation. Our OR based on a BBO 100 fs. In the first experiments, the pump-pulse duration was
crystal, which combines high second-order nonlinearity and40 fs, and measurements of the cross correlation between the
high damage threshold. In the first experiment, we used @PA output and the pump pulses indicated ar @Btput
7-mm-thick BBO crystal cut for type-Il phase matching topulse duration of about 200 f&he excessive pulsewidth of the
reduce the bandwidth of the ®Butput and to generate pulses OPA output is most likely a result of a group-velocity mis-
that are closer to the transform limit than in the case of type+hatch between the interacting waves. For three-wave type-I|
phase matchindhis also provides signal and idler waves ofinteraction in BBO the group-velocity mismatch is calculated,
orthogonal polarizations that are convenient for subsequensing Sellmeier equatiof¥sto be about 80 fs/mnThe cry-
difference frequency mixing. (Phase matching ig&a$S  stal length in our OR should, therefore, be reduced to opti-
difference frequency generator requires orthogonally polamize performance.

WLC
> D >
A v Seed

Pump (810) nm Pump 1

> > DM

\% Figure 65.44
Optical delay lin Optical parametric amplifier layout. WLC—white-light
continuum generator; DM—dichroic mirror.
Y BBO crystal

Pump 1

mp DM

—I Optical delay line

72103
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L L The demonstrated performance of theAGidd DFG has
] already allowed several interesting time-resolved experiments

0 L i

s 10 to be performed in the neaand mid-infrared range¥Vork

=~ continues on the optimization of conversioficéncy and

g pulse durations.

2

1:: 05k ] Optical Parametric Oscillator

G I Femtosecond pulses in the nadrared region at a high

§ repetition rate (82 MHz) can be produced using a synchro-
[

manufactured by Spectra-Physics Laséhg OPAL is based

LJ ] nously pumped optical parametric oscillator—AR
|

.0 ' on a temperature-tuned noncritically phase-matched LBO
1100 1200 1300 1400 1500  16C crystal and is capable of delivering pulses of about 100-fs

72104 Wavelength (nm) duration in the spectral range of 1.35 toﬂm‘:(signal Wav_e)
and 1.6 to 2.@um (idler wave). (The wavelength is determined
Figure 65.45 by the spectral characteristics of theADRcavity mirrors.)
The spectrum of the OPA output. When pumped by about\¥ of average power fromT:sap-

phire oscillatorthe ORAL produces an output of more than

To generate femtosecond pulses in the mid-infrared rang250 mW (signal) and about 150 mW (idler) at the maximum of
the signal and idler waves from the DRre mixed in a its tuning curve (signal wave at around 1.45 to JB(0). A
difference frequency generator (Fig. 65.46 shows the expectggpical spectrum and an autocorrelation function of thalOP
tuning range of the DFGA 1-mm-thick AgGa$S, crystal, output are shown in Fig. 65.47.
which is transparent up to 12n, was used for dérence
frequency mixingWith 30 .J per pulse input (signal and idler) ~ Mixing the signal and idler beams in thefdience fre-
more than 300 nJ per pulse was obtained ginSwave- quency generator can produce mid-infrared femtosecond
length.The spectral width of the mid-infrared pulses was aboupulses from 4 to 12m. Using a 1-mm-thickgGas, crystal
200 nm—suiicient to produce pulses as short as 130 fs.  for difference frequency mixing, up to B/ of average power

was generated in the 4- to i1 range. In this range, group-

It is worth mentioning that the @Poutput pulses are of velocity mismatch between interacting waves (signal, ,idler
sufficient enegy to generate femtosecond continuum in solid-and diference) ilAgGaAs, does not exceed 200 fs/mm, so the
state mediaThis continuum can be a broadband source oflifference frequency pulses out of the 1-mme-thick crystal
femtosecond pulses in the neand mid-infrared that presents should not be longer than 200 fs when the input signal and idler
new possibilities for ultrafast spectroscopy in this range.  pulses are 100 fs long.

2.5 i THz Radiation Generator
] Work is currently underway to produce ultrashort pulses of
o) '_g: ] terahertz radiation (the sub-millimeter range of the spectrum).
S e 20 7] A high-power source of terahertz radiation, called gelar
g =3 ) aperture photoconducting anterfhaconsists of a 6-cfn
T % - GaAs wafer that is biased using parallel electrodes spaced
(% = 15 2 cm apart. Semi-insulating GaAs is used to hofdadfias
= voltage of 10 kV When a high-engy Ti:sapphire pulse
uniformly illuminates the antenna, electrons are excited into
10 the conduction band and the antenna becomes condudieve.
2 4 6 8 10 12 14 - .
. sharp turn-on of surface current produces radiation that is
2108 Difference wavelength (nm) polarized along the bias-field direction. In the far field, the
Figure 65.46 radiated electric field is proportional to the rate of change of

Tuning range of a difference frequency generator pumped by the OPA outplfl€ surface current, the bias field, and thegnef the optical
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pulse. The lage-aperture design permits the use of high biashorter than the time scale of the electrons evolution, interac-
voltages and optical powers without damaging the antennation between th&Hz pulse and an electron depends strongly
on the shape of the electron wave function and its velocity
TheTHz radiation from this source is in the form of a beamFurthermore, the lge bandwidth oTHz pulses enables elec-
of subpicosecond pulses 100-fs, 400-mJTi:sapphire tronic Rydbeg states to be coherently coupled to neighboring
pulse can produce a 450-fs, 0.8-Hz pulse® The unique states.These features may allow the use Théz pulses to
feature of thes&Hz pulses s that the pulse duration is less thamxcite and detect a three dimensionally localizegdb®rg
the period of the electric field oscillatioFhus, it does nothave wave packet, which follows a circular orbk.
a carrier wave in the usual sense. For this reason the pulses are
sometimes referred to as dc pulses or half-cycle pises. Initial Applications of the System
Using the pulses from th&i:sapphire amplifier and the
The short-term goal is to measure the spatial and temporE@mtosecond continuum generatpump-probe transient-ab-
characteristics of suchHz pulses. Of particular interest are sorption measurements were performed to better understand
the efects of difraction and focusing on the pulse shape, andelaxation processes in silicon-based materials, low-tempera-
improvement of the shot-to-shot noise when the antenna tare-grownA3Bgs semiconductors, and polymers. Here the
saturatedA variety of techniques will be used to do this. results of these measurements are briefly described.
Initially, the temporal profile of the pulses will be studied by
passing th&'Hz beam through a time-gated mirror and mea- The first experiments were performed on porous silicon,
suring the transmitted or reflected emei he mirror consists  which has attracted significant attention since the 1990 discov-
of a second GaAs wafer that is illuminated by a delayeeéry of its eficient light emissior:2 Normally, crystalline
Ti:sapphire puls&:2After absorption of th&i:sapphire pulse, silicon does not emit light since it is an indirect band-gap
the transmission of a GaAs waferTdiz frequencies can be material, but porous silicon, formed by electrochemical etch-
reduced by a factor of ténNext, the power spectrum of the ing of crystalline silicon, luminescesfedtively. Photolumi-
pulse will be measured using interferometric autocorrel&tion.nescence in the blue through near infrared has been observed,
Finally, electro-optic sampling techniqd@san be extended and light-emitting devices have been demonstritadow-
to freely propagatindHz radiation to provide temporal and ever, the enagy structure of porous silicon and the origin of its
spatial information about the beam. efficient luminescence are still under debdtiene-resolved
photoinduced absorption measurements (on a femtosecond
Once the nature of tiigHz pulses is better understood, work scale) can be useful in clarifying the epestructure, deter
will begin on the long-term goal: the use of Téz pulses to  mining the carrier relaxation mechanisms, and identifying the
manipulate the valence electron of a hydrogen-like afdmis.  role of quantum confinement and defect states in porous
type source has been used in atomic physics experimentsditicon. Toward this end, pump-probe measurements on porous
probe the electronic motion of highly excitedy@®erg) silicon, crystalline silicon (c-Si), and hydrogenated amor
atoms8 When the duration of a direction@Hz pulse is phous silicon (a-Si:H) samples have been conducted.
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The porous Si sample was aqufi+-thick mesoporous film  The cross-section for porous Si (k4018 cn?) is close to
lifted off and attached to a sapphire winddive c-Si sample that of crystalline Si (2.2 10718 cn?) and much smaller than
was epitaxially grown on sapphire and was 530 nm tfiilek.  that of amorphous Si (8 10717 cm?). This is evidence that
a-Si:H sample was deposited on a glass window by RF gloworous Siis made of an ordered lattice of Si atoms. By varying
dischage and was 320 nm thick. For these experimentghe excitation intensity we observed changes in the induced
amplified Ti:sapphire pulses were frequency doubled toabsorption decay rate. In porous silicon, the rapid decay (less
3.06 eV (405 nm) to allow excitation of carriers across thehan 1.5-ps lifetime) of the photoinduced free-carrier absorp-
band gap in the investigated sampld®e probe was a portion tionwas observed. Itstime constant, which is nearly pulsewidth
of the white-light continuum, selected by a bandpass,fidtet  limited at low intensityincreases to about 1.5 ps as the pump
had a mean photon eggrof 1.43 eV(870 nm). intensity is increased. In porous silicon, this fast component

probably originates from photoinjected carrier trapping by

Figure 65.48 shows the typical photoinduced absorptiodangling bonds at the surface of silicon crystallites. Reduction
changes in the three sampl€ke traces for the porous Si and of its decay rate is due to the saturation of the surface trapping
c-Sisamples are similar to each other: both exhibit the increastates. These measurements show that trap saturation takes
in absorption when excited by 405-nm pulses; a short-liveglace at an injected carrier density of about8kin=3. The
(less than 1-ps decay constant) induced absorption peak dslowly” decaying component of the induced absorption sig-
cays into a “plateau.” Longer time scans show that this plateawal is due to carrier recombination through nonradiativger
decays in hundreds of picosecorse initial peak is consis- processesThe Auger mechanism of recombination is evi-
tent with two-photon absorption—the simultaneous absorpdenced by the characteristic speeding up of the final stage of
tion of a pump and a probe photon across the direct band gtye absorption recovery when the pump intensity is incredsed.
of silicon.The plateau in the induced absorption results from
free-carrier absorptioriThat the dominant &fct is induced These initial photoinduced absorption experiments with
absorption (as opposed to bleaching) is an indication of thie Ti:sapphire laser system provided information about the
indirect-band structure of porous silicon; in direct-gap semienegy structure of porous silicon and carrier relaxation
conductors the dominantfe€t in the spectral range above the mechanisms in that material.
band gap is bleaching related to the filling of states. Based on
our experimental results, we also estimated the free-carrier Another set of measurements was performed with GaAs
absorption cross section for the three silicon-based materialgrown by moleculabeam epitaxy at low substrate tempera-
tures. Low-temperature T)-grown A3Bs semiconductors
have recently attracted considerable interest due to their ex-
tremely rapid optical response times (several picoseconds).
Initially, this fast response was attributed to carrier recom-
bination. Pump-probe transient absorption experiments were
performed at or below the band edge of GaAs samples grown
at 195C and 250C to check the origin of this fast response
time. The pump beam wavelength was 810 nm (1.531 eV),
and the probe was varied from 870 nm (1.425 eV) to 1000 nm
(1.24 eV).

The 250C sample, which behaves very much like & nor
mally grown GaAs, exhibits bleaching in the investigated
R R AP I spectral rangelhis bleaching may be attributed to the filling
00 05 1.0 15 2.0 2.5 3. of bandtail states associated with defects due to low-tempera-
ture growth. On the other hand, the I@5ample shows initial

Induced absorption (normalized)

72107 Delay (ps) : . .
bleaching, which recovers quickly when the probe wavelength
is in the vicinity of the band edgé/hen the probe is tuned to
Figure 65.48 _ o ' longer wavelengths (>900 nm), the signal changes to induced
;eri-sressi,olved photoinduced absorption in porous, crystalline, and amorébsorption with a relative slow recoveT)he slowly recover

ing induced absorption shows that the carriers are trapped in
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states below the band gap within several picoseconds butstay 12 ————1————7——— 73— ———
there for a long time until they recombifidis indicates that ]
the observed fast, above-the-band-gap photoresponse time ‘:UT 10 B ]
due to carrier trapping, not recombination. ‘é 08 I |
The same pump-probe technique with femtosecond con E’ 06 -
tinuum as a source of probe pulses was also applied to studytl 5 I 1
excitation decay dynamics in PBZT—a conjugated rigid-rod 8 04 . 7
aromatic polymer with promising nonlinear optical and lumi- '5 0.2 B ]|
nescent propertieBhe optical absorption in PBZi&es sharply el )
at 500 nm, so frequency-doubled pulses (405 nm) from a o Yo [ A R N P I R
Ti:sapphire amplifier were used to resonantly excite the PBZT -0.5 0.0 0.5 1.0 15 20
sample. Using the white-light continuum genergtwe photo- Delay (ps)
induced absorption was probed over a wide spectral range“*%®
(from 500 to 1000 nm) below the PBAandgapA broad  Figure 65.49

photoinduced absorption band was observed: the signal apump-probe bleaching signal of a quantum well sample. The cross-correla-
peared promptly within the time resolution and decayed ition of the pump and probe pulses is shown for comparison (thin line).
several picosecond$he experimental results are explained

by a self-trapped exciton model: induced absorption is due fguency converters is needed, the system is already capable of
the transition of self-trapped excitons to highgng con-  ultrafast optical experiments in the infrared range. Initial
tinuum statesThese results provide important information for ultrafast spectroscopic experiments have been performed on a
the potential nonlinear optical and light-emitting applicationsnumber of materials, important for both scientific and techno-

of PBZT.

logical studies.
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