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In Brief

This volume of the LLE Review, covering the period April-June 1998, includes a report on a recent
series of experiments, performed by A. Babushkin, M. Guardalben, R. Keck, and W. Seka, that
demonstrate a new scheme for converting the infrared light of OMEGA to the third harmonic in the

ultraviolet over a bandwidth that is significantly wider than has been previously attainable. This innovative
scheme, employing a second tripling crystal in addition to the doubler-tripler pair currently in use, was
proposed by D. Eimerl at Lawrence Livermore National Laboratory and adapted to the OMEGA system
by S. Craxton and S. Oskoui, a recent participant in LLE's Summer High-School Research Program.
Wider bandwidths on OMEGA will allow the use of broadband beam smoothing with faster smoothing

times than have been employed until now.

Additional research highlights reported in this issue are

* 0. Konoplev, Y. Fisher, and D. Meyerhofer report on ultrahigh-dynamic-range measurements of
high-contrast pulses using a second-order autocorrelator that they have designed and built. This devic
is capable of measurements with dynamic ranges of up & a1@ time resolution of ~50 fs, the
highest dynamic range yet achieved for measurements with this degree of time resolution.

» D. Harding describes results from two ion-beam analysis techniques—Rutherford backscattering
spectroscopy and nuclear resonance analysis—that have been used to provide an accurate method f
determining the complete elemental composition of capsules and target materials used at LLE. These
new sources of information are more expansive than other analytical techniques in use, and the dat:
are needed for interpreting the results of our experiments.

» By placing a pinhole array in front of a flat-crystal x-ray spectrometer, B. Yaakobi has introduced a
diagnostic technique with the ability to obtain simultaneously a large number of two-dimensional
images over awide range of photon energies at a high degree of spectral resolution. This article present
images of Kr fluorescence pumped by core radiation, delineating the compressed, cold shell, and
pumped by suprathermal electrons, showing that ~1% of the laser energy preheats the target.

» The simultaneous forward and backward stimulated Brillouin scattering (SBS) of crossed laser beams
is described in detail by C. McKinstrie and E. Startsev. They obtain new analytical solutions for the
linearized equations governing the transient phase of the instability and the nonlinear equations
governing the steady state. These solutions show that backward SBS dominates the initial evolution
of the instability, whereas forward SBS dominates the steady state.

* R. Short and A. Simon have calculated the damping of localized plasma waves using a new physical
approach that is linear in the wave field and that avoids introducing complex particle velocities. The
simplicity of this approach is obtained by invoking the time-reversal invariance of the Vlasov equation.
This greatly simplifies the calculation of Landau damping of plasma waves in an infinite of medium
and “transit-time damping” of plasma waves localized in general geometries.

Reuben Epstein
Editor






Demonstration of Dual-Tripler, Broadband Third-Harmonic
Generation and Implications for OMEGA and the NIF

A critical concern for Nd:glass fusion lasers such as OMEGA HG conversion efficiency was measured as a function of this
and the National Ignition Facility (NIF) is the uniformity of angle. Since an angular tilt of the incident IR beam is equiva-
irradiation experienced by the fusion target. Uniform beamgent to a change in its wavelength (this relationship is linear to
are generated by beam-smoothing schemes such as smoothéngood approximation, with <160 urad equivalent to 1 A,
by spectral dispersion (SSBwhich vary the instantaneous a measured increase in the angular acceptance of the THG
speckle pattern on target on time scales that are short compaimhversion is equivalent to a proportional increase in the
with relevant hydrodynamic time scales. In a simplified picturéeTHG acceptance bandwidth.
of beam smoothing, the laser presents a new speckle pattern to
the target every coherence time, where the coherence time isOne important parameter investigated in the experiment
given by the inverse of the bandwidth. The beam is smootheaslas the separation between the two triplers. The relative phase
because the target responds hydrodynamically to the averay@ between the three interacting waves (definefi®s @4
of alarge number of independent speckle patterns. The ratio 6f®, — ®,, wheredi is the phase of harmonitcan change
the coherence time to the relevant hydrodynamic time is thudue to a number of factors, including dispersion in the air path
a key parameter. Alternatively stated, the time required tbetween the triplers, dispersion in the windows of the crystal
obtain a given level of uniformity is inversely proportional tocell, and phase changes due to the coatings on the crystal
the laser bandwidth. surfaces. (The relative phase within a tuned crystal is zero by
the definition of phase matching.) Using the formuial{

Smoothing achieved using present fusion lasers is limited 10’ = 2726.43+ 12.288A2 + 0.3555A%, wheren is the
by the bandwidth acceptance of the KDP crystals that are useefractive index and the wavelengths in um 6 4.0 cm of air
for third-harmonic generation (THG). Conventionally, THG is predicted to be equivalent to a full cycle of phase shift [i.e.,
involves frequency doubling in a first, “doubler” crystal fol- (ks—ko—kq)L =271, wherek; is the wave vector in air of harmonic
lowed by sum-frequency mixing in a second, “tripler” crystal. i andL = 4 cm]. In the experiment, the relative phdse
Eimerlet al3 recently proposed, however, that broader-bandemerging from the first tripler was unknown due to dispersion
width THG can be achieved by using dual triplers, i.e., twan the output cell window; thus, to ensure the optimAdnat
tripler crystals in series with slightly different angular detuningshe input to the second tripler, it was necessary to adjust the air
from phase matching and appropriately chosen thicknessagap to the optimum position within this 4-cm range.
Oskouf* showed that by adding a second tripler to the existing
conversion crystals in each beamline of the OMEGA laser This article extends the work of Ref. 7, which reports the
system it is possible to increase the bandwidth acceptance byperimental results, to include details of the dual-tripler
a factor of 3, and he developed an optimized design. Convedesign currently being implemented on OMEGA and a dual-
sion of OMEGA to dual-tripler THG is now underway. tripler design that could provide a comparable bandwidth on

the NIF.

This article reports on what is believed to be the first
experimental demonstration of dual-tripler THG. A secondExperiment
(type-Il) KDP tripler, with 9-mm thickness, was added to a The laser beam used in the experiment originated from a
tripling cell (used on the former 24-beam OMEGA laserNd:YLF-based, diode-pumped, mode-locked oscillator that
system) containing two type-ll, 16-mm KDP crystals. All generated a train of bandwidth-limited, 100-ps-duration
crystals were antireflection coated. The dual-tripler configurapulses. A single pulse was switched out and amplified in a
tion was tested using a narrow-bandwidth, high-power lasdtash-lamp-pumped, negative-feedback-controlled, regenera-
beam whose angle of incidence on the crystals was varied. Ttiee amplifie® and two subsequent single-pass, flash-lamp-
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pumped, Nd:YLF amplifiers separated by spatial filters. This The conversion efficiency was measured as the ratio of the
produced a collimated beam with 100-ps time duration, up tenergy of the third-harmonic beam at the output of the second
25 mJ of energy, and an approximately Gaussian spatial profitepler to the energy of the fundamental beam at the input to the
with a FWHM diameter of 4 mm. doubler. For each angular position several measurements
(typically 5 to 7) were made, and the averaged value was used
The experimental setup is shown in Fig. 75.1. The inpuas the measured conversion efficiency. Typically the averaged
laser beam was reflected off an adjustable mirror, which wagata had an uncertainty (standard deviation) of the order of 1%
used to vary its angle of incidence on the crystals. Backor less, although in a few cases the uncertainty was as large
reflections from the crystal surfaces were transported throughs ~5%.
a 1-m focus lens onto a CCD camera to monitor the beam
alignment relative to the crystals and the relative alignment Small scaling factors were applied to the experimental
between the crystals. The polarization of the incoming beammeasurements (0.95 to the angle and 1.04 to the conversion) to
was adjusted using a half-wave plate to bev@h respectto account for systematic uncertainties in the accuracies with
theo axis of the first crystal. The second tripler was mountedvhich the values of angles and intensities were measured.
on a stage with a 5-cm translation range, which was required These scaling factors were determined from one data set and
optimize the relative phase between the three interacting wavesre then maintained constant for the remainder of the experi-
incident on the second tripler. The crystals were set up using tineent. The calculations assumed that the first tripler was detuned
converging-lens technig8evith a separation of ~0.77 mrad to be phase matched for a beam tilt-6f44 mrad on the
between the phase-matching directions of the two triplers, thisorizontal axes of Fig. 75.2. The corresponding tilt for the
angle being the optimum predicted separation. second tripler was 0.33 mrad, all tilt angles quoted in this
article being external to the crystals. (The absolute values of
these angles were not known experimentally.) The optimum air

Single pulse Filters gap [corresponding to Figs. 75.2(a) and 75.2(e)] was assumed
1>0§§ nr; /—)—HI— CCD to be 1.5 cm away from the point of no net dispersion [midway
—100 [)ns Lens between that in Figs. 75.2(c) and 75.2(d)]. The sign of this

4-mmFWHM|l == E=1m distance depends on the orientations of the optic axes of the
triplers, which were parallel in this experiment. The calcula-
Polarizer Doubler tions shown in Fig. 75.2 assumed a 4.1-cm period, which was
A ! Energy found to fit the data slightly better than the predicted 4.0-cm
A2 <> Filters  meter period; this small difference is ascribed to different tempera-
> > | tures, humidity, etc., from those of Ref. 6.
L 1w 1w 3w

2w

2 The nominal laser intensity,,,, defined as
0

Adjustable
mirror

!

Ener First Second
met(gry tripler tripler E/(m'%'WTFWHM)’
0=-0.44 6=0.33
mrad mrad )
E8928 whereE is the laser energy and gy and tgyy are the
spatial and temporal FWHM’s, respectively, was 1.2 G\W/cm
Figure 75.1 corresponding to a peak intensity in space and time of
Experimental setup. 0.78 GW/cnd. The low conversion efficiencies shown in

Fig. 75.2 are primarily a result of the non-optimum beam

The experimental results are shown in Fig. 75.2 for fiveprofile (Gaussian in both space and time), for which 50% of the
values of the air gap spanning the 4-cm range in 1-cm incréR energy is incident at less than 30% of the peak intensity. This
ments. The results are in excellent agreement with predictionis illustrated in Fig. 75.3, which reproduces the data and
of the plane-wave code Mixette (based on Ref. 2), whiclealculated curve of Fig. 75.2(e) and adds predictions for what
calculates the conversion averaged over the assumed Gaussiauld have been obtained with different beam spatial and
spatial and temporal beam profiles at a nominal intensity aemporal profiles. It is seen that conversion efficiencies up to
1.2 GW/cnt. 80% would have resulted for beams flat in space and time.
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Design for OMEGA beam cross section, and, at each time, it will exhibit a similar
Figure 75.4 shows predictions for single rays (i.e., beamgariation across the beam aperture. The net conversion inte-
that are flat in space and time) for the OMEGA laser systengrated over the beam will then correspond to some average
assuming that an 8-mm tripler crystal is added to each beaover wavelength of the curves of Fig. 75.4, depending on the
after the existing conversion crystals (which are both 12.2-mnspecific parameters of the SSD design used.
type-1l KDP crystals). Here the first tripler is detuned
0.62 mrad (to phase match -#8.84 A), and the second is  The dual-tripler design being implemented on OMEGA
detuned-0.38 mrad (to phase match at 2.36 A). The air gagalls for the triplers to be spaced 1.0 cm apart with a tolerance
is 1.0 cm. Curves are shown for intensities from 0.5 tef £0.1 cm, and for their relative angular separation to be
1.5 GW/cn#, spanning the range of normal operating condi-accurate within 10Qurad. Curves illustrating the effects of
tions, and for small signal (0.1 GW/émnAt 1.5 GW/cr, these deviations are shown in Fig. 75.5 for the peak anticipated
the FWHM bandwidth is 13.8 A, corresponding to 1.1 THzoperating intensity of 1.5 GW/cmin both cases, the varia-
at 351 nm, and at lower intensities the bandwidth igionsinthe predicted conversion curves are considered accept-
slightly greater. able. The variations experienced in the spatially averaged
conversion efficiency will be less (of the order of 1%—2%)
100 . . . . . . . because the curves resulting from deviations from the design
Single tripler lie above the design at some wavelengths and below the design

r /(1.5 GW/cn?) at others.
) W

80

It is worth noting that the alignment accuracy required by
dual-tripler THG is no greater than that already in place on
OMEGA. Currently the crystals are tuned to a much smaller
tolerance than 100rad.

o2}
o

Design for the NIF

Very similar broadband conversion may also be obtained on
the NIF. Two designs are considered here (see Table 75.1): The
“11/8/10" design was suggested in Ref. 3, although with
slightly different tuning angles. (It should be noted that all
angles quoted in Ref. 3 are internal to the crystal, i.e., 1.5 times
smaller than the external angles quoted here.) The “11/9/9”
design is an alternative design that is compatible with the NIF
two-crystal base-line design (“11/9").

THG conversion (%)

0 : s \
-20 -15 -10 -5 0 5 10 15 20
IR wavelength shift (A)

TC4624

Figure 75.4 A comparison between the two dual-tripler designs is shown
Predicted performance of the OMEGA laser system as a function of IRn Fig. 75.6. The “11/8/10” design provides slightly more
wavelength shift, for the addition of a second tripler of 8-mm thickness at @ gnversion and allows slightly more bandwidth; otherwise, the

separation of 1.0 cm. The curves correspond to intensities ranging from 1t9vo designs are very similar. The curves are remarkablysimilar

to 0.1 GW/cm. The dashed curve corresponds to the existing system at . . . ; .
1.5 GW/cn?. At this intensity, the extra tripler increases the FWHM band-to those of the optimum OMEGA dESIQn of Fig. 75.4; again,

width from 4.9 Ato 13.8 A (1.1 THz in the UV). The curves in this and similarth€ range of wavelengths that can be efficiently converted is
figures are calculated for monochromatic beams with varying wavelengthincreased frort2 A to+6 A.

The shape of the dual-tripler curve at 1.5 GW/ds Comparing either dual-tripler design with the two-crystal
advantageous for the conversion of a broad-bandwidth phadease-line design, shown superposed on both plots of Fig. 75.6
modulated beam. The THG conversion is maintained in that the nominal operating intensity of 3.0 GW#ciit is clear
60%-90% range as the IR wavelength varies thragh. In  that there will be some loss in overall conversion when averag-
contrast, the single-tripler curve results in significant lossng over a broadband beam, but probably no more than 10%
beyond+2 A. In a typical SSD laser beam, the instantaneoubased on the 3.0-GW/&uurve. (The loss at lower intensities
wavelength will vary in time through6 A at any point in the is less.)
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The effective beam uniformity resulting from dual-tripler evant hydrodynamic time that is important. The coherence
conversion on the NIF may be even greater than that aime is the same on each system, but the hydrodynamic time
OMEGA, based on the reasonable presumption that it is trecales are a few times longer on the NIF.
ratio between the coherence time (1/bandwidth) and the rel-

100 T T T T T T T T T T T T
(a) Air gap 1.1cm (b) AB5 — 480prad
—— —380urad
80 | — - —280urad
S
&
[}
>
[
8
) 40 -
T
|_
2 -
0 I8
;o\

0 4 :

-20 -15 -10 -5 0 5 10 15 2020 -15 -10 -5 0 5 10 15 20
roarsass IR wavelength shift (A) IR wavelength shift (A)

Figure 75.5

Sensitivity of the base-line design for dual-tripler THG on OMEGA to (a) deviations in the air gap between triplers froraridqlondeviations in the tilt
angle of the second tripler fror880 urad. All curves are for the maximum anticipated operating intensity of 1.5 G®/Dewiations of no greater than
(a)+0.1 cm and (bx100 urad are acceptable.

Table 75.1: Existing and dual-tripler designs for OMEGA and the NIF. Tilt angles A@, are external to the crystals, with a
positive angle indicating an increase in the angle between the propagation direction and the optic axis.
OMEGA crystals are al type-Il KDP; NIF doublers are type-l KDP and triplers type-1l KD*P. Subscript “1”
indicates the doubler, “2" the first tripler, and “3” the second tripler.

Crystal thickness (mm) Crystal tilt (urad) Gap between
triplers (mm)
Ly L, Ls AB; A6, AB; gap
OMEGA, present 12 12 - 0 0 - -
OMEGA, dual tripler 12 12 8 0 620 -380 10
NIF “11/9" base line 11 9 - 350 0 - -
NIF “11/8/10" 11 8 10 325 900  -1000 0
NIF “11/9/9” 11 9 9 325 750  -1000 0
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Figure 75.6

Predicted performance for two enhanced-bandwidth designs for the NIF: (a) the “11/8/10” design of Eimerl (Ref. 3) arntdriitaredl 1/9/9” design that
leaves the base-line, two-crystal, “11/9” NIF design unchanged.

One important difference between OMEGA and the NIF idseam since some curves lie below ideal at some wavelengths
that the optimum “11/8/10” and “11/9/9” designs for the NIFand above ideal at others. Results for a tolerane@®firad
require no relative phase change between the triplers. This widke clearly better than those 50 urad.
indeed be the case on the NIF since the base-line design calls
for the crystals to be mounted in vacuum. It is anticipated that At 1.5 GW/cn?, the greatest deviations from ideal occur as
the antireflection (AR) coatings on the output of the first triplera result of detunings of the doubler from the design orientation.
and the input to the second tripler will not significantly affectThese deviations are essentially the same that occur for the
the phase at any wavelength. base-line, two-crystal NIF design and result from the sensitiv-

ity of the angle-detuned, type-l/type-Il design to doubler

Transmission losses between crystal surfaces have not bemmentation? thus, the addition of a second tripler to the NIF
included in the calculations presented here for OMEGA andoes not require any greater angular alignment accuracy than
the NIF since the AR coatings have not yet been designeib already included in the base-line design.

Small losses will be incurred since one cannot simultaneously

eliminate reflections at all three wavelengths; however, thi€onclusion

does not significantly affect the results presented here. The dual-tripler scheme for broadband frequency conver-
sion has been experimentally demonstrated. The close agree-

The sensitivity of the “11/9/9” dual-tripler design for the ment between theory and experiment provides high confidence
NIF to angular misalignments of the crystals is shown irthat the scheme will work on OMEGA and the NIF. On the
Fig. 75.7. In each case, the ideal conversion curve was calcbasis of these results, plans are being made to convert the full
lated together with eight variants. In each variant, each crysteMEGA system. A similar design exists for the NIF. For
was tilted by eitherAB or —A6. The shaded areas on the both laser systems, an approximate threefold increase in band-
plots indicate the envelope of all eight of these variantsyidth can be expected, which should result in a threefold
including the worst-case combinations. Again, less variatiomeduction in smoothing time and correspondingly more-uni-
may occur in some cases for the average over a broadbafwdm target implosions.
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Figure 75.7
Sensitivity of the “11/9/9” NIF design to crystal alignment errors. In each case the solid line indicates the ideal cawegesidhe shaded area indicates
the full range of possible curves (eight combinations) resulting from simultaneously applying ettvéd@tternal) to each of the three crystals, whigfe

=50urad [(a) and (c)] and 28rad [(b) and (d)]. The results for 3.0 GW/&rthe peak operating intensity [(a) and (b)], are not greatly different from those for

1.5 GW/cn? [(c) and (d)].
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Ultrahigh Dynamic Range Measurement of High-Contrast
Pulses Using a Second-Order Autocorrelator

In high-intensity, ultrafast laser—plasma interactions with solid Devices simultaneously possessing subpicosecond resolu-
targets, the intensity of prepulses with a typical time duratiotion and high dynamic detection range are noncollinear beam
of ~1 ns, arriving before the main laser pulse, must be less thaorrelators based on frequency conversion. The pulse to be
~109W/cn? to avoid having the high-intensity pulse interactmeasured is split into two parts, one of which may be delayed
with a preformed plasm&2 Currently, the highest available by the time delayr, attenuated, and perhaps modified in
peak laser intensities are x3.019 W/cn? with 30-fs pulse$  frequency. The two parts are recombined in a nonlinear me-
for small-scale laboratory lasers and4W/cn? with 500-fs  dium. In high-dynamic-range autocorrelation (HDRA), the
pulses on a large-laboratory schlEhe development of opti- sum frequency is generated noncollinearly to avoid the direct
cal parametric chirped-pulse amplificattomay allow the exposure of the detector by each individual beam. In second-
construction of small-laboratory-scale, truly tabletoporder (SO) HDRA, where the noncollinearly recombined rep-
subpetawatt lasers with peak intensities in the range?étd0 licas of the beam are identical, the second-harmonic energy
1073 W/cn¥;6 therefore, the dynamic range of temporal pulseE, (1) as a function of delay is proportional to the second-
measurements must exceed 2@ predict if, where, and order intensity correlation functiéf (autocorrelation func-
when a preformed plasma will be produced. Detailed knowltion):
edge of the temporal shape of the pulse is crucial to the study
of high-density .plasm.a physiE;The ?nteraction of la high- . Epy(1) O G(Z)(r) Of1(t)1(t-1)dt,
contrast pulse with a high-density solid target or a high-density
plasma is completely different from that of a low-contrast
pulse. In particular, efficient production of the ultrafast x-raywherel(t) is the intensity.
emissio? may require a high-contrast pufse.
In third-order (TO) HDRA, one beam is frequency doubled

In some cases the intense pulse will contain a long, lowbefore noncollinear recombination, and the resulting third-
contrast prepulse with known temporal shape. The temporalrmonic signdkz, (1) is proportional to the third-order inten-
shape of this prepulse must be known since it will affect thsity correlation functiot?®
outcome of the interaction. At 4D W/cn? intensities, a
prepulse at the level of ~1% below peak intensity produces
a preformed plasma, while one at the 0.1% level of peak
intensity can ionize atoms and ponderomotively accelerate
electrons out of the focus before the main pulse arrives. A pulse The advantages of SO over TO HDRA are simplicity, longer
of this kind is used in the fast ignitb¥,where a long, low- wavelength of the recorded signal, and better temporal resolu-
contrast (~103 below peak intensity) prepulse bores a hole fottion. Deteriorated temporal resolution in TO HDRA can be due
the main pulse. The temporal history of the prepulse wilto the limited acceptance bandwidth of the trigfiéand, for
critically affect the propagation of the intense laser pulse in ahorter pulses (~100 fs and shorter), due to the dispersion of the
large-scale coronal plasma and the energy deposition procgasise in the doubler or relay optics of autocorrelafThe
in the overdense region. main advantage of TO over SO HDRA is that it can distinguish

prepulses from postpulses.

With current state-of-the-art, ultrashort, high-peak-inten-
sity lasers, the ideal device for measuring the temporal profile The required proportionality d,,(7) on the square of
of the pulse would be a device with temporal resolution of tenthe incident intensity,E,,, (7 =0) O (Iw)z, is satisfied over
of femtoseconds and a dynamic range d£10 many orders of magnitude of incident intensities, so no

Ea,o(1) DGE)(1) DS 1(t)12(t - 1) ct.
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modification in the optical part of the autocorrelator or in thecorresponding autocorrelation function in a single shot, as
attenuation of the input beam is required when the delay shown on Fig. 75.8. Figure 75.8 illustrates type-I noncollinear
is increased. A square-law, slow detector (with nanosecomhase matching for two wide beams of diamBteepresented
resolution) is usually attenuated with calibrated filters to keejby ordinary waves with carrier frequenmy(o,w) propagating
the noncollinear, sum-frequency signal at approximately the a doubling crystal with thicknegs at angled with respect
same level. In addition, the detected signal can be electrortb each other. The direction of the noncollinearly generated
cally time gated (on a time scale of ~10 ns) to minimize angecond-harmonic extraordinagZ«) beam is determined by
extraneous noise associated with long-time-scale optical ohe phase-matching cond|t|okblw +ko2 W= keZo.) To main-
electrical background. tain the correspondence between the transverse signal profile
S,.{2) and the autocorrelation functi@t2)(r) over the most
Ultrafast pin diodes or streak cameras possess neither th#ense temporal portion of the pulse, the transverse $ijes (
required temporal resolution nor the required high dynamiof the interacting beams should be large to avoid distorting the
range. The typical dynamic range of a streak camera witbhape of the SH beam due to the spatial shape of the fundamen-
picosecond resolution is 100. It can be boosted toby0 tal beam. The following two conditions should be satisfied: the
nonlinear shutters, by operating at lower temporal resolutionspatial walk-off of each beam along theoordinate in the
and, for stable laser systems, by averaging over many lasgickness of the crystal, tan(q>/2), should be at least three
shots!® The main disadvantage of correlators is that they arémes smaller than the beam diameter size alorzinection,
an indirect method of detection, i.e., the transformation of theD cos(®/2), giving L tan(®/2) =< (D/3)cos(®/2), and the
signal froml(t) to G()(1) occurs nonlinearly, allowing the size of the interaction region (diamond-shaped region in
existence of multiple solutions during reconstruction of the~ig. 75.8) should be at least three times smaller than the
primary signal from the correlation signal. Both streak camtransverse size of the bed giving Lp/tan(d>/2) D/3.
eras and autocorrelators lose important temporal-phase infol-p = (c/n0 w) p is the physical length of the pulse inside the
mation of the pulse. Recently, several methods have beenystalcisthe speed of lighty, ,is the index of refraction, and
developed to completely characterize ultrashort pulses, i.e., to
obtain the temporal-phase and intensity information about the
most intense portion of the beam. This is done with
autocorrelators that frequency resolve the autocorrelation sig-
nal. The single-shot technique, which is able to completely
characterize the most intense portion of the pulse, such as
frequency-resolved optical gating (FRO®)is well devel-
oped with SO and TO noncollinear autocorrelators. These
techniques, however, have not demonstrated a dynamic range

approaching 1% \
Sx(2)
For ultrashort intense pulses, it is necessary to perform
additional high-contrast autocorrelation to obtain information 7
about the temporal-energy distribution outside the most in- | | z L
tense portion. In this article, we perform only high-contrast | L | Detector
autocorrelation measurements, although the autocorrelator Coreo ¢ array

used is “FROG-ready” and can work in the single-shot regime
if the on-crystal focusing lenses are removed. The phase-
sensitive measurements were not performed because the meEgure 75.8
sured pulse was close to its bandwidth limit. Single-shot setup for the noncollingar second-order autocorrelator. Two
wide, ordinary beams witk-vectors kol,w and koz,w, propagating in the
. nonlinear crystal at angl® with respect to each other, create a second-
Noncollinear Autocorrelator for Temporal-Pulse- harmonic beamze,z,u. The width of the generated second-harmonic beam
Shape Measurements depends only on the duration of the pulses if beam diamBtare large.
The z coordinate (transverse) of the spatial profile of theThe shape of the second-harmonic beam, which is proportional to the
wide second-harmonic (SH) bed®rlQ or third-harmonic second-order autocorrelation functi@f2)(1), is recorded with a linear

beam® may be linearly mapped to the delajo obtain the —detector aray.
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T, is the pulse duration. The single-shot setup is limited to athe pulse duratiofA7 < 7, /10. Figure 75.9 can be compared
~10- to 100-ps range of delays,(due to the finite sizes of the to Fig. 75.8. In Fig. 75.9, the beam diameters are reduced by a
crossing beams and/or the nonlinear cryStaind to a dy- factor of 10, and, consequently, theidth of the SH beam is
namic range of ~X0to 10/.1520The finite dynamic range is reduced by factor of 3 with respect to the original single-shot
due to the scattering of the intense portions of the noncollinearkize. The transverse siRe= 2w of the crossing beams should
generated beam into low-intensity portions. satisfy D/{ Lp/sin(qb/z)} =< 0.3. The sizes of the beams and
their crossing angle will define the temporal resolution

To obtain a higher dynamic range with a delay of hundreds
of picoseconds, one must work in the scanning regime when AT = (1.2/y)(Dn0 w/C) tan(CD/Z), (1)
only one point of autocorrelation function (onds recorded '
during asingle shot. Thisis shownin Fig. 75.9, where the linear
detector array is replaced by a single-point detector. In awhereyis the form factor relating the FWHM ft) to that

experiment, the averaged autocorrelation function of G@)(1).
. 1 THAT/2 For ~100-fs and shorter pulses, dispersion may be a factor
G(r,AT)=— G(r')dr in the temporal resolution, or more correctly, dispersion will
TAY g . . .
T-4r1/ affect the width of the measured autocorrelation function

because the lengths of interacting pulsgswill be different
is recorded, instead &f(7), due to finite sizes of the crossing upon arrival at the interaction point.
beams. To avoid the effect of averagi@{r) =G(r), the
transverse beam sizes at the intersection pointinside the crystalln the case of the finite transverse width of the probe pulse
must be reduced to one-third of the beam size obtained inand negligible dispersion, the recorded autocorrelation func-
single-shot setup, or the time window determined by theion is proportional to the pulse sha@t) O 1 ,(t) at all times
crossing beams must be less than approximately one-tenthwherel t) changes slowly, i.e., far from the most intense

| Probe
Pulse w (2w)

L
Figure 75.9
Geometry of the crossing beams in a noncollinear scanning autocorrelator. Two
Crystal focused beams cross inside the crystal and generate the sum-frequency signal
|_ noncollinearly. For a particular delay between the pulse and the probe beams, the
energy generated in the interaction region is proportional to the autocorrelation
function. This geometry gives only one point of the auto-correlation function for
a particular delay between the two beams (scanning regime) but allows one to
After- crystal obtain the higher dynamic range required for measurements of intense, ultrashort

slit (razor blades) pulses. The light scattered from the first surfiagghown with arrows originating
from the rough surface) can be frequency doubled during propagation through the
bulk of the crystal and can reach the detector. An after-crystal slit is installed to
reduce it. Each individual beam can be frequency converted along the passage
\ (30.)) through the crystal and then can scatter into the direction of the detector, producing
\ a delay-independent background. We assume that only some portion of the beam
path between poin; andB; is visible from the detector due to the presence of

E9153 the after-crystal slit. We refer to this type of background as bulk-scattering noise.
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region. The most intense portion is modified due to theontrast and ~1& energy’’ which effectively nullifies the
autocorrelation transformation [integrationl i (t-7)]. For  influence of ASE of subsequent amplifiers to the level of
example, for the temporal Gaussian/Sgotilse shape dft) 10712 For OPA CPA where co-propagating amplified and
with a symmetric low-intensity pedestal, 1B€)(7) is 1.4 to  pumped pulses are timed and matched in duration, the long-
1.5 times wider thaf(t) and gives a pedestal intensity that isduration ASE noise does not exist, due to the absence of an
overestimated by factor of 2.8 to 3. inverted medium. In many of the above-mentioned, experi-
mentally realized schemes, the estimated contrast of picosec-
In several previous works, authors have measured 0.1- tmd and shorter pulses may be higher thal? bat has not
1-ps pulses with SO HDRA25 with dynamic ranges of been measuretf—3°
10° to 1 and with TO HDRA&S-31with dynamic ranges of
108 to 1. In two works313 the dynamic range with a TO ~ We have analyzed the factors that limit the dynamic range
autocorrelator is up to 3®for 10-ps and 30-fs pulses with a of the noncollinear autocorrelators and have systematically
temporal resolution of ~1 ps and ~0.1 ps, respectively (affectadinimized them. The main physical factors are the finite
by dispersion). In the latter reference, the recorde@nergy of the pulse, scattering from the surface of the crystal,
autocorrelation function does not foll@®¢3)(1) over the most  and bulk scattering. Minimizing or eliminating noise resulting
intense portion of the pulse, and additional second-ordefrom these factors dictates the geometry of the crossing beams
single-shot, low-contrast autocorrelation is performed tan the autocorrelator and the size and quality of the crystal for
complementthe high-contrast measurements. In all of the citexdgiven pulse duration. Our estimate for the dynamic range is
references, there were no estimates of the factors that limit tiearried out for SO HDRA but can be applied to TO HDRA as
available dynamic range. well because both use the second-order nonlinegifyof
the medium [a cascaded?:x(? process in the case of
In modern short-pulse laser systems, a contrast measufE© autocorrelation measurements] to produce the noncol-
ment of 18 may be insufficient. In a conventional CPA laserlinear signal.
system, where a nanojoule-level oscillator determines the
high-dynamic-range structure of the pulse, the contrast of The dynamic range of the autocorrelator can be conve-
optical background is ~£@r lower32-35This optical back- niently defined as the ratio of the noncollinear signal at zero
ground usually propagates through the CPA system and ielay (= 0) to the sum of signals; andE, due to each beam,
present in the final amplified and compressed pulse. In addéne at a time, sensed by the detector when the other beam is
tion, after stretching and relay losses, the amplified pulse maylocked:
acquire a background associated with the amplified spontane-
ous emission (ASE) of the amplifier itself. As a rule of thumb, DR=E (1= 0)/(E1 + Ez)- 2)
the contrast of the compressed pulse resulting from ASE noise
of an amplifier can be expressed as the number of injectelhis definition is independent of the temporal pulse shape and
photons within the gain-narrowed spectrum, if the injectedbeam delay. Herg,;, E;, andE, are the energies that reach a
pulse spectrum is wider than the gain-narrowed spectrumetector from the noncollinear signal at zero delay and from
supported by this amplifier. Typically, with a pulse energy ofeach individual beam, respectively. It is assumedghdi, «
~100 pJ injected into the first regenerative or multipass amplE,,, and that the detector is frequency filtered to detect only the
fier, the ASE background may be of the order oft@lowthe  sum of the frequencies. The noise sigiglandE, reaching
peak intensity in the compressed pulse. the detector can be scaled according to the second-harmonic-
generation (SHG) equatihwith additional spatial averaging
In the case of insufficient pulse contrast, several schemésto the detector:
have been proposed to increase it. These include the use of the
nonlinear birefringence of the fibetdPockels cellg? satu- L IK(Q)LO
rable absorberd! frequency doubling of the amplified B2 015 2(2w) D_fdgff L? sinc?
pulse38:37degenerate optical parametric amplification (OBA),
amplification based on stimulated Raman scattetthand
self-induced plasma shutterifgUsing feedback-controlled
mode-locked (FCM) lasetwith a saturable absorber inside Heresinc(x) = sin(x)/x,dQ g is the solid angle subtended by
the cavity makes it possible to create 1-ps pulses witf ~1@he detector from a point in the interaction regl¢m,Q) is the

Ifz(w, Q)dQ et - 3)
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fundamental harmonic intensity into the direction of the detecwherel; andlg are the incident and scattered intensitiess

tor, L is the interaction length for SH@k is the phase the wavelength of the incident radiation, adds the rms
mismatch, andde is standard shorthand for the effective surface roughness. Equation (4) is valid for near-normal inci-
second-order nonlinearity. Equation (3) assumes that the rdence and relatively smooth surfac@sg,A. It is assumed that
gions of the surface and of the bulk of the crystal traversed Hight scatters from the surface isotropically. With typical num-
the beams become weak secondary sources of light at the sbersd=50 A andA = 1 um, we findl /I, = 0.4%, which is very
frequency (the frequency of noncollinear signal) due to thaigh. The fundamental light scattered from the surface can
scattering followed by frequency conversion or due to th@ropagate through the crystal, be frequency doubled, and reach
frequency conversion (of strong but SHG phase-mismatcheatie detector, shown in Fig. 75.9 as arrows originating from the
beams) followed by scattering. The highly directionalrough surface. The detector is assumed to be blocked against
noncollinear (nc) signal is scaled with the same param&éés: the fundamental light. Using the scaling of Eq. (3) with
Enc 003 nclicl1lz (for Ak = 0). Ly can be roughly I(w,Q)=(Y4m)ls, dQue = 1072 steradians, a mismatch
estimated as the walk-off distance when one beam crosses taetor sincz(AkLC/Z) =107°, and the SHG length of the sur-
other. These equations allow an estimate of the amount édce-scattered noise equal to the crystal bulk length
noncollinear signal produced by two beams and the backgrouridc[Lm =L.~1 mm(Lscat/LnC = 10)] , the signal-to-noise
produced by each individual beam. With the known position ofevel is approximately 0 This is about three to four orders
the entrance pupil of the detector and the scattering propertiesaffmagnitude lower than required. The scattering in a particu-
the crystal, the noncollinear signal can be compared to the sigriat direction can be enhanced if the surface is manufactured
produced by the scattered light, and the dynamic range of théth a characteristic roughness period, which acts as a diffrac-
noncollinear autocorrelator can be estimated. tion grating.

Finite Pulse Energy To reduce the surface-scattering effects, an aperture or slit
When the energy of the amplified pulse exceeds severahn be placed just after the crystal to block the surface-
millijoules, the current state-of-the-art lasers can operate onlycattered light from entering the detector. We refer to this slit
at a low repetition rate—typically 1 to 10 Hz for the first as an “after-crystal” slit (see Fig. 75.9). It is evident that this is
amplification stage and less for the second and higher stagesore effective at higher crossing angles, with smaller en-
In this case, a multipulse averaging technique (such as lock-trance-pupil angles of the detector, and/or with thicker crystals.
detection) is impossible. A detector signal corresponding t&or the two beams crossing halfway in the bulk of the crystal,
below 1 photon per pulse in the incident radiation is nothe condition for reducing surface-scattering noise can be
practically extractable. If we assume that the equivalent noisstated as follows: an observer at the detector should not see
level of the device is 10 photons per pulse, to obtain theegions where the interacting beam hits the surface, or the
dynamic range of 3, 103 photons, or 34J of energy, are backward image of the detector entrance-pupil angle onto the
required in the second-harmonic noncollinear signal at thfirst surface of the crystal should be within the “dark area” (see
peak ¢ = 0) for 1um fundamental light. The undepleted Fig. 75.9),
second-harmonic signakg. U 141,) can be produced with

~10% efficiency; hence, a 3(1')} pulsg_is required at the dy +quet(|_sI + Lc/nzew)
entrance to the crystal. For high-repetition-rate lasers, such as
oscillators, lock-in detection can reduce requirements for the < L tan(®/2) - o /cos(®g /2). ()

energy of individual pulses by 3 or more orders of magnitude.
For example, several types of ultrashort-pulse oscillators, witithe left-hand side of Eq. (5) is the size of the backward image
individual-pulse energy in the range of 1 nJ, have been charaaf the detector onto the first surface of the crystal with slit size

terized with dynamic ranges of 4835 dg, crystal thicknesg,, and distance from second surface of
the detector to the slitg. The right-hand side is the size of the

Surface Scattering “dark area” on the first surface of the crystal where the two
Light scatters from a rough surface accordirftf to beams, with waist sizev,, separated by the distance

L. tan(®/2), are attenuated to 1®. This is due to the phase-

matching and intensity effects on the conversion efficiency.
|_s:§ﬂﬂ5g ) Equation (5) determines the minimum crossing angle or
lo A0
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thickness of the crystal for efficient surface-noise filtering. ltcrossing plane is approximately the same and is determined by
also fixes the optimal linear size of the detedg; in the  the divergence of the SH beam. This gives a@#Gsize of the
crossing plane. The other dimension of the detector is detdsackward image of the detector onto the first surface of the
mined purely by the divergence of the noncollinear SHG beantrystal and the size of the “dark area” as BODA 2- to 3-mm-
To maximize the dynamic range, we must chdégg to be  thick crystal is required to efficiently filter the surface-scatter-
approximately equal to the divergence of the noncollinear Skhg noise. With a low-birefringence crystal such as KDR £«
beam, assuming that the detector is in the far field. = 20°), a 6- to 8-mm-thick noncollinear crystal is required to
satisfy Eq. (4) and to filter out the surface-scattering noise. In
The following factors should be considered simultaneouslyll previously reported SO HDRA's utilizing a nonlinear crys-
with Eq. (5): tal for frequency conversiof;2°the dynamic range at the
level of 1® to 1P was probably limited by surface scattering.
1. The size of the fundamental beams determines the resolu-
tion of the autocorrelator, the size of the SHG beam, and tHgulk Scattering
size of the after-crystal slit. Bulk scattering is always present in the background and
presents the fundamental limitation to the dynamic range of the
2. The crossing angles are limited by the finite birefringenceautocorrelator. Each beam propagating through the crystal can
of the crystal. For example, far= 1 um, the maximum be scattered into the direction of the detector and converted to
crossing angle for Lil@and BBO is 39, while for KDP it ~ SH noise or can be converted to the SH and then scattered. The
is 2C°. latter process is more probable because the scattering is in-
versely proportional to the fourth power of wavelengthl
3. The closer the slit is to the crystal, the better. The razdi/A%. R, expressed in cisr 1, is the bulk-scattering intensity
blades are positioned at an angle with respect to each othatiol /I per unit length traveled in the bulk of a solid material
that minimized_q, while keeping the area of contact of the per unit solid angle. Bulk scattering depends on the macro-
razor blade with the crystal as small as possible. Anothescopic index-of-refraction inhomogeneities of a dielectric,
reason for such positioning is to avoid blocking each fundaAn,4°
mental beam because backwardly reflected light may give
additional background. C

—(an)?, (6)

R=

>

4. Smaller Waists{wo =D/2 « 0.3Lp/[25in(¢/2)]} are im-
practical because the SHG conversion efficiency will dewhereA is expressed ipm andC = (2 to 4)x 10° um* cm
crease dueto the reduced interaction length. Tighter focusirsg 1. The angular and polarization dependence of the scattered
would require higher intensities to keep the energy of théght is omitted for the purposes of these estimates. Well-
noncollinear signal at the same level, which could result imanufactured amorphous glasses have 1074-107° cmi™1
damage or saturation of the crystal. and follow theA™ laws#6 Good-quality optical crystals may
haveAn = 106 cm™ andR = 1078 for visible light. For the
The following example illustrates these constraints. Focussmaller bulk-scattering ratioR& 108-10° cm1 srl), the
ing two identicaivg =2 mm beams witfie 250 mm lenses into  scattering from a single molecule can be comparable to the
a noncritically phase-matched Lij@rystal (maximum pos- scattering from macroscopic inhomogeneities.
sible @ = 39.5) with L, = 5 mm will produce a second-
harmonic beam with sizg ,,,= 100um and divergenc#s,,, Here we describe the level of noise scattered into the
~1072rad. For 30xJ total energy of the two beams, wdthy . detector from a single beam converted to the second harmonic
= d3;= 4.2 pm/V* the estimated conversion efficiency will and then scattered. We assume that SHG occurs over a 1-mm
be ~10%, giving the required 48 per pulse of the noncol- length along the&-vectors (Eol,w and Roz,w) of the beams.
linear signal. The corresponding peak intensity of each fund&his gives the ratio of the bulk-generated to noncollinearly
mental beam will be ~500 GW/&for a 1-ps pulse duration. generated intensities:
For a crystal-slit separati®g;= 10 mm, one needs a slit width
dg = 400um to transmit 99% of light and a linear angular size _ 2. 9 —1n-3
O?Ithe detectok e = 3W,,, = 3 x 1072 rad. The other linear 2ot/ 2 = (Lt L) Sne?(Md iy /2) =107
angular size of the detector in the plane perpendicular to the

164 LLE Review, Volume 75



ULTRAHIGH DYNAMIC RaNGE MEASUREMENTOF HIGH-CONTRASTPULSESUSING A SECOND-ORDER AUTOCORRELATOR

TakingAn ~ 10° cm ™ givesR, = 1077 for A = 0.5um. The  the direction of the detector from the segment pBiB{] is
highly fluctuating function sirgfx) may be replaced on aver- (Ry16) Lj,,dQqer = 10711 The SHG (even perfectly phase

age with 1/22. With the solid angle of the detectd® ;= matched) is the square of this expression. Even if the SHG
10 2 steradian, the fractidRyL;,,dQqe= 107 100f the lightwill  length of this scattered beam is an order of magnitude higher
be scattered into the direction of the detector, giving backhan the effective SHG length of the main noncollinear signal,
ground noise at the level 10x 10710 = 10713 Here,L;,, ~ the estimated dynamic range is 14 0naking this scattering

1 mm is the length of the path of the single beam inside thgrocess negligible.

crystal, which is visible from the detector as shown in Fig. 75.9

with end point$, andB, and with L;,, = |Bl - Bz|. This path Portions of the individual beams directly converted into the
segment is the secondary source of SHG noise, which createscond harmonic and then scattered into the direction of the
delay-independent background into the detector. The nomletector limit the dynamic range of the autocorrelator to the
collinear signal will be ~% 1012 times stronger than the bulk- level of 5x 10'2with the refractive bulk inhomogeneities in the
scattering signal. 1-mm-thick crystal at the level @&n ~107 cm ™.

Here we discuss the bulk-noise level into the detector in thExperimental Setup and Results
case where the fundamental beam first scatters in the bulk and The experimental setup is shown in Fig. 75.10. The high-
where the scattered portion is converted into the second hamntrast pulse is generated in a chirped-pulse-amplification
monic. The portion of the fundamental harmonic scattered int@CPA) system utilizing a chirping fiber. The system consists of

Chirping
A2 &%% M4 P N2 _
SN [ g Stretcher —s|PoOckels_| Regenerative
U U au ) cell amplifier
|
|
, OPC | Pockeld
0 cell
@
) ) B Kinematic
Small compression gratings mirror
Ml%
Autocorrelator v
1.3 ps, .
0.25 mJ 9-mm amplifer
M2 L/
I Il
<! LIy 30-mm amplifer
. JANLI
Motorized
translation
SA  Down
stage cell collimator
LilO, Large
compression gratings
2w
Q Calibrated filters 1.8 ps, 23
Computer PMT o

E9154

Figure 75.10
Experimental setup for production and measurement of ultrahigh-contrast, 1-ps pulses. OPC: the optical pulde glekanizer;A/2 andA/4: half- and
quarter-wave plates, respectively; BS: beam spliklarandM»: mirrors;L; andLy: on-crystal focusing lenses; and PMT: photomultiplier tube.
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a Nd:YLF oscillator followed by a fiber, a stretcher, threechirping fiber. The satellites and long pedestal can be sup-
amplification stages, and a grating compressor. The pulse trgimessed by two and one-half orders of magnitude by using
from the Nd:YLF oscillatdt’ is made up of 100-MHz, 45-ps optical pulse cleaning (OPC) with the nonlinear birefringence
bandwidth-limited pulses at a wavelength of 1053 nm. Thesef the chirping fibef:°0A quarter-wave plate and a polarizer
pulses pass through an 800-m-long, single-mode optical fibesye inserted, as in Ref. 51, rather than an additional fiber, as in
which imposes a frequency chirp on the pulse with a bandwidtRef. 32 (Fig. 75.10). The half-wave plate after the OPC is used
of up to 40 A. A grating stretcher is then used to expand thi restore the polarization necessary for the grating stretcher.
pulse to 450 ps. After the stretcher, one pulse is selected wilthe spectrum leaving the chirping fiber was substantially
a Pockels cell for amplification. reshaped, as shown in Fig. 75.12. The original spectrum,
leaving the fiber without a quarter-wave plate is shown with a
The chirped pulse is amplified in three stages. All threesolid line. It has peaks #20 A from the central frequency and
amplifiers are flash-lamp-pumped, water-cooled rod amplifitwo wave-breaking sidelobesat +30 A. After rotating the
ers that have Ni:glass as an active host. The first stage is avave plate and polarizer for maximum rejection of low-
non-cavity-dumped, linear regenerative ampliftef8which intensity light and maximum transmission of high-intensity
provides most of the gain. It operates at a 1-Hz repetition ratéght, the spectrum became centrally peaked with reduced
After about 85 passes, one pulse from the regenerative amptieaks at-20 A and completely eliminated side lobes, as
fier train with an output energy of ~0.5 mJ is switched out orshown with the dashed line in Fig. 75.12. The spectral intensity
the leading edge of the pulse-train envelope. The total cumwof the amplified spectrum is primarily determined by the gain-
lative B-integral of this pulse is ~0.7. This pulse then passesarrowing in the regenerative amplifier and is almost indepen-
through a 9-mm-diam rod amplifier where its energy is raisedent of the injected spectrum. The pulses with contrastimproved
to ~60 mJ. The 9-mm rod amplifier amplifies the pulse in oneby OPC are shown in Fig. 75.11 with open diamonds. The seed
two, or three passes. The energy of the pulse can be furthemergy contained within the shape of gain-narrowed spectrum
boosted by 50 times in the third stage with a single-pass$s ~5 pJ. This imposes an ASE background with contrast ~10
30-mm rod amplifier. The amplified pulse is compressed wittwhen the pulse is compressed, as seen in Fig. 75.11 [curve (b)]
a pair of compression gratings. The energetic parameters fafr delaysr > 130 ps. This background is very sensitive to the
the CPA system are listed in Table 75.11. When compressedlignment of the seed and can be increased by one or two orders
1.6-ps pulses can carry energies in excess of 2 J and candfenagnitude by a slight mispointing of the seed pulse. The
focused onto a target with peak intensities up & ¥o/cn?. insetin Fig. 75.11 shows the amplified spectrum (solid curve)
corresponding to the autocorrelation data (a) and the spectrum
The amplified compressed pulse exhibits a pedestal consistfter OPC (dashed curve) corresponding to the autocorrelation
ing of two broad, equal-intensity satellite pulses separatedata (b). The spectral width of the amplified OPC-modified
from the main pulse by ~60 ps, as shown in Fig. 75.11, curveulse was 11.5 A (FWHM), with the shape close to Gaussian.
(a), with solid circles. The existence of two symmetric satelWith a form factory =1.4, the autocorrelation measurement
lites was ascertained by performing TO HDRA measuregives a pulse duration of 1.4 ps and a corresponding time-
ments2l Their origin is the overlaid pedestal from the bandwidth product of 0.44.
oscillatod3 and uncompensated phase distortions from the

Table 75.11: Parameters of the CPA system

Total gain Peak Output

In Out (gaininthe active host) |  fluence spectrum B-integral
Oscillator 1 nJ45 ps - 04A
Fiber 1nd 0.3 nJ/150 ps 0.5 - 30A ~100
Regenerative
amplifier 3pJ450ps | 0.5mI150 ps 1036 0.1 Jem? 12A 0.7
9-mm amplifier
(thra:_: passes) 0.3mJ 60 mJ 400 0.1 Jem?2 12A 0.2
30-mm amplifier 40mJ 27J 50 0.5 Jem? 12A 0.6
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The contrast of the amplified compressed pulses was furtheell was 1 cm, with ~12.5-mm wall thicknesses. Within the
boosted by a fast saturable absorber (SA)%€llhe com-  range of incident fluences between 0.01 and 20 n#JAtra
pressed pulse was down-collimated to a waist of 0.7 mm beforecident-fluence-dependent absorption coefficient
the SA cell to obtain a peak fluence of 25 mFevith 1.4-ps, [T = exp(—aL)], as measured with compressed 1.6-ps pulses,
0.25-mJ pulses. The SA was Kodak dye #9860 in nitrobenzeneas

with molar concentrations;) varying from 50 to 7M. The
relaxation time of this SA is ~4.2 p8.The thickness of the

1
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with ag/ny = 0.02 et uM™1, ag,fny = 0.16 cmt uM™1,  autocorrelator optics is ~0.3. After transmission through the
Jsat = 1.28:0.02 mJ/crd, andn = 1.5Qt0.04. For incident SA cell, the duration of the pulse was reduced from 1.4 ps to
fluences higher than ~30 mJ/grmcreased nonlinear absorp- 1.0 ps. The peaks at 54, 100, and 125 ps are Fresnel reflections
tion was observed instead of saturable absorption (decreasem optics inthe autocorrelator. The pulse is measured to have
in transmission by 2%-3%). The operating incident intensityn intensity contrast in excess of-10

was chosen near 20 to 25 mJ#ifhe measured transmission

of the cell was exp{agL) = 22% with a Kodak-dye concen- The dynamic range of the autocorrelator, measured as the
tration of ~75uM, and the expected contrast boost wasratio of the peak of the signal to the sum of the signals measured
expagal) ~ 1C. from each arm while the other arm was blocked, was 10

without the after-crystal slit and ¥bwith it. Noise from each
The autocorrelator was constructed as follows: A 10smm arm represented a constant addition to the signal, independent
10-mm, 4-mm-thick LilQ crystal with rms surface roughness of the delay, but proportional to the square of the energy of the
below 50 A and bulk index-of-refraction inhomogeneitiesfundamental light at the input of the autocorrelator. That
below 10° cm™1 was chosen as the noncollinear crystal. Theadditional noise can be subtracted from the signal for each shot,
two beams had a crossing angle= 19° (~75 in the air). leaving not the noise level from each arm, but rather the
Without a down-collimator and on-crystal focusing lenses, theincertainty of the noise level of each arm. The uncertainty of
autocorrelator was used to measure the pulse duration intlze noise level of each arm was 20% of the noise itself; thus, the
single shot. The diameter of each individual beam wgs2 system was able to resolve the signal with a dynamic range of
5.6 mm. With a down-collimator before the saturable absorbd.5x 102, The signal at large delays was about twice as large
cell and with the insertion 6& 125-mm lensek; andL, (see  as the noise.
Fig. 75.10), the two beams were focused onto the crystal with
waist sizes of 4pim. The crystal was cut for type-1 noncritical ~ The estimates based on the simple geometric layout shown
phase matching. An after-crystal slit with a widthdyf = in Fig. 75.9 with Gaussian beam profiles show that our ap-
300um was placedly; = 1 mm behind the crystal, as shown in proach can be applied to pulses as short as 100-fs duration. For
Fig. 75.9. The autocorrelator was carefully aligned with repulses shorter than ~100 fs, both the geometry and the phase-
spectto any geometrical displacement of the probe beam insideatching conditions over the 10-nm spectrum may make it
the crystal when the translation stage is scanned. A photomulificult to reduce the surface-scattering noise, which may
tiplier tube (PMT), heavily filtered against the fundamentaldecrease the dynamic range of an autocorrelator. The shorter
frequency and attenuated with variable-calibrated neutrapulses require higher temporal resolution (smal@and thus
density filters to keep the signal on the same level, was used stwaller crossing angles. Smaller crossing angles would require
the detector. The signal from the PMT was additionally timea longer crystal. Longer crystals would cause the distortion of
gated to avoid any noise associated with two-photon fluoreshe temporal shape of the pulse (due to material dispersion)
cence, or any other long-time-scale optical noise. The signakfore it reached the interaction region. Tighter focusing
from the PMT was an electrical pulse ~4 ns in duration. Thisvould bring noncollinear frequency conversion closer to satu-
electrical pulse was integrated within the gate time of 80 ns andtion with lower energies of the crossing fundamental beams
converted into counts. One count from our acquisition systerand would give smaller noncollinear beam energies. The after-
corresponded to 4 optical photons. The combined optical amaystal slit still might be a solution with 1Q@n-thick crystals
electrical noise level with the PMT exposed to the experimerand tighter focusing for multikilohertz systems able to gener-
tal surroundings, without attenuating neutral-density filtersate ~30-fs pulsésecause one can utilize lock-in detection.
and without blocking the noncollinear signal, was 2 counts.
In conclusion, we have demonstrated for the first time
The second-order autocorrelation measurements of pulsescond-order autocorrelation measurements of ultrashort pi-
cleaned with OPC and SA are shown in Fig. 75.13. Each poigbsecond pulses with dynamic ranges of ~01®2. To our
of the autocorrelation curve in Fig. 75.13 corresponds to aknowledge, this is the highest dynamic range obtained in time-
average of five laser shots. The inset shows the measuregisolved dynamic-range measurements with tens-of-
spectrum before and after the SA cell. From the spectrdémtoseconds resolution. To our knowledge, this is also the
measurements, it can be seen thaBtietegral accumulated first consideration of dynamic-range limitations for non-
in the SA cell is ~1. The estimatBdntegral in the rest of the collinear, high-dynamic-range autocorrelation measurements.
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Figure 75.13

Normalized second-order autocorrelation of the OPC-cleaned pulses (as shown in Fig. 75.11 with open diamonds) afterrirdmemgssibe SA cell. A
10-12signal corresponds to ~4 photons per shot. The final autocorrelation function has peaks at 54 ps, 100 ps, and 125 @islaratiei®° below the
peak intensity. These are Fresnel reflections in the autocorrelator optics and in the SA cell. The 54-ps peak is ashdb@tetewition from the 5-mm-thick
non-wedged mirrorNl2 in Fig. 75.10) in the translation-stage arm. It can be eliminated by using a wedged mirror. The 100-ps peak is the sfleatidary r
in the plano-convex € 125 mm, thickness 10 mm) on-crystal focusing lenses @ndLy in Fig. 75.10). This expected peak was at a different position when
focusing lenses with a different thickness were used. It can be reduced and eliminated by better coating and with digigh¢mis&the focusing lenses.
The 125-ps peak is the Fresnel reflection from the 1/2-in.-thick wall of the second SA cell. It disappeared but was repkigelhibygeak at 10 ps when a
SA cell with 1-mm-thick walls was used. The inset shows the intensity spectrum of the pulses before (dashed line) alhd laf@rt(aasmission through

a SA cell for incident fluences of ~25 mJ&mAfter transmission through the cell, the pulse duration decreased from 1.4 ps to 1.0 ps. The dashed and solid curves
are, respectively, 1.0-ps Gaussian and éthto this autocorrelation data.
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Using lon-Beam Techniques to Determine the Elemental
Composition of ICF Targets

The precise elemental composition of any inertial confinemerdesirable for analyzing ICF targets. Another technique adapted
fusion (ICF) target (capsule, flat foil, or a package attached tfor ICF-sized shells—x-ray fluorescence—is also nondestruc-
a hohlraum) must be known to interpret the results of théve and is used to identify dopants (chlorine, titanium, germa-
implosion. The accuracy of this information was never an issugium, silicon) in individual shells according to their
in earlier experiments: the composition was well known beeharacteristic x-ray emission sigrfaCarbon, hydrogen, oxy-
cause the targets were straightforward designs (i.e., glagen, and nitrogen cannot be detected. Again, the actual ele-
capsules and micro-encapsulated polystyrene shells) that wareental composition can be quantified if a suitable external
fabricated using well-characterized polymer chemistry methealibration of the technique can be established. The techniques
odologies that yield known compositions. Targets used todagiscussed here provide a third nondestructive method for
are more complicated than those used previously and aassaying individual capsules, with the added virtue that they do
fabricated by new methods that are still in their infancy andnotrequire external calibration. This eliminates several sources
accordingly, are less understob@hese techniques involve of uncertainty in the measurement.
the plasma-induced (a low-temperature, glow-discharge) po-
lymerization of gas-phase monomers. The energy from the In this article the capabilities and limitations of the ion-
plasma and the presence of ions allow gas-phase and gasam techniques along with the accuracy that can be achieved
surface interactions to occur that are otherwise unattainabie the absence of external calibration are discussed. An analy-
using classical solvent chemistry because numerous reactisis of current ICF capsules and some flat-foil targets is pre-
mechanisms are now thermodynamically and kinetically alsented. This is not the only work that has used ion-beam
lowed. The resulting materials are amorphous solid-state soltechniques to characterize ICF targets: recently, Sandia Na-
tions where the composition cannot be infermgatiori from  tional Laboratory reported on using ion tomography to mea-
the processing conditions. The overriding importance of thisure the density and density uniformity of foam targets used in
target-fabrication technique, however, is that thin-wall capSandia’s ICF prograrh.
sules, and capsules with discrete radial regions of the capsule
wall doped with mid- to high-atomic-weight elements, canRutherford Backscattering Spectroscopy
now be produced.The associated uncertainty regarding the The first of two ion-beam techniques used to determine the
composition of these targets now requires the evaluation ardemental composition of ICF targets is Rutherford backscat-
application of suitable analysis techniques. tering spectroscopy (RBS). This technique analyzes the energy
of ions elastically recoiled off a surface. The stoichiometry,
When a target is made of commercially available materiakreal density, and presence of impurities in the top 5 o120
the material assay is accurately known. When targets are madethe material can be absolutely determined. Elements with
using coating processes, only the composition of the sour@omic numberZ >4 can be identified at concentrations as low
(precursor) material is well known; independent analysis of thas 100 parts per million (the sensitivity depends on the atomic
as-deposited material is needed if the composition is to bmass of the elements involved). The typical surface area of the
accurately known. This analysis is done by many methods: Thanalysis beam isX1 mm, although smaller probe dimensions
most common technique is electron microscopy using eithdtimit: 1-um diam) are achievable by using quadropole electro-
energy-dispersive or wavelength-dispersive x-ray detection taptics to focus the beam. The principal disadvantage of the
identify the elements. These techniques are well establisheBBS technique is that it cannot be used to detect elements at
and quantitative data can be obtained with the use of NISfface concentrations: it has moderate sensitivity to heavy
standards. The diagnostic probe size is small (typicallyml- elements in mid- to light matrices (threshold is 1 in®yHhd
diameter, 5um deep) and nondestructive, features that ar@oor sensitivity to light elements in heavy matrices (threshold
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~1 part in 10). Fortunately, these limitations do not apply talepends on the distribution of the identical substrate atoms
the ICF targets investigated for this article. A second limitatiorthrough the film depth: ions that recoil from deeper within the
of the RBS technique is the logistical one of having readwolid possess lower recoil energies as they lose energy travers-
access to the equipment. The equipment is expensive to pimg the substrate. The ratio of the engfgyf the incident ion
chase and operate and exists only in a few universities anal the energyEiA of the high-energy side of pe&kis the
commercial organizations. kinematic factorK , = EiA/EO , which is specific for the inci-

dent ion, the target atom, and the scattering angle. The kine-

RBS also quantifies the composition of the film at varyingmatic factor is also given by

depths: the minimum resolvable depth incrementis 5to 10 nm,
and the maximum depth the technique can probe depends on ) 2 2
the material composition of the film and the ion beam. For K :{[(MZZ - Mlzsmz 9)1/ * Mlcosel/(M1+ MZ)} '
example, a Hebeam at 2.0 MeV can distinguish chlorine in a
hydrocarbon matrix to a depth of gf; a H" beam at 1.4 MeV  where@is the laboratory angle through which the incident ion
can distinguish chlorine in the same polymer down tprR0  is scattered anil; andM, are the masses of the incident ion
These capabilities allow the location and concentration cénd target atom, respectiveliX, My, E,, andf are all known,
dopants in a multilayered polymer capsule to be accuratelllowingM,to be determined. (Itis physically intuitive that the
characterized. (A concern in the fabrication process is that thiigeater the mass of the substrate atom, the higher the energy of
dopant may diffuse out of its original layer when the capsulethe recoiled He ion.) The physical basis for this equation is that
are processed after the vapor-phase, plasma-polymerizatitme kinematic factor depends on the conservation of energy and

process is complete.) momentum in a two-body collision, a realistic approximation
at these energies (0.5 to 5 MeV for'fjievhere the collisions
Principles are pure Coulombic and where relativistic and off-resonance

Analysis ions are accelerated to a well-defined energpuclear reactions do not occur. Tables of the kinematic factors
(typically 1 to 10 MeV) and are focused onto the target. Mosare available for many incident ions (includitg and*He")
ions lose energy through inelastic collisions with the targeand substrate atoms at discrete recoil ang®8 An added
substrate and are implanted into, or are transmitted througsignificance of the kinematic factor is that it influences the
the substrate. A very small fraction of the incident ions elastimass resolution of the technique; the incident ion and ion
cally recoil off atoms in the target substrate, and a furtheenergy can be varied to resolve elements with similar masses.
fraction of the recoiled ions have sufficient energy to escap®ther important factors affecting the accuracy and sensitivity
from the solid and be detected. The energy of the recoiled ioms the technique are the resolution of the surface-barrier
is measured using a surface-barrier detector, and the numbedettector and energy straggling by the ion beam as it penetrates
ions in a predefined energy range (referred to as a channel)iigo the surface (i.e., statistical fluctuations that cause the
counted. The substrate atoms are identified by measuring tiétially monoenergetic ion beam to assume an increasingly
energy of the recoiled atom, allowing for the energy the ionwide energy range as the penetration depth increases).
loses traversing (both entering and exiting) the substrate. The
number of atoms per cross-sectional area is determined from The areal density of théh element is determined from the
the total number of recoils detected. knowledge of the experimental configuration [Fig. 75.14(a)]:

the detector solid angl@; the integrated peak coufy, for a

A schematic representation of the recoil process is shown known number of incident ion®; and the measured, or
Fig. 75.14(a), and the resulting backscattered spectrum, galculated, cross sectian(E,6):
Fig. 75.14(b). The abscissa displays the energy of the recoiled
ions, where the bandwidth of each energy channel is the energy Nt = A cos 6
resolution of the detector (16 keV) and the highest channel eYe) o;i (E,08)’
number has the greatest energy. The abundance and distribu-
tion of element#\ andB are calculated from the peakgand  whereN,; is the atomic density of thiéh element and is the
Ag. The peak height depends on (1) the absolute number fifim thickness. If the scattering is Rutherford, the cross section
identical substrate atoms at each resolvable discrete depth amd,6) can be calculated:
(2) the kinematics of the ion—atom interaction. The peak width
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Nuclear Resonance Analysis of Hydrogen
o(E,0) = (2122e2/4E)2 Accurately quantifying the amount of hydrogen in materi-
als is extremely difficult. Most analytical techniques are un-
able to detect hydrogen. Those that can detect hydrogen quantify

2
4[(|\/|22 - MZsin? 0)]/2 +M, cosel the atom indirectly by probing those atoms/complexes that
% . . .
" 2 2a2aW2 incorporate hydrogen, i.e., classical spectroscopy looks at the
Mz sin 6?(MZ M{ sin 9) absorption/emission of hydrogen-bonded complexes; elec-

tron-detection—based techniques (i.e., x-ray photoelectron spec-
troscopy and electron-energy-loss spectroscopy) quantify
whereZ, andZ, are the atomic numbers of the incidention anchydrogen from the electron-energy-loss spectrum. More con-
target atom, respectively, apdl= 1.44x 10713 MeV-cm. ventional methods (i.e., combustion analysis) that can quantify
the hydrogen content typically require a large sample size. This
This analysis typically yields3% uncertainty for the areal introduces an additional source of uncertainty when analyzing
density measurement and less than 1% uncertainty for th€F targets since many (typically in excess of 100) capsules are
average stoichiometry. This precision decreases as deepequired to obtain the necessary mass. The measured hydrogen
layers are analyzed because of energy straggling. content is thus an aggregate value that averages several pro-
cessing batches and many capsules from the same batch.
Material analyses using these techniques are typically dor@nsequently, itis impossible to know how much the hydrogen
with “He ions and modest accelerator energies (0.5 to 2 MeVgontent varies from one target to the next.
At higher and lower energies, the elastic-scattering cross
section departs from the Rutherford cross section (i.e., near lon-beam-based techniques have been used for more than
Coulombic): at lower energies the deviation is due to thd0 years to measure hydrogen concentrations in thin films.
nuclear charges being partially screened by the electron sheBgcause these techniques are sensitive to small variations in
of both nuclei; at higher energies the deviation is caused by theydrogen concentrations and require only a small sample size,
presence of short-range nuclear forces. Helium is typicallyhey are convenient for analyzing ICF targets. Two ion-beam
used because the backscattering cross sections with all atotashniques exist: One technique, elastic recoil detection (ERD),
larger than beryllium are nearly Rutherford in this energyis the reverse of classical RBS since heavy incident atoms
region, and there is extensive experimental data regarding tferward-scatter loweF- substrate atoms @ Z < 9) and are
kinematic factors and Rutherford-scattering cross sections.themselves kinematically recoil@dhe second technique is

(a) (b)
20001
f—t— B A
E; Eq Eo
)
X Qions at c l
0, 3 1000F
Y g B R A
<0 J e, Ag A
T T/
Q detector 0 . . . . . . . |
AmBn 0 500 1000

71386 Channel number

Figure 75.14
(a) Schematic of the experimental geometry used for RBS. (b) Associated Rutherford backscattered spectrum for a two-&gaidAiByton a
lower-mass substrate.
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nuclear resonance analysis (NRA). This technique measurasalyzed materials are plastics and are susceptible to bulk
the gamma-ray producg)(of a nuclear reactién heating effects. Typically the total charge delivered to the
substrate is less than LC/cr?. This threshold was chosen
based on a related report that found that bombarding a teflon
film with 6-MeV nitrogen ions decreased the fluorine concen-
tration by only 198 Since carbon-hydrogen and carbon—
The reaction cross section at the resonance energy (6.38%orine bonds have comparable strengths, this ion-beam
+0.005 MeV) is large and decreases rapidly off resonance; thiereshold is believed to have a minimal perturbation on the
cross section is four orders of magnitude lower and 8 keV offarget’s composition. This was confirmed by measuring the
resonance. Thesray yield is proportional to the hydrogen hydrogen content of solution-cast polystyrene films to be
concentration at the resonant energy and is accurate to withsd at.%, the theoretically expected value. The total dead time
2 at.%. Depth profiling is achieved by varying the incidentof the detector is kept below 10% by controlling the ion-beam
15N** energy, and as the ion loses energy traversing the solidyrrent. Finally, particle-induced x-ray emission (PIXE) data
a region develops within the solid where the ion energy is atere acquired and used to help qualitatively identify the
resonance (6.385 MeV) apdays are produced. The detection elements present in the material.

“window” equates to a depth of ~7.5 nm in the solids analyzed

for this article. This technique’s advantage over ERD is greatddata Analysis

depth resolution and sensitivity, and it is this latter technique The first step to determine whetherion-beam techniques are

SN+ +1H _ 12¢ +4He +y(4_43 MeV).

that is used to analyze ICF targets. suitable for analyzing ICF targets is to calculate the behavior
ofan energeticioninan ICF target. Of interest are the trajectory
Experimental Conditions and penetration range of different ions, at specific energies,

The ion-beam work was analyzed using the Dynamitronvithin the material. These data are available using “Stopping
Accelerator (Model P.E.A.-3.0) at the Accelerator Laboratoryand Range of lons in Materials™a software that uses the
at the State University of New York at Albany. The three ionknown collisional cross sections and stopping powers to per-
used werelH*, 4He*, and1°N** at energies of 1.4, 2, and form a Monte Carlo simulation of an ion’s path through the
8 MeV, respectively. Three beamlines were used. One beamlingaterial. In this manner the divergence (“straggling”) of the
was configured for standard RBS analysis (nominal 1smm beam as a function of depth can be determined. Also, the
1-mm spot size). The laboratory geometry [Fig. 75.14(a)] wasnergy lost by the ion to the substrate as it penetrates deeper
as follows: the angle between the beam and the detegjer, ( into the material can be determined.
6,), was 14; the angle between the sample normal and the
detector,8, ,was 7; the sample normal was’ Above the An example of this simulation is shown in Fig. 75.15. The
equator; and the solid angleof the surface-barrier detector modeled substrate is a multilayered polymer capsule, as pro-
was 31 msr. The second beamline was configured for micreided by General Atomics, and analyzed by RBS
probe analysis (spatial spot size pifrdiam); the detectorwas (Fig. 75.16). The incident He ion is at 2 MeV and is defined as
above the incoming beam i + 6, = 23°; the sample was a point source on the surface of the substrate. The ion pen-
perpendicular to the beam; and the solid angle was 87 msr. Thgrates 9.44um into the plastic with a depth “straggle” of
third beamline used®N** for hydrogen analysis. A Nal 0.18um and a radial divergence of ~Quéh [Figs. 75.15(a)
scintillation detector was positioned directly behind the inci-and 75.15(b)]. Figure 75.15(c) shows the energy lost as a
dent ion beam. function of depth as the He ion penetrates the material; on

average, the ion loses ~20 eV/A. This information is useful for

Data recorded during the 5 to 10 min typically required taletermining whether the ion beam is heating and possibly
acquire a RBS spectrum are (1) the number of recoils at eaelitering the substrate. These data confirm that a microprobe
discrete energy resolvable by the surface-barrier detectbleam with a 2#m-diam spot size will sample a cylindrical
(FWHM resolution is 16 keV); (2) the total current and chargesolume no greater thang8n in diameter and ~8m deep.
striking the target; and (3) a correction for the dead time of the
pulse-height analyzer. The total charge and current incident on The Rutherford backscattering spectrum is analyzed using
the surface were optimized to obtain a satisfactory signal-ta standard code—Rurfp-which uses known kinematic fac-
noise ratio while minimizing any ion-beam damage to thdors, Rutherford cross sections, and stopping powers to simu-
substrate. This latter effect is of special concern as most of th@te a backscattered energy spectrum for any material
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composition. The procedure is to first simulate the RBS specomponents (i.e., C, N, O) and 5% to 20% for trace (<10 at.%
trum using a “guessed” elemental composition and then contetal concentration) dopants such as Cl, Si, Ge, and Ti.

pare the theoretical spectrum with the actual spectrum. The

guessed composition is then refined and the theoretical spec- RBS detects elements with atomic numbers greater than 4.
trum recalculated. The process is iterated until the stimulatedis this excludes hydrogen, a major component of ICF polymer
recoil spectrum corresponds with the actual spectrum. Wherapsules (~50 at.%), its concentration was determined using
the material is not isotropic, it is necessary to specify thauclear resonance analysis. The hydrogen concentrgiidn (
composition of the material at discrete layers. Agreemeris related to the experimentally measured gamma-ray yigld (
between the theoretical and actual spectra of various ICly

polymertargets is shown in Figs. 75.16—75.18. The accuracy of

these analyses i2 at.% of the absolute value for the primary Y = [Qpy(x) o(x) dx,

(@)

lon trajectories Transverse view

Figure 75.15

Monte Carlo simulation of a 2-MeV He ion penetrating intoa 1-mm-
diam CH capsule containing an aluminum shinethrough barrier
(100 nm) and a buried chlorine-doped region (3 at.2n2leep and

7 um from the surface): (a) the lateral and radial projection of the ion
in the substrate; (b) the longitudinal (depth) projection of the ion
beam (9.540.18 um); and (3) the ion-energy loss per angstrom

traversed as a function of depth.
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whereQ is the number of incident ions amdis the cross the material being analyzed; for example, to calculate the
section. Clearly, this cross-sectional dependency requires tlaenount of hydrogen in a hydrocarbon:
film’s elemental composition (elements other than hydrogen),
f!lm thlckpess, end density to be accurately known—informa- P (a.9%) = (0.45 1019)(dE/dX)CH
tion that is obtained from the RBS analysis.
(measured # counts/ 0.5—-uC total charge),
Using dx = dE/(dE/dx) gives

and

pu(E) o(E)

v =QrPHiE T 4e

P 4E o (/0. = Xc(dE/AX) . + Xy (dE/cx),,
ok = Pen XcMWe + xyMWy

where

aor?/4 where 0.45x 109 is the constank, dE/dx is the stopping
(E - Eres)2 +r2/4 power of the CH substrate, MW is the molecular weight, and
X is the atomic fraction. The penetration depth is equal to
is the Breit-Wigner formuld,ay is the cross section at the
resonance energy, ahds the full width at half-maximum of [E(15 N) - Eraon(6-385 MeV)]/(dE/dx)
the cross section. Integration yields

o(E)=

_ Qpym/209T Clearly, to completely analyze a polymer capsule, both
dE/dx RBS and NRA data sets must be obtained and iterated until
each data set can be accurately simulated with the same
or elemental composition.
P (x) = K(dE/dX) Y(X), Results

1. Plasma Polymer Capsules
The elemental composition of all types of ICF capsules used
where K is a constant incorporating all the cross-sectiorat LLE are summarized in Table 75.11l. For the most common
parameters (including detector efficiendy)s independent of type of ICF target, a hydrocarbon capsule made by plasma

Energy (MeV)
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Table 75.111:  Therange of composition of each element in capsules and flat films provided by GA, as measured using
ion-beam analysis.
Composition (fractional-atom content)
Film
Material Carbon Hydrogen | Silicon [ Germanium Titanium Chlorine Oxygen
CH 04-0.48 0.5-0.55 0.02 - 0.06
CH-CI 044047 | 0.50-0.53 <0.01-01 0.01-0.04
(pyrolyzed)
0.02-0.083
(unpyrolyzed)
CH-Ti 0.33-043 | 0.42-0.62 0.015 - 0.067 0-0.015 0.02-0.08
CH-Si 0.40 0.47 0.06 0.07
CH-Ge 042-044 | 0.48-0.50 0.02-0.04 0.02 -0.08

polymerization, the hydrogen concentration ranged from 50 tdifferent batches. As with the silicon-doped capsules, the
55 at.%. There is insufficient data to determine statistically ifermanium concentration was uniformly distributed through-
this variation is inherent in the plasma-processing method or dut the wall of the capsule (shown in Fig. 75.18), and oxygen
the fluctuation is a measure of the repeatability of the procesaias present. The measured germanium concentrations varied
Oxygen was also identified in the polymer; the quantity variedrom 2 to 4 at.% from one capsule to the next. The variation is
from <1 at.% to a maximum of ~6 at.%. It is speculated thaa measure of the repeatability of the processing conditions:
oxygen is adsorbed from the environment and that the conceplasma polymer capsules fabricated at the same time varied by
tration depends on how long the capsule was exposed to d&ss than <1 at.% while those made in different batches varied
(The maximum of 6 at.% was observed after the plastic haoly a factor of 2. Although the processing conditions were
been stored in the laboratory for several months.) intentionally identical for all the batches analyzed, the varying
germanium concentrations demonstrate the inherent control
Data obtained from analyzing capsules doped with highand repeatability of the process.
atomic-number elements are summarized below.
c. Titanium-doped gasules. The ion-beam analysis tech-
a. Silicon-doped gesules. The concentration was constaninique was used by LLE to assist GA in developing Ti-doped
at 6t1 at.% in all the shells and flat films analyzed. More-plasma polymer capsules. Capsules were produced using pur-
over, silicon was uniformly distributed throughout the depth oposely varied processing parameters, and the resulting tita-
the shell wall, as far as the ion beam could prohar(s Fig- nium concentrations varied from 1 to 8 at.%. High titanium
ure 75.17 (spectrum 3) shows that the leading edge of tle®ncentrations (6 at.%) were accompanied by high oxygen
silicon signal was suppressed when a hydrocarbon plastievels (9 at.%) and lower hydrogen concentrations (41 at.%).
overcoat was applied (as was expected). Importantly, thisigure 75.19 shows this correlation; the depth-profiled hydro-
signal remained suppressed when the capsule was pyrolyzedy@n concentrations at 0.1, 0.28, and Qui# are shown for
necessary processing step to remove the mandrel). The atro films containing different titanium concentrations. Cur-
sence of any signal due to silicon having diffused to the outeently, capsules with titanium concentrations of from 3 to
surface of the capsule demonstrated the thermal stability of tieat.% are available.
silicon-doped plastic; hence, this material is suitable for pro-
cessing by the current target-fabrication techniques. The oxy- d. Chloline-doped cpsules. The chlorine content was
gen content was 7 at.%. analyzed using both helium and hydrogen ion beams; the
former provided greater sensitivity and accuracy while the
b. Gemanium-doped gzsules. The germanium-doping latter provided greater penetration that allowed the complete
fabrication process was evaluated by examining Ge-dope2D-um wall of the capsules to be profiled. The quantity and
capsules made simultaneously in the same batch and alsopiosition of the chlorine were found to be strongly dependent on
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RBS spectra of three silicon-doped capsules show that the silicon is uniformRBS spectrum of a Ge-doped capsule. Germanium is uniformly distributed
distributed through the capsule wall and is thermally stable: (1) Si-doped CHhrough the first 5um of the capsule wall.

(2) Si-doped CH after pyrolysis; and (3) Si-doped CH overcoated with CH

and then pyrolyzed at 300.
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how the polymer capsule was processed. When the capsule was
pyrolyzed at 300C after fabrication (as is typically done to
remove the decomposable mandrel), chlorine diffused from
the originally doped layer and was distributed throughout the
shell wall. The chlorine concentration at any depth would vary
from <1 to 10 at.%, with the higher concentration measured in
a very thin band at the external wall of the shell. The distribu-
tion is shown in Fig. 75.16. Here, chlorine was intended to be
located in a 24m region 7um beneath the surface. In reality,
chlorine was detected throughout the top 5. of the
capsule—the maximum depth at which the He ion at 2 MeV
could detect chlorine in plastic. A hydrogen ion beam was used
to extend the depth sensitivity to detect how far chlorine had
diffused into the capsule’s wall (a different capsule from the
one analyzed above). The resulting spectrum is shown in
Fig. 75.20. The chlorine-doped layer was intended togoa 1
thick and 6um below the surface with a concentration of
6 at.%. Actually, the layer was distributed through the top
10 um of the capsule with an average concentration of
0.05 at.%; no chlorine was detected at greater depths.

Analysis of many chlorine-doped capsules shows the chlo-
rine concentration to be 2 to 3 at.% and thermally stable when
the chlorine-doped layer is deposited after the pyrolysis is
complete. The consequence of these results for designing

Depth-profiled hydrogen concentrations (expressed as an absolute denstargets for ICF experiments is that capsules with a chlorine-
and an atomic fraction) in two Ti-doped plastic films: film (a) consists Ofdoped layer within gim of the inner surface are not achievable;

44-at.% carbon, 6-at.% titanium, and 9-at.% oxygen content, and f””?:onversely
(b) consists of 42-at.% carbon, 2-at.% titanium, and 6-at.% oxygen. ’
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capsules with a chlorine-doped layer more than
3 um from the inner surface are feasible.
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Energy (MeV) 2. Flat-Foil Targets
0.0 0_5 1.0 15 . A type of target used in .plasma physics experiments con-
- M sists of several layers of different elements used to spectro-
CHCI scopically diagnose the plasma temperature. The more
0.05 at.% C' accurately the number of atoms in each layer is known (from
CHCk 3.0um h d film thick iti d areal densi
0.38 at.% C : the measured film thickness, composition, and areal density),
the more accurate is the temperature measureh@mtrent
8.0um sputter-deposition and evaporation techniques measure the
5001 ‘ deposition rate using quartz crystal monitors, a method that can

2000

7.4um
1500} :

10001

Counts

measure the film thickness to within 3%-8% but cannot

measure the elemental composition. An independent nonde-

0 600 800 structive method for analyzing targets after they are assembled
Channel is needed, and RBS is a suitable technique.

T1391

o —— A target analyzed here consisted of a 1-mm-diam plastic
Thge experimental RBS spectrum of a Cl-doped CH capsule overlaid with thgaCH) film overcoated with two thin Iayers of Ti and KCI. The
simulated fit. A 1.4-MeV H-ion beam profiled the entire 1@m-thickness thickness was measured with 3% accuracy. The titanium Iayer
of the capsule wall. consisted of 30-at.% oxygen (not surprising since titanium is
an effective oxygen getter), and the stoichiometric ratio of K to
Clwas 1to 1. These data allowed the total number of titanium,
e. Deuteated capsules. The fully deuterated polymer potassium, and chlorine atoms to be determined.
capsule is an important type of ICF target. It is made by
polymerizing deuterated-gas monomers onto a pely- A type of target used for hydrodynamic instability studies
methylstyrene mandrel and then pyrolyzing the composite tases an open-cell foam (2- tq&a pore size; 1-mm diam and
remove the mandrel. Itis important that no hydrogen be preseb®0 um thick) overcoat to help minimize the growth of the
in the capsule wall after the process. [It is possible that thRayleigh—Taylor instability. Whereas the target design called
deuterium in the CD wall and the hydrogen in the poly- for a thin, gold overlayer on the foam, fabrication complex-
methylstyrene (PAMS) wall could exchange during the pyrolyities made it impossible to ensure that the gold was confined to
sis process.] Hydrogen was not detected in the CD capsullee foam’s outer surface (given the open cell structure of the
wall, which, given the threshold sensitivity of the NRA tech-material). The RBS spectrum determined that the sputtered
nique, limits the hydrogen content in the deuterated plastic tpold atoms had penetrated 30fn below the surface
be below 1 at.%. (Fig. 75.21). These data demonstrated that the target, as-
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fabricated, differed significantly from what was intended. Thisstoichiometric values; however, both materials possessed ex-
information helps define the capabilities and limitations ofcess nitrogen (~2 at.%). This information has allowed the

different target-fabrication methodologies, which is essentigbrocessing parameters to be refined with the goal of optimizing
for building new types of targets. the mass flux of the two precursor monomérs.

3. Polyimide Shells As discussed previously, RBS provides areal density infor-
The ion-beam analysis technique has also been used nmation, and additional information about the actual (theoreti-
assist the polyimide-shell-development efff€ompositions  cal or measured) density is required to extract the film-
of films deposited by different processing conditions werdayer-thickness information. Conversely, if the film thickness
determined using both RBS and NRA. Examples of the depthis known, then the actual density can be determined. This
profile data are shown in Fig. 75.22. These data show that bodipproach was used to determine the density of the precursor
the elemental ratio in the polyamic acid precursor and théolyamic acid) and final (polyimide) films. Films of
resultant polyimide material were very close to the expectetheasured thickness were analyzed, and the density of the
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Figure 75.22

The experimental RBS spectra (with the simulated spectra overlaid) and NRA spectra of polyamic acid [(a) and (c)] and [flo)yamided)] films. The
polyamic acid is 2.1@m thick, consists of 47-at.% carbon, 35-at.% hydrogen, 7-at.% nitrogen, 11-at.% oxygen, and has a density o8 1T2& gialyimide
film is 1.78 um thick, consists of 55-at.% carbon, 26-at.% hydrogen, 7-at.% nitrogen, 12-at.% oxygen, and has a density 0#1.44 g/cm
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polyamic acid and polyimide films was determined to beREFERENCES

1.29:0.02 g/cnd and 1.440.02 g/cm, respectively. The value
of knowing these data is twofold: (1) the implosion dynamics
can be more accurately modeled, and (2) significant changes in

density and porosity can induce significant changes in the %

residual intrinsic stress that affects the survivability and ulti-
mate strength of the material.

Summary
Two ion-beam techniques, Rutherford backscattering spec-

troscopy and nuclear resonance analysis of hydrogen, used i

conjunction, provide an accurate method for analyzing the
complete elemental composition of individual capsules. These

data are used to interpret ICF data and to support the develops.

ment of suitable targets. The strengths of these techniques are

(1) they are absolute measurements that do not rely on externag

calibration to infer the composition of the substrate material,

and (2) they provide depth-resolved information, essential data’-

to confirm that the fabricated targets are what they were
designed to be.
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K a Cold-Target Imaging and Preheat Measurement
Using a Pinhole-Array X-Ray Spectrometer

Two-dimensional (2-D) monochromatic imaging of laser-im-continuum radiation is not monochromatic; rather, the photon
ploded targets®is useful for diagnosing target compressionenergy across the image (in the dispersion direction) varies
and stability. Here we present a simple method for suchver afinite interval. A single spectral line will show the image
imaging, using an array of about 300 pinholes placed in frordf only a narrow section of the target (in the dispersion
of a flat-crystal x-ray spectrometer. The main advantage of thdirection); however, the compressed core can be imaged by a
method (in addition to its simplicity) is the ability to simulta- spectral line of sufficient spectral width. In the direction of
neously obtain a large number of images over a wide range dispersion, the shift in the average photon energy between
photon energies. This is particularly useful for imaging theadjacent images is typically ~100 eV. The line of pinholes in a
emission region of a single spectral line from a doped targedirection perpendicular to that of the crystal dispersion is
where images around the wavelength of the line can be simulightly tilted, causing a small photon-energy shift (of the
taneously obtained and subtracted from the image at the linerder of ~10 eV) between two adjacent images in that direc-
Imaging a spectral line of a dopant can be useful for studyintgjon; thus, an array of 3010 pinholes can produce 300 images
mixing of target layerstHere we use the array to imagexK with energies spread over the range of, say, 4 to 7 keV. The
fluorescence from a titanium-doped target (excited by coradvantage due to the tilt in the vertical lines of pinholes can be
radiation) and thereby obtain an image of the cold layer atviewed in two ways: (a) for a given target location, adjacent
peak compressiofThis image can otherwise be obtained onlyimages correspond to slightly shifted photon energy, or (b) for
through backlighting. Using a flat crystal limits the field of a given spectral line, adjacent images correspond to slightly
view, but this limitation is shown not to be severe when imaginglifferent sections of the target. The properties of array imaging,
the compressed target core. On the other hand, the narrow field

of view translates into improved spectral resolution. We show Dispersion——>

that sufficient intensity can be obtained in monochromatic
imaging even without the gain in intensity when using a °© °© °© °© °© °©
focusing crystal. In addition, the array provides spectra of high
spectral resolution because of the reduction in the effective °© © © °© °© °©
source size. Finally, we show that, in addition to the core- 58um
pumped Kx emission, a secondd<emitting zone of a larger © © © ° © © ©
radius appears in the image. Thisr kkmission is pumped
during the laser-irradiation pulse, indicating preheat by supra- ° © ° ° ° © °
thermal electrons. 750um

E 10O [¢] o o [¢] o o]

Figure 75.23 shows the geometry of the pinhole array 811

placed in front of a crystal spectrometer. The dispersion direc-| ™ ~© ° ° ° ° ° °

tion indicated in Fig. 75.23 is determined by the orientation of gggs7

the array with respect to the crystal. Rays from the target

traversing different pinholes fall on the crystal at differentrigyre 75,23

angles; thus, different wavelengths are diffracted. The distana@e geometry of the pinhole array placed in front of the spectrometer. Each

between adjacent pinholes (7&®) is chosen so that adjacent of about 300 pinholes yields a narrow-band, 2-D image at a slightly shifted

images on the film are close but not overlapping. Rays frorﬂhoton energy. The 58m shift due to the tilt in the vertical direction yields

different parts ofthe target traversing the same pinhole also fagi] energy shift between adjacent images of ~6 to 10 eV in the range of 4 to
. . keV.

on the crystal at different angles; thus, the target image from
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in conjunction with the test results shown in Figs. 75.24 andvident. Both the Ti-i line and lines of A% (helium-like)
75.27, will be further discussed below. and TP (hydrogen-like) ions are marked. Thé%iHea line
and its dielectronic satellites reappear on neighboring images.

Two arrays of the type shown in Fig. 75.23 were used tdhis is due to parallel rays emanating from different target
image targets imploded on the 60-beam OMEGA laser sys$ecations and traversing adjacent pinholes. Without the array,
tem./ In both cases, the target consisted of a polymer shethese two groups of lines would be part of a broad spectral
containing an embedded, titanium-doped layer. We show twieature representing emission from the whole target. The array
examples of such tests: In the first shot (a) an array pih®0- transmits rays from only two target slices.
diam pinholes (in 2%m-thick Pt foil) was used, and the
results are shown in Fig. 75.24 (this figure is used mostly to Individual lines yield monochromatic images of only a
illustrate the properties of array imaging). In the second shatection of the target (because rays from other target sections do
(b) an array of 25#m-diam pinholes (in 12.m-thick Pt foil)  not satisfy the Bragg diffraction condition for that line). On the
was used and the results are shown later in Fig. 75.27 (thisher hand, the continuum radiation gives rise to complete
figure is used mostly to illustrate the imaging of the coldtargetimages; however, these images are not monochromatic—
compressed shell throughaKine fluorescence). Except for the photon energy shifts across the image in the direction of
the pinhole size and foil thickness, the two arrays had the sandespersion (by ~100 eV). The energy shift between adjacent
geometry as in Fig. 75.23. images in the dispersion direction varies from ~80 eV (at
4 keV) to ~130 eV (at 5 keV). The tilt in the vertical direction
causes a photon-energy shift between two adjacent images that
varies from ~6 eV (at 4 keV) to ~10 eV (at 5 keV).

The narrow field of view for individual lines (in the direc-
tion of dispersion) can be remedied by replacing the flat crystal
with a curved crystal in the Rowland-circle geométAf
however, Fig. 75.24 shows that typical lines can be spectrally
wide enough for imaging the core even with a flat crystal. This
is seen simply in the fact that the lines are about as broad as the
target core (e.g., in the lowest image in the column marked

Titanium lines T T T “K a”). The width of the lines in this context refers to their
(keV): Ko 4.50 Hex 4.75 Ha 4.97 spectral width, transformed into a spatial width in the image.
E8952 This transformation is obtained by differentiating the Bragg
law for diffraction, from which the spatial extexx covered by
Figure 75.24 a single spectral line of widthE (in the direction of disper-

Part of the ~300 array-spectrometer images obtained with an array &fion) can be obtained. The resultis = (AE/E)L tan Og, in
50-um pinholes, from a titanium-coated target implosion [shot (a)]. Becaus¢ayms of the Bragg angi; and the target distance to the film

of the vertical tilt in the array (see Fig. 75.23), the target section imaged bgalong the relevant ray). The spatial width of theliae in the

a given spectral line shifts for successive images in that direction. Lines. . . . . o
(such as the Heline) from a different target location can reappear on a irection of dlspersmn Is ~130m. Part of it is due to the

neighboring image. pinhole size (5@m), but most of it is due to the spectral width
of the Ka line (a larger pinhole size increases the field of view
in the direction of dispersion but reduces the spatial resolution
Properties of Array Imaging in both directions). Deconvolving the pinhole broadening from
In shot (a) a CH polymer shell of 8¢ inner diameter and  the total width shows that the spectral width of the line is ~5 eV
13.7um thickness was doped with titanium at 7% by atormand that the spatial width would be ~12@ when using a very
number, overcoated by 13i8n-thick undoped CH. The fill small pinhole. Thus, a flat crystal can yield 2-@ Kionochro-
gas was 10 atm deuterium. The laser pulse was a 1-ns flat pulsatic images of only the core; however, there is no limitation
(to within £5%) with 0.1-ns rise and fall times and 29.8 kJ ofon the field of view in the direction perpendicular to that of the
energy. Figure 75.24 shows part of the array images obtainedspersion. Furthermore, because the pinholes tilt in the verti-
with a Ge(111) diffracting crystal. The dispersion direction iscal direction, the position of a given spectral line shifts across
horizontal—a tilt in the images in the vertical direction isthe target image for successive images in that direction, as is
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clearly evident in Fig. 75.24; thus, the combination of succepinholes limit the effective source size and thus improve
sive images in the vertical direction delineates the total emispectral resolution. For example, the fine-structure splitting of
sion region of the line. This works particularly well for the K the Ha line of titanium is clearly seen in Fig. 75.24, indicating
line since its linewidth (~5 eV) is about the same as the averageresolution higher than 500. Without the pinhole array the
energy shift between successive images in the vertical direvshole target would radiate the line and the spectral resolution
tion (~6 eV). In higher-performing implosions the shell tem-would be less than 100. In Fig. 75.25 the lineout in the direction
perature would be higher so that savhshell electrons would  of dispersion shows that a high-resolution spectrum can be
be ionized; in that case, thetine would be broader due to the obtained from a large source for lines that are much stronger
overlapping of shifted lines from various charge states, and ththan the continuum. In that case, the images formed by the
field of view would then broaden. Also, in such implosions thecontinuum can be subtracted and the net line emission ob-
compressed core is smaller and would thus require a small@ined. In general, the lineout can be recorded as a function of
field of view. target position (perpendicular to the direction of dispersion).
To facilitate the continuum-image subtraction, the lineout in
The TF% and T1* lines in Fig. 75.24 are seen to be emittedFig. 75.25 was chosen to avoid the core emissions. To further
from the target periphery, i.e., the hot laser-absorption regioinillustrate the high spectral resolution, we compare (in
On the other hand, theddine is emitted by the cold part of the Fig. 75.26) part of the spectrum of Fig. 75.25 with that ob-
Ti-doped layer following the photoionization iéfshell elec- tained simultaneously by an identical spectrometer where the
trons. The source of this radiation can be either the coronginhole array has been replaced by g&®wide slit. In the
emission during the laser irradiation or the core radiatiomatter spectrum, the lines are considerably broadened due to
during peak compression. Theiine emission in Fig. 75.24 the source size (~0.8 mm). They are further affected by the
is seen to come from a layer inside the hot corona region: ttepatial distribution of target emission; because of the limb
diameter of the coronal rings is ~90M, whereas the length effect, the spectral lines appear on film as partly overlapping
of the Ko emission region perpendicular to the dispersiorrings, giving rise to spurious splits in the spectrum. An
direction is only ~75Qum, and it peaks near its extremities. 0.8-mm source size corresponds in the present arrangement
Thus, the radiation from the laser-heated corona pumps théthout the array to a spectral resoluti&A\E of ~130,
fluorescence of i in the cold shell underneath the coronalwhereas the pinhole-array spectrum in Fig. 75.26 shows a
region. An additional peak can be seen at the target centspectral resolutioB/AE higher than ~500.
indicating the possible &emission pumped by core radiation.
This pointis discussed in more detail in the next section, where , : , : , :
the results of shot (b) clearly indicaterluorescence pumped " Titanium spectrum
primarily by core radiation. 5

- Hea -

An important advantage of this device is the ability to
reliably subtract the continuum images off a spectral line from
the image on the line, thus obtaining the image of the region
emitting that line. This is further discussed in conjunction with
Fig. 75.27, where the cold shell is imaged through its K
fluorescence. Additionally, the core spectrum can be easily |
separated from the coronal emission and plotted over a wide 0 | | | | | | | |
spectral range with good spectral resolution. Additional useful 43 44 45 46 47 48 49 50
information in Fig. 75.24 is the absence of target cores in the
spectral range of ~4.5 to 4.7 keV and above ~4.9 keV due toFses4
absorption of core radiation in the cold titanium layer. This

Film density
N w ESN

=

Photon energy (keV)

. . . . . . Figure 75.25
absorpt!on is due to titaniums22p apsorptlon lines and Lineout of Fig. 75.24 in the direction of dispersion (avoiding the cores),
absorption above the K edge, respectivefy. showing that a high-resolution spectrum from a large source can be obtained

by using a pinhole-array spectrometer. For lines that are much stronger than
The array spectrometer can be altema'[ive|y used for achiethe continuum, the images (that are due to the continuum) can be subtracted

ing high spectral resolution: in the case of a Iarge emittingway- The line at ~4.8 keV is the Ti tldéine (from a different target loca-

. . . 1on) transmitted though an adjacent pinhole.
source (such as emission prior to peak compression) the
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(b)

tion period (lasting about ~1 n$);-during the shell coasting
when no radiation is emitted (lasting about 0.8 ns); tanad
during peak compression, or stagnation (lasting about 0.2 ns).

Ti Hea It is clearly seen that the2f Heq line is emitted during the
%?31?1%?21 laser irradiation; more precisely, the streak record shows that

it is emitted toward the end of the laser pulse, when the
burnthrough of the polymer overcoat has reached the doped
layer. On the other hand, theaKine is emitted during peak
compression. This is entirely consistent with the conclusions
drawn from the spatial patterns of these lines. In addition to the
0 L L L Ka line, the spectrum at peak compression also shows strong
4.65 4.70 4.75 4.80 4.70 4.75 4.80 4.85 absorption above the K edge. This is absorption of core
Photon energy (keV) radiation by the cold shell around the core and is precisely the
source of photoionization leading taaKfluorescencé: this
observation provides an additional indication that thdiKe
Comparison of the Ti Heline manifold obtained simultaneously with and !S pumped by core radiation at peak Compress.lon' The drop of
without the pinhole array. The lgdine (1P-1stransition in T#%) is well intensity above th& edge can be used to estimate the areal
resolved from its low-energy satellites when using the array. Without thélensity pAr) of the doped layer at peak compression and from
array the lines are considerably broadened by the ~0.8-mm source size. here the totgbAr of the compressed shell. It should be pointed
out that there is very little change in theshell absorption at
a given energy wheM- or L-shell electrons are ionizéd.In
Imaging the Cold Shell with Ka Fluorescence this case, however, the transmitted intensity abovK thege

In shot (b), an empty CD polymer shell of 888+ inner is too weak to determine the areal density, and only a lower
diameter and 5.9#m thickness was coated with an 1um-  limit of the pAr can be obtained. Assuming transmission of
thick layer of CH doped with titanium at 2% by atom number]ess than ~10% at the edge, the areal density of the doped
overcoated by 13.®m-thick undoped CH. The laser pulse layer is pAr > 22 mg/cm. The total areal density of the
shape was the same as in shot (a), and its energy was 27.1dampressed shell (that includes the undoped mandrel) can be

estimatel aspAr > 32&6) mg/cn?.

Figure 75.27 shows part of the array images from target shot
(b) obtained with a PET(002) diffracting crystal. The laser-
irradiation uniformity in this shot was deficient, leading to a
nonuniform implosion. We chose to display a section of the
array images where theddine image is centered on the target
core (second image from left). Forimages above and below thi
image the Kr line moves off target center toward the left and
right, respectively. The %#* lines (indicative of hot plasma)
are seen to be emitted from the periphery of the target. On th
other hand, a ring of emission at the wavelength of theaTi K
line (indicative of a cold plasma) is seen to be emitted aroun
the compressed core. This is evident when comparing the '
emission around the core in the second image from left to thatssss
in the other images. The nonsphericity of the &mission
pattern is discussed below. The spatial features of these lines
indicate that the Ti He line is emitted during the laser- Figure 75.27
irradiation time, whereas thedKline is emitted around peak  part of the array images from target shot (b). TR&Tlines are seen to be
compression and is pumped by core radiation. These conclémitted from the periphery of the target. On the other hand, a ring of emission
sions are consistent with the streaked spectra obtained for shathe wavelength of Ti Kline is seen to be emitted around the compressed
(b). Figure 75.28 shows lineouts of streaked spectra at thre@"e: The Kr line is excited by core rad-iation, and its image delineates the
different times of the implosiorn;— during the laser-irradia- cold shell at peak compression (see Fig. 75.28).

Film density

E8825

Figure 75.26

Ti-Ka Ti-Hea

| |
4.5 4.6 4.7
Photon energy (keV)
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Figure 75.27 indicates that thexinewidth is insufficient  the overall shape and dimensions of the intensity ring. Alterna-
for imaging the full extent of the cold shell in the dispersiortive off-Ka profiles could be chosen by moving above and
direction. Since no limitation of field of view applies to the below the Kx image in Fig. 75.27 (sufficiently for thed
perpendicular direction, thedKimage is elliptically shaped. emission to disappear); however, the closeness of peak inten-
The vertical profile of the i emission shows the true dimen- sity of the two profiles in Fig. 75.29(a) indicates that the
sion of the cold shell. By combining successive images in thehoice adopted here is adequate. The nonuniformity of the
vertical direction, we can obtain at least a qualitative view ofmplosion seen in the images of Fig. 75.27 is also evident in
the 2-D image of the cold shell. As mentioned above, in futur€ig. 75.29(b). Figure 75.29(a) also shows Emission at a
high-performance implosions a single image may be sufficient300um radius. This delineates the position of the cold shell
for obtaining the 2-D image of the cold shell. during the laser pulse, when it is pumped by radiation and

suprathermal electrons from the laser-heated material; this is

Using vertical lineouts in Fig. 75.27 we can obtain thefurther discussed in the following section. Figure 75.29(a)
dimensions of the cold shell in that direction. Figure 75.29(aghows higher ¢ intensity around+300 um than around
shows two such lineouts: (a) through the center of the secor@00um, again indicating nonuniformity. This nonuniformity
image from the left (“on &") and (b) an average of lineouts mirrors the nonuniformity during peak compression: the peak
through the centers of the neighboring images on each sidéthe Ka profile around-80um is higher than the peak around
(“off K a"). The peaks of the two profiles varied by about 10%-80 um. This is surely the result of the irradiation nonunifor-
(possibly due to fluctuations in pinhole sizes) and were nomnity as evident in Fig. 75.27: The coronal emission in the four
malized to the same height. The difference between these two
curves [shown in Fig. 75.29(b)] delineates a ring-shaped layer 2.0 - . - . - . -
of cold Ti-doped shell. Changing the relative intensity of the ()
two profiles in Fig. 75.29(a) within the 10% uncertainty
changes mostly the central minimum in Fig. 75.29(b), but not

(R

1.5

Off Ka

(continuum)
1.0

0.5

Intensity (arbitrary units)

OO 1 | 1 | 1 | 1
0-5 T T T T T T T

Intensity (arbitrary units)

| )
S 04
. P
@
1 _ Ti K-edge E 0.3
t, (coasting) 8
0 ) @
c
_1 1 1 1 % O.l
35 4.0 45 5.0 55 - 0.0
oot Photon energy (keV) —400 —200 0 200 400
Radial coordinatem)
Figure 75.28 E8937a

Spectra recorded by a streaked spectrograph at three times during the

implosion of shot (b). The #9* line emission occurs during the laser-pulse Figure 75.29

irradiation,t1, whereas th&-edge absorption and the concomitamt lihe (a) Lineouts through images of Fig. 75.27, in the vertical direction (perpen-
emission occur about ~1 ns after the end of the laser pulse, at the time of patikular to the direction of dispersion). The “oo’kcurve is through the center
compressiontz; to is a time during the intervening coasting. These resultsof the second image from the left; the “offrKcurve is an average of lineouts
confirm the conclusions from Fig. 75.27. Positive axis direction correspondthrough the centers of the two neighboring images on each side. (b) The
to downward direction in Fig. 75.27. difference between the two curves in (a) delineates the cold Ti-doped shell.
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images is more intense on the lower half of the target, correaust know the component of the total opacity (given by the
sponding to a higher intensity ofdK(the positive axis in tables)thatis related to photoionizatioieghell electrons. At
Figs. 75.29 and 75.30 corresponds to the downward directidghe K edge, this component is easily found from ikhedge

in Fig. 75.27). Figure 75.29(b) indicates, for the cold shell, gump in the opacity tables; for all higher photon energies we
ring of ~90umthickness and an average diameter of w80  make use of its known dependence on photon energy. Finally,
In a previous experimeftthe Ka from a similar Ti-doped the Ka emission is transported along straight cords in the
targetwas imaged in one dimension using a slitin front of a flatdirection of observation, and the resulting profile is convolved
crystal spectrometer. With one-dimensional (1-D) imaging, avith the instrumental broadening function (due to the pinhole’s
ring-shaped source results in a flat-topped profile, and only thinite size).

outer diameter of the ring can be reliably determined. The

FWHM of the Ko profile in Ref. 9 (~25@m) is similar to the Figure 75.30 compares the resulting igrofile with the
FWHM in Fig. 75.29(b); however, the array yields an actuameasured profile (from Fig. 75.29), normalized to the simu-
image of the ring of it emission (the profiles in Fig. 75.29 are lated profile. Two ring-shapeddemission zones are seen: an
slices through a 2-D image rather than 1-D images). Tdhe Kintense ring at a radius of ~g#h and a weaker ring at a radius
emission profile and thi€-edge absorption relate to the sameof ~300um. In the experiment (Fig. 75.27), only sections of
target region, namely, the cold doped layer; thus, the ringach ring are observed (along the vertical axis) because the
thickness from Fig. 75.29(b) and the areal density derived frororystal limits the field of view in the direction of dispersion.
theK-edge absorption can be used to estimate the shell densithe simulations show that the strong, inner ring is emitted
As noted above, the ablated part of the doped layer emits taeound peak compression and is pumped by outgoing core
Hea line of titanium, whereas the unablated doped layer emitsadiation; on the other hand, the weak, outer ring is emitted
the Ka line. The thickness of the doped layer (#80) found  during the laser-irradiation pulse and is pumped by ingoing
in Fig. 75.29(b) is larger than the actual thickness at peakoronal radiation. The nonuniformity in the measured image
compression because of the time integration. Also, the are@ligher intensity at positive radial distances) was discussed
density estimated above was only a lower limit; thus, a loweabove. Figure 75.30 shows that the position of the cold shell
limit for the density of the doped layer can be obtained byluring the laser pulse and during peak compression is in rough
dividing the estimategAr of that layer (22 mg/cR) by its  agreement with one-dimensional code predictions, in spite of
thickness (~9Qum) to yield p > 2 g/cn®. This low density the marked nonuniformity. It should be noted, however, that
(albeit only a lower limit) is to be expected in view of thethe inner, undoped shell is not detected by theekhission;
deficient symmetry of the laser irradiation in this experiment.

A better determination of the shell density can be obtained byg 4 ' ' ' ' ' ' '
(a) lowering the level of doping to avoid compléte=dge g - Model \ T
absorption and (b) time-gating the spectrometer to avoid smears 3 - -
ing due to time integration. g | Model -
o ode Experiment
. . g 2f x230 \Cxperment 4
Preheat Measurement Using Early Kr Emission = | . . |
L . ) L = / w_7 ;
In addition to Ko emission excited by core radiation at peak 2 4 [: Y Y / \
compression, K radiation is also emitted during the laser- @ \_\/\ vd \
irradiation pulse. The latter emission can be seen in Fig. 75.27= [ ) . Y . ) . 1

(secopd .image from.the left) and in Fig. 75.29 as a weak ring —9100 _360 200 —100 O 100 200 300 40
of emission at a radius of ~3@®n. To better understand the

origin of this emission, we simulate the transport through the _g,,,
target of radiation giving rise todkemission, both the primary
(or pumping) radiation and the secondary (or fluoresceat) K ~9ure 7530

- . Measured and simulated radial profile af Emission for target shot (b). The
radiation. We use profiles of target parameters calculated t?X P 9 (®)

. - ner ring of ~80um radius marks the position of the cold shell around the
the one-dimensional codeLAC to compute the transport of {ime of peak compression and is pumped by core radiation. The outer ring of
radiation of photon energy above the RHedge, flowing  ~300-um radius marks the position of the shell during the laser pulse and is
radia||y outward and inward. The radiation is derived from theumped by coronal radiation. The simulation includes only radiation trans-
OPLIB astrophysical opacity tabl"émsing the LTE approxi- port, and the required multiplication by a factor of 230 shows that the outer

mation. To calculate the pumping ofakfluorescence we ring is pumped by suprathermal electrons rather than by radiation.

Radial coordinateym)
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the behavior of that segment of the shell is most indicative ofields the image of the cold shell at peak compression without
target performance. using backlighting. Sufficient intensity has been shown to be
obtained with 254m pinholes and a flat, nonfocusing diffract-
Whereas the position of the outesrlémission ring is quite ing crystal. Additionally, high spectral resolution was shown to
well predicted by the code, its intensity is not: we musbe obtained with the array. This is particularly useful when
multiply its calculated intensity by ~230 to match the experi-measuring lines from the laser-interaction region, where the
ment. The only obvious explanation is that the outer ringof K size of the target limits the spectral resolution to ~100, whereas
emission is mostly excited not by radiation but by suprathermatith the array, the resolution can be five times higher. Finally,
electrons, which are not included in the simulations. Thigpreheatinthe amount of ~40 J was deduced froreidission
guestion can be asked: How does the assumption of LTE in tldeiring the laser pulse, which appears as an outer ring of
radiation-transport calculations affect these conclusions? First300um radius.
the LTE assumption affects mostly the intensity of the emission
rings rather than their position. Second, departures from LTECKNOWLEDGMENT
would be more severe in the outer ring (of lower density) and Thisworkwas supported by the U.S. Department of Energy (DOE) Office
would reduce the radiation available for pumping. Thus, th&f Inertial Confinement Fusion under Cooperative Agreement No. DE-FC03-

outer Ka ring would be even weaker with respect to the inne?28F19460, the University of Rochester, and the New York State Energ.y
. . . Research and Development Authority. The support of DOE does not consti-
Ka ring than with the LTE calculations.

tute an endorsement by DOE of the views expressed in this article.
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Forward and Backward Stimulated Brillouin Scattering
of Crossed Laser Beams

Stimulated Brillouin scattering (SBS) in a plasma is the decagoverning the simultaneous forward and backward SBS of
of an incident (pump) light wave into a frequency-downshifteccrossed beams; thus, many results of this article also apply to
(Stokes) light wave and an ion-acoustic (sound) watés  the SBS of an isolated beam.

important in direct and indirect inertial confinement fusion

(ICF) experiments because it scatters the laser beams aw@gverning Equations

from the target, thereby reducing the energy available to drive The SBS of crossed beams is governed by the Maxwell
the compressive heating of the nuclear fuel. wave equatioh

The SBS of an isolated beam has been studied in detail.
Backward SBS was studied in numerous early papers, and
near-forward, sideward, and near-backward SBS were studied
in some recent papets8 Because beams overlap in the coro-for the electromagnetic potential, together with the sound-
nal plasma surrounding the nuclear fuel, it is also importanvave equatioh
to analyze SBS (and other parametric instabilities) driven by
two (or more) crossed beams. For some scattering angles the
SBS geometries allow the pump waves to share daughter
waves?11 Because the growth of these daughter waves is
driven by two pump waves (rather than one), the growth ratéhe electromagnetic potentid, = (vh/cs)(me/rr';)]/2 is the
associated with these scattering angles are higher than theiver speed of electrons in the high-frequency electric field
growth rates associated with other scattering angles. Suchdg&/ided by a characteristic speed that is of the order of the
the case for forward and backward SBS, in which the Stokedectron thermal speedy is the low-frequency electron
wave vectors bisect the angle between the pump wave vectodensity fluctuation associated with the sound wave divided

by the background electron density; and thee signify that

The outline of this article is as follows: (1) We derive theonly the low-frequency response to the ponderomotive force
equations governing forward and backward SBS. (2) We solweas retained.
the linearized equations governing the transient phase of the
instability. These equations differ from the linearized equa- The geometry associated with forward SBS is shown in
tions governing the SBS of an isolated bédmacause the Fig. 75.31(a). The forward SBS of beam 1 is subject to
forward and backward SBS of crossed beams each involve ongatching conditions of the form
Stokes wave and two sound waves (rather than one). (3) We
solve the nonlinear equations governing the steady state of the W =wr +wg, K=k +kg, 3)
instability. These equations describe the nonlinear competition
between forward and backward SBS. (4) We discuss the entire
evolution of forward and backward SBS. Finally, (5) wewhere u;,k;) and (, k) satisfy the light-wave dispersion
summarize the main results of the article. equationw? = wZ +c?k?, and @y, k) satisfies the sound-

wave dispersion equatian® = c2k?. Similar matching condi-

In the Appendix we show that, in steady state, the equatiori®ns apply to the forward SBS of beam 2. Because the sound
governing the simultaneous near-forward and near-backwafdequencies depend on the magnitudes of the sound-wave
SBS of an isolated beam are equivalent to the equationgctors, but not on their directiornsy, = wy = ws

(07 + w2 - c?02) A, = —wlni Ay (1)

(aﬁ +c2 - Dz)nl = %c§D2<A§>. )
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(a) K ) tively. In Egs. (7) and (8ygN; andvgN5 are phenomeno-
2 Kk logical terms that model the Landau damping of the sound
\ s waves!2andvg n* andven* are phenomenological terms that
ks \ maintain the density fluctuations associated with the sound
> waves at their common noise levat in the absence of
) instability. Because the Landau-damping rates depend on the
1 Kgp magnitudes of the sound-wave vectors, but not on their direc-
/ tion, Vo = Vg = Vs

Equations (6)—(8) describe the initial (transient) evolution

(b) of SBS. In steady state,
_ 2 2
o oA = e[l + 1ol A ©)
<’\’\ -~
T where
by = @Bk [ o, (10)
Figure 75.31 Apart from a factor 011A1|2 or |A2|2, L is the spatial growth

Geometry associated with the SBS of crossed laser beams: (a) forward SEi’%{'te of forward SBS in the strongly damped reg'i'm'Ehe
(b) backward SBS. . T 2 . L .
forward-scattered intensitl = |Af| satisfies the equation

By substituting the Ansétze d,F =24 (Pl + Pz) = (11)
Z i)

A, = [A&exp(ikl X —iagt) + Ay exp(ik, X —icugt)

where B, = |A1|2 and B, :|A2|2 are the pump intensities.
+A¢ exp(ikf X - iwft)] +CC. (4)
The geometry associated with backward SBS is shown in
and Fig. 75.31(b). The backward SBS of beam 1 is subject to
matching conditions of the form
n = Ny exp(ikg X —iwdt)
T +Wy, k;=kpt+ky, 12
+N, exp(ik gy k —iwgt) +c.c. (5) WL=0p T 17 b 70l (12)
where ¢v;,k1) and ,, ky,) satisfy the light-wave dispersion
in Egs. (1) and (2), one can show that equation, anddy;, kg;) satisfies the sound-wave dispersion
equation. Similar matching conditions apply to the backward

9,A¢ =i (wg/Zono)(AlNI + AzNE)v (6) SBS of beam 2: as in forward SBBy = wy = @,

By adding to Ansatz (4) the term

*

(0 +va )Ny = -i(w? /205) AL A +ugn”, 7)
Ay exp(ikp X —iwpt) + C.C. (13)
(8¢ +vso)N; = -i(w2 [20) A3 Af +vean” (8)
and to Ansatz (5) the terms

Becauseu << ay, we made the approximation in Eq. (6) that Ny exp(ikg (X —iwgt) + N exp(iksp X —iwgt) +c.c. (14)
the frequency and group speed of the scattered light wave equal
the frequency and group speggbf the pump waves, respec- associated with backward SBS, one can show that
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0,7, =i(wd /200v0) (AN; + AoN3), (15) (3¢ +vs)Ng = yr2As +ven, (23)

(0 +va)Ng = -i(w?/205) A Ay +vgn®,  (16)  where

Yi1 = wews|A1|/ 2(0‘)0"'33)]/2 ) (24)
(at + VSZ)NE = _i(wg/zws)A;Ab + Vszn* . (17)

- 2
) . . ) Yio = wewslAzl/z(wOws)]/ . (25)
As in forward SBSyg, = Vg = Vg In its transient (linear)

phase, backward SBS is independent of forward SBS.
Ay is proportional to the action amplitude of the Stokes wave,
In steady state, the backward-scattered interBitﬂAb|2 andN; andN, are proportional to the action amplitudes of the

satisfies the equation sound waves. In the absence of dampipgand y, are the
temporal growth rates of the forward SBS of beams 1 and 2,
-d,B=2u,(R +P)B, (18)  respectively, in an infinite plasma.
where 1, is given by Eq. (10) and the values «f and vg By using the combined amplitudes
associated with backward SBS. Apart from a factqﬁgf' or
|A2|2, Uy, is the spatial growth rate of backward SBS in the N, = (yf1N1+yf2N2)/yf , (26)

strongly damped regimeé.

In the high-gain regime, the intensities of the scattered light N_ = y; (Nl/Vf 1= No/ys 2), (27)
waves as they exit the plasma are comparable to the intensities
of the pump waves as they enter the plasma, and one must
account for the depletion of the pump waves within the plasmavherey; = (y]?l + yfzz)]/z, one can rewrite Egs. (21)—(23) as
In steady state, the pump intensities satisfy the equations

0,A¢ = Vi Ny, (28)

d R =-2u¢FR - 2upBR, (19)

d,P = —2u¢FP, = 21,BP, (20) (8¢ +Vs)Ny =y Af +vgn,, (29)
where we made the approximation that the evolution of the
pump waves is one dimensional. One can verify Egs. (19) and (at + vs)N_ =vgn_, (30)
(20) by applying the principle of power conservation to
Egs. (11) and (18). wheren, = n(yfl +y; 2)/yf andn_ = ny; (]/yfl —:I/yfz).

Equations (28) and (29) are equivalent to the equations govern-

Linear Analysis of the Transient Phase ing the forward SBS of an isolated be&rand Eq. (30) is

The forward SBS of crossed beams consists of two mirrosimple. Consequently, the solutions of Egs. (28)—(30) can be
image processes that share the same Stokes wave and, hemcéten in the form
are governed by the coupled equations (6)—(8). By making the

. . 2 . * 2 . * 2

substltutlon*sa)g 2Af - A, 1Ny /wg - Ny, |weN2/a)g As (zt) :f(t)fé Vsn+Gf(Z—Z', t—t’)dz’ a’, (31
- Ny, iwen /a)g - N, and z/vg — z, one can rewrite these
equations as
N, (zt) = Ié Jo VshiGi(z=2Z, t-t)dzdt',  (32)
02At = YraNp + yi2No, (21)

(¢ +vs)NL = yraAs +vgn, (22) N_(zt) :I(t)fg Ven_G_(z-z,t-t')dz dt’,  (33)
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where the Green functions tions (21)—(23) apply to other parametric instabilities driven
by crossed pump waves, provided that one type of daughter
Gt (z.t) = v¢ Io[ny (zt)l/z] exp(—vst), (34) Wwaveis strongly damped.

Nonlinear Analysis of the Steady State
G+(z,t) 7 (t/z)J/2|1[2yf (Zt)yz] The simultaneous forward and backward SBS of crossed
beams is governed by Egs. (11) and (18)—(20). By making the

xexp(-vst) + 0(2) exp(-vet), (35) substitutionP; + P, — P, one can rewrite these equations as

G_(zt) = 8(2) exp(-vst). (36) d,F =2y PF, (43)
I_n Eq§. (34) and (35),,is thg modlfled Bessel function of the ~d,B = 24, PF, (44)
first kind, of ordemrm. The original amplitudell; andN, are
determined by Egs. (32) and (33) and the inversion equations
dZP=—2(ufF+ubB)P. (45)

N, = [N + 2 2 N_], 37
! (yf 1/yf) * (yfz/yf) (37) Equations (43)—(45) apply to other simultaneous parametric

instabilities driven by crossed pump waves, provided that one
- —{y2 /2 type of daughter wave is strongly damped. For SBS,
N2 (yf 2/¥1 )’N+ (yf 1/yf )N_]' (38) = ;= y,” and one can use the substitutiz 2, zto rewr)ia'zf
Egs. (43)—(45) in the simple form
Solutions (31)—(33) describe the growth and dissipative
saturation of forward SBS. By analyzing the time dependence d,F = PF, (46)
of the Green functions, one can show that the saturation time

-d,B=PB, (47)
ts~y§z/vé. (39)
d,P =—(F +B)P. (48)
The steady-state limits of solutions (31)—(33) are
The substitution&/P(0) - F, B/P(0) - B, P/P(0) - P, and

- _ P(0)z - z nondimensionalize Egs. (46)—(48) but leave them
A¢(z,0) = (nvs/y ’exp y2z/v 1], (40)
(@) ( #Vs/ f) ( f / s) unchanged in form. Because the solutions of Egs. (46)—(48) are
complicated, it is instructive to review the limiting solutions

N4 (z ) =n, eXp(V%Z/Vs)! (41) that apply to forward and backward SBS separately.
1. Forward SBS
N_(z,oo) =n_. (42) In the absence of backward SBS, Eqgs. (46)—(48) reduce to
d,F = PF, (49)
Notice thaty? /vevo = it (|AL|2 +|A2|2), in agreement with
Eq. (9). Ifthe interaction length exceeds a few gain lengths, one d,P=-FP. (50)
can model Stokes generation as Stokes amplification with an
incident amplitudeAs (0) = (n+vs/ Vs ) It follows from these equations that
The backward SBS of crossed beams also consists of two P+F=1+N;, (51)

mirror-image processes that share a Stokes wave and are

governed by Egs. (21)—(25), withreplaced byb and z

replaced byli-z thus, Egs. (26)—(42), and the conclusionswhereN; = F(0) is incident (noise) intensity of the forward-
drawn from them, also apply to backward SBS. Equascattered wave. Sin¢&= 0, it follows from Eq. (51) that
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St <1+ Ny, (52) 2. Backward SBS
In the absence of forward SBS, Eqs. (46)—(48) reduce to
where$ = F(1) is the output (signal) intensity of the forward-

scattered wave anHis the gain length of forward SBS. -d,B=PB, (55)
Equation (52) reflects the fact that the signal intensity cannot
exceed the total input intensity. d,P =-BP. (56)

By substituting Eq. (51) in Eq. (49), one can show that It follows from these equations that

P-B=1-5,, (57)

(L+Ny)z=log 5 (53)

oo

FI
f(1+ Nf - F) _ . . . .
where§,=B(0) is the output (signal) intensity of the backward-
scattered wave. Sinde> 0, it follows from Eq. (57) that
Equation (53) determines the interaction distanoequired
to produce the forward-scattered intensityBy inverting this S <1+Np, (58)
equation, one finds that
whereN, = B(l) is the incident (noise) intensity of the back-
N¢ (1+ N ) ward-scattered wave aht the gain length of backward SBS.
) (54)  Equation (58) reflects the fact that the signal intensity cannot
exceed the total input intensity.

F(¢)=

T N¢ +exp(-¢)

wherel = (1+ Nf)z. Solution (54) is consistentwith Eq. (52). By substituting Eq. (57) in Eq. (55), one can show that

The normalized intensities of the pump and Stokes waves in
a semi-infinite plasma are plotted as functions of the gain
distancezin Fig. 75.32, for the case in whibl= 107. As the
Stokes intensity increases, the pump intensity decreases, Tihe signal intensity is determined by Eq. (59) and the condition
accordance with Eg. (51). For future reference, notice that th#&(l) = N,,. By inverting Eq. (59), witls, known, one finds that
initial growth of the Stokes wave from noise is driven by an

undepleted pump wave. _ 50(1_ So)
B(¢) = P RERY (60)

(1-%)z=lod$(1- +B)/8|. (59)

where{ = (1- §,)z. Solution (60), which was first obtained by
Tangl3is consistent with Eq. (58).

Intensity

The normalized output intensity of the Stokes wave is
plotted as a function of the gain lengtim Fig. 75.33(a), for
the case in whicN, = 1076, The normalized intensities of the
pump and Stokes waves within the plasma are plotted as
functions of the gain distaneén Fig. 75.33(b), for the case in
Distance which N, = 1078 and| = 30. Because the pump and Stokes
waves propagate in opposite directions, the initial growth of
Figure 75.32 the Stokes wave from noise is driven by a depleted pump wave

Normalized intensities plotted as functions of the gain distance for forward_. L.
SBS in a semi-infinite plasma. The solid line represents the pump wave; t ('e:Ig' 75.33(b)]. Consequently, when pump depletion is impor

dashed line represents the Stokes wave. For forward SBS the outputinten.tszil-nt 4 > 10)'.the r"’.‘te at WhIC.h the Stokes output intensity
ties from a finite plasma depend on the plasma length in the same way that #ticreases with gain length is slower for backward SBS
intensities within a semi-infinite plasma depend on the distance from thfFig. 75.33(a)] than for forward SBS (Fig. 75.32). Backward

plasma boundary. SBS scatters the pump power less efficiently than forward SBS.

P1864
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St < Ng Ny + N

S, < Np 4 MNo

Nf + Nb
By substituting Egs. (61) and (62) in Eq. (46), one can show
that
d,F = (R+ - F)(R- + F)’

where

+2R, =1+ N —Soi[(l+ Nt —so)2+4Nfso]J/2.

It follows from Eq. (66) that

R. - N¢)(R+F)O
(R++R_)2=I09§R+_F)()R+Nf)g

(64)

(65)

(66)

(67)

(68)

S, is determined by Eq. (68) and the conditgh) = Ny, which
is equivalent to the conditioR(l) = (Nf /Nb) S, Byinverting

Eq. (68), withS, known, one finds that

(a) Normalized output intensity of the Stokes wave plotted as a function of the

gain lengtH for backward SBS. (b) Normalized intensities within the plasma
plotted as functions of the gain distancelfer30. The solid line represents

the pump wave; the dashed line represents the Stokes wave.

3. Simultaneous Forward and Backward SBS

follows from Eqs. (46)—(48) that
P+F-B=1+N; - §

and

FB=N;S,.

Equation (61) is a generalization of equations that apply to
the forward and backward instabilities separately, whereas
Eq. (62) is peculiar to the combined instability. SiRee0, it

follows from Eq. (61) that

Sf +%S1+Nf +Nb'

Equation (63) reflects the fact that the total signal intensity
cannot exceed the total input intensity. It follows from

Egs. (62) and (63) that

194

(61)

(62)

(63)

(o)

Ri(R+Ny)exp(¢) - R (R. ~Ny)

(R +N¢)exp(¢) +(R. = Ny)

(69)

where ¢ =(R, + R.)z. Solution (69) is consistent with
When forward and backward SBS occur simultaneously, iEq. (64). For the common case in whichS] >> N;, one

can use the approximate roots
R =1-§+N¢ /(1-S),
R =Ni$/(1-%),

to rewrite Eqgs. (68) and (69) as

H1-S)Ni S +(1-S)F]

A
and

) Nel-5)[o0(0)-5)
Nt exp({) +(1- 50)2 '

respectively, wherg = (1— Sb)z.

O

(70)

(71)

(72)

(73)
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The normalized (total) output intensity of the (forward and In Figs. 75.32—75.34, the noise intensities for forward and
backward) Stokes waves is plotted as a function of the gaimackward SBS were equal. This choice made possible a fair
length | in Fig. 75.34(a), for the case in whidly, = Ny  comparison of the intrinsic scattering efficiencies of the two
= 10°%. When pump depletion is unimportamt<( 10), the instabilities. The noise intensity for forward SBS is larger,
Stokes output intensity of the combined instability is the sunmowever, than the noise intensity for backward SBS because
of the Stokes output intensities of the forward and backwarthe action sources that generate the light waves [Eg. (40) for
instabilities. The normalized intensities of the pump and Stokefrward SBS and its analog for backward SBS] are inversely
waves within the plasma are plotted as functions of the gaiproportional to the sound frequencédslo illustrate how this
distancez in Fig. 75.34(b) for the case in whid{, = N;  imbalance affects the combined instability, the normalized
=10"%and =30. The initial growth of both Stokes waves from output intensity of the Stokes waves is plotted as a function of
noise is driven by a depleted pump wave. Consequently, whene gain length in Fig. 75.35(a) for the case in whigh
pump depletion is important ¢ 10), the rate at which the =10"16andN,=10"". The normalized intensities of the pump
Stokes output intensity increases with gain length is sloweand Stokes waves within the plasma are plotted as functions of
for the combined instability than for the forward instability the gain distance in Fig. 75.35(b) for the case in whigh
[Fig. 75.34(a)]. =106,N, =107, andl = 30. It is clear from the figures that

forward SBS overwhelms backward SBS in steady state.
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Figure 75.34 Figure 75.35

(a) Normalized output intensities plotted as functions of SBS gain léngth (a) Normalized output intensities plotted as functions of SBS gain léngth
The forward and backward noise intensities are equal. The solid line repré&he forward noise intensity exceeds the backward noise intensity by a factor
sents the total output intensity for the combined instability. For comparisorpf 10. The solid line represents the total output intensity for the combined
the dot—dashed and dashed lines represent the output intensities when forwenstability. For comparison, the dot—dashed and dashed lines represent the
and backward SBS occur separately [Figs. 75.32 and 75.33(a), respectivelgutput intensities when forward and backward SBS occur separately.
(b) Normalized intensities within the plasma plotted as functions of the gairfb) Normalized intensities within the plasma plotted as functions of the gain
distance fot = 30. The solid line represents the pump wave, the dot—dashedistance fot = 30. The solid line represents the pump wave, the dot—dashed
line represents the forward Stokes wave, and the dashed line representslihe represents the forward Stokes wave, and the dashed line represents the
backward Stokes wave. backward Stokes wave.
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Discussion between the pump wavs2land the Bragg scattering of the
Initially, pump depletion is unimportant, and forward andpump waves® both of which are made possible by a sound
backward SBS grow independently. This (linear) spatiowave whose wave vector is the difference of the pump-wave
temporal growth is described by Egs. (28)—(30). Since theectors; thus, the interaction physics is even richer than the
growth ratey D(sin(p)]/2 [Egs. (24) and (25)], the sound- physics discussed herein.
wave damping rate/s O sing, and the saturation time
tg D]/(sin(v) [Eg. (39)], where @ is the scattering angle, Summary
backward SBS grows and saturates more quickly than forward In this article we studied in detail the simultaneous forward
SBS! The steady-state (nonlinear) spatial evolution of backand backward SBS of crossed laser beams. We obtained
ward SBS is described by Egs. (57) and (60). In the high-gaimew analytical solutions for the linearized equations governing
regime, backward SBS depletes the pump wave significantlhe transient phase of the instability [Egs. (21)—(23)] and
[Fig. 75.33(b)]; thus, the spatiotemporal growth of forwardthe nonlinear equations governing the steady state
SBS is driven by a pump wave whose intensity varies witfiEgs. (46)—(48)]. In their transient phases, forward and back-
distance, and Egs. (31)—(36) do not apply as written. Byard SBS grow independently. Initially, backward SBS grows
making the substltutlonzNJ,/yf - Ng, ne/y¢ - ng, and  more quickly than forward SBS. As the backward Stokes wave
J’O[yf ] dz' - zin Egs. (28)—(30), however, one can showgrows, it depletes the pump wave and modifies the growth of
that the forward Stokes wave. In steady state, forward SBS domi-
nates the combined instability because the forward Stokes
0,A; = Ny, (74) wave has a larger noise intensity from which to grow and
forward SBS scatters the pump power more efficiently.
(at * VS)N+ = Ap Vs, (75) In the Appendix we show that the equations governing the
simultaneous near-forward and near-backward SBS of an iso-
(at +VS)N_ =vgn_. (76) lated beam are equivalent to the equations governing the
simultaneous forward and backward SBS of crossed beams;
Since Eqgs. (74)—(76) contain no variable coefficients, theithus, the results of this article also apply to the SBS of an
solution can be inferred from Eqgs. (31)—(36). It follows that thasolated beam.
(linear) saturation time of forward SBS is given by Eq. (39),
with y2zreplaced b)j’olyf( )] dz'. Since the saturation time ACKNOWLEDGMENT
is proportional to the (integrated) gain distance, the reduction This work was supported by the National Science Foundation under
of the galn distance by pump depletlon shortens the saturati§pntract No. PHY-9415583, the U.S. Department of Energy Office of Inertial
time of forward SBS. Since the steady _state (nonlmea%onfmementFu5|onunderCooperatlveAgreementNo DE-FCO03-92SF19460,
. . . . e University of Rochester, and the New York State Energy Research and
Egs. (46)_(48) have a unique solution, the spat|al evolution evelopment Authority. The support of DOE does not constitute an endorse-
the combined instability is given by Egs. (61), (62), and (69)ment by DOE of the views expressed in this article.
even though forward and backward SBS grow at different
rates and saturate at different times. It is clear from Figs. 75.34ppendix A: Forward and Backward SBS
and 75.35 that the output intensity of the backward Stokesf an Isolated Laser Beam
wave is lower in the presence of the forward Stokes wave than In this appendix we show that the equations governing the
in its absence; thus, the combined instability is characterizesimultaneous forward and backward SBS of an isolated beam
by a burst of backward SBS followed by the ascendance afre equivalent to the equations governing the simultaneous
forward SBS. forward and backward SBS of crossed beams. The geometry
associated with the forward SBS of an isolated beam is shown
The major theme of thdonlinear Analysis of the Steady in Fig. 75.36(a). Each forward-scattering process is subject to
Statesection and the preceding discussion is that forward andatching conditions of the form
backward SBS coexist and compete for the pump energy. One
should remember that several other processes also coexist and Wy =ws tws, kg=kj t+kg, (A1)
modify this competition. These processes include double’SBS,
which is made possible by a sound wave whose wave vectonighere (u,, ko) and (v, ky) satisfy the light-wave dispersion
the sum of the pump-wave vectors, and the transfer of energgjuation w? = w2 +c?k?, and (s, ko satisfies the sound-
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(@)

(0 +ve)N" =i (w2 /20) AA; +vgn™ . (A5)

Ko ! In Eqg. (A5),vN* is a phenomenological term that models the

> Landau damping of the sound wave, agat is a phenom-

enological term that maintains the density fluctuations associ-

" Kgp ated with the sound wave at their noise lexeh the absence

Ky I of instability. Because the Landau-damping rates depend on
! the magnitudes of the sound-wave vectors, but not on their

directions, Voo = Vg = Vg By making the substitutions

wngf - A, iweN"/wl? - N, iwen' /wd? - n, and

z/vg - z, one can rewrite Egs. (A4) and (A5) as

0,A¢ =Y¢N, (A6)
(8¢ +Vvs)N =y Ap +vgn, (A7)
where
2
Ye = wewslpﬂl/z(wows)y : (A8)

Figure 75.36
Geometry associated with the SBS of an isolated laser beam: (a) near-forw

SBS: (b) near-backward SBS. aIédquations (A6) and (A7) are equivalent to Egs. (28) and (29),

the solution of which was described in the text.

wave dispersion equatian? = c2k?. Because the frequencies  Equations (A4) and (A5) describe the transient evolution of
of the daughter waves depend on the magnitude of their wa¥erward SBS. In steady state,
vectors, but not on their directionsy, = wx = w and wyp

e d,Ar = g |Aof Ay, (A9)
By substituting the Anséatze
where
A, =[A0exp(|koD(—|w0t)+Af1exp(|kle<—|wft) iy = 2002 Ay V. (A10)
+A¢o exp(ikfz D(—iwft)] +C.C. (A2)
Notice that /.lf|A0|2 = y%/vsvo is in agreement with
and Egs. (A6)—(A8). It follows from Eq. (A9) that the forward-
scattered intensitie$y :|Af1|2 and F, :|Af2|2 satisfy the
n = Ny exp(ikg X —iwgt) equations
+Ny exp(ik s X —icogt) + c.C. (A3) d,F, = 21 PR, (A1)
into Egs. (1) and (2), and making the slowly varying envelope d,F =2u; PR, (A12)
approximation, one can show that each forward-scattering
process is governed by equations of the form where P = |A0|2 is the pump intensity.
9,A¢ :i(o)g /Zono)AoN*, (A4) The geometry associated with the backward SBS of an

isolated beam is shown in Fig. 75.36(b). Each backward-
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scattering process is subject to matching conditions of the forstate, the pump intensity satisfies the equation

Wy = Wy + Wg, kO:kb+kS' (A13)

d,P=-2u¢(R+F)-21p(By+By).  (A20)

where @, Kg) and @, k) satisfy the light-wave dispersion By making the substitutions = F; + F, andB = B; + B, in
equation, and d, kg satisfies the sound-wave dispersionEgs. (A11), (A12), (A18), (A19), and (A20), one can show that

equation. As in forward SBSwy, = wy = w, and wy
=Wy = W

By adding to Ansatz (A2) the terms

Ablexp(ikbl X —iwbt)

+App exp(ikpp X —iwpt) +c.c. (A14)
and to Ansatz (A3) the terms

N]_ eXp(Iksl X - |Ol)st)

+Np exp(ikgp X —iwdt) +c.c. (A15)

the simultaneous forward and backward SBS of an isolated
beam is governed by the equations

d,F =24 PF, (A21)
~d,B=2u,PB, (A22)
d,P = ~2(uF + uB) P. (A23)

Equations (A21)—(A23) are equivalent to Egs. (43)—(45), the
solution of which was described in the text. It is clear from the
derivation of Egs. (A21)—(A23) that one can interfras the
intensity scattered forward over the entire range of angles for
which propagation in the direction is a reasonable approx-

associated with backward SBS, one can show that each badkyation, and one can interprBt as the intensity scattered
ward-scattering process is governed by equations of the forblackward over the entire range of angles for which propagation

-0,A, =i(w2 /2w0vo) AN" (A16)

(0 +ve)N" = =i(w2 /205) Ay A, +ugn® . (ALT)

As in forward SBSyg, = vg = Vg It follows from Egs. (A16)

and (A17) that the transient evolution of backward SBS is

governed by Eqgs. (A6)—(A8), with replaced byb andz

in the -z direction is a reasonable approximation. Equa-
tions (A21)—(A23) apply to other parametric instabilities driven
by an isolated pump wave, provided that one type of daughter
wave is strongly damped. For SB®,= 1 = ,” and one can

use the substitutiont2 — zto rewrite Eqgs. (A21)—(A23) in

the form of Egs. (46)—(48).
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Landau Damping and Transit-Time Damping of Localized
Plasma Waves in General Geometries

The collisionless damping of electrostatic plasma waves, firsvave-particle energy transfer calculated to second order in the
predicted by Landduin 1946 and since rederived in many field amplitudes. (The reasons for this will be discussed be-
ways and confirmed experimentally, has become perhaps thaw.) Calculation of the perturbed particle orbit in a time-
most well known phenomenon in plasma physics. Landauarying field is rather complicated, even for a plane wave,
damping plays a significant practical role in many plasmanvolving as it does iterated time integrals of the equation of
experiments and applications but has continued to be of greption. Such complications are contrary to the motivation for
interest to theorists as well. Much of this interest stems frora physical derivation of Landau damping, which is to provide
the counterintuitive nature of the result itself (that waves simple, physically intuitive explanation of the phenomenon.
carrying free energy dissipate with no increase in entropyfurthermore, they oughtto be unnecessary since the transform
coupled with the rather abstruse mathematical nature aferivation requires only unperturbed orbits and first-order
Landau’s original derivation. For these reasons there was eveunantities. One of the results that will emerge below is a
some controversy over the reality of the phenomeénantjlit  physical derivation of Landau damping based solely on unper-
was actually observed in experiments. turbed orbits.

The usual derivation of Landau dampiggins by linear- Strictly speaking, the term “Landau damping” applies only
izing the Vlasov equation for an infinite homogeneousto the damping of infinite plane waves in homogeneous plas-
collisionless plasma. The linearized Vlasov equation is Fourienas. Localized electrostatic perturbations in inhomogeneous
transformed in space and Laplace transformed in time, and tipdasmas, however, are also damped by collisionless procdesses.
resulting equations in transform space are then solved algebiRarticles transiting the region containing the wave exchange
ically to yield a relation between the perturbing field and theenergy with it; for a thermal distribution of particles, this
perturbed distribution function. Alternatively, this relation results in a net transfer of energy from the wave to the particles
may be obtained by directly integrating the linearized Vlasowand a consequent damping of the wave. This process is usually
equation in configuration space using the method of charactereferred to as “transit-time damping?Since, in general, the
istics? also known as “integration over unperturbed orbits,”Fourier transform method used by Landau is difficult to apply
and then performing the Fourier and Laplace transformsninhomogeneous plasmas, transit-time damping calculations
Integration of this relation over particle velocities then leads temploy the physical approach described above: the energy
the dielectric response function and a dispersion relation fdransferred to each particle is calculated and then integrated
the plasma waves. Performing the integration over velocitiegsver the particle distribution function. Again, however, this
entails the avoidance of a pole on the real axis by deforming thiequires that the perturbed particle orbits be determined and the
integration contour into the complex velocity plane. (Detailsenergy transfer be calculated to second order in the fields; for
can be found in most introductory plasma physics texts.) Whila localized field in an inhomogeneous plasma, this is much
this derivation is mathematically elegant, it is physically rathemore complicated than for a plane wave. Since Landau damp-
obscure, especially in regard to the introduction of compleing can be calculated based solely on the unperturbed orbits, it
velocities. For this reason, many “physical” derivations ofis natural to inquire if transit-time damping could also be
Landau damping have been published, employing only realalculated without invoking the perturbed orbits. One of the
physical quantities througho®€ In these derivations, the main purposes of this article is to show how this can be done.
energy transferred from the wave to each particle is calculated
directly and then integrated over the particle distribution func- First, we give a physical derivation of transit-time damping
tion to give the damping. In these physical derivations, howin a plasma slab of finite width based on unperturbed orbits and
ever, the perturbed particle orbit must be determined and thievestigate how the damping of a plasma wave confined to the
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slab varies with slab width and mode number. We also shotie localized volume then givéwicethe collisionless power
that the result reduces to the usual Landau-damping expressimansfer to the electrons since the phase space is effectively
as the width becomes large. Next, we present a similar analysiecluded twice in the integration (both forward and backward
for spherical geometry followed by a brief discussion of than time).
cylindrical case, which is covered in more detail in a future
article10 Finally, in an appendix, we show formally that in  Toillustrate, we now calculate the average energy gain rate
general geometries our approach gives results equivalent ébelectrons crossing a one-dimensional slab region containing
those obtained by other methods that require the use of pex-standing-wave electrostatic field. We will obtain a simple
turbed orbits and higher-order terms. expression for the field damping rate as a function of the slab
length (for fixed oscillation frequency and wavelength).

Transit-Time Damping in Slab Geometry

Our approach to transit-time damping may be outlined as Consider a standing-wave electrostatic potengiadf real
follows: Consider a localized oscillating electrostatic field thafrequencycu:
may be regarded as stationary in time, i.e., its oscillation
amplitude is unchanging. In practice, this may correspond to a
situation of weak damping, where the damping rate is much
smaller than the oscillation frequency (as is often the case for
Landau damping), or to a situation where wave energy lost ta the slab region with boundaries<at 0 andx=L. HereC is
damping is replenished by an external source, such as in theconstant inside the slab and vanishes outsideklan@ i
case of stimulated Raman or Brillouin scattering, where thwvith j a positive integer so that the potential is continuous. The
electrostatic wave is driven by interaction with an electromageorresponding electrostatic field is
netic pump wave. We assume that the particle distribution
functionfy depends solely on the particle enekyyand we
further assume that collisional damping is negligible and take
the plasma to be collisionless, so théE) satisfies the Vlasov
equation. Consider a six-dimensional phase-space volunWe also assume that electrons with a constant number density
elementV, which passes through the localization volume inng and a velocity distributiofy(E) are streaming constantly
time At and emerges as the volume elendt. Since the and freely through this region from the lefkat0 and from the
Vlasov equation conserves phase-space volume, we hakight atx=L. The density and temperature are chosen such that
|dV* =|dV|, though the shape of the volume element mayo)‘%e >> 3k2v%,wherewge is the usual plasma frequency and
change. Through interaction with the field, each particth/in vt the thermal velocity, so that weak Landau damping and
acquires an energy incremekiE, which may be positive or quasi-steady-state conditions obtain. The frequenagnd
negative. Since the situation is stationary and the Vlasowave numbek then satisfy the Bohm-Gross dispersion rela-
equation is invariant under time reversal, the time-reversetion w? = w3, +3k?v$ = w3,. We can also treat the case of
process must be occurring simultaneously. In the reversedronger damping, Withwlge ~3k2v%, if we assume that the
process, the volume elemai" enters the localization vol- steady state of the field is maintained by an external source
ume and emerges d¥, each particle in the voluntesingthe  such as the stimulated Raman scattering instability.
energy incremerE in timeAt. The net rate at which energy
is transferred to the particles associated withs then To first order in the field amplitud€, the velocity incre-
ment obtained by an electron of initial velooitgrossing the
slab is simply

Q= —%sin(kx) cos(wt)

E(x,t) = Ccos(kx) cos(wt).

AP = <%[fo(E)dV - fO(E+AE)dV*]>

TeC
, Av = —[— cos(kvt) cos(awt + @)dt,
((2E)?) afy om
At OE

o- dv, 1)

where we have used the unperturbed orbivt. Heregis the
where the angle brackets indicate averaging over the fielghase of the field at the time of entrance of the particle, and
phase. Integration of this quantity over the phase space withih = L/v. To this order, the energy chand& is given by
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AE =mvAv. It is a simple matter to carry out the integral and Itis easy to show that this reduces to the Landau value in the
then average/E)? over the phase. Note thatT = kL = 275 infinite slab-length limit. Without loss of generality, we may

and hence expkvT) = 1. The result is take w andk positive. If v # w/k, the integrand is finite and
thus gives no contribution tpasL — o (keepingk fixed,
<(AE) > (evC) [wT[D 1 1 [7r which means increasing in wavelength steps, grin inte-
2 "oy 2 (Ho+kv a) w-kvB’ gral steps). Fov - w/k, the integrand varies directly &s
and becomes infinite. Clearly, the integrand is proportional to
and Eq. (1) becomes 6(v—w/k) in this limit. Replacing nonresonant values tfy

wkand defining the integration varialses 7i(L/A)(co/kv - 1),
whereA = 277k is the wavelength, yields

(evC)? 2T D

21 020 P
__,2 0w dfy
= S« . ) P V=m0 oy

otk w-kB™

AP =-

1w smzqd
[ 20.) -mL/A q

The net power transferred is obtained by integrating thign the limit of an infinite homogeneous plasinfd - o, we
expression over the phase space within the slab volume, notingtain
that T = L/|v|. The result is

. y = - Tk do ©)
P pC 220t O K2 v e
161 %H K
a1 .1 o vV dfo (2)  Which is the familiar Landau damping rate for electrostatic
§u+ kv w-kvB waves in a homogeneous plasma.

where we have divided by 2 to compensate for the double- Colungaet alll have also obtained an expression for
counting of phase space, as noted earlier. Note also th@ansit-time damping in a slab and noted that it can be repre-
although the familiar resonant denominators appear in thgented as the Landau damping of the Fourier components of the
integrand, they do not represent poles because of the sitexalized electric field, which also gives (5) as the size of the
function, so the difficulties in dealing with poles in the velo- slab increases. Their derivation, however, requires calculation
city integration that arise in Landau’s calculation do notofthe wave-particle energy transfer to second order (i.e., use of
appear here. perturbed orbits.)

The energy damping rate follows by dividing this result by ~We next investigate the damping rate’s dependence on the
the total plasma-wave energy within the slab volume. Thislab size and plasma parameters. Assuming a Maxwellian

energy is distribution forfa(E) and changing the integration variable to
z=w/kv, Eq. (4) becomes
E2(xt)\ ., _C2L
vl O g s{pdesl i)
(2m)¥? Lew 0 (1— 22)223 .

where the angle brackets denote averaging over time; hence,

the fieldamplitudedamping rate isalf of (2) divided by (3): Here, F = w/kvy, with vy the electron thermal velocity.
For values ofF well above unity, we haves = e and

F = (kAp)~L. The integral above is readily evaluated, for fixed

y=-w5ej9n2%g F, and its variation withj is shown in Figs. 75.37(a) and
0 75.37(b) forF = 6 andF = 4, respectively. What is actually
L o1 1 o v2 dfo( )dv @) plotted is the ratio ofto jj , wherey is the infinite slab limit
otk wo-B L v O (L/A - ) of Eq. (6),
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Figure 75.37

Damping rates for a standing plasma wave in a slab of léngtbrmalized to the Landau damping rate for an infinite homogeneous pjasimaa)—(c)
results are presented for three values of the paranfetew/kv, , with smaller values df corresponding to stronger Landau damping.

B D7TDV2 stge F20 modes with no angular_ dependencg (angular mo_de numbers
YL = g0 w eXPB > H (7) 1 =m=0); more complicated potentials and density profiles

will give rise to more complicated forms of the functiGn
defined in Eq. (10) below, but can be handled by the same

the usual Landau damping value. The Landau result arisdmsic approach.

from the resonant part of the integral; the nonresonant part

gives rise to the finite geometry transit-time component of The potential inside the sphere is taken to be

the damping.

@(r,t) = Ajg(kr) cos(wt+ a), (8)

Note the monotonic decrease in damping to the usual
Landau value a4/A increases. The value of the ratio atcorresponding to a standing spherical wave, where
L/A = 1increases dincreases and can be quite large; hencejg(x) = sinx/x denotes the spherical Bessel function of order
the transit-time damping can be much larger than the Landaero, andx is an arbitrary constant representing the phase of
rate for finite slabs. Note, however, thaidecreases exponen- the wave, to be averaged over below. The boundary condition
tially with increasingr. isjg(kR) =0, sckmay be any of a discrete set of wave numbers

determined by the roots of the Bessel function.

The nonresonant contribution does not always lead to aug-
mentation of the Landau damping rate. Rslecreases, the Lett=0 be the time when a particle is closest to the center
variation withL/A reverses and the dampimgreasesnono-  of the sphere. We obtain its change in energy by integrating
tonically to the Landau value, as shown in Fig. 75.37(c) foover the unperturbed orbit:
F = 2. The general trend seems to be that the finite geometry
increases the damping when the infinite geometry (Landau)
limit of the damping is small (larg€) and reduces damping
when the infinite geometry limit is large. An analogous trend
appears in the spherical and cylindrical cases, as discusseére 2ty =+ R? —bz/v is the time required to cross the
below, and a qualitative interpretation is presented in thephere, wherkis the distance of closest approach to the center
Conclusionssection. of the sphere. The total derivative of the potential is

AE = -¢[° vDg(r t)ct.
0

Transit-Time Damping in Spherical Geometry d 3
As an example of a finite three-dimensional calculation, we a(p[r(t),t] =V DD(p[r(t),t] + qu[r(t),t] ,
now examine the damping of electrostatic modes trapped in a
sphere of radiuR with a homogeneous internal densigy To
illustrate the method as simply as possible, we consider onlyo the above integral can be written
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AE = —ef " t° Dd r(t),t]—icl’[r(t),t]%dt- P= 4””0{.[0 drr 3 dw? [ dero "dg,
[ﬂt ot 0
2
The potential seen by the particle is the same before and after < g_} <AE >% . (12)
passing through the sphere, so 02 At oE

6,=¢, =0

_[ " d o[r(t).t]dt=0 For 6, = ¢ = 0 we can use the relatidyr =siné, to convert
t the integral oveB, to an integral ovel:

and [7'de, siné, - 2[7"%d8, sing, - ZIOdbL. (13)

\r2 -p?

From Egs. (9) and (10) we see thAE2) is independent af
for fixed b, 50 using Eq. (13) andt = 2V R2 -b2 /v, we can
Substituting the form of the potential, changing the integratioperform ther andg, integrals in Eq. (12):

variable tos = kvt, and averaging over the phasgives

AE = eI [ ).t]dt.

2mw?e? An
2.2 A2 — o
<AE > 2k2y2 G %Rkb kT ©) K 0 (E)D
o0 R w(d
x [ dvw =2 =L “dbbG2 kR kb, ——. (14
where fo v T S0 Ho abG? KR kb (14)
) s The amplitude-damping rate is now given oyt = P/2wW,
G a(R, kb, — J’k: RR2 bbz whereW is the wave energy contained in the sphere:
"

x jo(xf k2b? + 2 ) cosé%gds (10)

)
W=]y{—) dVv.
v 4 t
a function that must be evaluated numerically.

From Eg. (8) we have

Next we mustintegrate Eq. (1), the power loss in an element

of phase-space volume, over the six-dimensional phase space (E2), = lkZAz"z(kr)
inside the sphere. The total power being transferred to particles tTy lo '
in the sphere is then
so

= [7'd6, sin, [2" dgy

E2 R
w={, 1max av== k2A2J'Or21 2(kr)dr = 4RA2 (15)

d

xé:drrzjgdwzjgda\,_[g”d E—%< ~ > jé% (11)
As R - oo with k fixed, the electrostatic wave will locally

where the factor 1/2 in the integrand compensates for theome to look like a plane wave with wave numibérrough-
double-counting of phase space, as noted earlierimahsit- out most of the volume of the sphere, so we might expect that
Time Damping section. Because of the spherical symmetryjn this limit Eq. (14) should give the usual Landau damping
the term in braces must be independenf,ciind ¢, so for  rate for such a wave. In Appendix A we show that this is indeed
convenience we can evaluate ifat ¢ = 0 and obtain the case.
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As in the slab geometry, we can characterize the wavedial. The cylindrical case is analyzed in detail in a forthcom-
parameters by the quantify= w/kv and calculate the damp- ing articlel? where the results are applied to the problem of
ing rates obtained from Eqgs. (14) and (15) as the radius of tltimulated Raman scattering in a self-focused light filament in
sphere changes. Figures 75.38(a)—75.38(c) show the results éolaser-produced plasma. Here we merely note that the damp-
F=6, 4,and 2, respectively. As in the slab case, we find that theg rate can be shown both analytically and numerically to
results lie above the Landau limit when the damping is weak (approach the Landau value as the radius becomes large, and we

large), and below when the damping is strdagrfall). show some results for the case of a purely radial wave vector
for the same values df = w/kvy as in the slab and spherical
Cylindrical Geometry cases [Figs. 75.39(a)-75.39(c)]. Once again, we find that the

The case of cylindrical geometry is somewhat more complifinite radius results lie below the Landau valueF@mall and
cated than the slab and spherical geometries because thereatveve forF large.
two independent components of the wave vector: axial and
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Figure 75.39
Figure 75.38 Same as Fig. 75.37, but for a cylinder of radRublere F = w/kv, , wherek
Same as Fig. 75.37, but for a sphere of raRius is the radial wave number of the oscillation and the axial wave number is zero.
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Conclusions time damping of the finite system is larger than the Landau
In summary, we have demonstrated a new, simplified apdamping of the corresponding infinite system. This picture is
proach to calculating transit-time damping. Our approach usés qualitative agreement with the results we have obtained
the time-reversal invariance of the Vlasov equation to avoid thabove for the slab, cylinder, and spherical geometries.
necessity of calculating the wave—particle energy exchange to
second order in the wave fields. We have illustrated the method It should be noted that the essential advantage of the time-
by analyzing the damping of electrostatic oscillations in slabreversal invariance approach—the need to calculate the wave—
cylindrical, and spherical geometries, both analytically angarticle energy transf&k to only first order—is not dependent
numerically. In general, our results seem to show that finiten the particular geometry of the system under consideration.
geometry effects tend to augment Landau damping when Ror purposes of illustration, we have chosen simple geom-
would be small in an unbounded geometry, and reduce it wheatries; in more complex geometries and inhomogeneous plas-
it would be large. mas the phase-space integrals such as Eq. (13) will have to be
carried out numerically, but the simplification in the calcula-
These results suggest a qualitative physical interpretaticion of AE will then be even more valuable. In Appendix B we
based on regarding the particles interacting with the electreghow that the time-reversal invariance approach can be applied
static wave as falling into two classes: resonant and nonresonaint.quite general geometries, and verify that it gives results
Resonant particles are those whose (unperturbed) motion keagentical to the perturbed orbit approach.
them in a constant phase relationship with the wave; depending
on this phase they continuously either gain or lose energy frodCKNOWLEDGMENT
their interaction with the wave. As is well known, these are the This work was supported by the U.S. Department of Energy Office of
particles responsible for Landau damping in infinite homogel_nertial Confinement- Fus-ion under Cooperative Agreement No. DE-FCO03-
neous plasmas. Nonresonant particles, on the other hand, se8g -0+60 the University of Rochester, and the New York State Energy
. . Research and Development Authority. The support of DOE does not consti-
varying wave phase as they propagate, and alternately gain %UFS an endorsement by DOE of the views expressed in this article.
lose energy as this phase changes. In the case of an infinite
geometry, these gains and losses cancel out over the infinigpendix A: Large-Radius Limit of Collisionless
“transittime,” and the nonresonant particles make no contribusyamping in Spherical Geometry
tion to Landau damping. In the case of a finite system, the
“resonant” particles can be regarded as those that do not getTo evaluate the damping rate for large radii, we first inves-
significantly out of phase with the wave while passing througliigate the nature of the function
the system; since their transit time decreases as the system
becomes smaller, the number of particles that can be regarded
asresonantincreases as the confinement volume shrinks. It can
be showrf however, that the contribution of these nearly
resonant particles to the damping goes as the fourth power wbm which Egs. (14) and (15) contain fRdependence of the
the time, so that the net contribution to the damping of the neadlamping rate (here = w/kv and the factok is included for
resonant particles diminishes as the confinement volume amdnvenience to make the function dimensionless). From
the transit time become smaller. On the other hand, for a finitéq. (10) we have, usinjg(x) = sin(x)/x and definingt = s/kR
volume the energy gains and losses of the nonresonant pand x = b/R,
ticles no longer average to zero, and as the volume becomes
smaller, the contribution of these nonresonant particles to th&(kR,x 7) = ZJ,Ji—XZ sinkRyt2 + x2
damping becomes larger. Thus, the damping in a finite system ' 0
contains a smaller resonant componentand a larger nonresonant
component than in the corresponding infinite system. Wher: Im -
the Landau damping is large in the infinite systénsrhall), 0 Vt2 + x2
the decrease inthe reso.nant damping dominatgs the incre.ag,e in DikR(yW—zt) ikR(\;mm)
the nonresonant damping, so that the damping in the finite (e +e
system decreases from the Landau rate as the system size
pllmmlshe_s. When Landta(;J dar_nplr:jg is sr?ﬂllérgdeih thte o Imgd_xz ;[eika-(t) +eika+(t)]th A2)
increase in nonresonant damping dominates, and the transit- 0 W g

S(KR 2) = % [ dbbG2(KR kb,2), (AL)

cos(zkRt)dt

\fftz + x2

\‘:].—X2 1

e
88
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where Using t = s/kR and x = b/R, this can be written
(,U+(t) = \/tz + X2 +zt. G(kR kb Z) ~ ZIKRM COS(ZS) ds
N ’ 0 /k2p2 +g2
We next use the method of stationary phase to determine the
dominant behavior o6(kRx,z) askR - . Using the Rie- _o® sinvk2b? +s2 (29d
mann-Lebesgue lemma, it is readily shown that the integral in 0 Jk2p2 + <2 cos{z)ds
Eq. (A2) vanishes a¥/kR askR - o unless the functions
Al 15 s t _ ( ﬁz) obef .,
) == = = mJglkbVl-2z2| for =—= +z°<1.
Wi(t) dt[\/t +Xx%tzt NEIe™ +7 o[ Kb ‘RO
vanish at some point in theéntegration interva[O, V1- xz], Substituting in Eqg. (A4), we obtain
in which case the integral will vanish more slowly thadRHS
kR - . Clearly ¢/, (t) cannot vanish in this interval, so the 1 kRy1-22 >
dominant behavior o& is given by S(kR 2) ~ Rlo d(kb) (kb) G*(kR kb, 2)
/1-x2 1 kR = ;
G(KR x,2) ~ Im{ " ———— &kR¥-(git T kR\1-22
%0 2+x2 : ~ &l d(kb)(kb)Jg(kb\/l— 22)
for x2+z2<1. (A3)  forz<1.Using

The inequality in Eqg. (A3).is the necessary and sufficient
condition thay” (t) vanishin|0, \rxzj .Whenthisinequal-

ity is not satisfiedG vanishes more rapidly &R — o and
hence may be neglected; thus, the dominant behavior tiis becomes
Eq. (Al) akR - o is given by

[ J3(ax)dx= X—:[Jg(ax) + le(ax)] ,

m?kR
f1- AR 2
SKR 2) ~ kR, 7 dxxG2(kR x,2). (A4) S(kR2)~-— 1-2)
The dominant contribution_to the integral in Eq. (A3) comes {Jg[kR(l— 22)] + le[kR(l— zz)]}
from the point in[rZ),\ll—x2 where /. (t) vanishes, so we

may extend the upper limit of the range of integration without

changing the leading behavior Gf ~mas kR - wforz<l,

kR[N 12 +x2 - where we have used the formula
GIR x,2) ~Im{-———¢ qieeex Zt)dt%
\ﬁt2+X2 E 2

lim x[JZ(x)+J2(x)| = =.

lim x[33(x) + ()] =~

for x2+z2<1,
Forz> 1, since the conditiox? + Z2 < 1 cannot be satisfied,

1sin(kR\/t2 + X2) S(kR,2) must vanish akR - . Defining
~2f[j— cos(zkRt) dt
V2 + x2 T ’ " gm,z<1
2)= lim 7) = :
(2) Jim kR 2) Uo.251
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we see thal(2) is a step function im. y _ 2m?€e’ny dg(u)
lim £=-=-20
. . KR_ o0 kem du |,.@
Thus, using Egs. (14) and (15), the damping rate for large k
kR becomes _ g dg(u)
2k?  du [_@’
lim L= lim —— “

kRoo W kR-o 20W

_ 47'[2(1)62 00 0 afo 0
= —k3 nOJ'O dvv E_O_EHT DED

_ 4mwe? w 0
= Tnonfw/k dVVE’ a—EE (A5)

Note from Egs. (12) thafy here is the normalized three-
dimensional distribution function, assumed isotropic:

anf'v2fo(v)dv =1.

Using

oty _ 1 oy
dE mv av’

the integral in Eq. (A5) is readily evaluated to give

lim Y = 2TW nofog%g. (A6)

which is just the Landau damping rate for plane waves of
frequencyw and wave numbék This is to be expected since,

as the radius of the sphere increases, an increasingly large
fraction of the volume of the sphere contains waves that are
locally planar, so that particles gain energy from them at the
same rate as from a plane wave.

Appendix B: Equivalence of Perturbed Orbit and
Time-Reversal Invariance Approaches to
Transit-Time Damping

Transit-time damping of a confined electrostatic wave in a
plasma arises from the transfer of energy from the wave to
particles passing through the confinement region. In many
cases of interest it may be assumed for purposes of calculating
the damping that the wave properties (amplitude, frequency,
etc.) are stationary in time. This means that background plasma
properties such as the size and density of the confinement
region are either constant or their variation is small during the
wave period and the particle transit time. It also means that the
wave energy lost to the damping is either replaced by another
process, such as stimulated scattering, or again is small during
the wave period and particle transit time.

Previous calculations of transit-time damping have taken a
straightforward approach: the energy gained or lost by a
particle transiting the confinement region is calculated, aver-

This result can be expressed in a more familiar form in termaged over the phase of the wave, and integrated over the flux of

of the one-dimensional velocity distributigndefined by

g(u) =2, dvvfo(\s‘”‘u2 + VZ)

=271 dwvfo(v). (A7)

Differentiating this expression gives

1 dg

dg
—= = =2mufy(u), f =- .
du ™ O(U) o O(u) 27mu du

In terms of the one-dimensional distribution function,

Eq. (A6) becomes

208

particles weighted by the velocity distribution function. This
approach can be represented in general by Fig. 75.40(a), and
the power transferred from the wave to particles can be written

P =[5 dvx vx[dsfo(E)(AE(E,0,5.9))

—IiodvxVXJ’dst(E)<AE(E,I,a(p)>(p. (B1)
Here the angle brackets denote averaging over the giase
the wave, ands represents the coordinates and velocities

perpendicular to the arbitrarily chosen x axis:

ds = dydzdv,dv, .
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(a) (b)

Ep+ L(r2, Vo) (T2 Vo @)

Eq(ry v) (ry, vy, @)

Ez(rz, V2) (r v (pz) _','
2 V2,

By + L(ry, vq) (1 v, @)

Eq(rq, v
3( 3 3) Figure 75.40

E4+ L(r4, V4) Schematic of transit-time damping calculation for a wave confined to an

arbitrarily shaped volume, as presented in Appendix B. The volume (shaded)

is enclosed within a slab. In (a) the enelglpst by the wave to particles

entering from the left and from the right is calculated separately to second

E3+ L(r3, V3) order and averaged over phase. In (b) each particle entering from the left is

E4(r4’ V4) matched with the time-reversed particle entering from the right and the net
energy change calculated to first order.
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We include in our analysis all particles passing through a slab The energyAE gained or lost by a specific particle is first
extending fromx = 0 tox = | and containing the confinement order in the field amplitude, but the gains and losses cancel to
volumeV. (Of course, only those particles following trajecto- first order after phase averaging, so that the loss fundtiares

ries passing throug¥i actually contribute to the damping, but second order in the field. Evaluation of the loss functions thus
describing only these trajectories is difficult for a volume ofrequires that the energy changss also be calculated to
arbitrary shape. Including all trajectories passing through theecond order, which in turn means that the perturbed trajecto-
slab greatly simplifies the representation of the particle flux imies must be determined and integrated over. This can lead to
the general case and does not change the result since tmmplicated calculations in general. Details of the calculation
additional trajectories do not contribute to the damping.) Thef the loss functions and the resulting damping rates are given
functionsAE (E,0,s,¢) andAE (E,|,s,¢) give the energy change for some simple cases in Robinson.

for particles entering the slabyat 0 andx = I, respectively,

with energyE, phasep, and other parametessThe distribu- Our purpose here is to show that the integrations in Eq. (B1)
tion functionfy is assumed uniform and isotropic and dependsan be rearranged so thisE need only be calculated to first
only on the energ\e = m(vX +vy +vz)/2 order, which can be accomplished by integration over the

unperturbed orbits.
The next step is to calculate the phase-averaged energy
change: First we take the phase average outside the integrations and
write it explicitly as an integral oves

L(E.0,5) = (AE(E,0,5.9)),, for x=0, vy >0;
_ 1 on
L(E,|,s):<AE(E,|,S,(p)>¢for X =1, VX<0- P—2 IO dfpfo de xIdeO( )

_Zlnj.zﬂdqoj' av vxj’dsfo( ) _(E'Lg,_)' (B2)

E(E,0,59)
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where we have also denoted the integration parameters f8ince the process is assumed to be stationary, Eq. (B8) must be

particles entering the slab from the righkatl by an overbar

invariant under time reversal. The only effect of the time-

(this amounts only to a change of dummy variable at this poirreversal operator on Eq. (B8) is to change the sigp(sfrictly

and has no physical significance). We could, however, just agpeaking, it also changes the phase by a constant, but since we
well calculate the second integral in Eq. (B2) by integratingare integrating over a), this is irrelevant). The time-reversed
over the parameters with which these particles leave the slabfatm of Eq. (B8) is thus

x=0. Since we are dealing with a collisionless plasma, we can

invoke Liouville’s theorem to say that an element of phasey, _

space volume is invariant on passing through the slab:
dxdydzav,dvydv, = dxdydzdv, dv, dv, . (B3)

Using dg=wdt, dg=wdf, dx=v,dt, and dx=Vv,df,
wherewis the wave frequency, Eq. (B3) becomes

vy dydzdv, dv, dv,de = v, dy dz dv, dvy dv, do

or

vydv,dsdg = v,dV,dsdg . (B4)

Thus, the transformation from the integration parameters at
x =1 to those ak = 0 has unit Jacobian, and we can write

Eq. (B2) as
_ 1 on
P—an df, dvy vy [ ds fo(E) AE(E, 0,5, ¢)
1 on

- f dey> dv, vy [ds fo(E) AE(E.1,5.9), (BS)

where E is now a function of the = 0 parameters:

E=2m(vZ+v +v2)+AE(E0,59)

N

=E+AE(E,0509). (B6)
Also, from the definitions oAE and AE, we have

AE(El59)=E-E=-AE(E0s@). (B7)

Substituting Egs. (B6) and (B7) in Eq. (B5), we get

1 2
= — [ d@[5 dvy vy [ ds fo(E) AE(E, 0,5, ¢)

+2171]2"d(pj dvy vy [ds fo(E + AE) AE(E, 0,5, ¢). (B8)
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1 on
~52Jo dqoj dvy vy [ds fo(E) AE(E, 0,5 ¢)

1 2
anondq’fo dvy vy [ ds fo(E + AE) AE(E, 0,5,¢). (B9)

Adding Egs. (B8) and (B9) and dividing by 2 gives

1 o
= —Ignd(p_[_m dvy |vx|

[ds] fo(E) - fo(E + AE)| AE(E, 0,5,¢)

oo

. B10
¢ dE (B10)

3 onpsleeosd)

Note that although this expression is second order in the field,
as it should be, it achieves second order only through the
squaring ofAE, so thatAE itself need only be calculated to
first order.

Equation (B10) is a surface integral, i.e., the values, of
ands in the integral are evaluated on the O surface of the
slab. It is useful to rewrite Eq. (B10) in a form involving a
volume integral rather than a flux. The integration in Eq. (B10)
is shown schematically in Fig. 75.40(b). Since we are calculat-
ing AE to first order, we can represent the particle trajectories
by their unperturbed orbits. Consider the six-dimensional
“flux tube” traced out by a phase-space volume element
crossing the slab along an unperturbed orbit (which need not be
a straight line). The rate at which phase-space volume enters
the tube isv,ds, and since in a collisionless process phase-
space volume is conserved, the volume of the flux tube is given

by
AV =t4(E, s)v,ds, (B11)

wheretg(E,s) is the time taken for a particle following the orbit
to cross the slab. Since phase-space volume moves as an
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incompressible fluid, flux tubes cannot intersect, and a set ®EFERENCES

these flux tubes whose collective cross section comprises the
x =0 plane will exactly fill the phase-space volume within the

slab. Furthermore, the (unperturbed) fiuds through the 2.

tube is a constant, so we may deform the slab boundary as
shown by the dotted contour in Fig. 75.40(b) without affecting
the validity of Eq. (B11); the volume of the tube and the time

taken to pass along it are reduced in the same proportion. As*

long as the deformed boundary is outside the volwhie

which the potential is nonvanishinyi is also unaffected, so s,

we may deform the original slab boundary to conform to the
boundary ofV and use Eqg. (B11) to convert Eq. (B10) to an

integral over the phase space witkin 6.

__1 3 3
P= EId rJ’dv

=%J’d3rj'd3vAP, (B12)

whereAP is the expression for the energy loss for a volume of
phase space we wrote down immediately on the basis of time-

reversalinvariance in Eq. (1) at the beginning of this article. Wel1.

have derived Eq. (B12) from Eg. (B1) here to demonstrate the
equivalence of our approach to earlier formulations of transit-
time damping, which are also based on Eq. (B1).

LLE Review, Volume 75

1.

<AE2(r*V'¢)>¢ dfy 7.
v tg(r,v) dE 8.

L. Landau, J. Phys., USSR 25 (1946).
J. Dawson, Phys. Fluidis 869 (1961).

G. SchmidtPhysics of High Temperature Plasm{@sademic Press,

New York, 1966), pp. 199-210.

R. C. DavidsonMethods in Nonlinear Plasma Theofcademic
Press, New York, 1972), pp. 57-62.

E. M. Lifshitz and L. P. Pitaevskifi?hysical Kinetics Course of
Theoretical Physics, Vol. 10, 1st ed. (Pergamon Press, Oxford, 1981),
pp. 127-128.

D. R. Nicholson ntroduction to Plasma Theoniley Series in
Plasma Physics (Wiley, New York, 1983), pp. 87-92.

G. J. Morales and Y. C. Lee, Phys. Rev. L%3.1534 (1974).

P. A. Robinson, Phys. Fluids1B 490 (1989).

P. A. Robinson, Phys. Fluids3 545 (1991).

R. W. Short and A. Simon, “Collisionless Damping of Localized
Plasma Waves in Laser-Produced Plasmas and Application to
Stimulated Raman Scattering in Filaments,” to be published in LLE

Review76.

M. Colunga, J. F. Luciani, and P. Mora, Phys. FIa@js3407 (1986).

211



v

Publications and Conference Presentations

Publications

A. Babushkin and W. Seka, “Efficient, End-Pumped, 1053-nnA. V. Chirokikh, W. Seka, A. Simon, R. S. Craxton, and V. T.
Nd:YLF Laser,” inAdvanced Solid State Laseedited by  Tikhonchuk, “Stimulated Brillouin Scattering in Long-Scale-
W. R. Bosenberg and M. M. Fejer, OSA Trends in Opticd.ength Laser Plasmas,” Phys. Plasfbas104 (1998).
and Photonics Series, Vol. 19 (Optical Society of America,
Washington, DC, 1998), pp. 111-113. M. E. DeRosa, W. W. Adams, T. J. Bunning, H. Shi, and S.-H.
Chen, “Dynamic Mechanical Relaxation Behavior of Low
A. Babushkin, W. Seka, S. A. Letzring, W. Bittle, M. Labuzeta,Molecular Weight Side-Chain Cyclic Liquid Crystalline
M. Miller, and R. Roides, “Multicolor Fiducial Laser for Compounds near the Glass Transition Temperature,” Macro-
Streak Cameras and Optical Diagnostics for the OMEGAnolecules?9, 5650 (1996).
Laser System,” i@2nd International Congress on High-Speed
Photography and Photonigcedited by D. L. Paisley and A. M. P. M. Fauchet, “Porous Silicon: Photoluminescence and
Frank (SPIE, Bellingham, WA, 1997), Vol. 2869, pp. 540-544Electroluminescent Devices,” ihight Emission in Silicon
edited by D. J. Lockwood, Semiconductors and Semimetals
R. Betti, V. N. Goncharov, R. L. McCrory, and C. P. \Verdon,Series, Vol. 49 (Academic Press, Orlando, 1996), Chap. 6,
“Growth Rates of the Ablative Rayleigh—Taylor Instability in pp. 205-252.
Inertial Confinement Fusion,” Phys. Plasn%ad4446 (1998).
D. Fried, W. Seka, R. E. Glena, and J. D. B. Featherstone,
S. E.Bodner, D. G. Colombant, J. H. Gardner, R. H. LehmbergPermanent and Transient Changes in the Reflectance of
S. P. Obenschain, L. Phillips, A. J. Schmitt, J. D. Sethian, R. LlCO,-Laser—Irradiated Dental Hard Tissuesiat= 9.3, 9.6,
McCrory, W. Seka, C. P. Verdon, J. P. Knauer, B. B. Afeyan10.3, and 10.@¢im and at Fluences of 1-20 J&nLasers
and H. T. Powell, “Direct-Drive Laser Fusion: Status andSurg. Med20, 22 (1997).
Prospects,” Phys. Plasm&s1901 (1998).
R. E. Giacone, C. J. McKinstrie, and R. Betti, “Response to
D. K. Bradley, J. A. Delettrez, R. Epstein, R. P. J. Town, C. PComment on “Angular Dependence of Stimulated Brillouin
Verdon, B. Yaakobi, S. Regan, F. J. Marshall, T. R. BoehlyScattering in Homogeneous Plasma” [Phys. Plaginag15
J. P. Knauer, D. D. Meyerhofer, V. A. Smalyuk, W. Seka,(1998)]',” Phys. Plasmas, 1218 (1998).
D. A. Haynes, Jr., M. Gunderson, G. Junkel, C. F. Hooper, Jr.,
P. M. Bell, T. J. Ognibene, and R. A. Lerche, “MeasurementB. E. Gillman and S. D. Jacobs, “Bound-Abrasive Polishers
of Core and Pusher Conditions in Surrogate Capsule Implder Optical Glass,” Appl. Op37, 3498 (1998).
sions on the OMEGA Laser System,” Phys. Plassds870
(1998) (invited). W. Gbb, W. Lang, and R. Sobolewski, “Magnetoresistance of
a YBaCuwO; Corbino Disk: Probing Geometrical Contri-
S.-H. Chen, J. C. Mastrangelo, B. M. Conger, A. S. Kendehutions to the Unconventional Normal-State Magnetoresis-
and K. L. Marshall, “Synthesis and Characterization of Thertance of High-Temperature Superconductors,” Phys. Rev. B:
motropic Chiral-Nematic Polythiophenes,” MacromoleculesRapid Commun57, R8150 (1998).
31, 3391 (1998).

LLE Review, Volume 75



PuBLICATIONSAND CONFERENCEPRESENTATIONS

K. Green, M. Lindgren, C.-C. Wang, L. Fuller, T. Y. Hsiang, M. Lindgren, W.-S. Zeng, M. Currie, C. Williams, T.Y. Hsiang,
W. Seka, and R. Sobolewski, “Picosecond Photoresponse ih M. Fauchet, R. Sobolewski, S. H. Moffat, R. A. Hughes,
Polycrystalline Silicon,” inUltrafast Electronics and Opto- J. S. Preston, and F. A. Hegmann, “An Ultrafast High-
electronics, 1997edited by M. Nuss and J. Bowers, OSA SuperconductingY-Ba-Cu-O Photodetector{Jltrafast Elec-
Trends in Optics and Photonics Series, Vol. 13 (Optical Societiyonics and Optoelectronics, 199€édited by M. Nuss and
of America, Washington, DC, 1997), pp. 106-109. J. Bowers, OSA Trends in Optics and Photonics Series,
Vol. 13 (Optical Society of America, Washington, DC, 1997),
M. J. Guardalben, “Conoscopic Alignment Methods for Bi-pp. 102—105.
refringent Optical Elements in Fusion Lasers,” Appl. Gpt.
9107 (1997). S.G. Lukishova, S. V. Belyaey, K. S. Lebedev, E. A. Magulariya,
A. W. Schmid, and N. V. Malimonenko, “Behaviour of Non-
O. E. Hanuch, V. B. Agrawal, S. Papernov, M. delCerro, antinear Liquid-Crystal Mirrors, Made of a Nonabsorbing Cho-
J. V. Aquavella, “Posterior Capsular Polishing with thelesteric, in the Cavity of an Nd:YAG Laser Operating in the cw
Nd:YLF Picosecond Laser: Model Eye Study,” J. RefractRegime and at a High Pulse Repetition Frequency,” Quantum
Surg.23, 1561 (1997). Electron.26, 796 (1996).

S. D. Jacobs, “Deterministic Manufacturing of PrecisionS. G. Lukishova, K. S. Lebedev, E. A. Magulariya, S. V.
Glass Optics Using Magnetorheological Finishing (MRF),” inBelyaev, N. V. Malimonenko, and A. W. Schmid, “Nonlinear
Advances in Fusion and Processing of Glassetlited by ‘Brightening’ of a Film of Nonabsorbing Chiral Nematic
A. G. Clare and L. E. Jones, Ceramic Transactions, Vol. 8@nder Selective Reflection Conditions,” JETP L&,
(The American Ceramic Society, Westerville, OH, 1998)423 (1996).
pp. 457-468.
S.G. Lukishova, S. V. Belyaey, K. S. Lebedev, E.A. Magulariya,
D. Jacobs-Perkins, M. Currie, K. T. Tang, C.-C. WangA. W. Schmid, and N. V. Malimonenko, “Nonlinear Bleaching
C. Williams, W. R. Donaldson, R. Sobolewski, and T. Y.in the Selective Reflection of Nonabsorbing Chiral-Nematic
Hsiang, “Subpicosecond Electro-optic Imaging Using InterLiquid-Crystal Thin Films,” Mol. Cryst. Lig. Cryst303
ferometric and Polarimetric Apparatus,'Ulitrafast Electron- 79 (1997).
ics and Optoelectronics, 199%&dited by M. Nuss and
J. Bowers, OSA Trends in Optics and Photonics Series;. J. Marshall, M. M. Allen, J. P. Knauer, J. A. Oertel, and
Vol. 13 (Optical Society of America, Washington, DC, 1997),T. Archuleta, “A High-Resolution X-Ray Microscope for La-
pp. 202—207. ser-Driven Planar-Foil Experiments,” Phys. Plasn®as
1118 (1998).
O. A. Konoplev and D. D. Meyerhofer, “Cancellation of
B-Integral Accumulation for CPA Lasers,” IEEE J. Sel. Top.C. J. McKinstrie, A. V. Kanaev, V. T. Tikhonchuk, R. E.
Quantum Electrord, 459 (1998). Giacone, and H. X. Vu, “Three-Dimensional Analysis of the
Power Transfer Between Crossed Laser Beams,” Phys. Plas-
W. Kordonski, D. Golini, P. Dumas, S. Hogan, and S. Jacobsnasb, 1142 (1998).
“Magnetorheological Suspension-Based Finishing Technol-
ogy,” in Smart Structures and Materials 1998: Industrial and C. J. McKinstrie and E. J. Turano, “Nonrelativistic Motion of
Commercial Applications of Smart Structures Technolggiesa Charged Particle in an Electromagnetic Field,” J. Plasma
edited by J. M. Sater (SPIE, Bellingham, WA, 1998), Vol. 3326Phys.59, 555 (1998).
pp. 527-535.
T. J. Murphy, J. M. Wallace, N. D. Delamater, C. W. Barnes,
J. C. Lambropoulos, S. D. Jacobs, B. Gillman, F. Yang, anB. Gobby, A. A. Hauer, E. L. Lindman, G. Magelssen, J. B.
J. Ruckman, “Subsurface Damage in Microgrinding OpticaMoore, J. A. Oertel, R. Watt, O. L. Landen, P. Amendt,
Glasses,” imMdvances in Fusion and Processing of Glass Il M. Cable, C. Decker, B. A. Hammel, J. A. Koch, L. J. Suter,
edited by A. G. Clare and L. E. Jones, Ceramic TransactionR, E. Turner, R. J. Wallace, F. J. Marshall, D. Bradley, R. S.
Vol. 82 (American Ceramic Society, Westerville, OH, 1998),Craxton, R. Keck, J. P. Knauer, R. Kremens, and J. D.
pp. 469-474. Schnittman, “Indirect-Drive Experiments Utilizing Multiple

LLE Review, Volume 75



PusLicaTiIoONSAND CONFERENCEPRESENTATIONS

Beam Cones in Cylindrical Hohlraums on OMEGA,” Phys.A. L. Rigatti and D. J. Smith, “Status of Optics on the

Plasmas, 1960 (1998). OMEGA Laser System after 18 Months of Operation,” in
Laser-Induced Damage in Optical Materials: 19@@lited by

S. Papernov, D. Zaksas, and A. W. Schmid, “A Nonlinear UVH. E. Bennett, A. H. Guenther, M. R. Kozlowski, B. E.

Damage Mechanism in Polymer Thin Films Observed fromNewnam, and M. J. Soileau (SPIE, Bellingham, WA, 1997),

Below to Above Damage Threshold,’liaser-Induced Dam- Vol. 2966, pp. 441-450.

age in Optical Materials: 199%dited by G. J. Exarhos, A. H.

Guenther, M. R. Kozlowski, and M. J. Soileau (SPIE,M. D. Skeldon, A. Babushkin, J. D. Zuegel, R. L. Keck, A. V.

Bellingham, WA, 1998), Vol. 3244, pp. 509-515. Okishev, and W. Seka, “Modeling of an Actively Stabilized
Regenerative Amplifier for OMEGA Pulse-Shaping Applica-

S. Papernov, D. Zaksas, and A. W. Schmid, “Perfluorinatetions,” in Second Annual International Conference on Solid

Polymer Films with Extraordinary UV-Laser-Damage Resis-State Lasers for Application to Inertial Confinement Fusion

tance,” inLaser-Induced Damage in Optical Materials: 1997 edited by M. L. André (SPIE, Bellingham, WA, 1997),

edited by G. J. Exarhos, A. H. Guenther, M. R. KozlowskiVol. 3047, pp. 129-135.

and M. J. Soileau (SPIE, Bellingham, WA, 1998), Vol. 3244,

pp. 522-527. D. J. Smith, J. F. Anzellotti, S. Papernov, and Z. R. Chrzan,
“High Laser-Induced-Damage Threshold Polarizer Coatings

S. Papernov, D. Zaksas, J. F. Anzellotti, D. J. Smith, A. Wior 1054 nm,” inLaser-Induced Damage in Optical Mate-

Schmid, D. R. Collier, and F. A. Carbone, “One Step Closer tdals: 1996 edited by H. E. Bennett, A. H. Guenther, M. R.

the Intrinsic Laser-Damage Threshold of Hf@nd SiQ  Kozlowski, B. E. Newnam, and M. J. Soileau (SPIE, Belling-

Monolayer Thin Films,” irLaser-Induced Damage in Optical ham, WA, 1997), Vol. 2966, p. 250.

Materials: 1997 edited by G. J. Exarhos, A. H. Guenther,

M. R. Kozlowski, and M. J. Soileau (SPIE, Bellingham, WA, C. Stockinger, W. Markowitsch, W. Lang, W. Kula, and

1998), Vol. 3244, pp. 434-445. R. Sobolewski, “Mechanisms of Photodoping in Oxygen-
Deficient YBgCuO, Films Studied byin Situ Transport
Measurements,” Phys. Rev.58, 8702 (1998).

Forthcoming Publications

R.Adam, R. Sobolewski, W. Markowitsch, C. Stockinger, andl. R. Boehly, R. L. McCrory, C. P. Verdon, W. Seka, S. J.
W. Lang, “Optically Induced Effects in Y-Ba-Cu-O JosephsonLoucks, A. Babushkin, R. E. Bahr, R. Boni, D. K. Bradley,
Junctions,” to be published in Applied Superconductivity. R. S. Craxton, J. A. Delettrez, W. R. Donaldson, R. Epstein,
D. Harding, P. A. Jaanimagi, S. D. Jacobs, K. Kearney, R. L.
E. L. Alfonso, S.-H. Chen, R. Q. Gram, and D. R. HardingKeck, J. H. Kelly, T. J. Kessler, R. L. Kremens, J. P. Knauer,
“Properties of Polyimide Shells Made Using Vapor Phasé®. J. Lonobile, L. D. Lund, F. J. Marshall, P. W. McKenty,
Deposition,” to be published in the Journal of MaterialsD. D. Meyerhofer, S. F. B. Morse, A. Okishev, S. Papernov,
Research. G. Pien, T. Safford, J. D. Schnittman, R. Short, M. J. Shoup lll,
M. Skeldon, S. Skupsky, A. W. Schmid, V. A. Smalyuk, D. J.
A. Babushkin, R. S. Craxton, S. Oskoui, M. J. GuardalbenSmith, J. M. Soures, M. Wittman, and B. Yaakobi, “Inertial
R. L. Keck, and W. Seka, “Demonstration of the Dual-TriplerConfinement Fusion Experiments with OMEGA—a 30-kJ,
Scheme for Increased-Bandwidth Third-Harmonic Generaé0-Beam UV Laser,” to be published in the Proceedings of the
tion,” to be published in Optics Letters. 1997 IAEA Conference, Osaka, Japan, 10-14 March 1997.

R. Betti, “Beta Limits for th&l = 1 Mode in Rotating-Toroidal-

Resistive Plasmas Surrounded by a Resistive Wall,” to be
published in Physics of Plasmas.

LLE Review, Volume 75



PuBLICATIONSAND CONFERENCEPRESENTATIONS

T. R. Boehly, V. A. Smalyuk, D. D. Meyerhofer, J. P. KnauerF. Dahmani, A. W. Schmid, J. C. Lambropoulos, and S. J.
D. K. Bradley, R. S. Craxton, M. J. Guardalben, S. SkupskyBurns, “Laser-Fluence and Laser-Pulse-Number Dependence
and T. J. Kessler, “The Reduction of Laser Imprinting Usingpf Birefringence and Residual Stress near Laser-Induced
Polarization Smoothing on a Solid-State ICF Laser,” to be&racks in Fused Silica,” to be published in Applied Optics.
published in Physical Review Letters.
D. R. Harding, “Using lon Beam Techniques to Determine the
S.-H. Chen, J. C. Mastrangelo, B. M. Conger, and D. Katsiglemental Composition of ICF Targets,” to be published in
“Design, Synthesis, and Potential Application of Glass-Form¥Fusion Technology.
ing Functional Organic Materials,” to be published in the
Proceedings of the 6th International Polymer Conferences. D. Jacobs, W. I. Kordonski, and H. M. Pollicove, “Precision
Kusatsu, Japan, 20-24 October 1997 (invited). Control of Aqueous Magnetorheological Fluids for Finishing
of Optics,” to be published in the Proceedings of ERMR 1997,
T. J. B. Collins, A. Frank, J. E. Bjorkman, and M. Livio, Yonezawa, Japan, 22—25 November 1997.
“Supernova 1987A: Rotation and a Binary Companion,” to be
published in Astrophysical Journal. S. D. Jacobs, H. M. Pollicove, W. I. Kordonski, and D. Golini,
“Magnetorheological Finishing (MRF) in Deterministic Op-
T. J. B. Collins, H. L. Helfer, and H. M. Van Horn, “Accretion tics Manufacturing,” to be published in the Proceedings of
Disk and Boundary Layer Models Incorporating OPAL ICPE '97, Taipei, Taiwan, 20—-22 November 1997.
Opacities,” to be published in Astrophysical Journal.
D. Katsis, S.-H. Chen, H. Shi, and A. W. Schmid, “Circular
T. J. B. Collins, H. L. Helfer, and H. M. VanHorn, “A Model Dichroism Induced in Chiral-Nematic Films,” to be published
for QPO’s in CV’'s Based on Boundary-Layer Oscillations,” toin the MRS Symposium Proceedings, Volume XXX.
be published in Astrophysical Journal, Letters.
J. P. Knauer, R. Betti, D. K. Bradley, T. R. Boehly, T. J. B.
S. Cremer, C. P. Verdon, and R. D. Petrasso, “Tertiary Protddollins, V. N. Goncharov, P. W. McKenty, D. D. Meyerhofer,
Diagnostics in Future ICF Experiments,” to be published inv. A. Smalyuk, C. P.Verdon, S. G. Glendinning, D. H. Kalantar,
Physics of Plasmas. and R. G. Watt, “Single-Mode Rayleigh—Taylor Growth-Rate
Measurements with the OMEGA Laser System,” to be pub-
M. Currie, R. Sobolewski, and T. Y. Hsiang, “Subterahertdished in Physics of Plasmas.
Signal Crosstalk in Transmission Line Interconnects,” to be
published in Applied Physics Letters. O. A. Konoplev and D. D. Meyerhofer, “Cancellation of
B-Integral Accumulation for CPA Lasers,” to be published in
M. Currie, C.-C. Wang, R. Sobolewski, and T. Y. Hsiang,Optics Letters.
“Picosecond Nodal Testing of Centimeter-Size Supercon-
ducting Microstrip Interconnects,” to be published in AppliedE. M. Korenic, S. D. Jacobs, S. M. Faris, and L. Li, “Cholesteric
Superconductivity. Liquid Crystal Flakes—a New Form of Domain,” to be pub-
lished in Molecular Crystals and Liquid Crystals.
F. Dahmani, J. C. Lambropoulos, A. W. Schmid, S. J. Burns,
and C. Pratt, “Nanoindentation Technique for Measuring RekE. M. Korenic, S. D. Jacobs, S. M. Faris, and L. Li, “Cholesteric
sidual Stress Field Around a Laser-Induced Crack in Fusedquid Crystal Transmission Profile Asymmetry,” to be pub-
Silica,” to be published in the Journal of Materials Science. lished in Molecular Crystals and Liquid Crystals.

F. Dahmani, J. C. Lambropoulos, A. W. Schmid, S. Papernog. M. Korenic, S. D. Jacobs, S. M. Faris, and L. Li, “Color
and S. J. Burns, “Fracture of Fused Silica with 351-nm-LaseiGamut of Cholesteric Liquid Crystal Films and Flakes by
Generated Surface Cracks,” to be published in the Journal 8tandard Colorimetry,” to be published in COLOR Research
Applied Physics. and Application.

LLE Review, Volume 75



PusLicaTiIoONSAND CONFERENCEPRESENTATIONS

M. Lindgren, W.-S. Zeng, M. Currie, R. Sobolewski, R. D. Petrasso, C. K. Li, M. D. Cable, S. M. Pollaine, S. W.
S. Cherednichenko, B. Voronov, and G. N. Gol'tsman, “PicoHaan, T. P. Bernat, J. D. Kilkenny, S. Cremer, J. P. Knauer,
second Response of a Superconducting Hot-Electron NbWN. P. Verdon, and R. L. Kremens, “Implosion Symmetry and
Photodetector,” to be published in Applied SuperconductivitypR Measurements of the National Ignition Facility from Na-
scent 31-MeV Tertiary Protons,” to be published in Physical
F. J. Marshall and G. R. Bennett, “A High-Energy X-RayReview Letters.
Microscope for ICF,” to be published in the Review of Scien-
tific Instruments. R. W. Short and A. Simon, “Collisionless Damping of Local-
ized Plasma Waves in Laser-Produced Plasmas and Applica-
K. L. Marshall, J. Haddock, N. Bickel, D. Singel, and S. D.tion to Stimulated Raman Scattering in Filaments,” to be
Jacobs, “Angular-Scattering Characteristics of Ferroelectripublished in Physics of Plasmas.
Liquid Crystal Electro-Optical Devices Operating in the
TSM and ESM Modes,” to be published in the Journal oR. W. Short and A. Simon, “Landau Damping and Transit-
Applied Optics. Time Damping of Localized Plasma Waves in General Geom-
etries,” to be published in Physics of Plasmas.
R. L. McCrory and J. M. Soures, “Status of Direct-Drive
Inertial Confinement Fusion Research at the Laboratory fov. D. Skeldon, “A High-Bandwidth Electrical-Waveform
Laser Energetics,” to be published in the Proceedings of th@enerator Based on Aperture-Coupled Striplines for Optical
2nd Symposium on Current Trends in International FusioPulse-Shaping Applications,” to be published in the IEEE
Research: Review and Assessment, Washington, DC, 10—J4urnal of Quantum Electronics.
March 1997 (invited).
M. D. Skeldon, R. Saager, and W. Seka, “Quantitative Pump-
S. J. McNaught, J. P. Knauer, and D. D. Meyerhofer, “Photoinduced Wavefront Distortions in Laser-Diode- and Flash-
electron Initial Conditions for Tunneling lonization in a Lin- Lamp-Pumped Nd:YLF Laser Rods,” to be published in the
early Polarized Laser,” to be published in Physical Review ALEEE Journal of Quantum Electronics.

D. D. Meyerhofer, X. D. Cao, Y. Fisher, O. Konopley, V. A. Smalyuk, T. R. Boehly, D. K. Bradley, J. P. Knauer, and
I. Walmsley, and L. Zheng, “Measurements of Material PropD. D. Meyerhofer, “Characterization of an X-Ray Radio-
erties Using Frequency Domain Interferometry,” to be pubgraphic System Used for Laser-Driven Planar Target Experi-
lished in the IEEE Journal of Selected Topics in Quantunments,”to be published in the Review of Scientific Instruments.
Electronics.

E. A. Startsev and C. J. McKinstrie, “Relativistic Pondero-
D. D. Meyerhofer, J. P. Knauer, S. J. McNaught, and C. Imotive Dynamics of a Test Particle in a Plasma,” to be pub-
Moore, “Observation of Relativistic Ponderomotive Scatterdished in Physical Review E.
ing,” to be published in Physics of Plasmas.

B. Yaakobiand F. J. Marshall, “Imaging the Cold, Compressed
B. Nodland and C. J. McKinstrie, “Propagation of a ShortShell in Laser Implosions Using theakFluorescence of a
Laser Pulse in a Plasma,” to be published in Physicalitanium Dopant,” to be published in the Journal of Quantita-
Review E. tive Spectroscopy and Radiative Transfer.

S. Papernov, A. W. Schmid, and D. Zaksas, “CharacterizatioB. Yaakobi, F. J. Marshall, and D. K. Bradley,dCold Target

of Freestanding Polymer Films for Application in 351-nm,Imaging and Preheat Measurement Using Pinhole-Array
High-Peak-Power Laser Systems,” to be published iiX-Ray Spectrometer,” to be published in the Review of Scien-
Optical Engineering. tific Instruments.

LLE Review, Volume 75



PuBLICATIONSAND CONFERENCEPRESENTATIONS

B. Yaakobi, F. J. Marshall, and D. K. Bradley, “Pinhole-ArrayJ. D. Zuegel and W. Seka, “Upconversion and Redfiegd

X-Ray Spectrometer for Laser-Fusion Experiments,” to béJpper-State Lifetime in Intensely Pumped Nd:YLF,” to be

published in Applied Optics. published in Applied Optics: Lasers, Photonics, & Environ-
mental Optics.

L. Zheng and D. D. Meyerhofer, “Self- and Cross-Plate Modu-

lation Coefficients in a KDP Crystal Measured by a Z-Scan

Technique,” to be published in the Journal of the Optical

Society of America B.

Conference Presentations

A. R. Staley, D. J. Smith, R. C. Eriksson, and R. P. FoleyA. Babushkin and W. Seka, “Efficient 1053-nm Nd:YLF

“Counter-Rotating Planetary Design Increases Productiohaser End Pumped by a 100-W Quasi-cw Diode Array.”

Capacity for Large Rectangular Substrates,” 41st Annual

Technical Conference of the Society of Vacuum Coatersi. V. Okishev, M. D. Skeldon and W. Seka, “New Dual-

Boston, MA, 18-23 April 1998. Regime, Diode-Pumped Master Oscillator for the OMEGA
Pulse-Shaping System.”

The following presentations were made at the Target Fabricdd. D. Skeldon, A. Okishev, R. Keck, W. Seka and S. A.
tion Meeting 1998, Jackson Hole, WY, 19-23 April 1998: Letzring, “A High-Bandwidth Electrical-Waveform Gener-
ator Based on Aperture-Coupled Striplines for OMEGA
E. L. Alfonso, S.-H. Chen, R. Q. Gram, D. R. Harding, andPulse-Shaping Applications.”
F. Y. Tsai, “Fabrication of Polyimide Shells by Vapor Phase
Deposition for Use as ICF Targets.”
The following presentations were made at the 25th European
D. R. Harding, “Using lon Beam Techniques to Determine th&Conference on Laser Interaction with Matter (25th ECLIM),
Elemental Composition of ICF Targets.” Formia, Italy, 4-8 May 1998:

P. W. McKenty, “Direct-Drive Capsule Requirements forR. Betti, V. N. Goncharov, and R. L. McCrory, “Hydrodynamic
the National Ignition Facility and OMEGA Laser Systems” Stability Theory of Unsteady Ablation Fronts.”
(invited).
T. R. Boehly, D. D. Meyerhofer, J. P. Knauer, D. K. Bradley,
P. W. McKenty and M. D. Wittman, “Characterization of T. Collins, J. A. Delettrez, V. N. Goncharov, R. L. Keck,
Thick Cryogenic Layers Using an Interferometric ImagingS. Regan, V. A. Smalyuk, W. Seka, and R. P. J. Town, “Laser-
System.” Uniformity and Hydrodynamic-Stability Experiments at the
OMEGA Laser Facility.”
M. D. Wittman, S. Scarantino, and D. R. Harding, “Controlling
the Permeability of Shinethrough Barriers on InertialD. K. Bradley, J. A. Delettrez, R. Epstein, F. J. Marshall,
Fusion Targets.” S. Regan, R. P. J. Town, B. Yaakobi, D. A. Haynes, Jr., C. F.
Hooper, Jr., and C. P. Verdon, “Spherical Rayleigh—Taylor
Experiments on the 60-Beam OMEGA Laser System.”
The following presentations were made at CLEO/IQEC 1998,
San Francisco, CA, 3-8 May 1998: J. P. Knauer, C. P. Verdon, T. J. B. Collins, V. N. Goncharov,
R. Betti, T. R. Boehly, D. D. Meyerhofer, and V. A. Smalyuk,
A. Babushkin, R. S. Craxton, S. Oskoui, M. J. GuardalberInterpretation of X-Ray Radiographic Images of Rayleigh—
R. L. Keck, and W. Seka, “Demonstration of the Dual-TriplerTaylor Unstable Interfaces.”
Scheme for Increased-Bandwidth Frequency Tripling.”

LLE Review, Volume 75



PusLicaTiIoONSAND CONFERENCEPRESENTATIONS

R. L. McCrory, “Strategy for Direct-Drive Ignition on the NIF.” A. Babushkin, R. S. Craxton, S. Oskoui, M. J. Guardalben,
R. L. Keck, and W. Seka, “Experimental Verification of the
D. D. Meyerhofer, D. K. Bradley, A. V. Chirokikh, R. S. Dual-Tripler Scheme for Efficient Large-Bandwidth
Craxton, S. Regan, W. Seka, R.W. Short, A. Simon, B. Yaakoblsrequency Tripling.”
J. Carroll, and R. P. Drake, “Laser—Plasma Interaction Experi-
ments in NIF Direct-Drive-Scale Plasmas.” A. Babushkin, J. H. Kelly, C. T. Cotton, M. Labuzeta,
M. Miller, T. A. Safford, R. G. Roides, W. Seka, 1. Will,
W. Seka, T. R. Boehly, D. K. Bradley, V. Glebov, P. A.M. D. Tracy, and D. L. Brown, “Compact RtiBased Laser
Jaanimagi, J. P. Knauer, F. J. Marshall, D. D. MeyerhofeiSystem with GaitGgg< 103 and 20-J Output Energy.”
R. Petrasso, S. Regan, J. M. Soures, B. Yaakobi, J. D. Zuegel,
R. Bahukutumbi, T. J. B. Collins, R. S. Craxton, J. A.K. Green, W. Seka, M. D. Skeldon, R. L. Keck, A. V. Okisheyv,
Delettrez, R. L. McCrory, P. W. McKenty, R. W. Short, and R. Sobolewski, “Improving the Microwave Bandwidth
A. Simon, S. Skupsky, and R. P. J. Town, “Experimentabf Photoconductive Switches Used in the OMEGA Pulse-
Program at LLE in Support of the Direct-Drive Approach toShaping System.”
Ignition for the NIF.”
J. A. Marozas, “The Cross-Phase Modulation Between Two
Intense Orthogonally Polarized Laser Beams Co-Propagating
S. J. McNaught and D. D. Meyerhofer, “Photoelectron InitialThrough a Kerr-like Medium.”
Conditions for Tunneling lonization in an Elliptically Polar-
ized Laser,” 1998 Annual Meeting of the Division of A. V. Okishev, M. D. Skeldon, and W. Seka, “Multipurpose,
Atomic, Molecular, and Optical Physics (DAMOP), Santa FeDiode-Pumped Nd:YLF Laser for OMEGA Pulse Shaping
NM, 27-30 May 1998. and Diagnostics Applications.”

M. D. Skeldon, A. V. Okishev, R. L. Keck, W. Seka, and S. A.
The following presentations were made at the 12th Topicdletzring, “An Optical Pulse-Shaping System Based on
Conference on High-Temperature Plasma Diagnostic#perture-Coupled Stripline for OMEGA Pulse-Shaping
Princeton, NJ, 7-11 June 1998: Applications.”

F. J. Marshall and G. R. Bennett, “A High-Energy X-RayJ.D. Zuegel, E. Michaels, S. Skupsky, S. Craxton, J. Kelly, and

Microscope for ICF.” S. Letzring, “Plans to Achieve 1-THz Bandwidth with Two-
Dimensional Smoothing by Spectral Dispersion on OMEGA.”

V. A. Smalyuk, T. R. Boehly, D. K. Bradley, J. P. Knauer,

and D. D. Meyerhofer, “Characterization of an X-Ray

Radiographic System Used for Laser-Driven Planar Targethe following presentations were made at the Optical

Experiments.” Interference Coating Sixth Topical Meeting, Tucson, AZ,
7-12 June 1998:

The following presentations were made at Solid State LaseM. B. Campanelli and D. J. Smith, “A Wideband Optical

for Application (SSLA) to Inertial Confinement Fusion, Monitor for a Planetary Coating System.”

3rd Annual International Conference, Monterey, CA,

7-12 June 1998: K. L. Marshall, A. L. Rigatti, G. L. Mitchell, J. A. Pathak,
A. R. Staley, and J. A. Warner, “An Aqueous Sol-Gel Coating

A. Babushkin, W. Bittle, S. A. Letzring, M. D. Skeldon, and for Epoxy Surfaces.”

W. Seka, “Regenerative Amplifier for the OMEGA Laser

System.” D.J. Smith, J. A.Warner, and N. LeBarron, “Uniformity Model
for Energetic lon Process Using a Kaufman lon Source.”

LLE Review, Volume 75



PuBLICATIONSAND CONFERENCEPRESENTATIONS

The following presentations were made at the 28th Annual. D. Schnittman, R. S. Craxton, N. D. Delamater, K. A. Klare,
Anomalous Absorption Conference, Bar Harbor, ME,T. J. Murphy, J. M. Wallace, E. I. Lindman, G. R. Magelssen,
14-19 June 1998: J.A. Oertel, and S. M. Pollaine, “Radiation Drive Symmetry in
OMEGA Tetrahedral Hohlraums.”
R. Betti, V. Lobatchev, and R. L. McCrory, “Perturbation
Transfer in an Accelerated Shell: Feed-In and Feed-Out.” W. Seka, D. K. Bradley, A. V. Chirokikh, R. S. Craxton,
S. Regan, D. D. Meyerhofer, R. W. Short, A. Simon,
R. S. Craxton, D. D. Meyerhofer, and W. Seka, “Interpretatiol8. Yaakobi, J. J. Carroll Ill, and R. P. Drake, “Stimulated
of Long-Scale-Length Plasma Characterization ExperimentBrillouin Backscattering in NIF Direct-Drive Scale Plasmas.”
on OMEGA””
R. W. Short, “Simulated Brillouin Scattering in High-
J. A. Delettrez, D. K. Bradley, S. Regan, T. R. Boehly, J. Antensity, Self-Focused Filaments: The Effects of Sound Wave
Knauer, and V. A. Smalyuk, “Mix Experiments on the Diffraction and Plasma Flow.”
60-Beam OMEGA Laser System Using Smoothing by Spec-
tral Dispersion (SSD).” A. Simon, “Return-Current Electrons and Their Generation
of Electron Plasma Waves.”
R. Epstein, J. A. Delettrez, R. P. J. Town, D. K. Bradley,
D. Hayes, C. F. Hooper, and C. P. Verdon, “Simulations in OnA. Simon, “The ‘Return’ of the Electron Beam.”
Dimension of the Effects of Fuel-Pusher Mix in Laser-Driven
Implosions on Core Temperatures and Densities Determinéd A. Smalyuk, T. R. Boehly, D. K. Bradley, J. P. Knauer, D. D.
from Core Emission Spectroscopy.” Meyerhofer, D. Oron, Y. Azebro, and D. Shvarts, “Nonlinear
Evolution of the 3-D Broad-Bandwidth Spectrum of Imprint-
Y. Fisher, T. R. Boehly, D. K. Bradley, D. R. Harding, D. D. ing in Planar Targets Accelerated by UV Light.”
Meyerhofer, and M. D. Wittman, “Shinethrough of Various
Barrier-Layer Materials.” E. A. Startsev, C. J. McKinstrie, and R. E. Giacone, “Accurate
Formulas for the Landau Damping Rates of Electrostatic
R. E. Giacone and C. J. McKinstrie, “Angular DependencéVaves.”
of Stimulated Brillouin Scattering.”
R. P. J. Town, R. P. Bahukutumbi, J. A. Delettrez, R. Epstein,
V. Lobatchev, R. Betti, and R. L. McCrory, “Theory of the F. J. Marshall, P. W. McKenty, D. D. Meyerhofer, and
Linear Feed-Out in Planar Geometry.” S. Skupsky, “Simulations of OMEGA Spherical Implosions.”

C. J. McKinstrie and E. A. Startsev, “Forward and Backwarde. J. Turano and C. J. McKinstrie, “Oblique Stimulated
Stimulated Brillouin Scattering of Crossed Laser Beams.” Raman Scattering of a Short Laser Pulse in a Plasma Channel.”

D. D. Meyerhofer, T. R. Boehly, D. K. Bradley, T. Collins, J. A.
Delettrez, V. N. Goncharov, J. P. Knauer, R. P. J. Town, V. AThe following presentations were made at the IXth Confer-
Smalyuk, D. Oron, Y. Szebro, and D. Shvarts, “Late-Timeence on Laser Optics (LO '98), St. Petersburg, Russia,
Evolution of Broad-Bandwidth, Laser-Imposed Non-22-26 June 1998:
uniformities in Accelerated Foils.”

J. H. Kelly, S. F. B. Morse, R. Boni, W. R. Donaldson,
S. P. Regan, D. K. Bradley, A. V. Chirokikh, R. S. Craxton,P. A. Jaanimagi, R. L. Keck, T. J. Kessler, A. V. Okishev,
D. D. Meyerhofer, W. Seka, R. P. J. Town, B. Yaakobi, R. PA. Babushkin, A. L. Rigatti, W. Seka, and S. J. Loucks,

Drake, and J. J. Carroll 11, “Electron Temperature and DensityPerformance of the OMEGA Laser for Direct-Drive ICF.”
Measurements of Long-Scale-Length, Laser-Produced Plas-
mas on OMEGA.” A. V. Okishev, M. D. Skeldon, J. H. Kelly, A. Babushkin, J. D.

Zuegel, R. G. Roides, and S. F. B. Morse, “Front-End Laser
System for the 60-Beam, 30-kJ (UV) OMEGA Laser Facility.”

LLE Review, Volume 75



	LLE Review 75 Cover
	About the Cover
	Table of Contents
	In Brief
	Demonstration of Dual-Tripler, Broadband Third-Harmonic Generation and Implications for OMEGA and the NIF
	Ultrahigh Dynamic Range Measurement of High-Contrast Pulses Using a Second-Order Autocorrelator
	Using Ion-Beam Techniques to Determine the Elemental Composition of ICF Targets
	K-alpha Cold-Target Imaging and Preheat Measurement Using a Pinhole-Array X-Ray Spectrometer
	Forward and Backward Stimulated Brillouin Scattering of Crossed Laser Beams
	Landau Damping and Transit-Time Damping of Localized Plasma Waves in General Geometries
	Publications and Conference Presentations



