UNIVERSITY OF ROCHESTER Volume 76
LABORATORY FOR LASER ENERGETICS July—September 1998

L LE Review

uUR

LLE

Quarterly Report




Printed in the United States of America
Available from
National Technical Information Services
U.S. Department of Commerce
5285 Port Royal Road
Springfield, VA 22161

Price codes: Printed Copy A04
Microfiche AO1

About the Cover:

Scientist Andrey Okishev is shown examining the new diode-
pumped master oscillator for the OMEGA laser system. The
master oscillator, including the pump-laser diode, the condition-
ing optics, the Nd:YLF laser, the amplitude feedback pickoff, and
the thermal stabilization systems, is housed in the large white
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able in the corresponding block diagram in the lead article of this
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In Brief

This volume of the LLE Review, covering the period July—September 1998, includes reports on two of
the newest subsystems in the OMEGA laser facility. A. V. Okishev, M. D. Skeldon, and W. Seka have
developed a highly stable, diode-pumped Nd:YLF master oscillator for the OMEGA laser system. This
new master oscillator produces either single-frequedegwitched pulses or cw radiation for the
OMEGA pulse-shaping system. The switch-over between these two regimes requires no laser realign-
ment. The new master oscillator is completely computer controlled and has been operating continuously
in OMEGA for six months without operator intervention. A. Babushkin, W. Bittle, S. A. Letzring,

M. D. Skeldon, and W. Seka have designed a negative-feedback—controlled regenerative amplifier that ha:
been part of the OMEGA laser system for the past two years. The negative feedback makes the energ
output of the regenerative amplifier stable and insensitive to the variations in pulse energy. This amplifier’s
long-term output energy stability is the highest ever demonstrated for a millijoule-level laser system,
either flashlamp pumped or diode pumped.

Additional research highlights reported in this issue are

» K. Green, W. Donaldson, R. Keck, A. V. Okishev, M. D. Skeldon, W. Seka, and R. Sobolewski have
expanded the pulse-shape bandwidth of OMEGA'’s driver line from approximately 3 GHz to over
5 GHz by using a novel measurement scheme that takes into account the transient carrier dynamic:
of the photoconductive switches used in the pulse-shaping subsystem.

» J. Marozas has performed calculations of near-field intensity modulations in high-intensity laser
beams due to self- and cross-phase modulation between the orthogonally polarized laser beam:
emerging from KDP wedges placed into the OMEGA laser beamlines. Such wedges produce a
reduction in the far-field speckle nonuniformity by polarization smoothing and are not expected to be
a significant source of intensity modulation under expected operating conditions.

e V. A. Smalyuk, T. R. Boehly, D. K. Bradley, J. P. Knauer, and D. D. Meyerhofer have characterized
an x-ray radiographic system for measuring mass modulations in planar laser-driven targets. Using the
known sensitivity, resolution, and noise characteristics of this system, they have formulated a Wiener
filter that reduces noise, compensates for detector resolution, and facilitates measurement of pertur-
bations imprinted on targets by laser nonuniformity.

 R.W. Short and A. Simon have found a plausible explanation for observations of stimulated Raman

scattering (SRS) that have been at odds with theoretical predictions. By calculating the collisionless
damping rate of plasma waves confined within a small cylinder, they have found that plasma waves



confined within small-radius filaments damp much more slowly than plane plasma waves in a
homogeneous plasma. Predictions using these corrected rates, rather than rates obtained using the
usual Landau theory for plane waves in homogeneous plasmas, provide a viable explanation of the
anomalous SRS observations.

» This volume concludes with the Summer High School Program Report, the Laser Facility Report,
and the National Laser Users’ Facility News.

Reuben Epstein
Editor



Highly Stable, Diode-Pumped Master Oscillator
for the OMEGA Laser Facility

The OMEGA facility is a 60-beam, 30-kJ (UV) laser systemOMEGA Pulse-Shaping System

for performing inertial confinement fusion (ICF) experiments.  The heart of the OMEGA optical pulse—shaping system is
One of the main features of the OMEGA laser is an opticahn integrated-optic (I0) modulator. To obtain high-contrast,
pulse—shaping system capable of producing flexible tempordligh-precision, shaped optical pulses, the modulator must be
pulse shapés(Fig. 76.1). The recently developed diode- biased to provide zero transmission in the absence of an
pumped Nd:YLF master oscillatis capable of satisfying the electrical waveform (modulator minimization procedure). To
basic OMEGA requirements, such as single-frequency, longaccomplish this on OMEGA, cw laser radiation from a differ-
pulse, Q-switched operation with high amplitude stability. entlaser source than the master oscillator (the cw mode-locked
Some OMEGA operational issues (modulator minimizationlaser) is manually directed to the modulator. This operator
procedures, bandwidth characterization, increased repetitiantervention is time consuming and places unnecessary stress
rate, and temporal diagnostic calibration), however, have man fiber-optic connectors and components. This operator inter-
tivated the development of a new diode-pumped, multipurposeention is eliminated with a master oscillator that can be easily
laser. The new laser is capable of serving as the OMEGAwitched to cw operation.

master oscillator (stable, single-frequer@switched opera-

tion), as well as a source of stable, single-frequency cw By increasing the laser repetition rat€xswitched opera-
radiation (for modulator characterization and minimization)tion, precision pulse-shape and bandwidth measurements can
and stable, sinusoidally modulated radiation (for temporabe made with a high-bandwidth sampling oscilloscope. In
diagnostics calibration). addition, with careful laser-cavity-length control the laser can

38/76 MHz master ~ OMEGA
rf generator > timing system

v Y

cw mode-locked
oscillator

Electrical waveform
generator

Laser source -
for modulator
minimization and
characterization

AN

Shaped pulse

OMEGA to OMEGA
master IO modulator
oscillator
Bias input
E8907
Figure 76.1

Block diagram of the OMEGA pulse-shaping system.
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lase simultaneously on two adjacent cavity modes and provide
a precise, temporally modulated signal for temporal diagnos-
tics calibration (streak cameras, photodetectors, etc.).

o
w

0.2+ P i
Laser Characteristics

The basic design of the laser (Fig. 76.2) is similar to the one
described earlietAs a pump source we have chosen a single-
stripe, 1.2-W, cw SDL-2326-P1 laser diode (a modification
from the previous design) with a thermoelectric cooler that
eliminates the need for water cooling. The diode wavelength is
temperature tuned to 797 nm to provide maximum pump
absorption in the active element. The polarization of the pump
radiation is parallel to the-axis of the active element, which E8910
increases pump absorption to approximately 80%. Figure 76.3

Laser cw output power versus diode pump power for bidirectional operation.

Beam-conditioning optics for the diodes consist of an AR-
coated aspherical lens (NA~0.68) and an AR-coated cylindr200-ns (FWHM) pulses [Fig. 76.4(a)] at a repetition rate of up
cal lens. The pump radiation is focused into the active elemetd 10 kHz. The energy content of the sliced, flat-top portion of
through the dichroic end mirror. Transmission of the condithe pulse [Fig. 76.4(b)] is 0.2 to 18, depending on the pulse
tioning optics, focusing lens, and dichroic mirror is ~90% atvidth. Without removing the rf power to the AON){switch
797 nm. The active element is a 4-mm-diam by 5-mm, 1.1%igger off), the laser generates up to 100 mW of single-
Nd:YLF wedged and AR-coated rod oriented with the Brewstefrequency cw power (optical-to-optical efficiency is ~13%).
prismto provide 1053-nm lasing. The acousto-optic modulator
(AOM) used aQ-switch (GOOCH & HOUSEGO, QS080- The spatial laser beam profile is close to TfgMnd is
2G-RU2) is wedged and AR coated for 1053 nm. In the cvlaunched into a single-mode optical fiber delivery system for
operation regime (no rf power applied to the AOM) the laseall our applications. We routinely achieve a single-mode fiber
generates a total of 260 mW of cw power (in both countertaunching efficiency of the order of 85%, which indicates a
propagating beams) with an optical-to-optical efficiency >21%high-quality beam profile.
at 1053 nm (Fig. 76.3).

\

\

Laser cw output power (W)

o
o
O o

|
0.6 0.9 1.2
Pump power (W)

w

Laser Parameter Control and Stabilization
Unidirectional single-frequency operation is achieved by To achieve single-frequency, highly stable (in terms of
applying a low (<200-mW) rf power to the AOMBy remov-  amplitude, timing jitter, wavelength) laser operation we em-
ing the rf power from the AOM we obta@switched, 50- to  ploy several feedback loops:

Computer-controlled

HV cavity-length
A

Laser wavelength | Source feedback loop
adjusted via
Figure 76.2 temperature-tunegd
Block diagram of the multipurpose Nd:YLF laser. Nd:YLF
Etalon ==
[Qlicarl /
Slicer >
f:engggtcukdﬁj-o <---oo--t Entire laser is
temperature stablized

E9094
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Figure 76.4
(a) TheQ-switched pulse envelope and (b) sliced central flat-top portion of the pulse to be sent to the modulator.

« amplitude-feedback loop
» wavelength control and stabilization

have developed a miniaturized heater—sensor feedback loop
that is mounted on the active element heat sink and can

» frequency-feedback loop
» overall laser temperature stabilization
e two-mode operation

maintain its temperature to within 0CL. Figure 76.6 shows
the wavelength tuning and stabilization by adjusting and main-
taining the temperature of the active element. We have found

the thermal wavelength coefficieAd/AT to be+0.08 APC.

1. Amplitude-Feedback Loop

To damp relaxation oscillations and stabilize the prelas8. Frequency-Feedback Loop and Overall
phase, the rf power applied to the AOM is controlled with a Temperature Stabilization
circuit that provides negative amplitude feedback. One of the To ensure single-frequency operation we have developed a
beams diffracted by the AOM is coupled into a 0.4-mm multi-computerized wavelength-feedback loop. The laser spectrum
mode fiber and sent to a diode that generates a feedback sigisaimeasured with an air-spaced etalon and analyzed by a
(Fig. 76.2). For a high (low) feedback signal the rf power to theomputer equipped with a CCD camera and framegrabber. If
AOM is increased (decreased), thus increasing (decreasinthe fringe peak moves, the computer produces a driving voltage
the cavity losses and stabilizing the cw laser output poweto change the high voltage on the piezoelectric translator (PZT)
With amplitude-feedback stabilization, a very smooth prelase

phase with no relaxation oscillations is observed (Fig. 76.5), 1.0 . T .
and the externally triggerab@switch leads to high amplitude
stability and low temporal jitter of the output pulse. Amplitude <— Q-switch pulse
fluctuations of theQ-switched pulse are 0.5% rms and the 3 (off scale)
timing jitter is 3 to 5 ns rms depending on Beswitched 'g
optical pulse duration. 5 09 7
%]
by
2. Wavelength Control and Stabilization - Quasi-cw prelag f\OM rf power rerpoved
Due to the large longitudinal mode spacing and the absence l l
of wavelength-tuning elements (such as etalons, gratings, etc.) \"u‘_h : L.._
; ; ; . 0.0 — - '
the laser is operating at the peak of the gain curve; thus, the only 0 50 100 150

way to adjust and stabilize the lasing wavelength is to adjust the
peak position of the Nd:YLF gain curve by changing and £9*?
stabilizing the temperature of the active element. The operat-
ing temperature of the active element i8G34o 36C withno  Figure 76.5

temperature control. Adjustment of the laser Wavelength fd?mplitude f.eedback proviqes const.ant. pre?.lase for higher amplitude stability
OMEGA requires additional heating up to°89to 45C. We of theQ-switched pulse with lower timing jitter.

Time (s)
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to correct the laser cavity length and bring the fringe peak to its
initial position. The following procedure locates the correct
fringe position (reset): The computer scans the PZT driver
voltage until the two-mode operation is detected; it then
reverses the scan to find the next two-mode operation voltage;
and finally, it sets the voltage between these two-mode opera-
tion voltages. This reset procedure is repeated every 0.5 h and
ensures single-frequency operation [Fig. 76.7(a)]. The thermal
drift due to room-temperature changes, however, causes an
undesirable wavelength drift. When the laser housing and
active element are temperature stabilized [Fig. 76.7(b)], the
laser runs single frequency with a residual wavelength drift of
0.01 A rms over 15 h of operation (Fig. 76.8).

We have taken the envelope of the sliced flat-top pulse using

The laser output wavelength is adjusted and stabilized by controlling thg 20-ps—reso|ution streak camera. This envelope is extremely
temperature of the active element. '

E9046

Fringe peaks gtu!

smooth (Fig. 76.9), indicating a high single-frequency contrast.

(@) No temperature stabilization |
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Figure 76.7

The laser operates with a single frequency; however, with no temperature stabilization the frequency drifts over timesititefotiom temperature (a).
Temperature stabilization of the active element and laser components significantly improves wavelength stability (b).
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4. Two-Mode Operation

HiGHLY SraBLE, Diobe-PumpeD MASTEROscILLATORFOR THE OMEGA laserFAcILITY

Conclusion

By applying the appropriate computer-controlled feedback We have developed a diode-pumped, multipurpose Nd:YLF
to the PZT-mounted prism in the laser cavity, the laser can Haser forthe OMEGA laser facility thatis suitable for our pulse-
forced to operate over many hours on two adjacent longitudinahaping applications, including modulator minimization and
modes with approximately equal amplitudes [Fig. 76.10(a)]. Irtharacterization, as well as temporal diagnostics calibration.
this case the pulse’s temporal structure is a deeply modulat@the laser combines three functions without realignment:
sinusoidal signal with a 267-ps period [Fig. 76.10(b)]. This
signal can be particularly useful for OMEGA temporal diag-> Q-switched, single-frequency master oscillator for the
nostics calibration such as streak camera sweep speeds, etc. OMEGA laser,

0.04 T |

0.02

0.00

-0.02

Wavelength change (A)

-0.04 : :
0 5 10

E9047 Approximate time (h)

15

Figure 76.8
The laser wavelength stability is 0.01 A over 15 h.

(a)
Air-spaced CCD

Laser etalon Lens  camera Computer

I I O — >| Feedback

Laser mode spacing ~ 4 GHz

e cw single-frequency operation for pulse-shaping applica-
tions, and

» the source of a stable sinusoidal optical signal for diagnos-
tics applications.

b lO T T T T I [
2
S 08
S
= 06
8
=z 041 Streak camera
£ resolution is ~20 ps
S 0.2 (no flat-field correction)
OO | | | | | |
0.0 0.5 1.0 15 2.0 2.5 3.0
E8913 Time (ns)
Figure 76.9

Streak camera measurement of the pulse envelope (no flat-field correction)
showing high single-frequency contrast.

f 6 U” > 1.0
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Figure 76.10

(a) Long-term, two-mode operation and (b) streak camera measurement of the optical sinusoidal signal (no flat-field correction)
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The laser output is either up to 100 mW of cw single-REFERENCES

fr.equer.wy radiation of-switched pulses with a.s.mooth or ALV, Okishev, W. Seka, J. H. Kelly, S. F. B. Morse, J. M. Soures, M. D.
sinusoidally modulated envelope at a repetition rate of Skeldon, A. Babushkin, R. L. Keck, and R. G. Roidednference

<10 kHz. Changeover requires no laser realignment. on Lasers and Electro-Optic¥ol. 11, 1997 OSA Technical Digest
Series (Optical Society of America, Washington, DC, 1997), p. 389.
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Regenerative Amplifier for the OMEGA Laser System

The 60-beam OMEGA Nd:glass laser is a direct-drive inertiation in the flash-lamp outpudEyy, /Epump l€ads to a varia-
confinement fusion (ICF) laser facility capable of achievingtion of the amplified pulse energye,; /Eout as’
30-kJ UV energy with an arbitrary temporal pulse shape pre-
determined by thetgrget design. The initial Iow—energy, tempo- 5Eout/|50ut = |n(Gtot)5Epump/Epumpa (1)
rally shaped pulse is generated by the pulse-shaping system
(similar to a design developed at the Lawrence Livermore
National Laborators), followed by multistage amplification whereG,y; is the total small-signal gain. For a standard regen,
with splitting, resulting in 60 laser beams with 1-kJ IR energyG;; = 10’ to 1P; therefore, fordEy; /Eqy = 2%, the pump
per beam. At the first amplification stage a negative-feedbaclenergy variation must béEy my /Epump < 0.1%. For a stan-
controlled, Nd:YLF regenerative amplifier (regen) is used. Irdard flash-lamp—pumped regen, this is difficult, if not impos-
this regen, the shaped pulse is amplified up to nine orders sible, to achiev€:’In addition, fluctuations in the pulse energy
magnitude to the submillijoule level. injected into the regen can also affect the regen output stability.
For an externally synchronizable pulse, 2% regen output sta-
In this article we present the requirements, design, anbllity requires approximately the same stability for the injected
experimental results for the regens currently in use opulse. This is difficult to achieve since the efficiency of inject-
OMEGA. These externally synchronizable regens boost thimg an optical pulse into the regen is affected by many factors
energy of the temporally shaped pulses to the submillijouléhat are difficult to control. A negative feedback can enhance
level with long-term energy variations of ~0.2% and with thethe stability and external synchronizability of the regdnt
output parameters of the amplified pulse insensitive to ththe time-dependent losses introduced by that negative feed-
injected pulse energy. The temporal distortions of the amplback can cause undesirable temporal-pulse-shape distortions
fied pulse caused by the negative feedback are immeasurabié.the injected pulse during amplification. These distortions
Four regenerative amplifiers equipped with this negative feedare difficult to model accurately, which seriously hampers the
back system have operated flawlessly on OMEGA for the pageneration of a desired pulse shape at the regen output.
two years.
We developed a flash-lamp—pumped Nd:YLF regen with a
Regenerative Amplifier Requirements for the OMEGA redesigned negative-feedback system that completely satisfies
Laser System OMEGA requirements. This feedback system introduces no
The pulse-shaping system on OMEGA must meet a numbéemporal-pulse distortions, apart from pulse distortion due to
of specificationdwith a large safety margin to allow stable andgain saturation, that can be accurately modeled and compen-
reliable OMEGA operation. The low-energy pulses generatesated for. In the following sections we will discuss practical
by this system must be amplified to an ~4@Denergy with  aspects of this regen design and present results of our numeri-
better-than-2% stability; the output pulses must be externallgal modeling and experimental measurements.
synchronizable; and the amplification process should introduce
minimum and predictable temporal-pulse-shape distortions. Negative-Feedback System for the Regenerative
Amplification of Temporally Shaped Pulses
Multipass regens have been shown to provide high d&ins. A negative feedback renders the regen output insensitive to
Flash-lamp-pumped regens, however, have typical output emput variations as well as to gain and loss fluctuations inside
ergy fluctuation®8 in the range of 5% to 10% for externally the regen cavity. The feedback signal is derived from the
synchronized laser pulses. These fluctuations are caused pritracavity pulse energy and controls the intracavity losses. A
marily by anintrinsic flash-lamp instability. The relative varia- block diagram of this regen is shown in Fig. 76.11. The
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REGENERATIVEAMPLIFIER FOR THE OMEGA |ASERSYSTEM

instantaneous intracavity pulse energy is sensed by a photo- The steady-state phase also compensates for gain fluctua-
diode whose signal is amplified by feedback electronics antions caused by flash-lamp fluctuations. During the steady-
applied to the Pockels cell electrode; thus, the losses increastate phase the circulating-pulse energy remains approximately
as the circulating pulse energy increases, resulting in a steadyenstant while the gain continuously decreases due to the
state round-trip gain near unity. After the feedback (pre-lasednergy dissipated by the feedback losses. The rate at which
phase, all cavity losses are eliminated, and the pulse is ampjain is reduced after each round-trip depends on the ratio of the
fied as in a standai@-switched oscillator. intracavity pulse fluence to the saturation fluence. The exact
value of the intracavity pulse energy in the pre-lase phase can
The pre-lase phase is crucial for stabilizing the outpube controlled externally to minimize the regen output fluctua-
pulse energy. Pulses injected into the regen above the averagms due to gain or loss variations (Fig. 76.12).
energy reach the steady-state phase early in time, while in-
jected pulses with less energy reach the steady-state phaseSuccessful implementation of this distortionless negative-
later. In the steady-state phase, the circulating intracavity puldeedback system places stringent requirements on the feed-
energy is constant and independent of the injected puldmck electronics. Our intracavity Pockels cells are KD*P
energy (Fig. 76.12); thus, the regen with negative feedback @ystals that require the feedback electronics to deliver high-
very insensitive to input fluctuations, in contrast to a regewoltage electrical signals in the 2- to 3-kV range in order to

without feedback. introduce noticeable intracavity losses. Past experience has
Single-pulse output Injected signal energy
energy ~1mJ could be down to the
femtojoule range.

N

N Figure 76.11

Block diagram of the regen with negative feedback.
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showr? that the negative-feedback electronics must have phase the relaxation-oscillation frequency of the regen is very
delay time shorter than 2 to 3 regen cavity round-trips. Temall [see Eq. (2) with= 1]; thus, the circulating pulse energy
stabilize the intracavity pulse energy, the feedback electrorcan be held constant with a second low-voltage, low-frequency
ics must respond faster than the relaxation-oscillation freelectrical-feedback signal. Due to the low voltage and slow
quency? temporal variation of the second feedback component, the
temporal shape of the amplified pulse is not distorted.
@ = \‘H(r G @ Regen Modeling

The regen dynamics were modeled in a manner similar to
where y, is the inverse photon lifetime in the regen cavity,that published in Ref. 11. Using an ideal four-level amplifying
¥LE is the inverse relaxation time of the upper laser levemedium, neglecting fluorescence depumping, and assuming
of Nd:YLF, andr is the pumping rate. These feedbackthat the pulse fluenc&is much smaller than the saturation
requirements are difficult, if not impossible, to fulfill with fluence Jg of the gain mediumJ{yg.y g = 0.8 Jicrd at

standard electronics. 1053 nm), one obtains a pair of simplified recurrent rate
equationst
Typical fast, high-voltage feedback electronics strongly
distort the output pulse shape because of small feedback- k1 = Tieexp (oK) - )

induced intracavity loss variations during the time the circulat-
ing pulse propagates through the Pockels cell. Although the
single-pass distortions are small, their effect is cumulative, and
after many round-trips the distortions become severe. To elimi-
nate these distortions the negative-feedback signal applied kterek is the index for the resonator round-triR; gy, andJy
the Pockels cell must be constant while the shaped pulsge the resonator transmission, gain coefficient, and pulse
propagates through the Pockels cell. This requires that tHkience during thé!" round-trip, respectively; ang, = In
negative-feedback signal have no fast-frequency component§ss), whereGs is the small-signal gain of tHé" round-
which contradicts Eg. (2). trip. We have also assumed that 8 J, /J5 << 1. The gain
coefficient at the time of injectiomy, is proportional to the
This problem can be circumvented with a two-componentpump energy, mp The calculated intracavity fluence of the
negative-feedback signal. The first component is a high degen is shown in Fig. 76.13(a) for an initial net round-trip
voltage that introduces a time-independent constant loss agdin Gy = 2.1, which is typical for OMEGA regens. The
brings the regen very close to the steady-state phase. In tlispendence of the output pulse train (pulse energy and build-

Ok+1 = 9k ‘[eXD(gk) ‘1] J/Js- (4)

() (b)
12 T T T T T 10 T T T T
g 10 — Gox0.99 _ — Gpx0.99
> Go=2.1 08y Gy=21 |
208G 0= . e
k= - - Gyx1.01 06F --gyx1.01 }
2 06} -
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Figure 76.13

Numerical simulations clearly demonstrate the stabilizing effect of the negative feedback on the output energy of thehéesol{d line—standard regen
output; dashed/thin solid lines—pumping energy varied1$p; dotted line—18 less injected pulse fluence; (b) same as (a) but with negative feedback.
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up time) on variations in net round-trip g&bg and injected Pockels cell, adding a time-independent constant intracavity
pulse energ¥;, are also shown in this figure. loss. As a result, the net round-trip gain is reduced to just
slightly above threshold, preventing further rapid buildup of
The two-component negative feedback is modeled by muthe laser pulse. At this time, a small feedback voltage applied
tiplying the right side of Eq. (3) by the transmission functiongo the Pockels cell is sufficient to control and maintain a
Tgc and T, The former models the time-independent lossconstant steady-state pulse energy over periods of a few micro-
while the latter accounts for the modulated feedback losseconds. Furthermore, since the regen operates close to the
required to maintain constant circulating pulse energy. Ththreshold, the response time of the regen (equal to the inverse
actual value ofT. is adjusted in such a way that the regenof the relaxation-oscillation frequency) is very long compared
operates just slightly above threshold. In the steady-state the regen round-trip time of 26 ns. This completely elimi-
phaseT,.is inversely proportional to the difference betweennates pulse distortions caused by the negative feedback. At a
the intracavity pulse fluence and the threshold fluelgcef  predetermined time [Q3 in Fig. 76.13(b)], a th@eswitch
the pulse at the time when the dc feedback losses were intresltage step is applied to the Pockels cell, which compensates
duced. In Fig. 76.13(b), modeling results for the regen withhe losses caused by the previous loss-producing voltages.
the feedback are presented for the same initial conditions a$is process produces a train of highly stable pulses under a
in Fig. 76.13(a). The negative-feedback stabilization of th&-switched envelope as shown in Fig. 76.15. Single shaped
regen output is clearly apparent by the insignificant variationpulses of ~1 mJ and exceptional energy stability (~0.2% rms)
in maximum amplitude of the train envelope as well as byave been generated over periods exceeding 4 h of continuous
the constant build-up time beyond the externally triggere®-Hz operation [~7.7x 10* shots (see Fig. 76.16)]. A

Q-switch [Q3 in Fig. 76.13(b)]. 0.5% rms energy stability was observed over a 9-h period
(>1.6x 10P shots). In addition to its excellent energy stability,
Experimental Results the regen output is also very insensitive to the injected energy

The block diagram for the regen with negative feedback iésee Fig. 76.17).
shown in Fig. 76.14. A temporally shaped optical pulse is
injected into the regen through a polarization-maintaining, Injection of a square pulse confirms that the only measur-
single-mode fiber and a Faraday isolator. At the time ofble distortions of the temporal pulse shape are due to gain
injection, a step-like quarter-wave voltage (~4.1 kV) is appliecaturation. These distortions can be modeled precisely by
to the Pockels cell, and the injected pulse experiences smalmple rate equatiofdand can be effectively precompensated
losses and relatively high round-trip gain. When the energy dbee Fig. 76.18). With the present system we have experimen-
the amplified pulse reaches a predetermined level (31,06 tally demonstrated the generation of kilojoule-level laser
second step of ~2 kV applied to the second Pockels cqtlulses from the OMEGA laser system with prescribed tempo-
electrode changes the differential voltage applied across thal pulse shapes (see Fig. 76.19).

~0.5mJ <0.2nd

Figure 76.14

Block diagram of the OMEGA = d
regen with negative feedback. is%thc?ry O
— / Fiber from
oscillator room
‘ ‘ Pockels cells
50% /\ HR
.|||||||||||||IIH MI. N |
<
L
E8899 Feedback Q3 Q2 Ql
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Figure 76.16
Figure 76.15 Stability histogram for the single-pulse energy distribution at the regen
Measured envelope of the output pulse train from the regen with negativeutput. Data were collected over 4 h of continuous operation at a 5-Hz
feedback. repetition rate.
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IR streak camera measurements of the regen output. Solid line—the injected
pulse at nominal energy; dashed line—the injected pulse energy attenuatedfigure 76.18
a factor of 100. Measured and simulated regen output pulse shapes.

I pdesaios ]
o {
o Y/
g | I
) i/| Measured
2 ;| UV output
S | (~175J)
°
S
= r Figure 76.19
é Measured and simulated UV output pulse shapes for a 10-kJ UV OMEGA
2 L laser shot. The simulated UV pulse shape uses the measured regen input pulse
shape. The calculated IR pulse shape at the input to the frequency triplers is
also shown.
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Conclusion 3.

In conclusion, we have developed a negative-feedback—
controlled and externally synchronizable Nd:YLF regenera-
tive amplifier capable of amplifying shaped optical pulses to
the millijoule level. Long-term, shot-to-shot energy fluctua-

tions of ~0.2% rms represent, to our knowledge, the bestg

energy stability ever demonstrated for a millijoule-level laser

system, either flash lamp pumped or diode pumped. In addition®:

to superior stability and reproducibility, the current OMEGA
regen output is very insensitive to the injected energy, and the
temporal distortions due to the negative feedback are im-

measurable. Four regens equipped with this negative-feedbacIZ'

system have operated flawlessly on OMEGA for over two years.
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Transient Bandwidth Analysis of Photoconductive Microwave
Switches Implemented in the OMEGA Pulse-Shaping System

The OMEGA laser fusion program at LLE calls for complex,pulse, and the switch conductivity remains roughly constant
temporally shaped optical pulses incident on fusion tafgetsfor the duration of the electrical pulse. The fall time is com-
The pulse-duration and rise-time specifications of these optputed by convolving the rise time with the reflection impulse
cal pulses dictate an electrical pulse—shaping system bangsponse of the second, unilluminated swfdte resulting
width of approximately 0.1 to 10 GHz. The optical pulses arg@ropagating square pulse has an amplitude of half the dc volt-
created by imprinting an electrical equivalent of the desiredge and a duration of twice the charge-line’s round-trip fime.
optical envelope onto an optical square pulse, using an inte-

grated-optics Mach—Zehnder interferometric electro-optic Measurements of the shaped electrical signal before and
modulator as shown in Fig. 76.20. The electrical pulse shapeadter the PCS switches, as shown in Fig. 76.21, indicate that
generated by the reflection of an electrical square pulse fromthe frequency response of the shaped laser pulse is strongly
distributed variable-impedance microstrip transmission linelimited by the transmission of the shaped electrical pulse
The electrical square pulse is generated by illuminating through the PCS switches. Time-gated microwave measure-
photoconductive semiconducting (PCS) switch in a series—gapents of the switch attenuation did not reveal the source of the
configuration, which discharges a microstrip transmission linswitch’s bandwidth limitationé.In this latter case, however,
charged with a dc voltage. Assuming the PCS switch is sattihe optical illumination conditions were significantly different
rated by the illumination, the rise time of the electrical pulsédrom the actual OMEGA operating conditions, and the mea-
corresponds to the rise time of the optical illumination triggesurements were performed using a simple time-windowed,

Optical trigger pulses
v
0.5 mm Optical
_Sglap_ed Iir:je r +75-V dc square pulsé/l/
variable impedance voolte s :
c0.0 ( p )Si pc % osmm ./ Bonding /
term. l switch\:' pad

B——
1 T

50-Q charged
transmission line
Electrical shaped impulse Electrical
square pulse

Electro-optic
modulator

Fiber optic line
Optical shaped pulse

72266

Figure 76.20
The microwave signal reflected from the shaped variable impedance line must pass through two PCS switches before rdactrimiitie enodulator.
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power-detection technique. Also, phase/dispersion variations PCS switches, unlike conventional diode or transistor mi-
and decay of the PCS switch transmission within the measurerowave switches, do not operate in a steady-state “on/closed”
ment time window could not be detected with this techniquecondition. After optical illumination, the carrier recombina-
These limitations motivated the design and implementation dfon dynamics cause the switch transmission to decay to an
the improved measurement scheme described in this articléoff/open” state. For example, the PCS switches used on
OMEGA are typically driven to their highest (saturated)
(@) charge-carrier density by a 500-ps, J@Deptical pulse. After
Output !Ilumlnatlon, the car.rler density degays mgnotpnlcally, m.ean-.
signal ing that the PCS switch’s on-state is transient in nature since it
depends on the carrier recombination dynamics. This imposes
’ requirements beyond the capabilities of conventional micro-
’ wave test equipment (e.g., network analyzers, modulation
analyzers): PCS switches as implemented in the OMEGA
pulse-shaping system cannot be modeled as exclusively filters
or modulators. The modulator model breaks down because
PCS switches transmit signals with a bandwidth comparable to
the transmission bandwidth of the switch, and they don't fit the
filter model well because of their time-varying properties.

Input
signal

(b) Input and output signal and spectra (inset)

0.8 20 ' T ' Note that due to thermal damage issues at the metal-semicon-
%\ Input < Input ductor (soldered-contact) interface, cw optical illumination for
i \i\Output the purpose of creating a time-invariant device in the saturated
@ 0 A regime is not possib®This means that it is necessary to use
5 oal 1 5 | i transmission equations for a linear device that are more gen-
3 Freq. (GHz) eral than those for filters and modulators and to develop a
f_g Output measurement system capable of measuring a generalized trans-
2 - mission function.
n /"/
0.0 L . ' : We describe a method for measuring the transient complex
0 1 2 3 4 (amplitude and phase) frequency response of a microwave
Time (ns) device, and we give results for PCS switch measurements.
These measurements were performed with PCS switch excita-
(c) PCS switch frequency response tion conditions identical to those used on OMEGA, and over
ok I I ] temporal durations and frequency ranges of interestto OMEGA

Fitted filter response pulse-shaping experiments. With this system, microwave de-

vices whose transient bandwidths were previously only ap-
proximated can now be characterized and compared with a
more general, multiport microwave device theory. This mea-
surement scheme is compatible with triggerable microwave
Switch response devices that have a deterministic time evolution; other ex-

Attenuation (dB)
|
[ep)
T

12+ - amples aside from photoconductive devices are amplifier and
I I i active filter turn-on/turn-off transients and atmospheric
1 3 S 7 multipath fading due to relative antenna motion.
o316 Frequency (GHz)
Theoretical Background
: From a linear-system viewpoint, the relationship between
Figure 76.21

The PCS switch, microstrip line, and input and output signals are shoque Input and output V0|tage Slgnals of the device under test

graphically in (a). These signals were (b) measured and their spectra fouk®PUT) shown in Fig. 76.22(a) is
(inset). The (c) switch response was computed by a ratio of the spectra and

compared to a single-pole low-pass filter. Vn (w) = S(w) Eym(w)1 (1)
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whereV,(w) andV,(w) are the total voltages across ports The transmission paramet&, is defined in the spectral
andn andS(w) is the DUT (filter) frequency response. Equa-domain because of the assumed linear time invariance of the
tion (1) can be Fourier transformed to DUT. The assumption of a linear time-invariant (LTI) device is
only appropriate, however, when the DUT response approaches
T=o0 an ideal filter (i.e., does not vary in time).
va(t)= [h(t-1)lny(7)dr, (2)
T=-0 A linear device such as an ideal amplitude or phase modu-
lator is not time invariant. Modulators are typically measured
where v(t) and v, (t) are the total instantaneous voltagewith spectrum or modulation analyzers in the linear small-
signals andh(t) is the impulse response. signal regime with narrow-band (cw) input signals, so that the
assumption of an infinite-bandwidth ideal modulator intro-
Measurements of microwave devices conventionally induces negligible error. The equations characterizing a mod-
volve either scalar or vector network analysis of scattering aulator’s input—output relationship is then exactly comple-
S parameters, whera,(w) and b,(w) are the incident and mentary to Egs. (1) and (2):
scattered signals from a part which has a characteristic
impedancez, also shown in Fig. 76.22These microwave Vp (1) = k(t) B (1) (6)
signalsaandb are related to the total voltage across the port by
the incident and reflected voltage$ andV™:

£=oo
" B Vn = K - wm d , 7
a= Vﬁ, b:v? (3) (Oz)) {:'[m(w E) (6) ¢ ( )
%o %o

where k(t) and K(w) are the modulation function and
and are related to each other (for a two-port DUT) by théts transform’

relationship
If a linear device cannot be approximated as either time
O (81 SolT80 invariant or fas hgvmg |nf|n.|te bandwidth, then none of the
HJZH_ @z S @ H (4) above equations is appropriate. Test systems that are based on
1 220

these equations (such as spectrum, modulation, and network
analyzers) are unable to measure the transfer function of such
Since the PCS switches operate in the transmission mode, walevice; therefore, a more general input—output relationship
will focus on theS,, parameter. Th&,, parameter relates the has been developed. This was done by recognizing that any
signal transmitted from port 2 (output) to the signal incident ottinear device can be characterized by the generalized form of
port 1 (input) in the frequency domain; this relation is similarthe filter and modulator Eqgs. (2) and (7):
to Eqg. (1) and is given by

w=00
by () = Sp1(w) By (w). (5) Vn(t) = JO(t.0) Vin(w) dw, 8
@ (b)
' LTI DUT ' *~—— | LTvDUT [ °
4 S T V(w) = V() + V() Att,w) Bt.w)
(w) + _ —> —>
% vit) =v () +Vv (D) g
. h(t) . - (tw) L .
Figure 76.22

(a) Conventional LTI (filter) two-port microwave devices use a scattering matrix to define input—output relationships etwigrals, while (b) LTV
microwave devices relate input to output via a more gerﬁ([ado) matrix.
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whereG(t,w) is the (more general) input—output relation, nowmultiplied by itself in the second, dummy variabieand

a function of both time and frequernft¥his functionG(t,w) therefore not a function of two independent variables, as
has a simple extension to conventional microwave measuré(t,r) is. Thus, the time-varying bandwid® of a device is
ments if it is viewed as a generaliz8v) parameter and distinct from the time-varying spectrum of a siglﬁaﬂo’ll
renamedé(t,a)), as shown in Fig. 76.22(b). The input—output

transmission function is similar to Eq. (5): Experimental Design
The system we created to measure the time and frequency
By (t; ) = Sy (t, ) A (t; w), (9) variations of the switch's transfer function is based on a

microwave interferometric measurement and is shown in
where A and B are joint time-frequency distributions of one- block-diagram form in Fig. 76.23. The DUT for which we
dimensional functions (indicated by the semicolon betweemeasure the two-dimensional transferfuncé()nw) is shown
the variables) related t¢" andv~ by the Wigner time-fre- at the center of the figure (in our case, a PCS switch). The DUT
quency (WTF) distributioh is triggered (in our case, by a laser pulse), causing a single-
frequency microwave signal of known power and phase from
1@ _ the microwave generator to propagate through the DUT and
= Jv *(t+1/2)v*(t-1/2)e719dr, (10)  alsothrough a separate, parallel reference arm consisting of an
20 = amplifier and a phase shifter. The two arms, after splitting at the
directional coupler, are recombined and compared to one
and B is defined similarly fov™. another in amplitude (at the diode detectors) and phase (at the
mixer/phase detector). Alternatively, the signal from each arm
This input—output relationship of Eqg. (9) is simpler than thecan be measured directly by an oscilloscope of sufficiently
integral function of Eq. (8) and has the further advantage thétigh bandwidth and subsequently compared. Both measure-
in the microwave regime the signalsandb are more easily ments are shown in Fig. 76.23. The timing system synchro-
measured than the total transmission-line voltagg¢s) and  nizesthe triggering of the DUT with the phase of the microwave
Vi(t). Any S parameter can be determined from Eq. (9) andgignal incident on it, so that each trigger occurs at the same
from measurements of the input and output microwave signafshase of the microwave signal. This allows sampling oscillo-
at the appropriate ports. For example, in a two-port microwavecope measurements, which improves the measurement reso-
device such as a PCS switch, if the microwave signal is incidehition over single-shot digitizing oscilloscopes.
on port 1 and the response measured at port 2,§§I@e
parameter can be determined by dividing the WTF distribution The signal-measurement process proceeds in the following
of the output (port 2) signal by the WTF distribution of thestep-and-dwell manner: The microwave generator is set to a
input (port 1) signal. Comparing Egs. (9), (1), and (5), thesingle given frequency of known phase and amplitude. The
parameterézl(t,w) can be seen as a time-varying frequencyDUT is then triggered, and the evolution of the transmitted
responsey(w). signal is measured and compared with the reference arm signal
B for the temporal duration of interest. The microwave generator
Note thatS is the (complex) time-varying frequency re- then steps to the next microwave frequency, and the process
sponse of the microwave device and is to be distinguished frorepeats for the range of frequencies of interest. The recorded
the time-varying spectrum of a signél a joint time-fre-  data is then reduced to two sets of complex (amplitude and
quency distribution generated from a one-dimensional (conphase), two-dimensional arrays of incident and transmitted
plex) signal by Eqg. (10). To make this difference betwdéen signals corresponding tA and B. Using Eq. (9) we calculate
and S apparent, one can Fourier transfoBnin the second the transfer functlor‘s(t w), which can then be analyzed for
variable ¢vto 1), which results wS(t,r).Amagnltude surface bandwidth and modulation features. For a PCS switch, the
plot of this two-dimensional function shows the temporaltransfer function is expected to show an exponentially decay-
change of the impulse respon$ér)” with timet. In contrast, ing modulation due to carrier recombination and a (possibly
transforming,& in either variable will result in a surface plot changing) bandwidth, which can be modeled by a lumped-
of a one-dimensional function multiplied by itself along eachelement circuit consisting, in general, of a time-changing
axis, i.e., if A(t;w) was Fourier transformed in the secondreactance and a time-changing resistance. The values of these
variable (v to 1), the resulting functionA(t; T) would by  elements can then be associated with switch properties such as
definition be proportionalte* (t) ¥ * (7). This is simply™*(t) carrier lifetime, non-ohmic contacts, thickness and gap length,
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Figure 76.23
Signal flow of system capable of analyzing transient-bandwidth devices.

and the bandwidth of the switch can be optimized by approprshown in Fig. 76.25, is a simple low-pass filter in series with an
ately modifying these switch properties. For example, thexponentially decaying resistive element. The switch’s 3-dB
metal-semiconductor interface can be made Schottky or ohmibandwidth is approximately 5 GHz, which agrees well with the
like by selective ion implantation and dopant diffusion, whichobserved bandwidth loss of shaped pulses propagating through
affects carrier recombination, surface velocity, trapping statethe OMEGA pulse-shaping system (Fig. 76.26).

and contact resistance. Switch thickness and switch-gap width
and length will affect capacitive coupling and series resistance
and should be selected so as to minimize the switch RC time
constant and maximize photon absorption.

Experimental Results

A representative magnitude plot of the two-dimensional
transfer functioré(t, w) of a PCS switch is shown in Fig. 76.24.
As explained in th&heoretical Backgroundsection, é(t w)
is necessary to describe the transmission response of a P8§21D
switch [J(w) is inadequate] because the switch modulates a
signal whose spectral content is comparable to its bandwidth.
Features of the transfer function, such as the conductive carrier
decay along the temporal axis and frequency-dependent at-
tenuation along the spectral axis due to bandwidth limitations 72319
are readily observed. By numerically fitting a linear lumped-
element model having both filtering and modulating compo¥Figure 76.24
nents to the measured transfer function, values of Varlod\éeasuredsﬂ(t w) shows carrier decay along the temporal axis and band-
microwave components can be extracted. The fitted mode}/dth limitations along the spectral axis.
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Y Figure 76.~25
Modeled S, (t,w) accurately fits an exponentially
decaying resistance in series with a low-pass filter to
the measured data.
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Figure 76.26

By optimizing switch parameters, transmission bandwidth on OMEGA pulse shaping has been improved from (a) mid-1995, tigedf €@WMBGA’s pulse
shaping, to (b) early 1998.

Conclusions mission line, connectors, and electro-optic modulator. Model-
Measurements of optical and electrical temporal pulséng of photoconductive switch&indicates that a much larger
shapes at different locations in our pulse-shaping systetmandwidth is theoretically possible; thus, efforts were taken to
indicate that the primary bandwidth limitations occur duringisolate and comprehensively measure the microwave trans-
transmission of our electrical pulse shapes through the PQ8ission bandwidth of our PCS switches. This characterization
switches. When pulse shaping was first implemented omade possible the systematic optimization of the many param-
OMEGA, the measured attenuation at 10 GHz (correspondingters of the switch, such as gap length, microwave skin depth
to 30-ps pulse rise- and fall-times) was more than 12 dBersus optical absorption depth, and metal-semiconductor
through the switch, and the 3-dB bandwidth was near 3 GHzontact preparation. Since conventional network analyzers
This frequency response is significantly worse than the othavere incapable of determining the bandwidth of a device that
componentsinthe pulse-shaping system: e.g., microstrip trangaried in time, a measurement system was designed and built
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tailored to such time-varying devices. This measurement sys-3-

tem allowed determination of the relationship between the

properties of the switch and its frequency response charactery.

istics. By improving the physical switch properties, the 3-dB
bandwidth of the OMEGA pulse-shaping PCS switches has
beenincreased to over 5 GHz. The full bandwidth of the imple-
mented PCS switches is now as broad as the next-most-

limiting device in the pulse-shaping system (believed to be the >

electro-optic modulator) and is sufficient for current OMEGA
optical-pulse-shape requirements.
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Simulations of Near-Field Intensity Modulations in High-Intensity
Laser Beams due to Self- and Cross-Phase Modulation Between
Orthogonally Polarized Laser Beams Emerging from a
Diamond-Turned KDP Wedge

The near-field intensity modulation due to a diamond-turnednent in the vicinity of linear polarization due to the nonlinear
KDP wedge is investigated through computer simulationgffect of cross-phase modulation.
within the framework of its application to LLE's OMEGA laser
system. KDP wedges will be installed on each OMEGADiamond-Turned KDP Wedge
beamline and mounted 12 m away from the final focusing.. Polarization Smoothing
optics. The wedges will improve the direct-drive inertial con- The concept of polarization smoothing originated from
finement fusion uniformity by a process known as polarizatiorKato! who recognized the uniformity that would result from
smoothing. Diamond turning is the finishing process of choiceotating the polarization through 96n half of the individual
due to the greater cost incurred by installing polished KDPhase-plate elements chosen at random. A more practical
crystals on every beamline. device, first described in Ref. 2, is a wedge of birefringent
material such as KDP. A linearly polarized beam incident
The Nova laser facility at the Lawrence Livermore Nationalupon the KDP wedge is split into two orthogonally polarized
Laboratory (LLNL) reported blast-shield damage that wadeams of equal intensity when the incident beam’s polarization
linked to the mid-range spatial wavelengths (1 to 4 mm) ofrector is oriented at 45with respect to the slow and fast axes
scratch marks on diamond-turned KDP crystals in use at thaf the crystal (see Fig. 76.27). The resultant two orthogonal
time. This motivated LLE to employ polished KDP crystals forbeams co-propagate at a slight angle of separation with respect
frequency tripling on OMEGA during its 24- to 60-beam to each other, determined by the wedge angle and the refractive
upgrade (completed in 1995) because polishing producesirdexes for the slow and fast waves. The current requirements
smoother distribution of spatial wavelengths of lower amplifor OMEGA set the wedge angle to 4.5 min. This causes a
tude. While diamond-turning technology has improved reseparation angle of 4#4rad between the two orthogonal
cently, residual concern has existed regarding the potentibbams and a relative offset of gt after focusing on target.
damaging effects of installing diamond-turned KDP crystalsThe relative offset of 80m achieves an instantaneous theoreti-
This has prompted an investigation, both theoretical and exal 1/v/2 reduction of the nonuniformity through spatial
perimental, into the potential effects of the scratch or millingaveraging, which complements the uniformity achieved by
marks left behind by diamond turning. SSD aloné

This article represents part of the theoretical investigation As a consequence of the separation angle, the combined
of this problem. In particular, the simulations model the nonpolarization state of the two orthogonally polarized beams
linear effects that result from (1) the beam propagation througtontinuously cycles through all elliptical states along any
the 12 m of air that separates the KDP wedge from the finatansverse plane. The rate of change is determined by the trans-
focusing optics, (2) the initial phase perturbation of the beamerse components of the wave vectors. Since the separation
due to the residual scratch marks on the diamond-turned KDdhgle is small, the wavelength of the cycle is given by
surface, and (3) the nonlinear index’s polarization dependence.

The danger here is that small-scale self-focusing might de- A 351 nm
velop high-intensity spikes leading to filamentation damage in Apol = sin(6) = sin(44urad)
the final focusing optics. The simulations reported here dem-

onstrate that KDP wedges, diamond-turned or smooth, are not

a significant source of intensity modulation under OMEGAwhereA =351 nmis the UV operating wavelength of OMEGA.
laser conditions. In addition, for a beam with a varying polarThe resultamd,, =8 mm s the transverse distance required to
ization state, these simulations exhibit an intensity enhanceycle the polarization state from right-handed circular, to

=8 mm, (1)
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Aed =44 urad A birefringent KDP wedge achieves polar-

Ax = fABy = 80um ization smoothing and a theoretickh/2

reduction in nonuniformity.

Run 4J-10
TC4669

linear, to left-handed circular, back to linear, and returning téntensity modulation by virtue of the diffractive process that

right-handed circular. occurs during propagation. Intense beams can develop high-
intensity spikes leading to filamentation damage through the
2. Induced Phase Perturbations coupled process of phase modulation and diffraction.

Two types of phase perturbation result from the introduc-
tion of a diamond-turned KDP wedge. The first is due to th&. Model of Scratch Marks
residual scratch marks left behind by the diamond-turning The pseudorandom behavior of the residual scratch marks
process. The scratch marks cause a beam to acquire a pseudanodeled in this article by bandpass filtering a white noise
random phase perturbation as the beam passes through #ueirce, viz.
front and back faces of the crystal. The pseudorandom phase

perturbation can be described by a thin-optic transformation _
—1%: - ky kYo EH
S(y) =F [:(y)] . rect ——22—[T}
= - 2 E Kyima ™ Ky 5
it = ko(nkpp = 1) Sy), () max Y
whereS(y) is the depth of the scratch mark as a function of the 1
transverse positioy, kg = 277/A is the vacuum wave number, _ ELL | X| s 2 3
andngpp represents the refractive index for either the slow or rect(x) = 0 _ 1’ (3)
fast wave. Bb | x> 5

The second type of phase perturbation arises during propahereF represents the spatial Fourier transfogfy) is the
gation because the nonlinear refractive index is a function afoise sourceky, is the central spatial wave number, &gd_
polarization state and intensity (see subsection 1 dflthe andky,. - representthe maximum and minimum passed spatial
ticity section) together with the fact that the KDP wedgewvave numbers. This result is sometimes referred to as “col-
produces a beam whose combined polarization state varies@®d” noise! Figure 76.28 illustrates an example in which the
a function of transverse positign The nonlinear refractive passband was set 2m/(4 mm) < ky < 2m/(2 mm). These
index is a maximum for linear polarization and a minimum fordata are used in the subsequent illustrative numerical simula-
circular polarization. Therefore, both orthogonally polarizedtiions given in théNumerical Resultssection. This passband
beams accumulate a periodic phase perturbation during propaas selected since it covers the troublesome spatial frequen-
gation that is greatest in the vicinity of linear polarization. cies identified by LLNL. Also, these data closely resemble

surface profile measurements on a qualitative basis. An alter-

Both types of phase perturbation affect the beams by intrarative function that completely describes the power spectral
ducing spatial phase modulation that can then be converted irdensity of the scratch marks could be used in place of the
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251 | A bandpass-filtered pseudorandom noise source where
- the passband is set t877/(4 mm) < k, < 277/(2 mm)
30 | | | | | | | | | and the peak-to-valley scratch depth is 40 nm.
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rect(y) function. However, an adequate statistical description
ofthe diamond-turned scratch marks is unavailable at this time.  E (y, Z, t)
The rectk,) can be viewed as a worse-case situation that
emphasizes the higher spatial frequencies since the actual 1(r~ . T/
power spectral density would go to zero in a continuous :E{[DRHERH(Y=Z)+DLHELH(V’ z)]e (nt ko)
manner as the spatial frequency increases.
_ _ + cc}, (5)
Nonlinear Wave Equation

The analysis of beam propagation for this problem assumes
that the optical field is monochromatic and the bandwidth ovhereEg(y,2) andE 4(y,2) are the complex amplitudes of
the spatial spectrum is small relative to the vacuum wavthe right-handed and left-handed circular polarization states,
numberky = wq/C, wherewy is the angular frequency aots ~ which are defined in terms of Cartesian components as
the vacuum speed of light. This permits the slowly varying
amplitude to be separated from the rapidly varying part, such

1
that the electric field vector is given by Ern(Y:2) = \/_§[EX(y’ 7) - Ey(y. Z)]
_ (6)
E(y,zt)= 1 PE(y, z)e™ (@t =kono2) 4 .| (4) 1
2 En(.2)= E[Ex(y, 2)+Ey(y, Z)]

whereE(y,2) is the slowly varying complex amplitude as a
function of both the transverse distanc@nd propagation and the polarization vectors are defined as
distancez, p is the polarization vecton, is the refractive
index, andc.c.indicates the complex conjugate. An arbitrary " PR ~ 14 A
- N . Pry =—=(X+1¥), Py =—=(X-1). @)
elliptical polarization state decomposes naturally into a J2 J2
weighted vector sum of right-handed and left-handed circular
polarization states, viz.
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The optical field is assumed to propagate in a lossless, aE(y, z) AR
isotropic nonlinear Kerr-like medium, where the nonlinear dz _(D+ N)E(y,z), (13)
refractive index is given by

where the operatdf) accounts for diffraction and is defined as
n=ng+An. (8)
" . . o D=_02, (14)
e quantityAn represents the change in the refractive index 2k
beyond the low-intensity valug and exhibits a linear depen- A
dence on the optical field intensity. The scalar nonlinear wavihe operatoiN governs media nonlinearities and is defined as
equation for each vector component is then given by

N = ikyAn, (15)

OERH Y,z _ i .

% = ED%ERH (v:2) +iko ARy Erii(¥:2),  (9)  the quantityE(y,2) represents either the right-handed o left-
handed complex amplitude, aAd represents either Eq. (11)
or Eq. (12). The formally exact solution of Eq. (13) is given by

0E Y,z i .

%=ED%ELH(M ) +ikgAny Ep(y,2),  (20)

E(y,z+A7) = oi(D+N)az E(y,2).

wherek = kgng anc®
An important merit of decomposing an arbitrary elliptical
polarization state into right-handed and left-handed circular

Angy = 4_;:’0[)(@“5% (y, z) |2 polarization states is that
2 2
d|Eru(y.2)|" _ OEn(y.29)| _
+(X£§/2(y + Xg)yy)|ELH (v.2) |2§ (11) 9z - and 9z =0

This implies that the intensities of the vector components and
Any = i[X@MELH (v.2) |2 therefore the quantifynare all constants of motion. This is not
4no true for a Cartesian decomposition, due to the well-known
cross-phase modulation effect of ellipse rotation, which causes
3 3 20 the magnitudes along the Cartesian components to change with
+(X£‘y2‘y+xg‘x)yy)|ERH v Z)| g (12) propagation distancé.
and it has been assumed thﬁE(y, z)/az2 =0, i.e.,, the 1. Ellipticity and the Nonlinear Refractive Index
slowly varying envelope approximation. The first terms in  The ellipticity parametejcoverstherange /4 < n < /4,
Egs. (11) and (12) represent self-phase modulation, and tléhere tanf) describes the ratio of the minor and major axes of
second group of terms represents cross-phase modulation. Tthe polarization ellipse with the sign defining its handedness
vector components are coupled through the cross-phase modpesitive ¢+) indicates right-handed and negativiifdicates
lation terms. Due to the symmetry of centrosymmetric Kerrieft-handed]’ Whenn = 0, the polarization state is linear and,
like media and the fact that both vector components share théhen || = 71/4, the polarization state is circular. Equations to
same frequencyy, there are only two independent third- calculate the lengths of the major and minor axes can be found
order susceptibility constantsg&y and X§§2W that obey the in Oughstufi (see Ref. 8, Sec. 4.2.1) and are governed by the
relation Xﬁg&x = 2)(§§,2<y + ngg,y and follow the frequency con- complex amplitudeBgr(y,2) andE, 4(y,2). Consequently, the
ventionx%(—w,—w,w,w).(Notice that it is this convention ellipticity parametern is also a function of the complex
that causes the subtle notational deviation from that odmplitudesEgy(y,2) andE; 4(y,2). The quantitiedngy and
Sutherland) Either scalar nonlinear wave equation, Eq. (9)An; 4 depend on the magnitudégy(y,2)| and |E_ (Y. 2)
or Eqg. (10), can be written in operator forn§ as and are indirectly functions of the polarization state.
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The extrema of the quantiti@ésry andAn, y occur when 0E(y, 2)
the polarization state is either linear or circular. If the polar- dz
ization state is linear, thgBjiy|? = 2E y|? = 2/Eguy|* (where
the factor of 2 comes from the equal intensity split into bothvhich has a solution given by
polarization states), and the change in the nonlinear refractive
index becomes

= NE(y, 2), (22)

E(y,z+ Az) = E(y, )&tz (23)

31,0 (3) ] 2
Anj, = —— +2 Einl - 16
"~ 8ng [XXXW Xigpy[Bin| (16) because the quantifyn is not a function of the propagation

distance for a circular-polarization decomposition. As a result,
If the polarization state is circular, either right-handed or leftthe nonlinear effects of self- and cross-phase modulation,
handed, then acting alone, induce a simple phase accumulation that is a

function of both the polarization state and intensity. This is a

3 3 2 eneralization of the well-knowB-integral.
Angiy :4_%X5<y2<y|Ecir| . (17) g 9
Numerical Approach
In either of these two degenerate stépﬁgf :|Edr|2 so that The numerical split-step Fourier method (see Ref. 6,
Sec. 2.4.1) is used to solve the differential Eq. (13), where the
Anin > Angjy - (18)  total required distance of propagation is divided into small

steps over which the linear effects of diffraction are treated
In a more general sense, the nonlinear refractive index is largeeparately from the nonlinear effects of self- and cross-phase
in the vicinity surrounding, or in the immediate neighborhoodmodulation. This permits the solutions given by Eqgs. (20) and
of, the points of linear polarization relative to the minimum(23) to be used if the chosen step size is sufficiently small that
values attained at the points of right-handed or left-handetthe linear and nonlinear effects are approximately independent
circular polarization. over that step.

2. Angular Spectrum Representation The numerical calculation over one small st&pis
If nonlinear effects can be neglected, the vector componentsferred to as a propagation step. One propagation step entails
become decoupled and obey the scalar Helmholtz wave equae independent calculation of diffraction using the results of
tions given by Eqg. (20) and the independent calculation of the nonlinear
phase accumulation as described by Eq. (23). The detailed
0%E(y,z) +k3n? E(y,2) =0, (19)  manner in which this is carried out greatly affects the overall
error achieved and directly affects the required number of steps
which has an exact solution at any exit planédzgiven by the  needed to obtain a suitable level of accuracy. For example, if a
angular spectrum representation (see Ref. 9, Sec. 3.7), viz.full diffraction step is followed by a full nonlinear step, the
error is O{Azz} , which is equivalent to solving Eq. (13) as

E(y,z+Az) =

N~

Y inz, kgn? kg _ik,y o
n_J;o (ky.2)e Yk, (20) E(y,2+82) DEBEARE(y 7). ”

where E(ky, z) is the spatial Fourier transform at the entrancéHowever, if a half diffraction step is followed by a full nonlin-

planez and is defined by ear step and then by another half diffraction step, the error is
O{Az3} , Which is equivalent to solving Eg. (13) as
~ ® —ik,
E(ky,Z) = IE(y’ Z)e I yydy' (21) .AZﬁ .AZ|5
1— Ay I —
- E(y,z+Az)Oe 2 €bMNe 2 "E(y,z). (25)

3. Self- and Cross-Phase Modulation
If diffraction can be neglected, the scalar nonlinear wavdhe errors associated with Egs. (24) and (25) are found by
equation for either vector component has the simple form comparing these approximate solutions to the formally exact
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solution to Eq. (13) and applying the Baker—Hausdorff for- max{l(y)}

mula for two noncommuting operatdtsThe method de- COﬂtraﬂ:W’ 0
scribed by Eq. (25), known as the symmetrized split-step

Fourier method, is employed for the numerical simulations in

the subsequent section. Figure 76.29 graphically representdere the transverse positignfor this formula only, covers

this particular approach over two small stepAnf the region wherHy) was initially at full value; thus, the region
where the beam intensity tapers to zero is not considered for
Numerical Results this statistic.

The intent of this investigation is to isolate the effects
caused by the nonlinear propagation in air, the scratch markk, Material Parameters
and the wedged shape of the KDP crystal, while ignoring the The material parameters used in the simulations are givenin
nonlinear index of KDP. To this end, only the exit face of thehis subsection. The linear refractive indices for the KDP
KDP crystal is considered to be scratched, and the initialrystal are ngpp =1.532498 for the ordinary wave and
beam shape is regarded as infinitely smooth. As a consew pp, =1.498641 for the extraordinary wave, which propa-
guence, the nonlinear ripple growth within the KDP crystalgates at 59to the optic axis. The third-order nonlinear suscep-

can be neglected. tibility constants for air are
The beam shape is modeled by using spatially offset hyper- X@(y(—w, -, W, w) =28.16 x 10719 esy

bolic-tangent step functions, viz.
and

E(y) =%{tanh[100(y+ 0.14)] - tanhf100(y - 0.14)]},  (26) @ ( ) =172.4 x 10719
Xy (—w, —w, 0, ) =172.4 X esu-

which yields an infinitely smooth, 28-cm-diam beam. The

nominal intensity level for OMEGA equal to 1.3 GWEia  The third-order susceptibility constants are four times those
used. Also, an unrealistic value of 10.3 GW/dsiused to  given in Ref. 10, due to the particular definitions they used for
demonstrate a regime where the nonlinear effects dominatee polarization vector and intensity, as noted by Sutherland
since, as it will be shown, the nonlinear effects are small for thisee Ref. 5, p. 298]. There is a compensatory factor of 1/4 in the
nominal OMEGA intensity level. The measure of intensitydefinition ofAn used in this article, which effectively balances
modulation used in this paper is the contrast defined as  this deviation.

E(rr, z=0) E(rp, z = 2Az)
| Z=0 | | z=022 | |Z:Az| |z=3Az/2| |Z=2Az|
Diffraction Diffraction Diffraction Diffraction
step step step step

A
Nonlinear step; Nonlinear step;
SPM XPM SPM XPM
TC4714
Figure 76.29

Two propagation steps of the symmetrized split-step Fourier method covering a distafize of 2
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2. Enhancement of Linear Polarization of the square symbols. If the intensity were lowered to the
As was mentioned in subsection 1 of Menlinear Wave = nominal OMEGA level, a small contrast of only 1.04 would
Equation section, the phase accumulation is greatest in thiee calculated.
vicinity surrounding points of linear polarization. When dif-
fraction is included, these areas tend to focus and correspond The enhancement of linear polarization may be amplified
to peaks of intensity modulation. To illustrate this effect, eor seeded by the presence of scratch marks on the surface of the
simulation was carried out modeling a KDP wedge with arKDP wedge. This effect can be understood by running a
optically smooth surface, i.e., without an initial pseudorandonsimulation that accounts only for diffraction. In this situation
phase perturbation. Due to the wedge and the dependencetioére is, of course, no correlation between the intensity peaks
the nonlinear refractive index on the polarization state, aripplthat develop during propagation and the polarization state.
is introduced with a wavelength 142, (where the factor of Some intensity peaks, however, are inevitably located in the
1/2 emphasizes that the overall phase perturbation of botieighborhood of linear polarization. These intensity peaks
orthogonal beams has extrema at the transverse positiossed the nonlinear growth by increasing the associated phase
corresponding to linear or circular polarization that are indeaccumulation in these regions as described by Eqg. (23) and, as
pendent of the handedness), which can lead to small-scale self-consequence, induce a greater intensity modulation than
focusing if the beam intensity is high enough. This is contrarpbserved for the optically smooth wedge.
to what would be expected in the absence of a wedge; with a
perfectly smooth beam and an optically smooth KDP surface, A simulation for the nominal OMEGA laser intensity,
one would observe only a rotation of the polarization ellipseéncluding both linear and nonlinear effects, yielded a contrast
(except in the degenerate cases when the whole beam is eitbérl.32 and is presented in Fig. 76.31(a). In this case, only a
linearly or circularly polarized) and possibly whole-beam selfslight correlation exists between the intensity peaks and the
focusing. This simulation was run with an input intensity oflinear polarization state due to the weak nonlinear effect. When
10.3 GW/cn? and yielded a contrast of 1.31. These results arthe intensity level is increased to 10.3 GW/¢chowever, an
presented in Fig. 76.30, where a correlation between the peakpreciable growth is observed in the vicinity of linear polar-
intensities and the linear polarization is evident by the locatioization [as shown in Fig. 76.31(b)], and, consequently, a
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- The simulation of propagating 12 m past an optically
smooth KDP wedge with an incident intensity level of
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0.2 The simulation of nonlinear propagation through 12 m of
air past a pseudorandomly scratched KDP wedge with
0.0 40-nm peak-to-valley scratch depth and a passband of
30 . . . T 2m/(4 mm) <k, < 27/(2 mm) (a) at 1.3 GW/cr and
(b) (b) at 10.3 GW/crA The resulting contrast is 1.32 in
l]] (a) and 2.63 in (b). Squares and circles indicate positions
25 | — of linear and circular polarization, respectively.
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significant correlation exists between the intensity peaks angrofile measurements that were taken on diamond-turned
these regions as indicated by the association of the majority &DP crystals, which yielded peak-to-valley scratch depths of

the square symbols with the intensity peaks. 40 nm (worst case) and 15 nm (best case). These tables also
include calculated contrast data for three additional passband
3. Contrast Calculations at the Nominal OMEGA configurations: the passband is narrowe#yte 277/(3 mm),
Intensity Level widened to277/(100 mm) < k, < 277/(1 mm) and widened to a

Tables 76.1 and 76.11 contain contrast data calculated frorfow pass ofk, < 2m/(1 mm).
simulations of linear and nonlinear propagation, respectively,
in which the same scratch-depth data presented in Fig. 76.28 If the scratch mark model given in Eq. (3) is extended to
was scaled to cover the 10-nm to 50-nm range for an incideitclude another spatial dimension, a 2-D colored noise source
intensity level of 1.3 GW/cth The scratch-depth range pre- is modeled. A 2-D beam is then modeled by extending Eq. (26)
sented here was chosen to correspond to the range of surfagenclude another dimension. Both of these models are then
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used to simulate 2-D nonlinear beam propagation in an analand a passband (2'71/(100 mm) <ky < 27'[/(1 mm) given in
gous manner to the 1-D case. The plot presented in Fig. 76.3able 76.1. The corresponding contrast range in Table 76.11 for
shows three lineouts from a 2-D simulation (taken at th@onlinear propagationis 1.07 to 1.11, which represents a small
center and near the edges of the beam) for a beam with artrease due to the nonlinear effects. Near-field images were
intensity of 1.3 GW/crf, a scratch-mark passband of taken during OMEGA full-power shots on a beamline with and
27'[/(4 mm) <ky, ky < 27'[/(2 mm) , and a peak-to-valley withouta diamond-turned KDP plate at an equivalent plane of
scratch depth of 40 nm. The contrast calculated for the wholike final focusing optics. In this experiment, a negligible
2-D beam is 1.35, compared to the value of 1.32 given iincrease in the intensity modulation was observed, corroborat-
Table 76.1I for the corresponding 1-D case. ing the results of these numerical simulations.

At the nominal OMEGA intensity level of 1.3 GW/éma  Conclusion
contrast ratio of 1.8:1 represents the damage threshold of the On the basis of realistic simulations, including diffraction
final optics. The data in Table 76.11 show that the calculatednd nonlinear self- and cross-phase modulation, and a realistic
contrast values are well below this threshold even for gratingepresentation of scratch marks on diamond-turned KDP, it has
type sinusoidal scratch marks. Recent linear intensity moduldreen found that KDP wedges, diamond-turned or smooth, are
tion measurements taken on diamond-turned KDP crystal®ot a significant source of intensity modulation. These results
yielded a range of contrast values between 1.04 to 1.08, whielie consistent with experimental results from full-power shots.
roughly correlates with the linear propagation simulation reAccordingly, polarization smoothing will be implemented on
sults for peak-to-valley scratch depths between 10 and 20 n@MEGA using diamond-turned rather than polished KDP.

Table 76.1: The calculated value of contrast for linear propagation through 12 m of air past a scratched KDP wedge at an
incident intensity level of 1.3 GW/cm? for different scratch depths and filter types.

Peak-to-Valley Sinusoidal Random L owpass Random Bandpass Random Bandpass
Scratch Depth (nm) | ky = 277(3 mm) ky < 277(1 mm) 27(1 mm) <ky < 277(1 mm) | 277(4 mm) < ky < 277(2 mm)
10 1.08 1.03 1.04 1.06
20 1.16 1.07 1.08 111
30 1.23 111 111 117
40 131 114 114 1.23
50 1.38 1.18 1.19 1.28

Table 76.11: The calculated value of contrast for nonlinear propagation through 12 m of air past a scratched KDP wedge at an
incident intensity level of 1.3 GW/cm? for different scratch depths and filter types.

Peak-to-Valley Sinusoidal Random L owpass Random Bandpass Random Bandpass
Scratch Depth (nm) | ky= 277(3 mm) ky < 277(1 mm) 27(1 mm) < ky < 277(1 mm) | 277(4 mm) < ky < 277(2 mm)
10 1.13 1.07 1.07 111
20 1.23 1.09 111 118
30 1.32 113 116 1.25
40 141 117 119 1.32
50 1.50 1.20 1.25 1.38
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Figure 76.32
Three lineouts from a 2-D simulation (taken at the center
and near the edges of the beam) of nonlinear beam
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X-Ray Radiographic System Used to Measure the Evolution of
Broadband Imprint in Laser-Driven Planar Targets

In an inertial confinement fusion (ICF) implosion, the target iseffects that occur in the imprinting experiments. A caveat for
hydrodynamically unstable, and, as a result, mass modulatiotfsese experiments is that imprinting is not directly measured;
in the target (either existing or created) can grow to be largather, some unstable RT growth is needed to amplify the
enough to disrupt the implosion, thereby reducing its thermgperturbations to detectable levels.
nuclear yield! In direct-drive ICF, the nonuniformities in the
drive laser can create mass modulations in the target by a It should also be noted that the hydrodynamic instabilities
process called laser imprinting. As the target accelerates, thesteidied here exist primarily at the ablation surface, the point
mass modulations can grow exponentially, creating large pewhere the steep temperature front meets the overdense material
turbations in the target shell. Understanding and controllingproduced by the shock. Perturbations in the target result from
laser imprinting are critical to the successful design of a highboth mass modulations (ripples on the ablation surface) and
gain ICF target. The primary method of studying imprinting isdensity modulations produced in the bulk of the target. The
through-foil x-ray radiography of laser-accelerated targetdatter are created primarily by the propagation of nonuniform
where the growth of these mass modulations can be observedhocks. Radiographic systems are sensitive to the density—
Planar targets are used because they are easily diagnosed tnickness product (optical depth) of the target and, as such,
are a reasonable approximation to the early portions of @annot distinguish between mass and density modulations.
spherical implosion. After about 1 ns of acceleration in these experiments, the
variations in optical depth produced by the nonuniform shocks
Our experiments use multiple laser beams to drive thbecome negligible, compared to those produced by the abla-
subject target and to produce x rays on another taffjaése  tion-front amplitude. At this point, it is reasonable to ascribe
x rays are filtered and imaged after they traverse the drivemost of the measured optical depth to the amplitude of the
target. Modulations in these images are related to the opticpérturbation at the ablation surfate.
depth (or density—thickness product) of the target. By properly
interpreting these images, the character of the imprinted fea- The backlighting source typically has multiple spectral
tures and their temporal evolution are studied. To accomplistomponents. As a result, simulations of the resultant optical
this, the instrumentation must be properly characterized. depth of the target are critical to interpreting the data. This
worked extremely well for experiments using two-dimen-
A direct measurement of the initial imprinted perturbationssional preimposed sinusoidal perturbatiéf$n contrast, the
is difficult because of their low amplitudes. Additional compli- features created by imprinting are three dimensional and
cations result from the propagation effects of nonunifornsignificantly more difficult to simulate. It is advantageous,
shock wave$:¢ Low-amplitude imprinting has been mea- therefore, to obtain experimentally a relationship between
sured directly using an XUV laser to probe target nonuniformeasured optical-depth modulations and the amplitude of
mities produced by a laser on very thin (~2 tov® siliconand  ablation-surface modulations. We simplify the latter process
aluminum target$.The present experiments use/2@-thick by establishing several reasonable assumptions about the de-
CH targets that closely resemble the target shells normalkgction system.
used on OMEGA spherical implosions. These experiments are
closely related to those that measure the growth of preimposed In the following sections, we discuss the radiographic
mass perturbatiorfsyhich were well simulated by hydrocodes, imaging system and methods to recover the target perturba-
providing confidence that both the energy coupling and amoutions from the radiographs. We present results of experiments
of unstable growth are well modeled for these experimentshat characterize the sensitivity, resolution, and noise of the
This provides a baseline calibration for various hydrodynamisystem. Using this information, we have formulated a Wiener
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filter that is designed to enhance the radiographic images. foils) were imaged by @im pinholes on a framing camera
essence, our analysis provides a way to distinguish signal frofittered with 6 um of aluminum. This yielded the highest

noise and to deconvolve the system resolution. sensitivity for an average photon energy of ~1.3 keV. The
framing camera produced eight images of ~80-ps duration,

Experimental Configuration each occurring at different times. The distance between the
Unperturbed (smooth surface), pia-thick CH (p =  target and the pinhole array was 2.5 cm, and the distance

1.05 g/cmd) targets were irradiated ax210" W/cn? in 3-ns  between the pinhole array and the framing camera was 35 cm,
square pulses by five overlapping UV beams (see Fig. 76.33esulting in a magnification of ~14. The use of optical fiducial
The targets were backlit with x rays produced by a uraniumpulses coupled with an electronic monitor of the framing-
backlighter, located 9 mm away from the driven target andamera output produced a frame-timing precision of about
irradiated at ~Ix 104 W/cn? (using 12 additional beams). 70 ps. The framing-camera output is captured on Kodak T-Max
Xrays transmitted through the target andia3thick Al blast 3200 film, which is then digitized with a Perkin—Elmer PDS
shield (located at the center between the backlighter and driveicrodensitometer with a 20m-square scanning aperture.

Five drive beams Figure 76.34 shows a block diagram of the entire detection
X-ray | = 2 x 1014 W/cm? system, which comprises four major parts: gun8pinhole,
fégmg% Pinhole the framing camera with a microchannel plate (MCP) and
phosphor plate, the film, and the digitization process. At each

stage of the measurement, noise is added to the signal, and the
signal plus noise are convolved with the point spread function
(PSF) of each component of the system. In the frequency
domain, the spectra of both the signal and the noise are
/ multiplied by a modulation transfer function (MTF) of that
subset of the imaging system.

shield

Backlighter Backl!ghter
beams foil . . . .
8418 In radiography, x rays with a nominally wide spectrum are
attenuated exponentially by the target being probed. In addi-
Figure 76.33 tion to the target, there are filters and imaging devices that

Experimental configuration. Five overlapped beams drive are0cH  affect the transmission of x rays to the detector. Figure 76.35
foil. An additional 12 beams produce x rays from a uranium backlighterfoil(thick line) shows a backlighter uranium spectrum used for
X rays traverse the target and are imaged by a pinhole array on a frami%aging? The spectral response function of the imaging sys-

camera. tem (Fig. 76.35, thin line) includes the transmission of
Y —_—_—__—_——
:® 8-um : :®Framing camera{ :® Film : :@ Digitizing :
' . pinhole : : 15(r), Dga(r) : : O4(r) | : O4(r) :
R——1—X) FA—® P Measurement|
! Lol 1 1 I
Do) | o T T § T T : - Del)
Noise — ! '
[Noise . PSF|' || PSF| [Noise], | PSF| [ Noise], | PSF| [ Noise],
| Ri()[i  1|Ry(r) 11| Ra(r) 1 Ry(r) |
| [
" |MTE[ o |MTE 1| MTF 1| MTF :
M) M) 1| My(f) | My() !
E9064 TS T T T T T T TS TS T T T T T T T oS m s
Figure 76.34

Block diagram of the experimental detection system. This system comprises four major pgus: @inidsle, the framing camera, the film, and the digitization.
At each stage of the measurement, noise is added to the signal, and the signal with noise are convolved withe g F5bH(r), andDgs(r) are the optical
depth modulations in the target, in the framing camera’s output, and as measured, resge@t)uslthe light intensity in the framing camera’s outiiu(r)
andOy(r) are the optical density of the film, before and after digitization, respectively.
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aluminum filters and mass absorption rate of a gold photocath- I5(r,t) ~J’dEJ’dr’

ode on the microchannel plate (MCP) in the framing camera. , ,
Figure 76.36 shows the spectrum used for imaging, absorbed *Ruz(r =" Ext) fai (B DHau(E) Soe (1, E11)
and converted into electrons by the MCP. It is obtained by ><exp[—_[g0 dz pc (Ert) p(r',z',t)]

multiplying the two curves in Fig. 76.35 together, taking the

attenuation of 2Qum CH into account. The output of the XEXP[—HCH(E,t)pau (t)f(r',t)]. (2)
framing camera is proportional to the convolution of the x-ray

spectral intensity incident on a target, its attenuation factor, arld this equation, x rays propagate along the target normal,
the PSF's of the pinholBy(r,E,t) and the framing camera which is oriented along the axis. The coordinate is the
Ry(r,E,t), including filters, wherd= represents x-ray energy. position vector perpendicular to that axigy ,t) is the output
Assuming that no saturation occurs in these devices, the outgatensity of the framing camer®&; 4(r,E;t) is a point spread
intensity of the framing camera incident on the film is function of a pinhole and framing cameras, which is, in
general, a function of the x-ray ener@y fy (Et) is the
aluminum filter transmissiona,(E) is the mass absorption

1000.0¢ T . )
S ; Uranium spectrum .rate of the.gold photocathpde (m the MCP); Sagt(r,E.,t)
© [ is a backlighter spectral intensity. The target density and
> 100.0¢ System thickness are(r,z,t) andzy(t), respectively. The target density
8 i spectral response and the amplitude of the target thickness modulation at the
o | ablation surface arp,,(t) andé(r,t). The mass absorption
S5 10.0¢ X
= i rate of the CH target igc(Et).
[ L
é 1.0f The film converts the incident light intenslgfr t) into the
%) : film optical densityO5(r,t) according to its sensitivity [dD
0_1' L Iog(H)]. curve W. Convolving that with the PSF of the film
0 2 4 6 Rs(r) yields
Energy (keV)
E9172
Oy(r 1)
Figure 76.35 t47/2
L.Jranlum spe.ctrum (thick solid line) and instrumental response (thin solid :Idr'Ra(r - r')WHggma’t_Uz dt'|2(r',t')%, (2)
line) as functions of x-ray energy.
g 100 ————— where1 = 80 ps is a time resolution of the framing camera.
; [ ] During film digitization, the optical densit®5(r,t) is con-
S 8ol ] volved with the PSR,(r) of the 20um-square aperture in the
5 I densitometer to give the digitized or measured optical density
a L
L 60F ]
b I ! ! I
I Oy(r,t) = fdr'Ra(r =) O5(r"). ©)
o 40+ -
£ I
T ool ] The measured optical density of the filgy(r ,t), is converted
g [ ] to intensity using the inverse film sensitiviy 1. The mea-
& ol AR VA sured optical deptBs(r,t) of the target is obtained by taking
0 2 4 6 the natural logarithm of that intensity-converted image:
Energy (keV)
E9183 Ds(1,1) = In[low—l[o4(r,t)]} 4)
Figure 76.36 SV T '

X-ray spectrum propagated through @r8-Al blast shield, a 2@m CH
target, and a @i Al filter on the MCP, then absorbed and converted into

The primary objective of this experiment is to recover the
electrons by the MCP.

amplitude of the perturbation at the ablation surface using the
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measured optical depth modulations. To do this rigorouslyhrough the following equation:

requires significant effort. Several aspects of the imaging

system enable assu.mptions., h.owever, that greatly simplify the o (r,t) = L (1 1) exp[—D&(r,t)] . (9)

analysis of the radiographic images: (1) As a result of Al

filters, arelatively narrow bandE = 200 eV) of x rays around

1.3 keV is used for radiography. The effect of the spectralext, assuming th@gy(r,t) andDgy(r ,t) are small, we expand

component of uraniuv-band emission around 3.5 keV (seein Taylor series the exponential functions in Eqgs. (5) and (9)

Fig. 76.36) on system sensitivity and resolution was measureohd retain only zeroth and first orders in these expansions. We

and calculated to be insignificant. (2) The backlighter specthen have

trum and filter transmission remain constant in time during the

measurement. (3) The backli_ghtgr is produ<_:ed by 12 bea_ms D&(r,t) D_[dr'Rlz(r ‘r',t)Dgo(f"t)- (10)

that have phase plates, resulting in a very uniform and predict-

able backlighter shape. (4) There is little heating of the solid

part of the target (the mass absorption coeffigiatconstant  Here we used the fact that the point spread fun&josr t) is

in time). (5) The amplitudes of growing imprinted features arenormalizedfdr Rlz(r,t) =1. The T-MAX 3200 film has a

large enough that the propagation of a nonuniform shockonstant MTF up to a spatial frequency ~50rthe highest

contributes little to the total optical depth of the tafg@iven  spatial frequency considered in our measurements, so the PSF

these assumptions, Eq. (1) becomes of the film is set to be &(r) function. Since we use only the
“linear” part of theD log(H) curve, the modulations in mea-

N , o _ , sured optical deptDs(r t) are linearly related to the optical
I2(r.1) Imv(r,t)jdr RlZ(r ' )exp[ DEO(r t)] ©®) depth modulation in the targBtz(r t):

where the modulation in a target optical de rt) is _ , . ,
S|mp|y g P mh)( ) DES(r't) —Idl’ Rsys(r -r )DEO(r ,t), (11)

_&(r,t)

D whereRs {r) is the PSF of the entire system. It is the con-
50(r,t) = e
CH

volution of PSF’s of the pinhole, the framing camera, and
the digitizing aperture of the densitometer. In frequency
and the spectrally weighed attenuation length of the tagget  space, the system MTF is the product of the MTF's of each of
is given as these components.

) (6)

In summary, we have used approximations of the system
performance to find a straightforward relationship between the
measured optical depth and the modulation of the ablation
lenr,t) is the slowly varying envelope of the backlighter.  surface. As opposed to requiring detailed computer simula-

tions to interpret experimental results, we find, for a class of

At this point, the target optical depth can be obtained fronexperiments, a direct relationship between the measurement
the measured optical depth by rigorously working backwar@nd target perturbations. Equation (11) has been derived by
through each stage, compensating for noise and system @&ssuming that modulations of the target optical depth are small
sponse (PSF) at each stage. However, if the modulation in tikempared to unity. Since Eq. (11) is a linear approximation, it

Ach=1/[Hon (L3 keV) pay | ()

target optical densit(r.t) is small, does not treat the generation of harmonics and coupling of
modes produced by system nonlinearities. We have simulated
Dfo(r,t) <<1 (8)  these nonlinearities for modulation amplitudes greater than

those measured routinely in our experiments and found that
(which is the case in all our experiments), the entire imagingonlinear effects were negligible compared to system noise.
system may be considered linear. This greatly simplifies the
relation between the measured optical depth and the targgystem Sensitivity
optical depth. We introduce a new variable, the optical depth Once the modulation in target optical depth is obtained (see
modulation in the output of the framing camddgy(r,t), above), the perturbation amplitude in the target can be found,
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provided various criteria are met. Variations in optical depttdata assuming the system MTF as a two-Gaussian furi&ion:
are produced by changes in either the target density or target
thickness. Apparent changes in optical depth can also result
from changes in the x-ray spectrum or in the attenuation
coefficient of the target material. We performed several experi-
ments to characterize the system performance.

Mgys(f) = 0.955 exp{ ~[14.2(um) f]z]

+0.045 exp{ ~[248.3(um) f]z} . (13)

System sensitivity is defined by the spectrally weighted The MTF is essentially the product of the responses of three
x-ray attenuation lengthc. This length is inversely propor- system components: the pinhole camera, thgr@@igitizing
tional to the mass absorption coefficient and the target densigperture, and the framing camera. The former two are straight-
[see Eq. (7)]. In practice\cy can be constructed using the forward calculations based on geometry and spectral energy.
target compressioi€,, calculated by the 1-D hydrocode The MTF of the framing camera was determined by measuring
LILAC,? and the attenuation length of the undriven taiget  the camera response to a J&@-wide slit (placed 1 mm in

front of the camera) backlit by x rays [see Fig. 76.39(a)]. This
Ay = A_x (12) image of the slit was digitized with a/Bn scanning aperture.
Co The slit width and its proximity to a camera were sufficient to
neglect any diffraction effects. The dashed line in Fig. 76.39(b)

This relation can be used as long as the driven target mairepresents the light intensity incident on the slit. The thin solid
tains a cold value of its mass absorption coefficient. Typically,
during our experiments the target temperature is far below the

. - Washer
values that could change the mass absorption coefficient. |

We measured the attenuation lenggtin undriven 25sm (@  25umCH, = J
CH, (0 =0.92 g/cm) targets using backlighter beams only. At

the position of the experimental target, a thin strip o G#s
mounted so that the radiographic system could view x rays
that both miss and traverse the target, as shown on the image
taken at some time during the 3-ns backlighter pulse [see
Fig. 76.37(a)]. The calculated attenuation length for this mate-
rial was 11.5um, and we measured 16n+1 ym from the
difference in optical depth in these two regions [lines A and B
in Fig. 76.37(b)]. This value was constant for the ~1-mm 8 ' ' ' '
backlighter spot and did not vary over the duration of the 3-ns - 1
backlighter pulse. We also radiographed undrivepu20cH 6 WWW _|
(p = 1.05 g/cmd) targets that had preimposed, low-amplitude
(0.5 um) sinusoidal modulations with wavelengths of 60 and
30 um. Using these modulations as control referentgsas
measured to be Jm+2 yum. These experiments showed that
both backlighter spectrum and filter transmission remained 2
constant in time during the measurements.

Optical depth
N
2
|

System Resolution 0 I | | I
The resolution of the system was characterized by measur- 0 50_ 10_0 150 200 250
ing its response to a sharp, opaque edge (machined platinum).__ Distance in target planguf)

Its image is shown in Fig. 76.38(a). The dashed line in

Fig. 76.38(b) represents the light intensity incident on thé&igure 76.37

edge, the thin solid line is the measured light intensity propa(a) Image of the undriven strip target; (b) lineouts of the measured optical
gated through the system (and averaged in the direction par&Fpth (shown by lines A and B). Images through both the CH and open areas

. S . . llow th tical depth to b d.
IeItotheedge),andthethlcksolldIlne|sthef|tt0exper|mentaai owThe opfical depth fo be meastre
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line is the measured light intensity propagated through thand microchannel plates. This scattering resulted in areduction
system (and averaged in the direction parallel to the slit), anof the MCP resolution up to about 20% at low spatial frequen-
the thick solid line is the fit to experimental data assuming theies < 5 mm. In our experiments, the phosphor plate was not
framing camera MTF as a two-Gaussian function: aluminized. We saw, however, no significant reduction of the
MTF at low spatial frequencies due to such scattering because
of much lower levels of irradiation, compared with above-

_ 2
MZ(f) =1.05 exp[—[103.8(pm)f] } mentioned experiments.

2
-0. —{95. . 14 . . .
0.05 exp{ [95 B(Hm)f] ] (14) Figure 76.41 shows the various MTF’s discussed above.

The thin solid line is the MTF of the entire system as deter-
The measured MTF of the framing camera is shown imined by its edge response. The dotted line is the system MTF
Fig. 76.40. This MTF is similar to that measured in othercalculated as the product of the MTF’s of th@r8-pinhole
experiments performed at LLNE12and NRI13 with alumi-  (dot-dashed line), the framing camera (dashed line), and the
nized phosphor plates, which have reduced the long-scal20-um digitizing aperture (thick solid line). These MTF's
length scattering of photons and electrons between the phosplamsumed a system magnification of ~14. It can be seen that for

(@)

Pl edge
150 T T (?) T T 3.0 T T T T T T T T T T T
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Figure 76.38 Figure 76.39

(a) Image of the edge target (Pt strip). (b) The dashed line represents the ligh} Image of the slit target, installed in front of the MCP. (b) The dashed line
intensity incident on the edge. The thin solid line is the measured lightepresents the light intensity incident on the slit, the thin solid line is the
intensity propagated through the system (and averaged in the directioneasured light intensity propagated through the system (and averaged in the
parallel to the edge), and the thick solid line is the fit to experimental datalirection parallel to the slit), and the thick solid line is the fit to experimental
assuming the system MTF to be a two-Gaussian function. data, assuming the framing-camera MTF to be a two-Gaussian function.
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spatial frequencies below 70 miithe measured system MTF zation. It is possible to determine the origin of noise based on
is in reasonable agreement with the aggregate response of tteespectrum since, in frequency space, the signal and noise
individual components. So in the analysis of target nonuniforat each stage are multiplied by the MTF of that portion of
mity evolution (discussed in tWgiener Filtering section), we the system.
analyzed the signal only at frequencies below 70-fam
Figure 76.42 depicts the azimuthally averaged Fourier
System Noise amplitudes of the optical depth for two square regions with
Using radiographs of strip targets [see Fig. 76.37(a)], th&50-um width, through and around the strip. At high frequen-
system noise was characterized. Since the strip targets waries (>100 mmt), the averaged noise is nearly constant,
uniform with very smooth surfaces, all nonuniformity mea-indicative of the noise from film and digitization. At lower
sured in the radiographs of these targets is noise. The primaspatial frequencies the noise amplitude depends on the MTF'’s
noise sources in this system are photon statistical noise of the pinhole camera and MCP. This suggests that the domi-
backlighter x rays, noise in the microchannel (MCP) andant noise source is the photon statistics of the backlighter
phosphor plates, film noise, and noise produced during digiti rays. In optical-depth space, the noise amplitude is inversely
proportional to the square root of the number of photons. There

1.0 oot is more noise in the region of the strip with few x-ray photons
0.8 than in the region out of the strip.
This relationship between noise levels and the photon flux
TR ] can be explained by the following consideratioiy; #ndl, are
E the average x-ray intensities in and out of the strip regions,
0.4r ] respectively, then noise rms amplitudes in these regions are
I ~ /11 and+/1 », assuming a monochromatic x-ray spectrum.
0.2- ] Since the signal’s optical depth is the natural logarithm of its
I intensity, the variation of a signal from its averaged value in
00 1 1 1 L 1 ! 1 L . ] -
0 10 20 30 40 50 terms of the optical depth will be proportionalt/1; and
e Spatial frequency (mmd) ]/ﬁz aftera serles expansion of the logarithm, retaining only
the first term. It is assumed that the number of x-ray photons
: per pixel is greater than 1, which is necessary to justify such an
Figure 76.40 _ analysis. The fact that there is more noise in the optical depth
Resolution of the framing camera. . . . .
in the attenuated strip region with fewer x-ray photons (rms
1.0 =~ T T T T T T 0015 T T T T T T T
A ~ i _ ]
08l o o - X-ray photon noise -
- \ N So i . il
uw 0.6 N \\ - £% 0.010- In a “strip ]
[ L . N Qo L i
E 0 4 | .‘\~ N . % E r “ He1) 1
) RN T i Out of “strip ]
0.2] NN 23 i i
2+ . . - S o | _
C N ~X. =S 0.005_ -
0.0 ) | . | T e e~ R B . _
0 50 100 150 200 250 i Digitizing noise |
Spatial frequencyngnr?l) 0.000 e S —
E9066 0 200 400
ial f ™
Figure 76.41 E8571 Spatial frequency (mm)

Resolution of the system. The thin solid line is the measured MTF of the entire

system. The dotted line is the system MTF calculated as the product of th&gure 76.42
MTF’s of the 8um pinhole (dot-dashed line), the framing camera (dashedystem noise. The measured noise level for two portions of a radiograph
line), and the 2Q:m digitizing aperture (thick solid line).

through and around the 28n-CHy strip target.
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amplitude ~1/+/11) than in the region out of the strip (rms where |Cre(f)| and|Cim(f)| are real and imaginary parts of the
amplitude ~1/+/1 5 ) supports the suggestion of the photon-measured signal with noise. Due to the statistical nature of the

statistical nature of the noise. noise spectrum, the signal that is less than twice the noise
amplitude can be treated in three primary manners: (a) rejected
Wiener Filtering (i.e., set to 0), (b) considered to be uniformly distributed

Using the measured system sensitivity, resolution, antletween zero and twice the noise level, or (c) set equal to twice
noise, we recovered the imprinted perturbations from théhe noise level. These options are used to provide the uncer-
radiographic images. A broad spectrum of imprinted featuresinties of the measured signal. At higher spatial frequencies
has been generated by laser nonuniformities with spatial fr¢>70 mn1) the detector response is falling rapidly, so the
quencies up to 430 mrh These initial imprinted nonuni- signal-to-noise level is greatly reduced and the error bars
formities in our experiments come from the nonuniformities inare larger.
drive-laser beams used with distributed phase plates (D¥P’s).

The RT instability has growth rates and saturation effects that The thin solid line in Fig. 76.43(a) shows the power per
depend upon spatial frequency. In addition, the resolution ahode of the noise. The thick solid line represents the power
the radiographic system begins to cut off spatial frequencigser mode of the image at ~2 ns. These two lines are almost the
above ~70 mm. As a result, the detected signal resides in @ame at high spatial frequencies > 80Thrauggesting that the
narrow range of spatial frequencies ~10 to 70fam

We analyzed 40@Qan-square sections of the radiographic 004 (@) I I I I
images of the target by converting them to measured optical
depth, compensating for the backlighter envelope using a 1
fourth-order, two-dimensional polynomial fit. The signal non-
uniformity is expressed as the power per mode in optical depth = 0.02| .
by Fourier transforming the resulting optical depth. §'
A Wiener filter was developed to recover the true signal -§
from the resulting image'®. If C(f) is the signal plus noise 3
measured by the syste®(f) = f) + N(f), then the restored 9 0.00=== —!
signalP(f) is g 004
)7 s
Msys |S(F)|" +|Navg(f) S

0.02

whereMgyis total system MT Na\,g(f)|2 is the average or
Wiener noise spectrum, ad&(f |2 is the measured signal
power spectrum. The average noise speci#\lgpg(f)|2 and

system MTF have been measured as described above; the only 0.00 ==
unknown is|S(f)|2, the measured signal power spectrum. In 0
this technique, the signal is compared to the measured noise Spatial frequency (mm)

spectrum, and only points that are greater than twice the ="

amplitude of that noise are considered first, i.e.,

Figure 76.43
5 (a) Power per mode of the noise (thin solid line) and power per mode of the
|S(f )|2 - |C(f )|2 _ |Nav (f)| ) signal plus noise of the driven foil image at 2 ns. (b) Power per mode of target
d modulations versus spatial frequency. This is calculated using a Wiener filter,
for (16) assuming MTFE= 1 (triangles), calculated by subtracting the noise power per
mode from the power per mode of the signal plus noise (lower solid line that
C.o(f) or [Ch(f)>2N ), agrees with triangles), and calculated using a Wiener filter, assuming a
re im avg
measured MTF (squares).
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noise dominates at these spatial frequencies in the 2-ns.

image. There is a significant level of signal at lower spatial
frequencies, however, which must be separated from noise.

The result of the Wiener filté? is shown in Fig. 76.43(b).

To demonstrate the effect of noise reduction, we set the MTF
=1 (i.e., noresolution compensation) in Eq. (15); this is shown
as the triangles in Fig. 76.43(b). The lower solid line shows the
data obtained by simply subtracting the noise power per 4
mode [the thin solid line in Fig. 76.43(a)] from the measured
power per mode of signal plus noise [the thick solid line in
Fig. 76.43(a)]. The agreement between these curves indicates
that the noise compensation portion of the Wiener filter be-

haves reasonably. The upper curve in Fig. 76.43(b) depicts thes.
result using the proper MTF and represents the fully processed6

data used as our experimental results.

7.

Conclusions

By properly characterizing our detection system, we have
simplified the complex relation between radiographic images
and the optical depth in the target. Using measured aspects of

the system, we have generated linear approximations of the®
system response that apply to our conditions. We measured the,

sensitivity and the resolution and demonstrated that they re-
main constant for the duration of the experiment. Using mea-

sured noise spectra, we have constructed a Wiener filter that ™
enables us to distinguish the signal from noise and to reconz1.

struct that signal by deconvolving system MTF. This technique
is routinely applied to the analysis of our experiments.
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Collisionless Damping of Localized Plasma Waves in
Laser-Produced Plasmas and Application to
Stimulated Raman Scattering in Filaments

Stimulated Raman scattering (SRS), an instability that corcan be explained by filamentation is presented in Afshar-rad
verts laser light incident on a plasma into plasma waves aret al,’ along with direct observational evidence for the occur-
lower-frequency scattered photons, has been a major concemnce of SRS in filaments. It should be pointed out that this
in laser fusion research for many years. The scattered photointerpretation of the experimental observations has great
represent wasted energy, and the plasma waves can prodpogential significance for NIF since it suggests that the band-
suprathermal electrons that penetrate and preheat the targetith already incorporated in the NIF design to improve
core, thereby preventing efficient implosion. Interest in SRS$rradiation uniformity may also be sufficient to suppress or
has intensified in recent years as experiments with higher lasgreatly reduce SRS.
intensities and longer-scale-length plasmas, intended to simu-
late laser—plasma interaction conditions in the National Igni- The experimental evidence for the connection between
tion Facility (NIF), have yielded SRS reflectivities as high adfilamentation and SRS is especially compelling for the short-
25%1 Furthermore, for many years theoretical models of SR@avelength portion of the SRS spectrum. Recently reported
have had difficulty accounting for several aspects of the experexperiment&3-4on the Nova laser at LLNL studied a 351-nm
mental observations: SRS is often observed at incident intefaser beam interacting with a preformed plasma at a tempera-
sities well below the theoretical threshold; the spectrum of theure of ~3 keV. The density profiles of these plasmas have a
scattered light is broader and extends to shorter wavelengttesge central region at densities of about 1% and fairly
than theory predicts; and anomalous spectral and temporstharp boundaries. LASNEX simulations of these targets, in
structure is observetiMore recently it has been found that concert with the laser interactions postprocessor (8 {®§-
“beam smoothing,” which involves small increases in thalicted a narrow SRS spectrum at ~600 nm, whereas observa-
spatial and/or temporal bandwidth of the incident laser lighttions showed a much broader spectrum extending to shorter
effectively suppresses the SRS instabiflifywhile theory  wavelengths. In some cases without beam smoothing, this part
predicts that much larger increases in the bandwidth, compaf the spectrum dominated, with a peak near 450 nm. Substan-
rable to the instability growth rate, would be required fortial scattering at these wavelengths requires long regions of
such suppression. very-low-density plasma, which do not appear in the hydrody-
namic simulations but could exist in a filament. This part of the
To account for the discrepancies in the threshold and spespectrum is strongly peaked in the backscatter direction and is
trum, it was proposed some time a§ahat SRS is not greatly diminished by increased bandwidtfurther indica-
occurring in the bulk plasma, but rather in intense light filations that this scattering is associated with filamentation. The
ments formed from hot spots in the incident laser beam by tHeeam-deflection phenomenon, observed in many of these
self-focusing instability. Intensities in such filaments couldexperiments and associated with filamentation in theory and
easily surpass SRS thresholds, even if the average beaimulations®10 provides independent evidence that fila-
intensity was well below the threshold, and the higher intensitynentation is occurring in these plasmas.
would be expected to drive SRS over a broader range of
wavelengths. The more recent experimental observations add One remaining difficulty with this interpretation concerns
further support to this hypothesis: Filamentation can be supghe damping of SRS at these wavelengths. The parametric
pressed by much lower bandwidths than would be required twature of the SRS instability requires that the participating
suppress SRS directly, and the anomalous spectral and temptectromagnetic and electrostatic waves satisfy frequency-and
ral features may be accounted for by the temporal evolution efave-vector—-matching conditions:
the waveguide mode structure in the filament. A thorough
discussion of the anomalies in SRS experiments and how they Wy =w+ws, Kg=k+Kkg,
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CoLLisIONLESSDAMPING OF LocALIizED PLasMAWAVESIN LASERPRODUCED PLASMAS:

where (u.kg), (wsks), and (k) are the frequency and wave- Linear Collisionless Damping
number pairs of the incident and scattered electromagnetaf Localized Plasma Waves
waves and the plasma wave, respectively. In the fluid approxi- SRS occurs when plasma waves originating in noise are
mation the dispersion relations for these three waves are amplified by their interaction with the laser field. The initiation
and early growth of the instability thus depend on the behavior
of small-amplitude plasmawaves, so for the purpose of analyz-
ing SRS thresholds and growth rates, a linear treatment of the
a)§ = w% + Czksz, plasma waves suffices. Furthermore, in the plasmas of interest
WP = w% +3v2K2 = w,%(1+3k2)%), thhere, the mean free paths and collision Fimes are much longer
an the spatial and temporal scales of interest, so the plasma
may be regarded as collisionless. We will therefore be inter-
whereay, is the plasma frequencyy is the electron thermal ested in the collisionless damping of localized small-ampli-
velocity, andip is the Debye length. Short-wavelength scattertude plasma waves. This process is often referred to as
ing requires thatv and thereforey, be small so thady = aw,. “transit-time damping” since it results from the transfer of
Consequently, the thermal dispersion term becomes signifenergy from the wave to particles transiting the localization
cant, withkAp of order 1. Itis well known that for electrostatic volume. Although the analysis presented here is self-con-
waves in homogeneous plasmas Landau damping becom@asned, we treat transit-time damping in filaments using the
very strong whekAp > 0.4. This suggests that the plasma wavenethod presented in greater generality in an earlier atficle.
associated with short-wavelength SRS will be heavily Landau
damped, and, in fact, in this case SRS is more properly referred Since we are interested in filaments, we will analyze plasma
to as stimulated Compton scattering (SCS), which has a muetaves confined in a cylindrical geometry (though the exten-
lower growth rate and correspondingly higher threshold; thussion to other geometries will be evident and the case of slab
significant scattering would not be expected in this range ajeometry is treated in Appendix A). For simplicity, we con-
wavelengths. One possible explanation, recently proposed fsyder only azimuthally symmetric waveguide modes() for
Afeyanet al,11is that thermal transport across steep temperahe electromagnetic and electrostatic waves in the cylinder.
ture gradients, produced by inverse bremsstrahlung absorptidvhile self-consistent radial intensity and density profiles for
inintense hot spots in the laser beam, produces a modified nditaments can be calculated numeric&llyjs adequate for our
Maxwellian electron distribution function (MDF) in the hot purposes to consider a simple filament model consisting of a
spot with a depleted high-energy tail. Since the high-energgircular cylinder with a sharp boundary at radRigs shown
electrons are responsible for Landau damping, this woulth Fig. 76.44. The density, inside the filament is assumed to
result in a reduced damping in the hot spots, allowing SRS toe significantly lower than that outside the filament, so that
occur. The thermal-electron mean free path in these plasmagaveguide modes for the light and plasma waves have negli-
however, is typically much larger than the size of the laser hajible fields extending outside the cylinder. Pressure balance is
spots, and the mean free path for the high-energy electronsgeovided by the ponderomotive potentig} of the laser light
even longer, soitis not clear that the required steep gradientpnopagating in the filament. The size and intensity of filaments
the high-energy electron population could be sustained. Mordikely to form in laser-produced plasmas and the properties
over, recent experimenrfsusing random phase plates suggesbf the corresponding waveguide modes will be discussed
that hot spots alone, without self-focusing, cannot account fdurther below.
the levels of SRS observed.

2 .2 4 212
Wy =wp +C kS,

Inside the filament the electron distribution function is

In this article we propose an alternative explanation. We
investigate the collisionless damping of plasma waves propa- fo(r,v) = Mo e Vi/2v% ,
gating in a bounded region of plasma, such as the interior of a (271)3/2v$
filament, and find that it can be much smaller than expected on
the basis of the infinite-medium Landau theory, even with avherev2 = kgTy/m. Consider a phase-space volume element
Maxwellian electron distribution. Using a simple model of adV containing a group of co-moving particles passing through
filament and its internal modes, we then apply these results the filament. We represent the motion of each particle by the

SRS in filaments. motion of its oscillation center, neglecting the oscillation
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amplitude of the particle in the laser field as small compared to
the length scales over which the fields vary. Since we are taking
the equilibrium ponderomotive potential inside the filament
to be uniform, the particle trajectories can then be represented
as straight lines within the filament, as shown in Fig. 76.44.
Each particle thus acquires an energf in time

At =2\ R2 - p? /VD, whereb is the impact parameter of the Integration of this quantity over the phase space within the
particle andr is the velocity component perpendicular to thefilament then giveswicethe collisionless damping rate of the
cylinder axis. This energy, which may be positive or negativeplasma wave since the phase space is effectively included twice
is acquired as the particle interacts with the plasma wavia the integration (both forward and backward in time).
trapped in the filament. To conceptually simplify the analysis

we take this wave to be a standing wave and we assume that the~irst we calculate the energy acquired by a particle interact-
energy removed from the wave by damping is replaced by iag with the filament. Inside the flament the potential satisfies
driving process, such as SRS, so that the wave has a consténg longitudinal plasma-wave dispersion relation, so assuming
amplitude. Then, sindg is even inv, it is clear that the time- azimuthal symmetry for simplicity, we can write the potential
reversed process, in which the particles in a time-reverseab

phase-space elemai¥" interact with the filament, acquiring

energy-AE in timeAt, is also occurring. Since we are neglect- o(r,z,t) = AJg(kr) COS(kzZ + 0') COS(CUH ﬁ). 1)

ing collisions, phase-space volume is conseriey| =|av],

and the net rate at which energy is transferred to the particleghereA is the infinitesimal wave amplitudd, is the zeroth-
associated witldlV is order Bessel functiofk, andware the axial wave number and
frequency of the wave, anal and 8 are arbitrary constants
representing the spatial and temporal phases of the wave, to be
averaged over below. The boundary conditialy (&R) = 0, so

k may be any of a discrete set of wave numbers determined by
the roots of the Bessel function. We relatandk by the fluid
plasma dispersion relation

AP=AE[fo(E)dV - fo(E+AE)dV*| /At

2
_(EP 010y,
At OE

dv* [
(outgoing phase-spac
volume elemen
w? = wf + 3(kz2 + kz)v% :

The main kinetic correction to this relation is an imaginary
component otw resulting from the damping we are about to
calculate; corrections to the real frequency will result only in
a small shift in the resulting SRS spectrum and will be ne-
glected here. Let= 0 be the time when the particle is closest
to the cylinder axis. Its change in energy in crossing the
filament is then obtained by integrating over the unperturbed

orbit:
_ _flo
(incoming phase-spa: AE=-ef} v [Me(r,t)dt,
volume element)
P1858 wherety =+'R2 —b2 /v, . The total derivative of the potential
is
Figure 76.44 qu[r(t) t] —v [j](p[r(t) t] + iq)[r(t) t]
Geometry of cylindrical filament modeR s the cylinder radius; andb are dt ' ’ ot r

the electron velocity and impact parameter, respectivelydarenotes a

six-dimensional phase-space volume element. so the above integral can be written
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kVRZ-b2 7 2 0
AE:—e° [ - [ t]Edt. ls = j_;sz b Jo (D) +5°
The potential seen by the particle is the same before and after X COS Eh’a tkyv, sEﬂs
passing through the filament, so 0 kvp g
_t d [ t]dt:O :LG%R,kbwikZVZD
kVD ' kV|:| H,

and

AE = eJ, 9 q0[ t] at. where we have defined the function

G(x,y,2) = I‘/ xE-y? ,J (\/y2+52)cos(zs)ds

Substituting the form of the potential, we have U x2-y

. which must be evaluated numerically.
AE = —ewA[S Jo[kr(t)] cos[k,v,t +a]sin(wt + B)dt
° Next we must integrate the above expression<ikE2>

= —ewA%osa sin ﬁﬁ‘;o Jo[kr(t)] cosk,v,t coswt over the six-dimensional phase space inside the cylinder. Note
that it depends on the particle coordinates and velocities only
-sina cosﬁﬁ‘; Jo[kr(t)] sink,vt sinwtdt%_ through the two quantitideb andw,. = (w * kv, )/kvg . The
0 total power being transferred to particles in a lergtbf
filament is

Squaring and averaging over the phasesdf gives L, o 0
quaring ging P Bg P =1 g™, dv, [ dvive

infmW

O 2\ o [
R, 2m, . 21 1<AE >6fo
X [, drr [ d6; [ dBVE—E —él 2)

At 0

< AE2> = # %ﬁ‘;o Jo[kr (t)] cosk,v,t coswtdt

Jﬁﬁo Jo[kr(t)]sink,v,tsin wtdtg

Oopoo

where the factor 1/2 in the integrand compensates for the
double-counting of phase space, as noted above. Because of
the rotational symmetry, all particle orbits with the same
Defining the integrals impact parametds and speedv| must make the same contri-
X bution to <AE2>, so the quantity in square brackets in (2)
l, = _‘;0 Jo[kr (1)] cos[(wi kzvz)t] dt, depends on, 6,, and8, only through the impact parameter
We can therefore transform the last three integrals in the above
we have expression to a single integral olerirst we transform the
anglesg, andg, to
272
o\ _ W2e?A? 5\ _ wleA
(aE?) = —g (12+12)= — % 0,=0,+6,,
6_=6,-6,.
where the last form follows from the symmetry(v,)
= fo(-vy,), SO waves propagating in both directions along th&y shifting portions of the region of angular integration by 2

axis must be equally damped. Changing the integration varin 6, or 8,, the integral over [0,7] in 6, and 6, becomes an
able tos = kv, integral over [0, 4] in 6, and Fr;r in 6_, as shown in
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Fig. 76.45(a). Using the Jacobiaf6,,6,)/d(6..6-)=1/2,
we see that the angular integration is transformed as

[27de, "6, - % [ de.[" de_.

Next we use

o_=gntl 99-__ 1

—=—— for 0<6_<
r ob rz—bz

Ny

As shown in Fig. 76.45(b), there are four valuesfofin \
[T ] for each value of andb. Because of the cylindrical

symmetry these values 6f are all physically equivalent, so (b)

we can combine the above results to obtain the transformation

[27do, (2" de, o A Q
v

1

a4 R R
- 4%1‘0 d0+I0 db.[b drrwz—_bz

- 877_[0Rdb«/ RZ-p2.

After this transformation, the expression for the power is

P=4nf" dv, [y dvovy IoRdb v*)

‘ 0 (AE?) 5. O
vaZ—bZ |:_|_< >a_0u (3)
H At 0 H
P1859
Figure 76.45
where we have done tkeéntegral using the fact théﬂE2> is lllustration of variable and range transformations used in converting the
independent of. integralin Eq. (2) tothe formin Eq. (3). The anglgis (b) are measured from
the dashed extension af
Using
and
ofy _ Ny —v2j2v2 _2JR2-Db? o\ _ WPEPA% w+k,v, 0
=- "3 _¢ T, AM=—— <AE >: ) G R,kb,—H,
0 (27T)/2mv$'- Vg 4k2v3 kv
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this becomes

lim sin? e —
SN gx: ™ (x) with a =vR? -b? v,
a - o ax
b= now?e?A%L
512
4(2")%”NTk we have
x [ dv, [0 dvy IRdbGZ%R ko, O KeVz Domve /2t lim 1 Gzad?,kb w+kpv, O
w0 0 kv H° k- 0kZ Tkvy O
As an aside, we now verify that the above expression gives 4m R2 b2 0 wD
the familiar result for Landau damping of a plane electrostatic Y 5%’2 + k_
Z

wave afR - o. This result can be established in full generality

(including finite radial and azimuthal wave numbers) by meth-

ods analogous to those employed for slab and spherical geos® that

etriesin Ref. 14, butthe analysis is fairly complex. Since we are

interested here in the application to SRS backscatter, we can

simplify matters by considering only the special case where the

R - o limitis a plane wave with wave numbempropagating 41 w2e2 A2L
in thez direction k = 0). To simplify the calculation, we take DN
the limitk - oo first, and then leR - oo, so that the cylinder
contains a plane wavefront for all< R. This means the
boundary conditions will not be satisfied as we take this limit, e R h/pR2 _h2
but this doesn’t affect the result since the boundary’s contribu- XIO dVDVDIO dovRE =D
tion to the damping vanishes as it recedes to infinity. For small

X, y we have 0 g -v2/2v2

X[, V0LV, +k—“Z’Be
G(x,Y,2) D_[ coszsds— %sm(\/ —yzz),

a(2m) 2Bk,

2.2 7\2 _w
© _ (UpO() A“L e_ ZKZZV%
4(27‘[)%V-|5-kz
lim 1 w+k,v, 0
GZE( Ko, — 22 zVz o _ R
Kook S HRO TG TR X[ dvpvpevH/ 2% [dbyR? - b2
4v2 2 _p2 0 2. 22 N
_ V§ , sinZEl\/R b (w+kaZ)D _ wpw AL 7TR2 2
(w+ k) B Vo B (Zn);/Zv%k 4

Now the quantityv R2 —b2 v in the argument of the sine

function above is half the time a particle spends in the cylinder;

it becomes large @& becomes large, except for the relatively The energy density in a traveling electrostatic plasma wave
small number of particles that just graze the boundary of th&g cos(kx — wt) is E§/8rr; superimposing two such waves to
cylinder. Since the relative contribution of the boundary begive a standing wave doubles the amplitude and the energy, so
comes insignificant & — o, we may regard/ R? —bz/vD as the energy density in a standing wats coskxcoscawt is

large for all particles of interest. With this assumption, andEg/16 1. In our casef 4y = KA, so the wave energy in a
using portion of a cylinder of radiuR and lengtt_ is
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1,500 A2 The integral oveu can be carried out using the identfty
= —ksRLAA,
6
y2
and the amplitude damping ratef a plane plasma wave is Io duue™Pu Wi = _—_ o8B Doo— H
then given by 2p B: 2p
whereD is the parabolic cylinder function, which in this case

wz
I w3 PN . .
y_1.P L p% e gerav: can be expressed in terms of the error functamsing

w 2wW \8k3vT
. 7T 2
: e4 / ‘—e 2 —z (DE\_
2 ‘ %

in agreement with the usual expression for Landau damfling

Returning to the finite radius problem, we can perform one
i The remaining integrations must be carried out numerically

more integration analytically by transforming variables
for this purpose it is convenient to make the integration limits
finite by changing the integration variabieto ¢:

V.,V - U,W,

where ;=Y w/kVT_,
26 2,2
| +w
| W+ K,V | k2
u= |—v Zz vp =./-2u Vk
= . O» ’ O — ! ’
kv \ k
k1

Then we have

and due-te @R
Tk (2nege 2\
(k, k[ CELNS
2 - X7 202 _o W
Ve = +—WoUe =2 — WU+,
A R A
i:v_%i%_ kZZ\;'IZ' ZZD
and then 2B Kz w H
2 2n2 . w? Combining these results with the above expressioR famd
po_Mow AL ok letting x = kb gives
4(2n)%w$k2
O
e G2 ) e B kot
XJ'O dbf_deG (kR,kb,w)_[O duue VT
where where
1 [k . k0 k °
10 ko0 0 FW. oA o
p 2v2 Hk k, H Y k,v2 'k, C= 8mk3v3 € !
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and

y_1P _1 whw

20W  am
@ G +1Ek3vT kR)? J2(kR)

In terms of the plane-wave Landau result given above, this is

Y _0Oyo
w Izk’-’ELandau

The average energy density of the plasma waves in the cylinder

(or), =amlloa?),,

=— k2J'2 kr) + k233 (ki
= [K9200) + 1833 0],

so the energy in a lengthof the cylinder is

1

W—§LA2 r [k2362(kr) + k233 (k)] .

Using

F1(95= S [97(9) - Jn-a(9nals)]

Jo() = I-1(s) = ~Ju(9),
and the boundary conditialy(kR) = 0, we have

A2|_ Ek2 0

1H(kR

thus, the amplitude damping rate is given by
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Stimulated Raman Scattering in Filaments

In this section we analyze SRS in filaments using the simple
sharp-boundary cylindrical model of the previous section
(Fig. 76.44). We determine the filament parameters (radius,
etc.) most likely to produce short-wavelength SRS and then
estimate the collisionless damping in these filaments using the
results of the previous section.

We assume that the pump and backscattered electromag-
netic waves propagate as waveguide modes in the filament, so
their dispersion relations can be written

wf = w +c2(kG, +1,). (5)

w§zw%+cz(k§ +k522) (6)

where the subscripts and z denote the radial and axial
wave numbers and the boundary conditions require
Jo(kor R) = Jo(kg R) = 0, whereR is the filament radius. The
ponderomotive force arising from the beating of the pump and
scattered waves drives an electrostatic plasma response. We
assume that this response is largest when the frequency and
wave numbers of the plasma wave satisfy the fluid dispersion
relation
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w2 = w% +3v%(kr2 + kZZ) (7) SRS wavelength, as shown in Figs. 76.46(a)—76.46(b) for the
typical experimental parametely /n. = 0.1, To=3 keV, and
Ao = 351 nm. The SRS spectrum corresponding to these
where againJy(k R) = 0. This approximation will be good as
long as the damping rate is much smaller than the frequency 20— 77—

As in the previous section, we assume that the SRS process is i i
near threshold, i.e., the pump replaces the energy lost to — 1.6 i ]
damping of the scattered waves, so that the frequencies and %_ 121 _
wave numbers of all the modes can be taken as real. Then g - .
the frequencies and axial wave vectors satisfy the matching g 08| 7
conditions o 04l ]
T (@ |
Wy =Wstw, (8) ooL v v
0.10
koz = Kg +k;. 9) 008-— i
Coupling between the modes is strongest for the lowest-order , 0.06F _
(smallest radial wave number) modesince in this simple < - -
model all modes have the same boundary condition S 0.04f .
Jo(kor R) = Jo(ks R) = Jo(k R) = 0, the strongest coupling is 0.02L ]
obtained by taking T 1
0.00
Kor = kg =K = jor/R, x1018 1.5 | ]
wherejg, 12.4048 is the smallest root &j. “g 10 L ]
Light propagates in a waveguide mode in the filament 5;, r ]
because the density inside the filamegt,is lower than that E 05 L h
outside,Ng. The difference in plasma pressures inside and % i i
outside the filament must be balanced by the ponderomotive  — - .
force of the light confined in the filament. The required 0.0 L i
intensity in the filament will be a minimum when the increment — T T T
. . ) . i, o 14+ .
in density across the filament boundary is the minimum re- (A - g
quired to confine the pump wave, or % 13 N ]
S C _
3 L i
212 2 8p i
No _fo - ¥or (10) g e -
Ne  Ne 20) s 4+ 7]
S 2 (o -
Since the scattered waves are of lower frequency than the Z ol v
pump, they are also confined to the filament when condition 440 460 480 500 520 540 560
(6) holds. o166 SRS wavelengthufm)
If we are now given the background temperaligrelensity Figure 76.46

NO! and pump Wavelengtho = 2"0/600, Egs. (5)_(10) are six Parameters of the filament model as determined itstimeulated Raman
equations determining the six UHKHOWD% = 47Tnoez/m, Koz Scattering in Filaments section, plotted against the SRS emission wave-
ksz k21 w, andR in terms of the scattered-light wavelength length. The filament radius is plotted in (a), the interior density in (b) (for
/\s — 27‘&:/(4)3. We can solve them numerically to obtain inan exteriorl.der;sity ofope;:]en:.? critic?!),tf;einteriorlight intensity in (c), and
particular the filament radius and density as a function of'® "°Malized power in the filament in (d).
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parameters extends from about 450 nm to about 550 nm. Thethin this range; smaller filaments cannot form because of
density plot shows that longer wavelengths would requirdiffraction. From Figs. 76.46(a) and 76.46(d) we see that the
No/ne = 0.1, while shorter wavelengths lead to unphysicalfilaments our model predicts for short-wavelength SRS have
negative densities inside the filament. Note that over most gfarameters within this range. So we may conclude that, at least
the spectrum the required filament radii tend to be quitén terms of gross parameters such as size and intensity, our
small—of the order of a few collisionless skin depths or aboutnodel is not an unreasonable representation of the filaments
a micron for these parameters. likely to be involved in SRS.

By using the condition that the ponderomotive force bal- The collisionless damping rate for the plasma mode associ-
ance the difference in plasma pressures inside and outside #@ted with each SRS wavelength, as calculated ithitrear
filament, we can obtain the intensity and power in the filamentCollisionless Dampingsection, is shown in Fig. 76.47. For
The pressure balance conditiomig= Noe_"g/""’%,wherevo comparison we also show the damping rate for a plasma
is the oscillatory velocity of an electron in the electric field ofwave in a homogeneous plasma that would give the same
the filament SRS wavelength. Details of the calculation of the damping
rate in homogeneous plasmas is given in the Appendix. From
Fig. 76.47 we see that for longer wavelengths (corresponding
to filaments of large radius) the damping rates approach the
homogeneous Landau result, but for shorter wavelengths the
with | being the intensity in the filament ag the laser smaller radius results in a much-reduced damping as compared

Vo = €Emax /MW D25.6\;“‘I(W/cm2)/\0(um) emst  (11)

wavelength. Solving for the intensity yields to the homogeneous case.
The growth rate for SRS in a filament is readily calculated
To(eV) , ONyO
|(W/Cm2) 01.1x108 #'na—o : from the coupled wave equations for the waveguide mbies;
A§(um) g

is largest when the plasma response is taken to be the funda-
mental mode (i.e.k = jg;/R) and is then the same as for a
These intensities are plotted in Fig. 76.46(c). Since in oulane-wave pump of the same intensity in a homogeneous
simplified model the intensity is uniform in the interior of the plasma. The linear, undamped, homogeneous SRS growth rate
filament, the power in the filament is obtained by multiplying y at high pump intensities is giveny

the intensity byniR? and is shown in Fig. 76.46(d) as the
normalized powePy, (usually denoted byl in the literature:®

we use the present notation to avoid confusion with the number 1.50
density). The normalized power is in general defined by

3 1.25
o)
e w% ) % 1.00
ANEg——r — [[|E?|axdly, =
maglo € 3 £ 075
_ o _ & 0.50
where the integration is over the cross-sectional area of O
the filament. 0.25
: , . . 0.00
The normalized power and the filament radius normalized 440 460 480 500 520 540 560
to the collisionless skin depth are useful in comparing our . SRS wavelengthum)

simple filament model with what might be expected of actual
filaments. Recently Vidal and Johnstéhave published some
nonlinear simulations of the breakup of laser beams inteigure 76.47

filaments in plasmas. They find that comparatively long-livedbamping rates for plasma waves giving rise to SRS, plotted against the
filaments typically tend to form with radii of a few collisionless Wavelength of the SRS light produced. The upper curve gives the results for
skin depths and normalized pOWE’(@in the range of 2 to 15. a homogeneous plasma, the lower for the filament model igtthmilated

. . . Raman Scattering in Filamentssection.
Larger filaments tend to break up into several smaller filaments
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v W, v pressed by beam smoothing, so that at NIF intensities, for
9 D\/—p 2. example, SRS would not be significant.
wWo @y C
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spatially, i.e., the spatial and temporal length scales of the SRS

interaction are typically much smaller than those of the filaAPPENDIX: Calculation of Collisionless Damping for

ment. This justifies the use of an infinitely long, steady-stat&RS in Homogeneous Plasmas

filament model to study SRS. The high intensities and low

damping within the filament also mean that the SRS threshold For purposes of comparison with our results for the damp-

arising from dampintf ing of longitudinal waveguide modes in filaments, we also
showed in Fig. 76.47 the corresponding damping rates for
lane waves in homogeneous plasmas. Since these dampin
Yo >YeYs g 9 P bing

rates are typically much larger and can be comparable to the

real frequency, the use of the usual small-damping approxima-
is greatly exceeded, wheggandy, are the damping rates of the tionl# to Landau damping is not justified. To calculate these
plasma and electromagnetic waves, respectively. Finally, thrdamping rates we therefore use the exact expression for the
comparatively low damping of the plasma wave justifies th@lasma dielectric response function in a Maxwellian plasma:
use of the plasma-wave dispersion relation for the plasma
response in these calculations, since for low damping SRS will 1
dominate stimulated Compton scattering. e(kw)=1+

>[1+QZ(Q)]; (A1)
(ko)
Conclusions

Discrepancies have long been noted between observationdere
of SRS and theories premised on relatively homogeneous
plasmas and uniform laser irradiation. Foremost among these -
are the onset of SRS at intensities well below the predicted Q=
thresholds and the presence of SRS at short wavelengths,
which should in theory be suppressed by Landau damping.
Many of these discrepancies can be accounted for if the SRSdad whereZ denotes the plasma dispersion funcéiy, is
actually occurring in high-intensity, self-focused light fila- the SRS scattered light frequenay, is the homogeneous
ments, but this interpretation is still open to the objection thgtlasma electron density; is the electron thermal velocityg
the short-wavelength scattering requires low plasma densitiés the Debye length, angl is the critical density at the laser
and thus should still be suppressed by Landau damping. Viieequencyw,. The normal modes are given by the valuels of
have shown that if short-wavelength SRS is generated iandw for which g(k,c) = 0. These are the modes that propa-
filaments, the Landau damping of the corresponding plasmgate in the absence of a driver, and for a Maxwellian plasma
waves is greatly reduced relative to the damping that woulthey are damped, i.eg has an imaginary component, corre-
occur if the SRS were being generated outside the filamentasponding to the Landau damping, and the wave amplitude
context. This removes the primary objection to the filamentatiodecreases with time. Here, however, we are interested in the
hypothesis as the explanation for the anomalous SRS obsengteady-state response of a driven plasma wave, corresponding
tions and suggests that if flamentation is suppressed, fao the situation where SRS is at threshold; i.e., the power
example, by beam-smoothing schemes intended to improywovided by the pump wave (the laser beam) exactly compen-
irradiation uniformity, the SRS instability should then be wellsates for the power lost to damping. (Once above threshold, the
described by classical theories. One especially important iminstability grows so rapidly that the damping becomes irrel-
plication of this is that the effective observational threshold foevant.) The plasma response at a given frequency may then be
SRS should be significantly increased if filamentation is supregarded as a driven damped harmonic oscillator, reaching

. (A2)
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maximum amplitude at that pointinthe plasmawl11.e(dx, a))| Next we can write
is a minimum. SRS can occur at a range of plasma densities
pelow quarter-critical density. Underdque plasmas typically 22 2wl VK2 2 D_l .
include such a range of plasma densities but are close to A St e Il M
isothermal; thus, we regard the temperature as being fixed and w§  v§ wf w% HezH Ne
look for the values oing/n. andkAy that minimizeg(k, w).
From (Al) and (A2), sinceu is known, this minimization
provides arelation between the two unknowggn, andkAy,  and since the temperature, or equivalenty is assumed
which we can write by expressikgy as a function ohg/n.: known, combining (A4) and (A5) gives another relation be-
tweenkAp and ng/n. , which along with (A3) can be solved
[ny O numerically to obtain these unknowns and thus deterkine
kAp H: X suchthat The Landau damping rate, which may also be regarded as the
rate of transfer of energy from the wave to the resonant
particles, is then given by

(KAp)?,  (AS)

o 0O g 0O
£D<,QH<,n—O < sDc,QHc,”— foral X', (A3) ;1
B Ne B Ne - =Elm[£(k,w)].

where we have used (A2) to repres@ras a function okAy  Using (Al) and the formula for th& function of a real
and ng/ne . argument

We obtain another relation between these unknowns from Z(x)
the dispersion relations of the pump and scattered light waves
and the frequency and wave-number matching conditions for
SRS: this is

_ _X2 Y X t2
=e [mn 2_|’0e dt],

2 = )2 4 (22 2 = )2 4 c2K2- 2
w§ = Wi+ kg, wW§ = wp +C°ks;

1:\/5 w%w 2k2v2 (A6)
W =Wy — W, k=ko— ks, ki =kgt+Ksg, W 8 kv '

where (uy,kg) and gugks) are the frequency and wave numberThis is the damping rate for SRS in a homogeneous plasma, as
of the pump and scattered EM waves, respectively. Subtractingdotted in Fig. 76.47. It should be noted that while (A6) is

the two dispersion relations gives identical to the Landau damping rate usually obtained for
normal modes[s (k,w) = O] under the assumption of weak
W2 — 2 damping, for driven modes wittv real it is valid even for
Wi - wZ = cz(kg - ksz) =c?k,k, sok, = %. strong damping.
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LLE’s Summer High School Research Program

During the summer of 1998, 11 students from Rochester-aregnt record of their work. These reports are available by
high schools participated in the Laboratory for Laser Energetontacting LLE.
ics’ Summer High School Research Program. The goal of this
program is to excite a group of high school students about Ninety-three high school students have participated in the
careers in the areas of science and technology by exposipgogram since it began in 1989. The students this year were
them to research in a state-of-the-art environment. Too ofteselected from approximately 60 applicants.
students are exposed to “research” only through classroom
laboratories, which have prescribed procedures and predict- In 1997, LLE added a new component to its high school
able results. In LLE’s summer program, the students expereutreach activities: an annual award to an Inspirational Science
ence all of the trials, tribulations, and rewards of scientificTeacher. This award honors teachers who have inspired High
research. By participating in research in areal environment, tigchool Program participants in the areas of science, mathemat-
students often become more excited about careers in scierics, and technology and includes a $1000 cash prize. Teachers
and technology. In addition, LLE gains from the contributionsare nominated by alumni of the High School Program. The
of the many highly talented students who are attracted t©998 award was presented at the symposium to Mr. David
the program. Crane, a chemistry teacher from Greece Arcadia High School.
Mr. Crane was nominated by Robert Dick, a participant in the
The students spent most of their time working on theil991 Program. Mr. Dick wrote that Mr. Crane’s “academic
individual research projects with members of LLE’s technicacompetence, curiosity, and enthusiasm toward teaching allow
staff. The projects were related to current research activities him to motivate students who would, otherwise, fall through
LLE and covered a broad range of areas of interest includintpe cracks. Mr. Crane attracted students who wouldn't typi-
optics, spectroscopy, chemistry, diagnostic development, arally take difficult science courses.” He added, “Mr. Crane
materials science (see Table 76.III). would stay after normal school hours to host an informal
lecture and lab, just to satisfy our curiosity.”
The students attended weekly seminars on technical topics
associated with LLE’s research. Topics this year included lasers, Ms. Donna Essegian, principal of Greece Arcadia High
fusion, holography, nonlinear optics, global warming, and scierschool, added, “He is dedicated to his students. ...He is a
tific ethics. The students also received safety training, learnezbntinuous learner himself and has served this way as a model
how to give scientific presentations, and were introduced tfor students that science is an evolving subject.” Mr. Terry
LLE's resources, especially the computational facilities. Kessler, an LLE scientist who was taught by Mr. Crane,
remembered, “The science teacher tandem at Greece Arcadia
The program culminated with the High School StudenHigh School, consisting of Mr. David Crane (chemistry)
Summer Research Symposium on 26 August at which thend Mr. Claude Meyers (physics), has encouraged many of us
students presented the results of their research to an audiemnaefollow our curiosities in science and to pursue life-
including parents, teachers, and LLE staff. The students al¢ong learning.”
prepared written reports, which were bound into a perma-
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Table 76.111: High School Students and Projects—Summer 1998.

Student High School Supervisor Project

Steven Corsello Pittsford Mendon K. Marshall Computer-Aided Design and Modeling of
Nickeldithiolene Near-IR Dyes

Peter Grossman Wilson Magnet S. Craxton Group Velocity Effects in Broadband Frequency
Conversion on OMEGA

Joshua Hubregsen Pittsford Sutherland S. Jacobs A Study of Material Removal During
Magnetorheological Finishing (MRF)

Neil Jain Pittsford Sutherland M. Guardalben Phase-Shifting Algorithms for Nonlinear and
Spatially Nonuniform Phase Shifts

LedlieLai Pittsford Mendon M. Wittman The Use of Design-of-Experiments Methodology to
Optimize Polymer Capsule Fabrication

Irene Lippa Byron-Bergen K. Marshall Synthesis of Nickeldithiolene Dyes and Their
Solubility in aNematic Liquid Crystal Host

Phillip Ostromogolsky | Brighton F. Marshall Investigation of X-Ray Diffraction Properties of a
Synthetic Multilayer

Michael Schubmehl The Harley School R. Epstein An Analysis of the Uncertainty in Temperature and
Density Estimates from Fitting Model Spectrato
Data

Joshua Silbermann Penfield P. Jaanimagi Automated CCD Camera Characterization

Abigail Stern The Harley School J. Knauer Design and Testing of a Compact X-Ray Diode

Amy Turner Churchville-Chili S. Craxton Ray Tracing Through the Liquid Crystal Point

Diffraction Interferometer (LCPDI)
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FY98 Laser Facility Report

The OMEGA facility saw substantial improvements in effec-installation of a full complement of 60 ion-etched DPP optics,
tiveness at executing experimental objectives for FY98. Tdeployed in January 1998. These optics provide a circularly
extend operations to meet increased demand for shots egmmetric and highly repeatable individual beam profile on
OMEGA, UR/LLE hired additional staff to support multishift target which, when combined with SSD, allows OMEGA to
operations. Starting in May, after training was completed, wapproach the individual beam uniformity goals set for the
began to shoot targets for 12 h each target shot day, three shgstem. Future single-beam uniformity improvements are an-
days per week. Tailoring the facility operations crew to articipated to come through increases in SSD modulation fre-
uninterrupted 12-h shot shift matches staffing to the routine ajuency and bandwidth. During FY98 a project to frequency
OMEGA shot cycles. LLE continues to “block schedule” convert greater bandwidths with a second-harmonic mixer
experiments by week to minimize the number of configuratiofKDP) was initiated.
changes and provide a sufficient run time to mitigate occa-
sional system nonavailabilities. Progress in the experimental area this year included the
integration of the sixth and final 10-in. manipulator (TIM) and
Advances in individual beam and beam-to-beam uniforactivation of several new diagnostics. New diagnostic capabil-
mity have been a UR/LLE priority for the FY98 period. Theity for FY98 included activation of two charged-particle spec-
technological improvements to the diagnostics—the P51@ometers, a time-resolved flat-field XUV spectrometer, an
multichannel streak cameras and amplifier small-signal-gaiXUV Cassegrain telescope, an imaging XUV framing camera,
instrumentation—are two key elements necessary for develop-neutron bang-time diagnostic, a streaked optical pyrometer,
ing and characterizing power balance between beams. Bo#md new streaked XR spectrometers. Many of these instru-
systems are currently on-line diagnostics and are being utilizadents were developed and fielded in conjunction with other
to maintain OMEGA at 3%-4% rms IR beam balance. LLEorganizations, including LLNL, LANL, NRL, MIT, and the
has also improved the as-built reliability of the power condiUniversity of Maryland. Other improvements in the experi-
tioning system by upgrading the high-voltage switches anchental area include qualification of the facility for use in
trigger systems. The decreased pre-fire fault rate has improv&tockpile Stewardship Program experiments and numerous
target irradiation repeatability substantially from the beam-toenhancements to diagnostic timing command/control.
beam uniformity standpoint. Another amplifier performance
issue, the premature failure of the flash lamps, has been Many of the minor laser and experimental facility improve-
mitigated through the development of new lamp designaments are significantly easier to dovetail into the schedule
Approximately 50% of the 6800 lamps are now a highersince the extended shift operations schedule was implemented.
reliability “hard seal” configuration. Much of the maintenance work previously scheduled on the
0400 shift prior to shots has been moved to the Friday/Monday
For single-beam uniformity enhancements, long-lead properiod, facilitating an earlier availability of the system for shots
curements were initiated in FY98 to fabricate beam-smoothingach day. Table 76.1IV summarizes some of the tangible gains
optics for OMEGA. During FY98 a KDP crystal vendor hasmade from switching to the extended operations scenario. In
been fabricating birefringent wedges for distributed polarizaeonclusion, the shot effectiveness of two weeks of extended
tion rotatot deployment on the 60 beams. LLE anticipatesoperations exceeds the capacity provided by three weeks of the
permanently deploying DPR optics on OMEGA in the secondormer single-shift schedule. There were a total of 882 target
quarter of FY99. Perhaps the greatest uniformity improvemerghots in FY98, and it can be expected that the facility will
to the on-target profile of individual OMEGA beams was thesupport over 1300 target shots in FY99.
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Table 76.1V: OMEGA operations shifted to extended hoursin FY 98.
Prior to Extended Operations Extended Operations
FY 98 average number of shots/shot week 17 26
FY 98 average number of shots/shot day 52 9.8
Average time of day for the first shot 11:47 AM (1/96 to 5/98) 10:20 AM
Total target shotsfor FY98: 882

REFERENCES 2. Laboratory for Laser Energetics LLE Reviéw 71, NTIS document
No. DOE/SF/19460-241 (1998). Copies may be obtained from the

1. Laboratory for Laser Energetics LLE Revid® 1, NTIS document National Technical Information Service, Springfield, VA 22161.

No. DOE/DP/40200-149 (1990). Copies may be obtained from the
National Technical Information Service, Springfield, VA 22161;

Y. Kato, unpublished notes (1984).
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FY98 Experiments A DOE technical evaluation panel chaired by the NLUF
During FY98 progress was made in several NLUF programdvianager and including Dr. Michael Cable (LLNL), Dr. Allan
EUV and XUV measurements of early-time plasmas (Hanslauer (LANL), Prof. Tudor Johnston (INRS), and Dr. Ramon
Griem and Ray Elton, University of Maryland); x-ray spectrosd.eeper (SNL) reviewed the proposals at a meeting held on
copy of high-density plasmas (Charles Hoogteall., Univer- 24 April 1998 and recommended approval of nine proposals
sity of Florida); spectral measurements of fusion-reactioffior funding (see Table 76.V). Twelve graduate students and
charged particles (Richard Petrasso, Massachusetts Instituteseiven undergraduates will participate in the NLUF programs
Technology); neutron detector calibration (Stephen Padalinapproved for funding in FY99.

State University of New York at Geneseo); high-resolution
imaging of laser targets (John Seelyal,, Naval Research
Laboratory); and radiation ablation measurements of hohlraumpes=
targets (David Cohen, University of Wisconsin).

Figure 76.48 shows a photograph of the installation of a
charged-particle spectrometer (CPS 2) developed under LLE
funding and now operating on the OMEGA system. CPS 2 is
the second of two charged-particle spectrometers fielded by
the MIT group on OMEGA. During FY98 the MIT group with
funding from NLUF and in collaboration with LLE and LLNL
scientists used these spectrometers to measure fusion-produ
charged particles and high-energy ablator ions. In one series 0
experiments, fuel temperature and capsule areal density werA—r‘.-
measured simultaneously by these spectrometers. 5

In addition to NLUF-supported programs, several indirect- §
drive target programs, also coordinated through the NLUF [&
Manager, were carried out on OMEGA by groups from LANL =
and LLNL. These experimentsincluded campaigns on hohlraumjsll
symmetry, tetrahedral hohlraums, double-shell capsules, opac
ity, and point-backlighter tests. Finally, a direct-drive cylinder

experiment was fielded by LANL in collaboration with LLE.

e

FY99 Proposals U206
Fifteen proposals were submitted to NLUF for FY99. This

represents a new record in submissions as well as requesfegre 76.48

funding (funding requests were more than tWo_and_a_hall?hotograph taken during the installation of the second of two charged-

. . . ticl tromet OMEGA.

times the amount of available funding from DOE—$700,000)par Ice spectiometers on
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Table 76.V: Approved FY 99 NLUF Proposals.

Principal Investigator Affiliation Proposal Title

D. Cohen University of Wisconsin, Madison Development of X-Ray Tracer Diagnostics for
Radiatively Driven Copper-Doped Beryllium Ablators

H. Badis University of Californiaat Davis Supenova Hydrodynamics on the OMEGA Laser

H. Badis University of Californiaat Davis Studies of Dynamic Properties of Shock Compressed
Solids by in-situ Transient X-Ray Diffraction

R. Petrasso Massachusetts Institute of Technology | Charged-Particle Spectroscopy on OMEGA: First
Results, Next Steps

H. Griem University of Maryland Soft X-Ray Spectroscopy Measurements of Plasma
Conditions at Early Timesin ICF Experiments on
OMEGA

S. Padalino SUNY Geneseo Charged-Particle Spectroscopy on OMEGA: First
Results, Next Steps (ajoint program with R. Petrasso)

S. Padalino SUNY Geneseo Neutron Yield Measurements via Aluminum
Activation

C. Hooper University of Florida Absorption Spectroscopy, Broadband Emission Survey
and the Radiator-Plasma State

B. Afeyan Polymath Associates Optical Mixing Controlled Stimulated Scattering
I nstabilities on OMEGA
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