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Abstract

The various implementations of the STUD pulse program (spike trains of uneven 
duration and delay) for LPI (laser-plasma instability) control were studied in depth and 
novel regimes were found. How to generate STUD pulses with large time-bandwidth 
products, how to measure their optical scattering signatures, and how to experimentally 
demonstrate their usefulness were explored. Theoretical and numerical studies were 
conducted on Stimulated Brillouin Scattering (SBS) and Crossed Beam Energy Transfer 
(CBET) including statistical models. We established how LPI can be tamed and gain 
democratized in space and time. Implementing STUD pulses on NIF was also studied. 
Future high rep rate lasers and fast diagnostics will aid in the adoption of the whole 
STUD pulse program for LPI control in High Energy Density Plasmas (HEDP).

Report

Throughout the duration of this grant, (9/15/2013-9/14/2015), much progress was made 
on the theoretical and computational study of STUD pulses (spike trains of uneven 
duration and delay) and their impact on LPI (laser-plasma instability) control. The 
application of STUD pulses to the control of single and multiple crossing beam 
instabilities was studied. The (spatially) structured laser beam (speckle patterns or laser 
hot spots) vs. unstructured laser beams (idealized plane wave beams). Various regimes of 
instability were considered such as weak and strong damping regimes and weak and 
strong coupling regimes of Stimulated Brillouin Scattering (SBS) and crossed beam 
energy transfer (CBET). The impact of STUD pulses on the elimination of absolute 
instabilities and the reduction of convective instabilities were explored. Criteria were 
found for implementing STUD pulses on lasers such as NIF and future generation high 
rep. rate lasers for inertial fusion energy (IFE), national security and other high energy 
density physics (HEDP) applications.

Novel techniques of generating STUD pulses and measuring their signatures were 
pursued. This is an outstanding challenge because large time-bandwidth product pulses 
are not routinely made or measured even in the optical telecom industry where Terabits- 
per-second is the standard. We believe that these advances in implementing the STUD 
pulse program will have significant impact on optical pulse shaping in general and optical 
control of chemical and biological processes as well as physical ones described in the 
case of high energy density plasmas below.
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In addition, our efforts to analyze Trident Stimulated Raman and Brillouin Scattering 
(SRS and SBS) experimental data driven by lasers with STUD pulses gave rise to a new 
regime STUD pulse implementation which had not been explored until then. Namely, the 
IMax fixed regime of operation, as opposed to Tpulse fixed, which had been the norm until 
then. For fixed total energy pulses with time dependent features defined on 
hydrodynamic (shock, coast) time scales, there are two distinguished limits of STUD 
pulses that can be implemented on the LPI growth or ~ psec time scale below the 100 ps 
to ns hydro one. One of them changes the on-off ratio, or duty cycle of the train of spikes, 
keeping the pulse width the same. Thus, for shorter “on” times, the peak intensity must 
increase to keep the energy of each on-off pair fixed and equal to the “always left on” 
pulse. This is called a Tpulse fixed STUD pulse. On the other hand, one could vary the 
duty cycle and insist on keeping the peak intensity fixed. That requires changing the on- 
off pair duration or on-off pulse width. This is the new IMax fixed regime. It was needed 
to deal with increased SRS signatures observed with Tpulse fixed STUD pulses on Trident. 
The PI suggested this new method during the Trident run period and SRS taming was 
achieved as a result.

Significant difference between the two limiting regimes is instructive to study and we 
have done so. The difference is the fraction of hot spots that participate in growth of an 
instability, which is a function of the average intensity of a speckle distribution. When the 
peak of the envelope pulse is increased, that average of the speckle distribution increases 
proportionately and so destabilizes the instability further. It is better to go with a longer 
pulse at fixed IMax in that case. This prediction was subsequently confirmed 
experimentally by changing the STUD pulse configuration used based on the new 
theoretical regime predicted.

The stabilizing physics of STUD pulses vis a vis LPI are now understood and modeled 
quite well. Much work remains to be done and is ongoing in a continuation of the work 
included in this report. The best understood regime is that of strong damping and weak 
coupling. There, it is hardest to change the outcome and we have found every method of 
doing so. The key adjustable elements of a STUD pulse design are

(i) The duty cycle of the on-off spike train, fdc, defined in terms of “on” time 
percentage.

(ii) The number of spikes before the spatial speckle pattern is resampled. This is 
the spatial scrambling rate of the Gaussian random field distribution of spatial 
patterns: nscram.

(iii) The ratio of the gain or interaction length of the instability and the (average or 
typical) hot spot length, as well as the ratio of the spike length and either of 
the former. These three lengths are designated by the symbols LINT, LHS, LSpike.

(iv) What really matters is Lip, defined as the ratio: Lip = Min(LiNT, Lhs) / LSpike.
(v) A 50% duty cycle, 10% jitter, Lint / Lhs = 1, Lip = U, n^^m = 4 pulse is 

designated: STUD 5010 x4, 1:1:1/2; and either Lax fixed or Tpulse fixed.

There are three ways of using STUD pulses knows as the Prius, Mercedes and Ferrari 
programs. The Prius program is the least ambitious and applies at the foot of the NIF
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pulse where avoiding multiple crossing beam seeded effects is to be avoided. It requires 
synchronizing the beams in time and allowing a subset to overlap in time only. It is best 
to use a Tpulse fixed, 2010 STUD pulse sequence on each beam with moderate nscram and 
with a spike ‘on’ time that could be of the order of a hot spot or longer. The Mercedes 
program requires a mid-Z plasma (such as SiO2 foam or Ne gas) so that CBET can be in 
the strong coupling regime. Here, the plasma is used to transfer hot spots between beams 
and cause temporal incoherence that is controlled by the number of crossings. Then, after 
the beams are traveling individually, they will have enhanced space time incoherence that 
was induced at the LEH (light entrance hole) of the NIF hohlraum and avoid subsequent 
SRS and 2wp more effectively. Choosing which beams cross and interact and transfer 
intensity patterns is a design consideration for direct and indirect drive separately. The 
Ferrari program is the most ambitious of all. Here a 5010 x1 IMax fixed pulse with 
1:1:1/2 is required at the peak intensity of the NIF pulse, also known as the main drive, in 
order to suppress SRS directly and disallow 2wp in the wall plasma. Cutting a hot spot in 
half is important and scrambling the hot spots often is beneficial. We have studied the 
behavior of such pulses and the subsequent instabilities at Rosenbluth gains (at the 
average intensity) of 2.14.

For the IMax fixed 5010 STUD pulses where the on-off pairs have to be made twice as 
long, the hydro has to be changed in an imploding system to accommodate that longer 
drive. This has been done using semi-analytic rocket models with thinner ablators at 
higher initial radius which achieve the same implosion characteristics upon stagnation.

We are continuing our numerical and analytical studies in a continuation grant where the 
initial noise level and the Rosenbluth gain are varied and a fuller picture of applicability 
of the Ferrari program is delineated. We have also since invented a new way of making 
arbitrary STUD pulse profiles using nonlinear and ultrafast optical techniques which is 
being patented jointly with LLNL. We have also developed statistical models that span 
the weak damping to strong damping regimes as well as the weak to strong coupling 
regimes of LPI. We have also turned our attention to the re-amplification and multistep 
interaction regimes of LPI, which are usually neglected in the single pass models 
generally adopted by the entire field. Here, 2D vs. 3D makes a large difference and 
anomalous large growth is possible which could explain the unusually high reflectivity 
levels observed in NIF experiments routinely since 2009. The direct drive burden is far 
more severe since all instabilities occur simultaneously and seeded by many beams at all 
angles. Without STUD pulses and synchronization of pulse shapes across beams, it is 
difficult to imagine how LPI catastrophes can be avoided at all in direct drive or shock 
ignition schemes based on direct drive. The future of STUD pulses seems promising and 
will be strongly aided when fast optical diagnostics measuring on the ps time scale with 
multiple ns record lengths are adopted routinely. Also important are high rep rate lasers 
that can be used to sample diverse STUD pulse configurations (1000s of them) and 
discover where they tame LPI best by feedback control mechanisms in between shots. 
Generally speaking, laser plasma conditions are unknown and unknowable on the ps time 
scale but high rep rate and high time-bandwidth product measurement techniques would 
allow sorting out the options that work from among a vast number of possibilities in 
finite time. At single shot usage levels this is impossible at present.


