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LASER SYSTEM REPORT 

1 .A GDL Facility Report 

GDL has been shut down for the complete replacement of the front end 
with the actively mode-locked, Q-switched (AMQ) oscillator and 
predriver. Work has continued throughout this period on activation and 
al~gnment of the oscillator, a refurbishment of the active mirror system, 
and complete system realignment. A portion of the GDL downtime was 
caused by construction efforts to cut holes for the 25th-beam project 
and installation of the periscope. (The beam will be used for creating an 
x-ray backlighting source for OMEGA experiments.) Plans call for 
activation of the system to support NLUF experiments during July. 
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1.8 OMEGA Facility Report 
The OMEGA laser system has operated this entire quarter as a fully 
ultraviolet, 24-beam irradiation facility. Initial experiments were 
performed to examine neutron yield, thermal transport, and uniformity 
of irradiation. During system checkout, a record neutron yield of 
2 x 10'' was obtained. Collaborative experiments w ~ t h  other 
laboratories (Los Alamos National Laboratory, University of Florida, 
and University of Maryland), through the National Laser Users Facility, 
examined different aspects of x-ray physics. 

In parallel with the experiments, the newly UV-converted system 
was adjusted for energy balance between beams, beam alignment, 
and energy output. Energies on target were typically greater than 
2 kJ, with a maximum of 2.42 kJ. Energy variation among the beams 
was at the 5% level, with the smallest variation 3.4OIo. At times, a 
multishift operation was used to attain a shot rate of 30 to 40 per 
week in support of the thermal transport studies and the x-ray 
conversion studies. 

Many new diagnostic instruments were activated during this period, 
including four independent x-ray streak cameras. Progress was made 
toward successfully activating a time fiducial on the elliptical crystal 
streak spectrograph using a portion of the driver-line output, which 
was transported to the target chamber ahead of the main beams, 
converted to the fourth harmonic (175 nm), and directed to the 
camera via fiber optics. In collaboration with Los Alamos National 
Laboratory (LANL), progress was also made to activate the miniflex 
x-ray diode system. An experimental systems operator was added to 
streamline experimental operation of the system; this led to a sub- 
stantial increase in the shot rate. 

The facility work was completed for the 25th-beam project, and the 
periscope to elevate the GDL output beam to the OMEGA target bay 
level was installed. Installation of the 25th beam is planned for July 
and August. The AMQ oscillator project is on schedule for OMEGA 
installation in late July. 

A summary of OMEGA operations this quarter follows: 

Driver Shots 43 (11%) 
Beamline Test Shots 7 ( 2%) 
Software Tests and Failures 43 (11%) 
Target Shots 294 (76%) 

TOTAL 387 (1 00%) 
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OMEGA Uniformity Program 
It is expected that fluctuations in laser intensity over the target surface 
must be kept below a few percent to drive high-density implosions. 
Although various theoret i~al '~~ and experimentaP4 aspects of irradiation 
uniformity have been under investigation for several years, the need for 
high-quality laser-beam profiles has not been a crucial issue, as high- 
density implosions have not been possible. The 24-beam IR implosion 
experiments3 were relatively insensitive to illumination nonuniformity due 
to the smoothing action of the copious amounts of fast electrons from 
resonance absorption, but these electrons also preheated the target, 
preventing high compression. The 6-beam UV implosion experiments4 
were free of fast electrons, but they were dominated by the large 
nonuniformity inherent in the 6-beam geometry. However, the 24-beam 
UV irradiation now available on OMEGA removes a great part of this 
inherent geometrical contribution to nonuniformity, and opens the 
possibility for high-density ablative implosions if good beam quality can 
be achieved. Smooth beam profiles are possible and have been 
obtained on the GDL system2There is now a strongly increased effort to 
quantitatively assess and improve the beam quality on OMEGA. 

In order to translate the hydrodynamic uniformity requirements into 
laser beam quality requirements, we have developed a three-dimensional 
(3-D) beam superposition code. This code permits the input of two- 
dimensional (2-D), digitized images for each of the 24 beams of 
OMEGA, or for any arbitrary profile. Studies were performed to assess 
the sensitivity of target irradiation to particular types of illumination 
nonuniformity, such as noncircularity, irregularities in beam profiles, target 
misalignment, beam energy imbalance, and mispointing of beams on 
target. The output of this code yields overall rms fluctuations as well as 
the amplitudes of a spherical harmonic decomposition of the 
nonuniformity. The results can be summarized as follows: beam energy 
imbalance, mispointing, and noncircular beams all contribute to P-modes 
below P = 4. Beam profile fluctuations, on the other hand, predominantly 
contribute to modes with P 2 8. Purely geometrical effects related to 
beam overlap for the 24-beam OMEGA illumination configuration 
predominantly produce modes with P = 8-12, even for perfect beams. 

Experimentally, the capability of measuring individual beam energies 
to an accuracy of 1% has been developed, and beam energy balance 
in the 2 to 3% range is now achievable. With refinements, a 1% beam 
energy balance can be envisaged. Similarly, mispointing on target can 
easily be kept within 10 to 20 prad, which is considered adequate for 
high-density implosions. The remaining laser beam characteristic 
enhancing low-order P-modes, the beam circularity, relates mostly to 
laser alignment. As such, appropriate alignment procedures should 
bring this problem well within tolerable limits. 

With a number of uniformity issues removed, the main thrust of the 
uniformity program at LLE involves assessment and improvement of the 
individual laser beam profiles with their superposed, more or less 
random intensity fluctuations. The theoretical requirement for beam 
quallty is to approach a quadratic intensity profile with intensity 
fluctuations not exceeding 20% peak to valley.2 
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Fig. 23.1 
Image processing. (a) Array photograph with successive images attenuated by factors of 
2. (b) Denslty histogram of one of the images. Using two density histograms of the images 
in (a) we obtain film intensity response curves (D-logl) shown in (c). An intensity contour 
plot of an expanded oscillator beam is shown ln (dj. The corresponding intensity 
histogram (dE/dl vs I) as well as its integrated counterpart are shown in (e). The flat 
histogram is close to the rectangular histogram expected for a Gaussian beam. 
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In order to assess the beam quality on target accurately, we have 
re-examined laser performance by photographing the laser beams in 
the near field (at the output of the laser system), as well as In the 
equivalent target plane of an auxiliary focusing lens, with a much 
longer focal length than the actual OMEGA focusing lenses. This 
arrangement5 leads to satisfactory mapping of the on-target intensity 
distribution if the actual focusing lenses are close to d~ffraction limited. 
The quantitative analysis of these photographs involves a recently 
acquired Perkin-Elmer 2-D microdensitometer along with computer- 
ized image analysis codes. This analys~s includes a D-log1 intensity 
response conversion, contour plotting, and intensity histograms. 
Figure 23.1 illustrates the process, from taking array photographs of 
an image, to density histograms, intensity response curves (D-logl), 
contour plots, and intensity histograms. While size and symmetry 
properties can be obtained conveniently from contour plots, the 
intensity histogram (dE/dl vs I) shown in Fig. 23.l(e) frequently yields 
very useful data for the interpretation of laser-fusion experiments 
(average and peak intensities, etc.) as well as for rapid evaluation of 
the on-target irradiation nonuniformity. Since Fig. 23.1 is an image of 
the oscillator output, it approximates very closely a Gaussian profile, 
for which the intensity histogram (dE/dl vs I) is a rectangle. 

The intensity d~stribution in the target plane (quasi far field) depends 
on the intensity and phase distribution of the beam incident on the 
focusing optics. A smooth near-field beam intensity distribution, as 
shown in Fig. 23.2, IS therefore a requirement for a smooth equivalent- 
target-plane (ETP) intensity distribution. However, the detailed phase 
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Intensity contour plot of a UV near-field 
image at the output of the up-conversion 
crystal in OMEGA. 
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front distribution of this beam is very difficult to measure, and frequently 
the ETP distribution is taken instead. Figure 23.3 shows two such ETP 
contour plots with their corresponding intensity histograms. The effect of 
air turbulence is shown: one image is under normal operating conditions 
and the other has reduced turbulence. While the median intensity in the 
two images is roughly equal, the ratio of maximum to median intensity 
is approximately two times larger for the beam suffering from strong air 
turbulence. The 3-D superposition code (using the same beam profiles 
for all 24 beams of OMEGA) also showed that the rms nonuniformity for 
the poorer beam profile resulted in an rms nonuniformity over the target 
surface of roughly twice that for the case with reduced turbulence 
(o,,, = 30% and 15%, respectively). 

OMEGA, A = 351 nm, ( I  ns, I00 J nominal) 
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Fig. 23.3 
Equivalent-target-ptane intensity d~str;butions for one of the OMEGA UV beams with strong and 
reduced air turbulence. The effect of reducing air turbulence is particularly evident in the histograms, 
where it leads to a peak-to-median intensity ratio that is half as large as the one for strong turbulence. 
The effect of increased turbulence manifests itself in increased intensity gradients and patchy contour 
plots. 



I 

LASER SYSTEM REPORT 

Analysis of the up-conversion crystals6 also showed that many of 
them contribute significantly to the phase-front distortions on the beams, 
particularly in the form of small-scale phase gradients. Figure 23.4 is a 
demonstration of how different crystals affect the ETP intensity 
distribution of an auxiliary 351-nm alignment beam [Fig. 23.4(a)]. The 
best up-conversion cell available at LLE hardly changes the ETP 
contour plot or intensity histogram over that of the undisturbed 
alignment beam [compare Figs. 23.4(a) and 23.4(b)], while the worst 
crystal assembly leads to dramatic changes [Figs. 23.4(c) and 23.4(d)]. 
In particular, the intensity histogram shows a maximum intensity that is 
twice that of the ETP of the undisturbed al~gnment beam. Here, too, the 
3-D superposition code showed that the rms intensity fluctuations of the 
24 beams of OMEGA on the target are approximately two times worse 
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Fig. 23.4 
Effect of different up-conversion crystal cells on equivalent-target-plane intensity distributions. The ETP 
contour plot of an auxiliary cw UV alignment beam is shown in (a). The best LLE up-conversion cell 
hardly affects this distribution (b), while the worst cell strongly distorts the distr~bution (c) and increases 
the peak-to-median intensity ratio (d) by a factor of 2. 
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when the intensity distr~bution of Fig. 23.4(c) was used, as compared to 
Fig. 23.4(a) (a,,, s 10% and 5010, respect~vely). 

The results shown above suggest a near-term uniformity program that 
concentrates on problems related to air turbulence, beam propagation, 
and crystal quality. The longer-term program focuses on the intrinsic 
laser performance and its improvements. Th~s includes the implemen- 
tation on OMEGA of the recently developed holographic method for 
analyzing the phase distribution in the near field of the laser o u t p ~ t . ~  In 
addition, a low-level effort is under way to study the feasibility of using 
random phase plates8 or their equivalent to increase the average 
on-target illumination uniformity. 
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1.D Synchronization of Two Actively Mode-Locked 
and Actively Q-Switched Oscillators 

For the recently upgraded GDL laser system1 to be used as a 
synchronized x-ray backlighting source for laser-fusion experiments on 
the 24-beam OMEGA system, it has become necessary to modify the 
present active-passive mode-locked oscillators2 into synchronizable, 
actively mode-locked and Q-switched oscillators(AMQ0). The oscillator 
is based on a Lawrence Livermore National Laboratory (LLNIL) 
d e ~ i g n ; ~  the opto-mechanical elements of this oscillator, however, 
were completely redesigned to meet the particular needs of LLE? 
The application of the LLNL approach to synchronization of multiple 
oscillators was not straightforward, as the GDL and OMEGA 
oscillators are physically separated by = 75 m. In addition, the origi- 
nal rf electronics proved too sensitive to electromagnetic interference 
(EMI) to be operated reliably in our laboratory environment. Because 
of these factors, it became necessary to redesign this part of the 
oscillator. 

In this article we describe the basic  principle^,^ design criteria, and 
performance characteristics of the new rf electronics for the AMQO. 
Also discussed are novel diagnostics and synchronization data. The 
opto-mechanical design is given e l~ewhere? '~  

AMQO RF Electronics 
In the new design all low-level rf analog signal processing was 

replaced by CMOS integrated circuit technology because of its high 
noise immunity. Furthermore, advanced Schottky TTL was used 
where very high speed was required. Careful des~gn, layout, ground- 
ing, and shielding practices make this new design very resistant to 
EMI. 

There is one master rf oscillator, which provides the synchronization 
for all the oscillators and for a number of relevant timing signals. The 
rf synchronization is designed around a stable quartz crystal oscillator 
operating at 66 MHz; the repetition rate signal is obtained from 
amplitude modulation of the rf. Each one of the separate remote rf 
control and timing units then detects the leading edge of this ampli- 
tude modulation. All other timing signals are generated internally in 
the remote-control unit, using the phase of the 66-MHz rf or the 
leading edge of the modulated rf. 

One of the remote-control units is designated the master unit, to 
which all others are slaved. Th~s is a result of a pecul~arity of the 
design, since the total delay of the q-switch pulse with respect to the 
repetition rate pulse is of the order of milliseconds and its adjustability 
should be of the order of nanoseconds. (This nanosecond precision 
proved difficult and a resolution of * 1 ps was chosen instead.) 
However, if each remote unit were to generate its own q-switch pulse. 
the resulting optical pulse trains would also be afflicted by a micro- 
second jitter, making oscillator synchronization impossible. Thus, the 
q-switch pulse generated by the master control unit is routed to the 
slave units, triggering the q-switch pulses in those units with less than 
50-ps jitter. The jitter between the actual optical pulses (from different 
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oscillators) in the AMQO pulse train primarily depends on the short- 
term (ms) phase stability of the rf to the acousto-optic mode-locker. 
This short-term frequency stability has been measured to be approxi- 
mately 10 ppmlms. In addition, the remote control units contain three 
independent high-precision delay units-for triggering, for instance, 
the single-pulse switch-out electronics (Pockels cell drivers) or streak 
cameras. These delay generators have a least-count resolut~on of 16 
ns and a measured jitter of 30-40 ps between any two delay 
generators within a control unit as well as between control units. 

The concept of AMQO's separated physically by long distances and 
driven by remote rf control units with their proper rf amplifiers requires 
extraordinary amplitude and phase stability of the rf link between 
master rf oscillator and control units. To achieve a 30-ps optical pulse 
jitter between two different AMQO's, we require a phase stab~lity of 
1 mrad and an amplitude stability of 0.10/0. Given the long distances 
and the adverse environment with several OC temperature fluctua- 
tions, such stability can only be achieved through the use of very high 
quality cable6 with phase stability of 2 to 3 ppml°C instead of the 200 
to 300 ppml°C for usual coax cable. (The latter would lead to 
90 psl°C optical pulse jitter.) This special cable also has very low loss 
characteristics (1.2 dbllOO ft at 66 MHz), thus satisfying both phase 
and amplitude stab~lity requirements for the transmission of the rf 
signal to the remote-control units. 

Another major change was made in the design of the flash-lamp 
driver power supply. This power supply furnishes starting pulse, 
simmer and boost simmer current pulses, as well as the main lamp 
discharge pulse. The original design was limited to a peak current of 
40 A and required water cooling of more than 40 high-power tran- 
sistors. This power supply was redesigned using new convection- 
cooled power transistor modules instead of the water-cooled transistor 
bank. This also allowed delivery of up to 60-A peak discharge current 
in a flat-top pulse. The overall reliability of the system was also 
significantly increased by these design changes. 

AMQO Performance 
In order to better understand the data below, a brief description of 

the AMQO is necessary. Figure 23.5 shows the mechanical layout of 
the oscillator, whose overall length is = 1.2 m. The laser host is 
Nd:phosphate glass (KIGRE Q-100, 4-mm diam x 100-mm length). 
The acousto-optic modulators are fabricated in-house4 and operate at 
66 MHz (mode-locker, AOML) and 33 MHz (q-switch, AOQ). A typical 
pulse train, including prelasing, is shown in Fig. 23.6. Due to the 
relatively low gain and slope efficiency of the glass laser host as 
compared to Nd:YLF or Nd:YAG, the output energy of the oscillator is 
lim~ted to 40 - 70 pJ per single pulse. However, the output beam has 
a high-quality intensity distribution (see beam-intensity contour plot in 
Fig. 23.7) and contrast7 (2 lo5). 

The repetition rate for these oscillators is limited to 0.5 Hz due to 
the poor thermal conductivity of the glass laser host. (In fact, for 
OMEGA and GDL, the oscillators are expected to be operating at 
0.1 Hz.) 
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Fig. 23.5 
Schematic layout of the major optical components of the AMQO. (AOML: acousto-optic mode-locker; 
AOQ: acousto-optic q-switch). 
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Typical pulse train obtained with an AMQO. (a) The prelase phase, with its characteristic relaxation 
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F;g. 23.7 
intensity contour plot of the AMQO output 
beam with glass laser host. We note the 
highly symmetric profile, which has been 
shown to be Gaussian over more than two 
decades using a diode array. 

To facilitate AMQO performance evaluation we have developed a 
novel diagnostic method using a photodiode and a multichannel - 
gated integrated AID converter (LeCroy model 2249W), which is 
coupled to a PDP1112 computer. The block diagram for this setup is 
shown in Fig. 23.8. A small part of the oscillator output is incident on 
a fast photodiode (HP4202, t, s 1 ns); it is split seven ways, with 
cable delays set up between the 5 0 4  splitters in such a way that a 
"coarse" image of the pulse train can be reconstructed by the 
computer from the gated AID signals (Fig. 23.9). Each pulse train is 
analyzed by fitting a Gaussian envelope using a least-squares fitting 
routine, which yields a measure of the pulse energy at the peak of the 
train, the FWHM of the train, and the position of the peak of the train. 
After averaging, the standard deviation of the peak pos~tion yields the 
jitter of the pulse train envelope with respect to the q-switch initiation 
signal. This diagnostic has proven operationally very useful since it 
rapidly signals any malfunctioning of the osc~llator. 

Typical fluctuations of the peak and the FWHM of the pulse train 
envelope range between 1% and 3% while the jitter of the pulse train 
maximum is 15 - 20 ns for a FWHM of 350 ns. We note that the 
length of the pulse tram depends on such parameters as the pump 
power, the q-switch level, and the laser host; it is therefore very 
different for different laser materials such as glass, YLF, or YAG. 
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Fig. 23.8 
Block diagram for computerized pulse train monitor. The pulse train seen by the diode is split, delayed, 
and integrated by a LeCroy-2249W-gated, integrating analog-to-digital converter. 

Fig. 23.9 
Typical display obtained with computerized 
pulse train rnonitor. The standard deviation 
of the position of the pulse train maximum 
is also the jitter of the pulse train envelope. 
The statistics shown here are for typical 
performance of well aligned AMQO. The 
averages and standard deviation are 
obtained over 50 successive shots. 

Shot #40 rl 1 

std 
last shot average deviat~on - - 

Single pulse 5 0 p J  4 5 p J  1 O/O 

Tram energy 750 p J 728 p J 1 O/O 

FWHM 358 ns 348 ns 5 O/O 

Max. position 400 ns 41 5 ns 5 ns 
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AMQO Synchronization 
Synchronizing two separate AMQO's requires not only rf synchro- 

nization (pulse-to-pulse synchronization) but also pulse train envelope 
synchronization, to at least 10% of the FWHM of the pulse train. The 
pulse train monitor described above permits verification and 
quantitative measurement of the envelope synchronization. For the 
pulse-to-pulse synchronization we used a streak camera in a novel 
configuration. 

The OMEGA and GDL oscillators typically operate in very different 
pulse-length regimes (OMEGA: t, = 1 ns; GDL: t, = 0.1 ns) for 
experimental reasons related to laser fusion and x-ray backlighting. 
This allows an experimental setup and pulse display on a picosecond 
streak camera as shown in Fig. 23.10, where A and B are the first 
and second pulses of the pulse train generated by the 95% etalon 
(pulse stacker) in the diagnostic beam from the short-pulse oscillator. 

Fig. 23.10 
(a) Schematic diagram for streak camera setup for jitter measurements from two oscillators with vastly 
different pulse durations. The OMA-I1 is a commercial, optical multichannel analyzer (EG&G-PAR). 
(b) Schematic display of Gaussian pulses for optimum jitter measurements. The short pulses are 
positioned close to the half-intensity points of the long pulse. 

The pulses also provide autocalibration of the time axis of the streak 
record. The pulse from the long-pulse osc~llator (C) is timed to fall in 
between A and B. The synchronization jitter between the two laser 
pulses can then be obtained from the position of the three pulses on 
successive shots. Alternatively, measuring the ratio of the peaks A 
and B also allows determination of the synchronization jitter since the 
placement of A and B at about the half-intensity points of C renders 
this ratio very sensitive to the jitter, as seen in Fig. 23.1 1. An analysis 
of a representative series of shots, using the two methods just 
described, yielded a pulse-to-pulse jitter for the long-pulse and short- 
pulse osc~llators of approximately 22 and 29 ps. 
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Fig. 23.1 1 
(a) Display of actual streak record corre- 
sponding to the setup shown in Fig. 23.10. 
(b) Dependence of the ratio R = A/B, where 
A and B are the peak intensities of the two 
short pulses in (a). The straight line in (b) 
varies only slightly in slope for varying 
relative intensities between the short and 
long pulse or their half-widths. 

The 20- to 30-ps jitter data between the two AMQO pulses are 
sufficient for synchronized OMEGAIGDL experiments. So far, we have 
not determined the source of this jitter or its ultimate limit. However, 
the present values appear to be close to the instrumental limit for 
measuring the relative timing of two pulses of vastly different pulse 
durations. On the other hand, mechanical vibrations of some AOML 
components at or below the kHz regime at amplitudes around 0.5 pm 
could also account for the 20- to 30-ps jitter. Our present experimental 
setup is not optimal in this regard and could conceivably contribute 
significantly to the present jitter measurements. 
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