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ABSTRACT

The National Ignition Facility (NIF) laser is the culmination of more than 40 years of
work at Lawrence Livermore National Laboratory (LLNL) dedicated to delivery of laser systems
capable of driving experiments for the study of high-energy-density physics. Although NIF has
been dedicated to supporting a number of missions, it was clear from the beginning that its
biggest challenge was meeting the requirements for pursuit of Inertial Confinement Fusion
(ICF). Meeting the NIF Project Completion Criteria in 2009 included meeting a large portion of
the NIF Functional Requirements and Primary Criteria that were established for the Project in
1994. During the National Ignition Campaign and as NIF transitioned to a user facility, its goals
were expanded to include requirements defined by the broader user community as well as laser

system designers and operators.
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I. AN OVERVIEVW FOR MEETING THE NATIONAL IGNITION FACILITY AND

NATIONAL IGNITION CAMPAIGN PROJECT GOALS

Between 1993 when the National Ignition Facility (NIF) laser was being designed' and
1997 when construction began, the long-term goals for NIF performance were established and
documented as the Functional Requirements and Primary Criteria (FR&PC). The latest update of
the FR&PC is Revision 1.8.> There were no changes regarding laser performance between the
original and the most recent revision. Foremost among these requirements is the need to deliver
1.8 MJ to experimental platforms or “targets”. Handling a large amount of energy is inherent in
meeting the NIF missions. Because igniting fusion fuel requires stellar temperatures and
densities, NIF must precisely compress energy in time and space for this purpose. Fusion

experiments currently (April 2014) underway in NIF deliver x-ray burn widths of ~150 ps.?

During NIF construction and commissioning, Project goals were expressed in terms of
milestones for cost, schedule, intermediate hardware performance status, and risk. In 2009,
“Project completion” for the laser was judged by its ability to meet its formal Project Completion
Criteria (PCC).* This included (1) measurements made for its Performance Bundle, B14,

(2) operation of half of the beamlines at half of their design power and energy, and (3)
acknowledgement that it was well on its way to meeting the full FR&PC. As seen in Table I,
many of the FR&PCs were already met by the time of Project completion. By the end of the
National Ignition Campaign (NIC) in 2012, NIF had been ramped up to full power and energy, as
demonstrated by the shot on July 5, 2012, with an energy greater than 1.8 MJ (1.86 MJ) and

power above 500 TW (523 TW).’

Most of the laser FR&PCs were evaluated by direct measurement of NIF’s full system

performance. However, two were evaluated using a combination of measurements and



calculations: laser spot size and laser pre-pulse. Laser spot size was measured for one beamline,
a beamline that was redirected to the precision diagnostic system (PDS) where a broad suite of
laser diagnostics was available.® Although not required by Project completion requirements,
confirming measurements have been made for the spot size of beams across the full NIF (see
Section II.J Laser Spot Size). Laser pre-pulse was not directly measured at Target Chamber
Center because of the fierce environment that would be encountered by a detector placed at this
location; instead, pre-pulse was projected on the basis of calculation and other measured laser

parameters.’

The most important requirement for the NIF laser was that it be safe—safe to build and
safe to operate. Keeping NIF personnel and its machine equipment safe has at all times been of
highest priority to the NIF team during construction, testing, and now operation of the laser. The
need for NIF to be an energy-in-time compressor forces it to be a big laser, able to handle a large
amount of energy. Being this big brings with it potentially hazardous conditions, all of which
must be mitigated with very high confidence. The following discussion provides a sense of the
potential hazards by keeping in mind that a hand grenade typically releases a little over half a

Megaloule (MJ) of energy.

NIF energy-in-time compression is accomplished by a series of steps from the wall plug
to the target. The energy requirements build up because some of these steps are rather inefficient.
The first step is accumulation of ~400 MJ of energy from the utility power line over a time frame
of ~2 minutes. This energy is stored in capacitors that are held at ~20,000 volts located within
the metal housings of its power-supply modules.*” The charging process involves relatively
conventional conversion to 20-kV DC, but the energy density reached in oil-filled capacitors is

uncommonly high. The capacitors release the 400 MJ in about half a millisecond to the



flashlamps that surround laser slabs, delivering energy optically to the neodymium-dopant in the
glass. Transfer of energy from the flashlamps to the slabs has relatively low efficiency. The
xenon-filled flashlamps expend most of their energy reaching a blackbody temperature of
~10,000°C with significant energy going into the creation of mechanical and thermal shocks to
the amplifier structure. The Nd ions store a fraction of this energy for ~0.5 ms and then release a

little more than half of it to the propagating laser beams in a time frame that is typically 3—15 ns.

As the lasers propagate through their beampaths they each develop a spatial intensity
profile structure that could harm downstream optics.'® Much of this structure can be filtered out
by focusing the beams through “pinholes” sized from 0.2- to 1-cm diameter. Because a laser of
this energy cannot be focused to this small size in air, the pinholes are housed in evacuated
structures called “spatial filters”. The energy in one of the laser beams, should it break into one
of its non-linear operating regimes, has the potential to break a spatial-filter lens, the vacuum
barrier for the spatial filter. If a person were near a window of one of the spatial filters when it
happened to break, the subsequent event would be very similar to sitting next to a breaking
window in an airplane (quite often accurately displayed by the film industry). The energy
associated with the rapid pressure rise (rupture) of a single spatial filter would be ~9.5 MJ. All

large evacuated structures pose a similar hazard.

After leaving its last spatial filter, a beam propagates through a (nearly evacuated) Final
Optics Assembly (FOA) and into the 10-m-diameter evacuated target chamber. The next
relatively low-efficiency step is compression of the target. As the beams hit an Inertial
Confinement Fusion (ICF) target the ~15-ns laser pulses compress the target to the point where it
can give up its energy in a time frame (as of today) of little more than 100 ps. Overall, the time

intervals involve a range from ~2 minutes to ~100 ps, a time compression factor of ~1 x 10'2.



Many steps along this path have the potential to be lethal. The NIF has implemented a
great number of engineering and procedural techniques for mitigating these and many more of
the hazards that accompany such a large laser. Some of the most notable are fail-safe circuits in
the Master Oscillator Room (MOR) to keep the laser from entering one of its potentially non-
linear modes;'' argon along the beampath from the last spatial filter to the final optics to avoid
another possible non-linear regime; '> rupture panels on top of all spatial filters (should a vacuum
barrier ever break, the pressure pulse would be directed upward into a region where people are
not allowed); totally enclosed laser beampaths; and keep-out rules that disallow the presence of
personnel in the capacitor bays, laser bays, switchyards, and target bay during a shot. Keeping
personnel out of the switchyards and target bay protects them from hard x-rays produced by
almost every NIF shot as well as from light that might have escaped from its enclosure. Large,
heavy, radiation- and neutron-shielding doors for the target bay are closed whenever the
maximum credible yield for a shot is over 10" neutrons (now often done), and similar doors for
the switchyard are closed if the maximum credible yield for a shot is over 10'® (becoming more

common).

The safety of all personnel associated with the construction of NIF was also given very
high attention by NIF management and supervisory personnel. No steps were taken without very
conscious decisions ensuring they could be completed without risk to personnel. As a result the
safety record of the NIF construction team was exemplary, receiving an award from the National

Safety Council for more than 5 million man-hours of work without a lost-time injury.

No team can ever rest on its safety laurels. Attention to safety continues to be kept high.
Safety-conscious practices, both for personnel and for the machine, have continued as NIF now

operates as a user facility. Formally, the NIF laser has met and continues to meet all of its safety



requirements as specified in the NIF FR&PC that conform to the American National Standards

Institute (ANSI) Z136.1.
II. CATEGORIES OF NIF CAPABILITIES
II.A Laser Energy and Peak Power

The first two items on the list of Primary Criteria, “laser energy and peak power”,
specified that the laser be capable of routinely delivering a temporally shaped pulse with energy
of at least 1.8 MJ and a peak power of greater than 500 TW to Target Chamber Center. Both of
these requirements were first met simultaneously on a shot taken on July 5, 2012. The power as a
function of time within the pulse for the July 5 shot is shown in Fig. 1; the energy delivered was
1.86 MJ. Laser power exceeded 500 TW (measured at 523 TW) as can also be seen in Fig. 1.
Calibration of the energy measurement detectors was traced through a secondary standard back

to a primary standard held by the National Institute of Standards and Technology (NIST).

The nomenclature for referring to different features of an ICF laser pulse that will be used
several times in this document and elsewhere in this special issue of FS&T is illustrated in Fig. 2.
Not all ICF shots have the same number of shocks,3 in which case a similar nomenclature
applies. The foot of the pulse refers to the time interval between the very beginning of the pulse
up to the time when the pulse for the last shock just begins to rise. Other terms can also be seen

in the figure.
11.A.1 Delivering 3w Energy and Power

The NIF system is able to deliver a total of 1.8 MJ and 500 TW peak power to target
chamber center (TCC) in a 3-ns, damage-equivalent pulse length" because each of its 192 beams

can deliver its proportional share of these values. Flexibility has been designed into the laser for



providing energy and power over a wide range of operating parameter space, as collectively
described by Fig. 3. Power-vs-energy relationships are plotted for both the performance of
individual beams and the collective behavior that can be expected for the full system. These
power-vs-energy diagrams have been a metric for NIF laser performance since it was first being
designed.' In Fig. 3, three curves for the full system are overlaid on the plot of performance for
individual beams. The two solid-line curves indicate the limits for two examples of laser pulse
shapes, one for a square pulse called flat-in-time (FIT) and one for the type of shaped pulses that
are typical for ICF users. In this plot the upper power for FIT pulses is set by filamentation
damage that would be expected to occur very early in the pulse when the gain saturation of the
1w amplifiers is low and the resulting 3w spatial contrast across the beam is high."
Filamentation would occur at locations where the local intensity is high even though the spatially
averaged intensity is considerably lower. At the upper end of the energy range the FIT curve
turns over, first due to a 1w damage limit for the polarizer and at higher energy because the
regenerative amplifier at the input to the laser chain has run against its energy-delivery limit. At
high energy there are several other effects that are setting in at about the same place: the power
amplifiers are reaching their design point for stored energy received from the flashlamps, and the
performance of the frequency-conversion crystals rolls over because as the peak power drops, the

efficiency of the frequency converters also falls.

Similar but less constraining power limits exist for the peak of a shaped pulse. Near the
end of these pulses when the average intensity of the beam spatial profile is high, gain saturation
in the 1w amplifiers has already occurred and local variation of the intensity relative to average
is lower. The shaped-pulse-limit curve has annotations that identify the equivalent Gaussian

width of the shaped pulse as calculated by the Equivinit'® algorithm.



The set of data points on the left edge of Fig. 3 and identified as impulses are for short,

88-ps, full-width-at-half-maximum pulses.

Damage initiation and growth on 3w fused-silica optics''

also limit the space over
which the laser can be operated, as shown by the dotted curve set by the capacity of the “NIF
Optics Recycle Loop” described in this issue of FS&T. The curve shown in Fig. 3 is based on a
recycle rate of 40—45 optics per week. Recall that it is the Optics Recycle Loop that allows the

NIF laser system to operate routinely above the damage growth limit.

All of the data in Fig. 3 are given for the system as it is fully configured as an ICF driver,
that is, with its full complement of beam-smoothing, diagnostic, and machine-protection
equipment. This includes the Continuous Phase Plates (CPPs), polarizers, grating debris shields,

and disposable debris shields (DDS).

Figure 4 shows the history of full-system output energy delivered by NIF as a function of
time after completion of the NIF Project and throughout the National Ignition Campaign. The
flexibility of the Optics Recycle Loop allows scheduling of requested experimental shots while
staying within the limitations of the optics-use budget. For example, trade-offs can be made
between the operating points (energy and power) of individual shots and the number of shots that

can be taken over a defined time interval.

II.B Capsule Irradiation Symmetry

As described in “Description of the NIF Laser”, also in this issue of FS&T,, the top-level
architecture of the entire facility (including the laser bays, switchyards, and target bay) was
selected to meet the capsule irradiation symmetry requirement. As summarized in Fig. 5, eight-

fold symmetry has been provided in four cones of laser quads (a quad represents four beams



coming from one laser port on the target chamber). The inner-cone quads are located at
nominally 23.5 and 30 degrees, as measured from the poles of the target chamber, and the outer
cone quads are located at 44.5 and 50 degrees. The NIF beams are currently arranged to support
vertically oriented, indirect-drive hohlraum targets. The different cones and sets of quads are

shown (online in color) in Fig. 5 and discussed in more detail in Section II.C.1.
I1.C Laser Wavelength

The primary criterion that the output wavelength of the laser be 0.351 um is met on every
shot. Frequency conversion components that sit within the FOAs positioned just before the
beams enter the target chamber receive high-energy, high-power beams from the near-IR laser
amplifier chains and deliver a near-UV wavelength to the target. The accuracy of the 0.351-um
wavelength is established by the accuracy of the fundamental wavelength. The wavelength of the
1.053-um light, measured with a commercial WA-1650 EXFO (formerly Burleigh) wavemeter,
has proven to be very stable with temperature control only. A portion of a wavelength stability
measurement made from June of 2005 to November of 2006 is shown in Fig. 6. As seen from
this figure, the goal for wavelength stability that was set as a sub-system requirement has been

significantly exceeded.
11.C.1 Wavelength Tuning

During writing of the Laser Design Basis for the National Ignition Facility' in 1992 and
1993, target designers often requested the availability of more than one ~0.351-um wavelength
on target (the third harmonic of the 1.053-um fundamental laser wavelength). Wavelengths

considered were those that could be generated within the bandwidth of the 1.053-um transition in

Nd:glass. Because continued analysis indicated that a multiple-wavelength capability would be
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necessary for exploring the range of interest for the ICF mission,'”'"®" the as-built NIF laser is
capable of delivering the 0.351-um light at three individual wavelengths separated by up to ~3
Angstroms. The colors of the quad sets shown (online) in Fig. 5 indicate the availability of three
individually tunable wavelengths, over ~9.6 Angstroms at ~1.053 um that are currently available
as a tuning choice for target designers. In the current NIF configuration, three different master
oscillators, each with a different color, are set up to drive the different cones of quads in NIF.
The outer cones are typically (circa 2014) set to a shorter wavelength than the inner cones, and
the 30° quads are often setup to have a slightly shorter wavelength than the 23° quads. These
relationships were established for support of cross-beam energy transfer from outer to inner and

from 30° to 23° beams in pursuit of improving the symmetry of ICF capsule convergence.*’

Although 3 individual wavelengths can be generated in 3 individual, 1w master
oscillators, delivery of light to the target over a range of wavelengths is possible only if
predictable gain can be produced all along each full amplifier chain over the entire range of
tunability. Because 116 rod passes (57 cavity passes x 2 passes through the rod for each pass,
plus 2 additional rod passes during the partial round trip as the beam enters and exits the cavity)
are made within the regenerative amplifiers, these pre-amplifiers are the most wavelength-
sensitive elements in the chains. In order to meet the challenge of tuning from one wavelength to
another “on a routine basis”, it was necessary to flatten the gain profiles of these dispersion-
sensitive components. The ability of the regenerative amplifiers to preserve their output-energy
performance over a bandwidth of ~20 Angstroms (at 1w) is shown in Fig. 7. The values of the
wavelengths shown in this figure are those that were used by the laser on July 25, 2013, although
tuning over an ~9.6-Angstrom bandwidth is done on a regular basis. The limit of the NIF tuning

range is not only set by the bandwidth of the regen amplifier; limits of the geometry of the beam
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dump for the frequency-tripling crystals also have an impact. Folding together the tuning ranges
of the regen and management of back-reflected light from the tripler crystals results in an overall

NIF 1w tuning range of ~9.6 Angstroms.

II.D Laser Pulse Dynamic Range

As originally defined the functional requirement for the pulse dynamic range, the ratio of
the peak power of the pulse compared to the minimum power in the trough, was required to have
a peak value of at least 50:1 At the time of NIF Project completion, target designs had evolved,
and as a result the requested and then demonstrated pulse dynamic range over an ICF pulse shape
had increased from greater than 50:1 to 176:1. Subsequent to Project completion, as target
designers continued to refine the desired ignition-point design target, the corresponding desired
pulse dynamic range for the laser moved upward again. By the end of the NIC Program, target
designers were setting requested pulse dyanamic range values of greater than 300:1. Figure 8
provides the measured pulse shape and the dynamic range realized for the same July 5, 2012,

shot described in Section I1.A.

As seen in Fig. 8, the dynamic range for the July 5, 2012 shot was greater than 300:1 for

the duration of the trough, very significantly better than originally specified.

II.E Beamlet Power Balance

Power balance for the NIF laser system is a measure of the quad-to-quad laser-power
uniformity in the context of the output power of the entire laser system. Because NIF pulse
shapes can have very fast rise times, on the order of ~100 ps, a flowdown requirement for the
simultaneity of the beginning of the pulse from each beamline was needed and established. Thus

the goal for 30-ps rms simultaneity is interpreted as a subset of the requirement for power
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balance. Early in the NIC Program we learned that streak cameras would not achieve the
required ~10-ps measurement accuracy across all 192 beamlines simultaneously. In response, a
new procedure for measuring pulse synchronization was developed. This procedure uses
amplification of a short (~88 ps) impulse from the master oscillator, by only the regenerative
amplifier, for one beam at a time, with arrival times measured at two different locations along the
beamline on the same shot. The impulse is shaped by the Amplitude Modulation Chassis (AMC)
in the Master Oscillator Room (MOR) for the quad of that beamline. As described by Fig. 9, the
procedure measures arrival of the impulse at the output of the regenerative amplifier (as collected
in the Input Sensor Package (ISP)) and at target chamber center (TCC). More details about the
MOR and the ISP are given in the “Description of the NIF Laser”, this issue of FS&T. A
similarly short optical timing fiducial pulse (called FIDU) is also produced in the MOR and
passively split to provide input to all high-speed diagnostics in the facility, including those for
target performance as well as those assigned to the laser. The AMC and FIDU systems are both

instructed to provide their output pulses by the NIF Master Timing System.

The light reaching TCC is collected by the pulse-synchronization target pictured in Fig.
10. This target has top and bottom diffusers capable of accepting the corresponding input from

beams in either the top or the bottom hemispheres of NIF.

An aspheric lens is located behind each diffuser to couple the light from that diffuser into
its own dedicated optical fiber. The two fibers, one each for the top and the bottom diffusers, are
used one at a time to carry light to 12-GHz detectors (Newport model 1544-A-50) and then to
Channel 1 or Channel 2 of a fast scope (with 40-ps time samples). Fiducial light for comparison
to the TCC impulse is routed to a Terahertz Technologies 10-GHz optical detector and then to

Channel 4 of the same fast scope. During a pulse-synchronization test, 10 shots are recorded for
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every beamline, starting, for example, with B115 and continuing through all of the beams in the
corresponding hemisphere. Completion of this series of tests for one hemisphere takes about 3.5
hours. For each of the 10 shots per beamline, the difference in the time of arrival of the fiducial
pulse and the laser impulse is recorded at both sampling locations, at the ISP and TCC. The ISP
data is used to back out any shot-to-shot variances in the master oscillator system. Calculation of
the rms timing error derived from these measurements begins with calculation of the timing error

for an individual shot:

AT; = [(T; -Treflree - (T -Trreftee] - [(Ti -Trethisp - (TF ~Trrefisp]

where T; and Tr (identified in Fig. 9) are the measured times of appearance of the

impulse and the FIDU signals in the scope traces, and Ty and Try.r are their corresponding
expected times for appearance. The error in identifying the locations of the individual fiducial
and laser impulse signals along the scope traces is typically ~2 ps. After corrections of known
offsets, the rms timing error for each beam, derived from the measurements taken during the 10

shots is then:

ATrms =

This equation explicitly does not include the jitter in the MOR pulse shaping system. It
includes only the static portion of the timing errors at Target Chamber Center (TCC). The
dynamic portion is monitored on every rod shot and system shot by analysis of the actual arrival
time of the laser pulse at the ISP Power Sensor compared to its expected arrival time. The
expected arrival time of the laser pulse is calculated from the measured arrival time of the FIDU

pulse. The results of these measurements are recorded by the Laser Performance and Operations
14



Model (LPOM) and can be added in quadrature to the term given above to find the complete
timing error. (See Section IV of “Description of the NIF Laser”, also in this issue of FS&T, for

more discussion of LPOM.)

Figure 11 contains a histogram for a pulse-synchronization test conducted in April of
2012. The relative timing error for all beamlines compared to one common reference time after
accounting for known offsets was ~10-ps rms. Two such tests were performed 18 months apart,
finding that half of the NIF beams had the same offset as they did on the first test to within 10-ps
rms and the rest had offsets that fell to within 15-ps rms. Slow drift in the AMC response is now

corrected on a monthly basis to compensate for this possible source of timing error.

Finding the timing error for full-system shots includes comparison of the starting point
for each shaped (not-impulse) laser pulse to the temporal location of the common FIDU pulse.
For full-system shots the NIF Master Timing System provides electronic triggers to multiple
subsystem within NIF, including triggers for the AMCs for each quad and triggers for all high-
speed temporal diagnostics, such as for the diagnostics of the 1w pulses going through each pre-
amplifier and amplifier section of the laser chains and for the diagnostics for the optical FIDU.
The ISP diagnostic now becomes the reference that links the time at TCC measured during the
pulse-synchronization measurements and the time measured on system shots. The 50%
amplitude point on the first rising portion of each shaped pulse is designated as t = 0 for that
pulse, and the error between where this point is found and where it was expected with respect to
the fiducial pulse is reported for each shot by the LPOM. Several contributions to the temporal
error are then rms-added to calculate a timing uncertainty for each full system shot. The small
uncertainty in locating the fiducial pulse is combined with the 10-ps synchronization error

described above and the uncertainty in locating the t = 0 point of the shaped pulse. Although the t
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= 0 point measurement uncertainty is different for different pulse shapes, the overall rms pulse-
timing error for the range of pulse shapes encountered remains less than 30-ps rms (typically)

compared to the requested timing.

The power-balance requirement for an ignition pulse has evolved in time consistent with
the evolution of the ignition-point design target and its corresponding laser pulse shape. This
evolution began in 1992 during preparation of the NIF Laser Design Basis document;' it

continued through the Rev 0 to Rev 5 ignition-point designs and continues today.

Power balance is the variance of the individual “quad” power profiles relative to the
“average” value of the power for a common pulse shape as box-car averaged over 2-ns time
intervals. It is defined by cone for a common pulse shape and with a box-car average with a 2-ns

time interval, as described by the equation shown in Fig. 12.
In this equation 7 is the number of quads with the same pulse shape, P;" is the 2ns-

smoothed 3w power measurement of the i” quad, and PCZZQ is the average of all 2ns-smoothed

power measurements within the cone of the i” quad. Note that, as described later in section ILN,
for each quad the 3w power is calculated based on a direct measurement of 1 beamline, the flow-
forward calculated power for 2 beamlines with a direct measurement of the 1w pulse shape, and
the flow-forward calculation of the 4th beamline from the injected-laser pulse shape. All 4
beamline powers are normalized to their independent direct 3w energy measurements. Target
interactions with the laser, such as the symmetry of the beams within the hohlraum, the pointing
of the laser beams with respect to the hohlraum, clipping of the beams by the LEH, or any other
asymmetries of the target that might exist are not considered when evaluating power balance

performance.
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At the end of the NIC Program, as a Rev 5 ignition-point design was being studied, laser
power balance was also evaluated for the shot taken July 5, 2012 and is shown in Fig. 13. The
laser pulse shape was the Rev 5 ignition-point design pulse. The dotted line in Fig. 13 shows the
specification for power balance for this pulse shape. The power-balance requirement is different
for different parts of the pulse, being 12% rms in the picket, 20% rms in the trough, and 3% rms
during the peak of the pulse. The green line (shown in color in the online article) is the power
balance achieved for the July 5 shot for the full laser system as calculated from all measured
quad parameters; it represents the observed value of power balance for NIF, meeting the
requirement at all points along the time line of the pulse. Note that the higher the laser pulse
dynamic range, discussed in the previous paragraph and above 300 for this shot, the more
difficult it is to meet the power-balance requirement during the period of the trough. Thus NIF

now provides a power-balance capability far more stringent than its original requirement.
IL.LF Beamlet Positioning, Pointing Accuracy

The pointing requirement is one of a set of requirements intended to assure radiation
symmetry sufficient for achieving the implosion symmetry needed for ICF capsules. Pointing
accuracy for NIF was first measured as part of the PCC for the first 96 beams (from Laser Bay 2,
48 beams from the top hemisphere and 48 from the bottom). The PCC requirement reads, “the
beam pointing accuracy shall be less than or equal to 100 um rms in the target plane”. Beam
positioning accuracy was demonstrated in January of 2009 by recording the x-ray emission from
96 beams incident on a gold-coated silicon target. The measurements show <64 +4 um rms

beam-to-target positioning accuracy for 96 beams on NIF shot N090114-002-999.

The pre-NIF era of ICF lasers at Lawrence Livermore National Laboratory (LLNL)
provided very important background experience for designing the very stable platform needed

17



for precision alignment. First, the building itself was designed to minimize its response to
sources of vibration. Second, the optical system was designed to minimize beam motion in
response to vibration of the building.”' All of the optical components are located on a large, thick
concrete “optical table” that is mechanically isolated from the rest of the conventional facility.
Heavy, rigid support structures are provided for the optical components residing on this optical
table. Engineering of the details for coupling the space frame that supports the heavy transport
mirrors in the switchyard to the building structure were given special attention. Finite element
analysis of vibration modes that could be supported by each of the refractive and reflective
optical components was used to guide design of their alignment and support structures.
Temperature-control systems that can achieve plus/minus quarter-degree-Celcius temperature
accuracy were provided for the laser bays, the switchyards, and the target bay. Temperature
control inside the FOAs is even tighter at plus/minus ~0.05°C. The beam alignment process,
completed in terms of target chamber coordinates, traces its accuracy back to a network of

survey markers located throughout the laser and target areas.”

The strategy for determining the beam-positioning accuracy on NIF includes a
combination of continuous wave (CW) alignment tests, rod shots to the Target Alignment Sensor

(TAS), and target shots for final validation.

The TAS, shown in Fig. 14 (a) and 14 (b) is the device that enables beam pointing and
target positioning.”** This system is positioned at TCC with the TAS positioner. The target is
inserted into the TAS and held by the target positioner as seen in Fig. 14 (a). The TAS
incorporates two mirrors and four CCD sensors to view and align both the beams and the target.
Each of the upper and lower TAS assemblies or jaws incorporates a mirror, a lens, and two CCD

cameras. Together these components allow measurement of each beam with respect to the target
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position. This information is the feedback used for closed-loop alignment of the beams by
angular adjustment of the transport mirrors. The jaws are mounted on stages that can open and
close to accommodate different-sized targets. A photograph of the TAS in the target chamber of

NIF is shown in Fig. 15.
The strategy for target and beam alignment includes the following:

* Offline calibration and online validation of the TAS for referencing the view of upper
beams relative to the target and lower beams relative to the target; the upper and
lower views relative to each other and to the internal TAS coordinate system (part of
initial set-up and qualification).

* The Chamber Center Reference System (CCRS) that unambiguously establishes the
location of TCC. During target alignment, TAS is positioned at TCC as viewed by the
CCRS, where it becomes the secondary reference for locating the target and for
aligning the beams with respect to the target (every shot).

* Rod shots to the TAS that are used in NIF to measure the alignment between the CW
alignment beams and the pulsed beams and to adjust the CW alignment light source
of each beam to match the pulsed beam on target (verified occasionally).

* Beam-to-target positioning that is validated with target shots using a thin flat target.
X-ray spots generated by the incident NIF beams are compared to the expected

locations to quantify the alignment accuracy (verified occasionally).

The flat, thin target is a gold-coated silicon plate. To meet the NIF Project Completion
Criteria, 48 top-hemisphere laser beams were pointed to specified locations on the top side of the

plate. Another 48 laser beams from the bottom hemisphere were pointed to specified locations on
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the bottom side of the plate. There is no bleed-through of x-rays generated by these lasers from
one side of the plate to the other. Small fiducial holes are etched through in the target plate at
locations that are visible by the TAS and well known in the TAS coordinate system. X-rays
generated by illumination of these fiducial holes by beams on one side of the plate can be seen
by a detector on the other side of the plate. These holes and their x-ray images are used to
calibrate measurement of the locations of all of the beams with respect to TAS and thus with

respect to the target.

The diagnostics for the x-ray measurement are 2 Static X-ray Imagers (SXI) used with
the shortest laser pulses available from NIF (88-ps impulses, see Section I1.H.1) to minimize
hydrodynamic blurring on the integrated target image. One SXI measures the 48 beam positions
from the upper surface of the target and the other measures the locations of the 48 beams hitting
the lower surface. There were an additional 6 beams (2 on the top surface and 4 on the bottom
surface from beams beyond the first 96) that illuminated holes and provided the absolute
positioning references described above. Figures 16 (a) and (b) show the x-ray images of the 96
beams used to measure pointing error, along with images of the 6 fiducial beams as they were
recorded by the 2 SXI diagnostics. The beams used to illuminate the target registration fiducials
are indicated with box outlines. These beam spots are not included in the analysis. Note that the
circled images of x-rays from the fiducial holes correspond with the images of their illuminating

lasers, seen in the square boxes on the opposite side of the target plate.

After the shot, the SXI images were analyzed to measure where the beams hit relative to
the fiducial holes in the target and with respect to the TAS coordinates. The TAS images of the
final target alignment in the target chamber provided an accurate reference for the target

fiducials. The SXI images were oriented and scaled to target chamber coordinates using the
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locations of the fiducial spots compared to the TAS images of the target. The locations of the
x-ray spots were then calculated and compared to the beam aim points. With this combination of
data, the locations of where the beams hit in terms of TAS coordinates could be calculated. The

analyzed data is also shown in Fig. 16.

Uncertainty in the pointing measurement was estimated by evaluating systematic errors.
Different analysis techniques were in agreement to within £3 um. This included uncertainty in
identifying the peak location of any beam spot and uncertainty due to magnification error that
was found to be £2 um. This was based on the accuracy of the spacing of the fiducial holes and
the spacing of images recorded from multiple pinholes compared to offline measurement of the

pinhole spacing. The combined uncertainty was found to be 4 um.

During NIC, improvements in pointing accuracy were made as experience was gained in
using TAS and the procedural steps used for achieving alignment. Figure 17 illustrates the

improvement demonstrated with a shot on April 27, 2011. In that shot 62 beams were measured
on target, and the result indicated a pointing accuracy of 38 £4 um rms, meeting the original

requirement of <50 um rms.
I1.G Direct-Drive Requirements

One of the Primary Criteria for NIF is that the possibility for Direct-drive ignition
experiments not be precluded.” Several features of NIF have been designed to be consistent with

this mission.

The NIF target chamber was designed with laser entry ports near the equator at locations
specified for Direct-drive FOAs. The locations of these ports were selected to provide spherical

target illumination for a Direct-drive target and can be seen as available for use in a photo of the
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NIF target bay given in Fig. 18. The 2-m-thick concrete shielding walls around the target bay
also include appropriate openings for delivery of the Direct-drive beams. Switchyard space
frames, mirror mounts, and beam tubes have also been fabricated to be adapted for the Direct-

Drive mission.

Direct-drive targets require a larger and more complicated spectral bandwidth than
indirect-drive targets. Space has been reserved in the regenerative amplifier housings of the
Injection Laser System (ILS) for modulator components that could be requested for generation of
this bandwidth during pre-amplification of direct-drive laser pulses. More information on the ILS

is given in “Description of the NIF Laser”, also in this issue of FS&T.

In addition, the design of the NIF FOAs includes a slot not used for indirect-drive
experiments but is available for holding an additional tripler of specific interest for direct-drive
users; the additional crystal is designed to widen the bandwidth for frequency conversion to 3w.
At the time of the final design of the FOAs, target designers of direct-drive experiments defined
the need for 2 triplers rather than the 1 used by indirect drive to enable the broader spectral line

width they calculated would be required by a direct-drive target.
II.H Laser Pulse Duration

The original requirement for laser-pulse duration for NIF was >20 ns. Several features of
the laser design have a potential for limiting the pulse length. Features that are now not limiting
include (1) the 1w main amplifier does not limit the pulse length, it could support a pulse length
as long as ~100 ns, (2) pinhole closure in the spatial filters also does not limit pulse length

because pinholes are held at ~10* Torr, and (3) because no high-intensity ghosts (in an

22



atmosphere above ~10~* Torr) are allowed to form on axis, an air or argon spark created by the

front end of a long pulse cannot bite off the back end of that same pulse.

The maximum pulse length that can be delivered from the ILS to the 1w main amplifiers
is determined by the design and physical path length of the regenerative amplifier. This is
because the maximum length of the pulse, measured in length units rather than time units, has to
fit within the round-trip length of the regen. After testing of several regen candidates early in the
NIF Project, the design of the regen was chosen for optimized output-energy stability. The
physical length of the regen represents ~45 ns, but after accounting for the rise and fall times of
the Pockels cell used to switch the pulse out of the regen for injection into the next level of pre-
amplification, the longest pulse it can handle varies from 32-35 ns, depending on individual
beamline parameters; this is considerably longer (better) than the 20 ns originally specified for

NIF.

Validation that pulses longer than 20 ns can be delivered is shown in Fig. 19 where a 1w
shot was taken for confirmation of non-closure of the 150 urad TSF4 pinhole for all 48 quads
after a pinhole-size reconfiguration. All beams in all clusters participated in this demonstration,
using 2 clusters at a time on 2 different shots. This image for B147 is typical with a high picket
of 1.3 TW/beam followed by a long ~28-ns 150-GW flat pulse. The fact that the long flat pulse

was not distorted was evidence that pinhole closure did not occur.
IL.H.1 Laser Pulse Shape

Other than requiring the output pulse from NIF to be “shaped”, the FR&PC are silent
about details of the pulse shape. From the early days of laser/target experiments that continued

through Shiva, Nova, and the time of writing the NIF Laser Design and Cost Basis Document, a
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general understanding developed between target and laser designers that exquisite pulse shaping

would be required for meeting the ICF challenge.

The change in paradigm for design of the master oscillator, from using bulk optical
components (used for all lasers from Janus to Nova) to a design born of fiber-optic telephonic
technologies also introduced the capability for precise pulse-shape control never before possible.
With these technologies, the NIF master oscillator is able to deliver a wide range of pulse shapes

such as those shown in Fig. 20.

Pulse-shape control is provided by the AMC, described in “Description of the NIF Laser”
(in this issue of FS&T), where 140 variable amplitude impulse generators are dedicated to each
quad. With these spaced ~250 ps apart, NIF can support shaping of pulses up to almost 35 ns.
Current configuration of the variable amplitude impulse generators supports an initial rise time
of ~100 ps and a rise time of an internal section of the pulse of ~400 ps. It would be possible to
allow internal rise times as short as ~100 ps with realizable (technology is available at a
reasonable cost) modifications to the AMCs. In addition to pulse-shape control provided by the

AMCs, the MOR can deliver short, approximately Gaussian shaped, ~88-ps impulses.

Pulse shape and timing is designed for the output of a quad; individual beams in the quad
will have somewhat different pulse shapes due to variations in the power-dependent conversion
efficiency of the different beamlines with the overall output from the quad meeting the desired
shape. Each quad may be independently configured for timing and pulse shape. The MOR fiber
system has also frequently demonstrated an “additive” feature that allows new pulse shapes,
diagnostics, and pulse-shaping systems to be incorporated into NIF. Two recent example of this

flexibility are ARC pulse generation and preparations for Polar-direct-drive experiments.
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The ability to make precise adjustments to the 3w pulse shape was demonstrated in July
2007. Precise shaping and pulse-shape repeatability were both demonstrated as shown in Fig. 21
where the results for 28 shots are illustrated. Sixteen of these shots were taken to demonstrate
repeatability, shown in the blue line of Fig. 21. The other 12 were both a test of repeatability and
precise shaping compared to the first 16 shots. This test was completed using 1 beam diagnosed
by the 3w power sensors in the PDS (described in Section II.J). For the repeatability test, the
beam was set up and fired 16 times for an identical pulse shape. For the shape-shifted test, that
same beam was set up and shot for 12 times with a slightly different requested pulse shape. For
the shape-shifted shots the second shock was specified to have 10% higher power, and the rise

time of the third shock pulse was delayed compared to that for the first set by ~100 ps.

IL.I Pre-Pulse Intensity

The NIF pre-pulse requirement is set for 96 beams. It is that “The laser intensity
delivered to the target during the 20 ns interval prior to the arrival of the main laser pulse shall

not exceed 10° W/ecm?”

. This requirement is intended to assure the integrity of the target at the
time the main laser pulse arrives. Pre-pulse light would hit the windows of a typical target such

as that shown in Fig. 22 and could cause preheat of the capsule inside.

At the time of NIF Project completion, Project personnel were faced with the still
unsolvable issues related to the survival of any detector that could be placed at TCC for even the
lowest-possible-energy NIF shot (known as a “regen shot”). In response, the strategy used for
evaluation of the pre-pulse power combined low-power measurements at the input of the 1w
power amplifiers with calculations and measurements of high-power gain through those
amplifiers and through the frequency-conversion crystals. This analysis was done on a per-beam

basis. It was believed that only 3w light could contribute to the pre-pulse power because 1w light
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would be directed away from the LEH by dispersion in the wedged final focusing lens.
Measurements of the power injected from the ILS into the 1w main amplifier yielded power
levels of approximately 80 W of leakage from amplification before the 4-pass pre-amplifier and
60 W of amplifier spontaneous emission (ASE) that originated within the 4-pass pre-amplifier
(for more information on the beamline design of NIF, see “Description of the NIF Laser”, also in
this issue of FS&T). The measured gain for a 1 main laser amplifier chain in its typical
configuration was found to be at most 90,000, giving a 1w output power of ~7 MW (compared to
a 1-beam limit for pre-pulse of 1.5 GW) and a 3w converted power level of ~5 mW. After taking
into account focusing of all 96 beams from each hemisphere, the pre-pulse intensity at 3w was

estimated at less than 40 W/cm?, very safe compared to the 10° W/cm? specification.’

Again, at the time of Project completion, separate measurement of the ASE out of the 1w
main amplifier chain yielded a value of less than the prescribed power limit per beam of 1.5 GW.
Although this is within the pre-pulse specification, the result was somewhat unsatisfying because
the data was taken under conditions where the signal was only approximately a factor of 2 higher
than the noise. Within the past year, the diagnostic for ASE from the main amplifiers has been
improved, and this possible source of pre-pulse light continues to be monitored with results

similar to those found in 2009.

After concluding (with various review committees) that the pre-pulse requirement had
been met at the time of Project completion, NIF staff continued to intermittently monitor pre-
pulse behavior on NIF and continued to consider mechanisms that could contribute to a pre-pulse

at the target. Several mechanisms were considered:
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* Light from the flashlamps that pump the large 1w amplifiers could be scattered off
the slabs and sent down the beampath at either 1w (1.053 wm) or 0.375 um.* (In
addition to excellent reflectivity at 1.053 wm, the transport mirrors have a reflecting
bandpass centered at 0.375 wm for use by the 3w alignment beams that operate at this
wavelength. The reflectivity of these mirrors is kept very low at 0.351 um for
protection of upstream optics in the event that stimulated Brillioun scattered light
comes back from the target at very near the 3w operating frequency of the laser).

* Off-normal excessive 1w light from the ILS could be amplified by the 1w main
amplifiers and converted to higher-than-expected levels of 3w light at the LEH. Three
possible sources for this type of 1w light have been identified:

— Reflection from a misaligned lens in the regenerative pre-amplifier (One lens is
situated such that, if misaligned, it could contribute to scattering when laser pulse
lengths exceed ~18 ns.)

— Scattering from a damaged rod or Pockels cell in the regenerative pre-amplifier
(Component damage can occur. The regen is run at 1 Hz for extended durations
during each system shot cycle.)

— An incorrect bias voltage in the modulator section of the MOR, possible as MOR
components age, then allowing light leakage into the pre-amplifiers

* Residual 1w light could be scattered by dirty debris shields or aging optics into the
region of the LEH.”’

Analysis has concluded that light from the flashlamps is not a pre-pulse hazard, but all of

the other candidate sources of excessive light from the ILS and scattering from FOA optics have

been identified as possible hazards and are now regularly monitored.
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After it was recognized that unexpected light from the ILS could lead to pre-pulse levels
above the specification, databases for past shots were interrogated to identify those shots where
this type of off-normal operation may have occurred. As described in the following paragraphs,
the performance of target experiments and laser performance prior to 2013 were evaluated for

any unexpected behavior that could be correlated with a higher-than-specified pre-pulse.

Cryogenic gas-filled hohlraums have a 200-nm-thick, IR-reflecting aluminum layer on
the outside of their 1-um-thick CH windows used to protect the interior of the target hohlraum
from heating due to IR radiation from the target chamber wall. If a pre-pulse is present it would
first be absorbed in this opaque aluminum layer. It was recognized in 2013 that the NIF VISAR
(velocity interferometer system for any reflector) diagnostic,” with its 680-nm laser operating at
a mW-power level could be used as a time-dependent monitor of the integrity of that aluminum
layer in addition to serving its primary purpose as a diagnostic for observing shocks as they
break through the capsule wall of mirrored “keyhole” shock-timing targets.”>*' Specifically, the
portion of the VISAR probe directed towards the upper pole of the partially transparent CH
capsule is also coincidentally (and conveniently) retro-reflected off the pressure-bowed, concave
surface of the top aluminized LEH window. In 2012, streak camera measurements of this
reflected VISAR light channel showed a partial drop in reflectivity up to several nanoseconds
before t = 0, as seen in Fig. 23, now attributed to the loss of Fresnel reflectivity as the Al layer
was vaporized. No such early time reflectivity drop was seen in the 2 other VISAR channels that

are aimed at the hohlraum equator and at 45 degrees between the equator and the pole.

Figure 24 shows that the time of first drop in reflectivity becomes progressively earlier as
the upper-quad, 3w pre-pulse intensity increases in the time frame between -5 and —0.3 ns. The

3w pre-pulse of Fig. 24 was found from calculating the frequency conversion of the measured 1w
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pre-pulse levels for all upper 96 beams. The fact that a drop is seen suggests that any pre-pulse
light received before —3 ns is sufficiently weak so as not to melt the aluminum. We also note that
at a sufficiently low 3w pre-pulse intensity (<3 x 10® W/cm?), the first drop in reflectivity is
delayed until —0.3 ns, a time that corresponds to the leading edge of the main laser pulse first
rising above 10° W/cm?. A fit to the data gives a threshold 3m damage fluence for the aluminum
of 0.7 J/em?, consistent with simple heat-capacity estimates. Unfortunately, VISAR data was not
also available for the lower LEH where calculated 3o pre-pulse levels reached above 10'* W/cm?
on some shots. There is also no unambiguous correlation between high pre-pulse levels and the
performance (yield, Tio, and mix) of DT cryogenic implosions performed during the period in
2012 when pre-pulse was often high. While many of these implosions suffered from high mix,
these results can also be interpreted as due to the extended drive-pulse lengths used for these
shots.” It is noted in passing that for the regenerative pre-amplifier configuration at that time,
these long drive pulses also created the highest (>10'° W/cm?) lower-quad pre-pulses as a by-

product.

Each of the identified sources of off-normal, 1w pre-pulse light has a recognizable
diagnostic signature; within the past year a number of changes have been made to improve the
pre-pulse diagnostics for signature recognition, and the occurrence of pre-pulse due to these
sources has dropped significantly. By the end of the 2014 calendar year these changes will be
complete. At that time pre-pulse due to light from the ILS is expected to occur only infrequently

and it will be possible to correct the problem before the next shot is taken.

More detailed analysis of scattering of unconverted, 1w light by the high-value optics
within the FOAs also indicates that a small amount of this light can get to the LEH, but analysis

(and measurements, now with an active sensor at TCC) indicates that this source is a very small
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contributor to pre-pulse at the target. However, this study has shown that it is important to

consider the pre-pulse signal as the total of both 3w and 1w sources of light.”

The possibility of residual 1w light being scattered into the LEH by either aging FOA
optics or by a set of dirty DDS (the last optics before the target and the ones that protect the high-
value optics) has been studied using the 1w CW alignment laser (see Section 5.4 of “Description
of the NIF Laser” in this issue of FS&T) and an active target configuration at TCC, as shown in
Fig. 25. The active target uses a CMOS 10-bit imaging sensor. Scattered-light data measured by
this active target are shown together with a sketch of the active target in Fig. 26. The observation
was made at the target plane (at 7.7 m) where the 1w light is still on its way to focus because the
focal length of the lens at 1w is 8.1 m. The curve identified in Fig. 26 as “Idealized diffraction
calculation” is the result of a physical optics calculation of the pattern of light from the 1w
footprint of the 96 beams of a hemisphere as they would be received at the target plane,
assuming CPPs in their 2w position and otherwise perfect optics. This curve represents the lower

bound of the fraction of scattered light that one could expect to measure.

If enhanced scattering by a DDS that has collected debris from previous target explosions
(that immediately follow the implosions) is not managed, the 1w light reaching the LEH, when
combined with other 3w pre-pulse light, can contribute to exceeding the pre-pulse requirement.
Calculations and the measured data given in Fig. 26 indicate that a set of dirty DDSs could
contribute as much as 0.2 x 10® W/cm? to the pre-pulse signal. The DDS used for the data given
in Fig. 26 was at a level that would have required its removal from NIF. The transmission of
DDSs is monitored on a regular basis, and they are replaced when a combination of their scatter

and solarization loss exceeds 4% of their original transmission. See more information on DDS
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monitoring in Section 7.13 of “Description of the NIF Laser”, also in this issue of FS&T. Special
attention is being given to the condition of any DDSs that are present for shots that might be
particularly sensitive to the presence of pre-pulse light higher than the original requirement set

for NIF.

With the improvement of pre-pulse diagnostics, the automated monitoring of pre-pulse
behavior after each system shot, and the continual monitoring of disposable debris shield
transmission, the 1w pre-pulse situation has been significantly improved. It is only infrequently
that the pre-pulse requirement is not met, and this only occurs after hardware damage has been
sustained or occasionally when an experimental target campaign goes into a regime that has not

previously been explored.

I1.J Laser Spot Size

The intent of the term “spot size” in the original FR&PC document was to describe the
size of the focused beam of a single NIF beam after correction by the adaptive-optics loop and
without a CPP in the beamline. In time, this became known as the “focal spot size”. (See
Sections 6.3.8 and 6.3.9 of “Description of the NIF Laser”, also in this issue of FS&T, for a
description of the adaptive optics loop and Hartmann sensor used in NIF.) Measurement of the
focal spot size provides a measure of the beam quality being delivered by the laser, but in general
it does not represent the size of the beams as they enter the target. The envelope dimensions (also
often called beam size or spot size) of the beams as they enter the target LEH are almost
completely determined by the characteristics of the CPP that is located in the FOA for each
beam. The CPP is one element of the beam-smoothing capability discussed further in the next
section. Before beams are directed toward the target, their profiles are tailored and “smoothed” to

reduce the peak intensity of the light as they are focused in the LEH. Reducing the intensity
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brings it into line with long-held projections for the highest intensity that would be acceptable at
the LEH of between 3 x 10" and 1 x 10" W/cm®.(Ref. 34) Lowering the intensity is necessary
for reducing the likelihood of Laser Plasma Interactions (backscatter) that can cause part of the
laser light to be reflected rather than absorbed by the target. Continuous Phase Plates® are “user
optics” specified by the experimenter from an inventory of available choices described in Section

7.1 of “A Description of the NIF Laser”, also in this issue of FS&T.

It was realized at the time the requirements were established for NIF that power and
energy constraints at TCC would make it nearly impossible to directly measure focal spot size at
TCC with the required precision. Instead, it was specified that beam-size measurements could be
made at an equivalent target plane. In response, the focal spot size of B316 was measured in the
NIF Precision Diagnostic System (PDS). A schematic view of the PDS is given in Fig. 27 and its
details are described in Ref. 6. At the time when these PDS measurements were made, it housed
a production prototype of the NIF FOA with optics that were identical to the optics then being
received for use on the target chamber. The transport optics used to redirect a beam from Quad
31B to the PDS were also very similar in wavefront quality to those now in use in the switchyard

and target bay.

Demonstration of the focal spot size of NIF was completed in PDS as part of NIF Project
completion.’ Because the specification for spot size is a beamline and not a full-system
parameter it was logical for this parameter to be measured at that time. The functional
requirement for the focal spot size for NIF specified that the output from a beamline deliver 500
TW full-NIF-equivalent (FNE) into an aperture of less than 600-um diameter. The measurement
made in PDS (see Fig. 28 [a]), demonstrated 500 TW (FNE) enclosed within a diameter of

330 um (=79, +61 um), well within the 600-um requirement, demonstrating that the focal spot

32



size for a NIF beamline has been met. A measurement of 530-TW enclosed power within a 600-
um diameter was also completed, indicating that the power outside of the main spot was falling
off rapidly. Taken together these 2 measurements indicate that the beam quality of NIF is far

better than demonstrated by any other large aperture laser.

As seen in Fig. 28 (b) the inherent NIF focal spot size (without a CPP present) is only
very weakly dependent on peak power within the required operating range. After introduction of
a CPP into the beam, the focal spot size influences only the edge roll-off of the tailored beam
that hits the target. Because the inherent focal spot size of NIF beams is very stable, the tailored
beam profiles at the target are also stable enough to meet user requirements for beam delivery to

complex targets.

Meeting the challenging spot-size requirement was made possible because many
subsystem flowdown requirements were first met, including correction of large-scale (>8 cm)
phase imperfections of the optics by the adaptive optics loop and managing non-linear

propagation effects along the full lengths of the beamlines:

* AB held to <1.8 radians

* High-optical-quality specs met for all transmissive and reflective optics, thus
reducing the generation of high-spatial-frequency optical noise on the beams

* Cone pinholes included in the spatial filters for safe high-power trimming of high-
spatial-frequency optical noise

* “Air turbulence” in enclosed beamlines kept low

Even though, as expected, it has not been possible to directly measure the focal spot size

of NIF beams during full-system shots, two techniques have been developed for measuring

characteristics of the beamlines from which focal-spot-size information can be obtained. One
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technique measures focal spot sizes in NIF during rod shots (when only the regenerative and
4-pass pre-amplifiers are firing) without a CPP present in the beams. The TAS is used as the
diagnostic for these measurements. This technique has now measured all of the NIF beamlines.
The blue bars of Fig. 29 present a histogram of the values of the diameters that encircled 65% of
the incident energy for every beamline as calculated from the TAS images. The TAS
measurements were taken with the adaptive optics loop, including the deformable mirror
actuators and the Hartmann sensors, operating to minimize the rms gradient for each beamline.
The diameters for the beams studied by TAS and given in Fig. 29 indicate that all were well
within the focal-spot-size design specification for NIF beamlines. Error bars have been estimated
for the TAS data of +10% after consideration of the impact of stray light, background noise

subtraction, CCD bit depth, and algorithms for the encircling diameter.

Examination of Fig. 28 indicates that for the precision measurements made in PDS for
B316 the diameter for an enclosed power of 65% of the total was ~173 um. By comparison to
Fig. 29, this would indicate that B316 is a somewhat below-average beam with respect to focal
spot size. The 65% enclosed-energy diameter of B316 was measured as 168 um with the TAS,
quite close to that found in the precision measurement in PDS. Figure 30 compares the image of
the focal spot of B316 measured in PDS with that found for the TAS measurement.
Characterization of the low-light regions of these two images is slightly different because the
PDS camera has a larger dynamic range than the TAS camera (in PDS a Peltier-cooled 16-bit

CCD, in TAS a 10-bit CCD).

The second technique uses information regularly collected by the Hartmann sensors
during full-system shots. The deformable mirror that works in cooperation with the Hartmann

sensor was designed to provide 16 waves of wavefront correction for each NIF beamline. Thus a
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flowdown requirement for the Hartmann sensor was that it be able to control the mirror over this
full range. This led to definitions for the lenslet spacing, the camera resolution, and the lenslet
focal length. These three, together with pixel dimensions of cameras available at the time, led to
adoption of a 77-lenslet Hartmann array. As described here, the Hartmann sensor is also being
used as a low-resolution wavefront monitor. It measures the average spread of ray angles within
its wavelength measurement band (~16 to 80 cm) compared to an ideal reference beam at 1w.
This angular spread gives a measure of the focal-spot-size contribution of spatial wavelengths
within this band. Although it does not represent a full measure of the spot size, because
Hartmann data is collected on every shot, for any power, it allows monitoring of the relative
focal spot sizes during full-system shots, over time, and for changes in laser configuration.
Hartmann data collected during the 4 years of operating NIF indicate that no significant changes

in focal spot size have occurred.

II.K Beam Smoothness

From its inception the design of NIF included providing spatial and temporal beam
conditioning. Beam smoothing is used on every shot in NIF. Without beam smoothing, at its
focus at TCC the NIF laser would produce a small, high contrast (100%), very high intensity
profile. Beam smoothing is used to reduce the intensity of the spikes, lower the contrast (over
some short-time interval), and shape the beam in a manner that meets target size and irradiance
requirements.**’ The key components for beam smoothing by spectral dispersion (SSD) are
distributed along the laser beamlines, as shown schematically in Fig. 31. As of the date of
publication, the minimum bandwidth of the modulation requested by users or mandated by safe

operation is typically 30 GHz of 3 GHz SBS failsafe modulation (to prevent the occurrence of

35



Stimulated Brillioun Scattering in the large 1w and 3w downstream optics) and 45 GHz of

17 GHz SSD modulation. The blazed Littrow grating in the 4-pass pre-amplifier has 1050
lines/mm with 95% efficiency in its —1 order. Half of the beams in each quad have vertical
polarization (P polarization from the viewpoint of a vertical hohlraum wall) and the other half of
the beams have horizontal polarization (S polarization from the viewpoint of a hohlraum wall)
facilitated with the addition of a half-wave plate as one of the final optics. A description of how
the beam-smoothing components work together is given in Section 7.10 of “Description of the

NIF Laser”, also in this issue of FS&T.*®
II.LL Beam Focusing and Pointing

The Functional Requirements and Primary Criteria specifies flexibility in beam focusing
and pointing. This capability allows NIF to shoot a wide variety of targets and their backlighters.
For a standard hohlraum target there are at least two aim points, one for the top LEH and the
other for the bottom LEH of the hohlraum, separated generally by ~1 cm. For backlighter targets,
a subset of the beams is directed to an offset foil or wire target that may be up to 40 mm from
TCC. Light hitting the backlighters generates an x-ray source that is used to radiograph the main

target.

Each NIF beam can be pointed £5 mm to its right or left (the x direction for the laser
beam and £30 mm up and down the y direction). The actual pointing range in target coordinates
depends on the individual beam due to the incident angle with respect to the target. The focal
range for a NIF beam covers a span of £37 mm along the z direction of the beam. The focusing
and pointing characteristics of each beam are well known and experiments are set up to stay
within the overall range of all of the beams. In general this means that the center of the LEH of a

specific target can be placed within £5 mm of TCC. It is sometimes important to offset a target
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within this range to meet the magnification requirements for the backlighter/diagnostic

combination desired for a given target.
II.M Recovery Time

The requirement for recovery time has been interpreted by the NIF Project and its various
review committees to call for a turnaround time between laser shots of less than 8 hours. During
the time for formal execution of the tests for meeting the NIF Project Completion Criteria, 2
separate sets of 3 full 96-beam system shots were completed with all sets taking less than 8 hours
between shots. During that campaign 111 beams were actually delivered to the target chamber.

The shortest time between 2 shots in that series was 5 hours and 10 min.

In general the ability of the laser to respond to a request for a shot is not a limiting factor
for setting the time between facility shots. The series of shots taken in June 2012 shown in
Fig. 32 were not a deliberate attempt to meet any shot-time-separation goal, they were just

completed in the regular course of doing business in NIF.

The time between shots, as established only by the laser, is considered as the time it takes
for the laser to once again be able to meet its requirement for focal spot size after amplifier glass
and other optical components have been heated by a previous shot. Following a shot, heating
distortion of the optics increases the focal spot size at the focal plane. Figure 33 illustrates the
impact on focal spot size of slab heating for the Beamlet laser.” Figure 34 illustrates the

difference in focal spot size for NIF with and without the deformable mirror loop operating.

The length of time between laser shots is shortened first of all by cooling of the
flashlamps and slabs using temperature-controlled, clean-dry air driven through the large set of

pipes just above the amplifiers as shown in Fig. 35.
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Further shortening of the time between laser shots is provided by operation of the
deformable mirror loop that includes a set of actuators attached to the back of Laser Mirror 1
(LM1) as seen in Fig. 36, a Hartmann sensor located in the Output Sensor Package (OSP), and
the Integrated Computer Control System. See “Description of the NIF Laser”, also in this issue

of FS&T for the location of the LM1 actuators and the Output Sensor Package.

Tests on NIF have demonstrated that with cooling of both the slabs and the flashlamps,

and with the NIF deformable mirror loop, NIF can conduct around-the-clock operation with a

four-hour-shot period and no significant focal-spot-size degradation. Additionally, “burst” mode

operation for shot periods as short as one-and-a-half hours is possible with minimal increase in

focal spot size.*’
II.N Laser Diagnostics

The Functional Requirements and Primary Criteria describe the diagnostic capabilities
required in NIF for verification that the laser has met its FR&PC performance requirements. It

calls for the ability to measure the following:

* Laser pulse energy and power

* Laser pulse duration and dynamic range

* Laser beam power balance

* Simultaneity of arrival of pulses from individual beamlines at TCC with10-ps
accuracy

* Laser beam pointing accuracy with 10-20 um spatial resolution

* Laser pre-pulse intensity

* Laser pulse spot size
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* Laser pulse smoothness

* Laser beam thermal recovery time

This requirement for optical diagnostics was met with the capabilities of the PDS,
described earlier, and with the set of diagnostics that are in regular use to setup and operate the

NIF laser. A top-level diagram of the diagnostics used for regular laser operations is shown in

Fig. 37.

Cost and practicality considerations led to design of the regularly used diagnostics
package shown in Fig. 37, where a combination of measurements and results of calculations are
used to infer the performance at other locations not directly diagnosed. The PDS and the well-
proven capabilities of the NIF propagation codes were used to validate that this package design

could diagnose the necessary laser operational parameters for minimum capital cost.
The “in regular use” diagnostics are used to do the following:

* Measure energy
— At 1w at the input to the regenerative amplifier (1 per quad, measures quad sum)
— At 1w at the output of each Pre-amplifier Module (1 per quad, measures quad
sum)
— At 1w at the output of the main laser (4 per quad)
— At 3w at the output of the FOA (all beams, 4 per quad)
* Measure power
— At 1w at the input to the regenerative amplifier (1 per quad, measures quad sum)
— At 1w at the output of each Pre-amplifier Module (1 per quad, measures quad
sum)

— At 1w at the output of the main laser (2 per quad)
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— At 3w at the output of the FOA (1 per quad except for Q34T, Q31B, and Q36B.
On these quads each beam had a power sensor. B34 was used in the Single-
Bundle PCC.)
* Measure near-field images
— At 1w at the output of each Pre-amplifier Module (PAM)
— At 1w at the output of the main laser (4 per quad)
* Measure far-field images
— At lw at the ISP
*  Wavefront
— At 1w at the output of the main laser (4 per quad—Hartman sensor located in
OSP)
*  Wavelength and bandwidth at the output of the master oscillator (1 set for each of the

inner cones and 1 set for the outer cones)

As described earlier, PDS diagnostics were used for the focal-spot-size measurement.
The ability of the pulse-synchronization measurement to resolve ~10-ps timing jitter in the
ability to trigger a regen impulse shot was also illustrated earlier in Fig. 9, where the response of
the target to laser impulses was recorded by the pulse synchronization measurement diagnostic

system.

After each system shot, data from each of these diagnostics is processed by the Laser
Performance Operation Model (LPOM) analysis package. The appropriate calibrations are
applied to the raw data and resultant laser energies, powers, wavefronts, and bandwidths are
recorded and compared to the values predicted prior to the system shot. The history of predicted

and realized performance has been very good.
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IILN.1 Error Analysis of NIF Energetics

This section discusses the error bars associated with the Drive Diagnostics (DrD) package
that monitors the output of the NIF beamlines. The location for the calorimeter for measuring the
output energy of each beamline can be seen in Fig. 38. Power measurements are made for at least
1 beam in each quad using fiber-fed vacuum photodiodes (60-ps rise time, 90-ps fall time
Hamamatsu R1328U-52) and near-field profile measurements are available for a few beams
using a CCD camera package that can be moved from beamline to beamline. Section 7.12 Drive
Diagnostics in “The Description of the NIF Laser” in this issue of FS&T provides more detail on
the geometry of pickoff and the design of the DrD optics and hardware. Figure 38 also includes a
CAD perspective view of the relationship of the DrD package with respect to the FOA and the

beam converging toward the target.

Table II includes an analysis of the error bars associated with calorimetric energy
measurements in an environment where target debris from previous shots is included as a
possible generator of optical noise. Each of the NIF calorimeters is a tertiary standard calibrated
against an LLNL-owned secondary standard, which was calibrated by comparison to a NIST
primary standard in the LLNL Calibration Laboratory. The ~0.1% beam sample for the DrD is
provided by diffraction from the shallow (~15 nm) grating on the uncoated side of the Grating
Debris Shield (GDS) located in the converging beam beyond the focusing lens. Before being
installed, the sample fraction provided by each GDS was measured in an offline calibration
laboratory at LLNL, using the Diffractive Optics Full-Aperture System Test (or DOFAST). The
dominant source of forward-going stray light into the DrD is scattering of the main beam by
target debris deposited on the DDS optic during previous shots. Light backscattered from the

target at near the 3w wavelength (stimulated Brillioun scattering) can get into the DrD by first

41



being partially reflected by one of the Integrated Optics Module (IOM) optics, for example, by
the doubler crystal. Any light that is reflected by the doubler is once again going “forward” and
some of it can then be diffracted into the calorimeter, following the same path as that of light
from the main beam that was diffracted toward the sensor ~54 ns earlier. For the error analysis,
noise from this source was quantified by assuming a value for the maximum backscatter energy
expected, the expected backscatter cone angle, and the reflectivity of various IOM optics at 3w.
The result given in Table II was validated by taking back-to-back identical shots with and

without the presence of a target.

Table II includes a source of error that is the result of the non-common path of light
through the DDS. At the DDS, the footprint of the diffracted light going to the DrD is smaller
than the footprint of the main beam going toward the target. Two-thirds of the diffracted beam
has a common path with the main beam, and one-third of the diffracted light goes through a
region of the DDS that is not illuminated by the main beam. Two effects that act in opposition
are experienced in this region. Here, the transmission of the DDS will be higher because it does
not experience the solarization induced by the main beam, and the transmission will be lower
because it does not experience laser cleaning of target debris that is collected approximately
uniformly across the DDS. Circa 2014, DDS transmission could be modeled on the basis of shots
it had previously experienced. This model was calibrated by monitoring the DDS transmission
every few shots using the 0.375-um alignment laser as a light source and the TAS alignment
sensor as an energy diagnostic. The insertion and removal capability of the Automatic
Disposable Debris Shield system provides the ability to measure the DDS transmission as the

ratio energy detected by the DrD sensors with and without the DDS inserted in the beam. A
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model included in LPOM keeps track of the solarization and debris deposition for the DDS on a

shot-by-shot basis.

More information on the topics discussed in this section can be found in other locations
in this issue of FS&T. Section IL.F of this article, “Beamlet Positioning, Pointing Accuracy”
discusses the TAS sensor. Sections in “Description of the NIF Laser” discuss the following

topics:

* Section 4.0—Beam Propagation Codes and the Laser Performance Operations
Model—for LPOM

* Section 7.13—Automated Disposable Debris Shield System—for the ADDS system
and more details on the LPOM model of solarization and debris deposition

* Section 9. 0—NIF Laser Alignment—for the 0.375 light source and the TAS sensor

After the various sources of error summarized in Table II have been taken into account,

the 10 percent error expected for NIF energy measurements is +3%.

III. SUMMARY

This article illustrates that NIF has met and now meets all of its original requirements. In
general its performance is now better or much better than originally requested. During 2013,
customer surveys were sent out to Shot RIs for 174 target shots asking about their experience
with NIF. This survey covered the entire facility, including their experiences with targets and
target diagnostics, not with only the laser. Ninety-four percent reported total satisfaction. The
most common introductory comment given as shot reviews were discussed was “The laser

performed as requested!”
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TABLE I. Summary of the Functional Requirements and Primary Criteria (FR&PC) for the NIF Laser

System (measurements in green indicate meeting the FR&PC; measurements in light green are for criteria

established specifically for Project Completion) (online the table is given in color).

;:\8;':% Level 1 Primary Criteria p::j;ztnf;l):plet:;o;::lt::a Full-NIF FR&PCs

211 Laser Pulse Energy =75 kJ = 500 kJ =z1.8MJ

21.2 Laser Pulse Peak Power =221 TW =200 TW 25600 TW

213 Laser Pulse Wavelength 0.36 pm 0.35 pym 0.356 pm

214 | BeamletPowerBalance | ForRev3d |ForRev31 | ppo gontocy i;‘:)‘(’,'i‘n‘:‘f&a%f‘dsg‘g
2.1.6 Beamlet Positioning Accuracy | =100 pm rms | =100 pm rms | =50 pm rms

2.1.12 | Direct-Drive Requirements | Not precluded | Not precluded | Shall not to be precluded

3.3 Laser Safety Always Always Comply with ANSI Z136.1

7.2 Recovery Time =8h =8h = 8 h between full system shots
PRSP | Level 2 Functional Reqmts oo ombre oo 88| g NIF FR&PCS

2.1.6 Laser Pulse Duration Upto20ns |(Upto20ns Upto 20 ns

21.7 Laser Pulse Dynamic Range | = 50:1 = 26:1 = 50:1

2.1.8 Capsule Irrad Symmetry By design By design 2 cones/hemisphere, ea w = 8 beams
21.9 | Prepulse Power <4-10°W/em?| <108W/em? | < 10° W/em? per hemispere

2.1.10 | Laser Pulse Spot Size = 600 pm =600 pm Design energy within = 600 pm
2111 | Beam Smoothness Spatial/Temp | Spatial/Temp i‘:u'fa‘;eb::ﬂ‘“yw‘z;z:ﬁga' i
2.1.13 | Beam Focussing & Pointing | By design By design Should have flexibility for users
2238 Diagnostic Capability By design By design See chart in Laser Diagnostics Sec
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TABLE II. Error breakdown for the Drive Diagnostic (DrD) energy measurement for a single 3w

laser beam.
Error (% 10)
Current Design
Contributor Sub-Contributor Estimate | Budget *4
Rel. | Abs. | Rel. | Abs.
Calorimeter DrD Stability 0.3
Rel. Calibration Accuracy (relative) 0.5 10
Abs. Calibration Accuracy (NIST-NIF Ref.) 0.7
Beam sample Abs. Calibration Accuracy (DOFAST*) 25 40
from GDS Rel. Calibration Accuracy (DOFAST*) 0.6 ‘o
Coupling to Beam Size and Shape 0.3
Stability 1.0 2.0
Correction for | Forward-Going Beam 0.4 0.5
stray light Target back scatter 0.6 1.2
Correction for | Solarization and Debris <0.1
non-common 0.2
path thru DDS Nonlinear Transmission <0.2
Sub-Total 15 26 | 28 4.0
Total 3.0 4.9
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Fig. 1. Pulse shape for shot N120705-002-999, July 5, 2012.
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Fig. 2. Terminology typically used to describe ICF-like laser pulses.
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Fig. 4. Time history of 3w shots taken at NIF between 2009 and 2013. Gray areas indicate time

periods for completion of routine maintenance and upgrade tasks.
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50° 30° 23° 44.5° 30° cone 23° cone

Fig. 5. Cone and beam symmetry architecture of the NIF. Note that light from the lasers enters
the hohlraum through Laser Entrance Holes (LEHs) in the top and bottom of the cylindrical

hohlraum target.

50



-~~~
€ 0.01
c
: 1 Wavelength Stability Requirement
£
]
]
% ,
3 -0.01
< T T T
0 2000 4000 6000 8000

Time (Hours)

Fig. 6. A segment of the outer-cone, wavelength-stability measurement that extended over

11,000 hours during 2005 and 2006.%
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Fig. 7. Flattened gain profile and tuning range of the regenerative amplifiers in NIF. Specific

wavelengths shown are for operation on July 25, 2012.
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Fig. 8. The pulse dynamic range, given by the peak power in a pulse divided by the power at

every instant in time for that pulse, for a NIF shot taken on July 5, 2012.
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Fig. 9. Locations along a NIF beamline for measurement of the timing error of that beamline.

The schematic drawings in the top portion of the figure identify the source locations of the

Fibers

Optics
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measured optical signals. The lower part of the figure provides views of the fast scope traces as

they record those signals. The scope traces indicated here are for tests of a lower hemisphere

beam. The dotted traces illustrate where the signals would appear for a corresponding top

hemisphere beam. Only one beam at a time is evaluated.
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Fig. 10. Photo of the “pulse sync” synchronization target with scatter plates that couple light into

fibers located between the two plates.
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Fig. 11. Measurement uncertainty of the pulse synchronization system for a series of 274
measurements taken over a 2-day period in April 2012. The average uncertainty for the pulse

synchronization system is ~10 ps.
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Fig. 14. The Target Alignment Sensor: (a) optical configuration of TAS surrounding a target held

by the target positioner (TARPOS) (b) CAD view.
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Fig. 15

. Photograph of the TAS configuration with TARPOS holding a flat silicon-wafer target.
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Fig. 16. X-ray images taken to verify that the Project Completion Criteria for target and beam-to-
target alignment had been met for NIF: (a) image for the top hemisphere, (b) image for the
bottom hemisphere, (c) beam positioning relative to the target as measured for Project
Completion, giving an accuracy of <64 +4 um rms. The 100-um rms requirement is shown by

the circle overlaid on the plot.
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Fig. 17. Data summary for meeting the NIF Functional Requirements & Primary Criteria beam

pointing requirement of <50 um rms on target. Pointing error for this shot was 38 +4 um rms,

better than the requirement of <50 um rms originally specified in the Functional Requirements &

Primary Criteria.
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Fig. 18. Near-equator ports for Direct Drive final optics are seen here in both the upper and

lower hemispheres of the 10-m-diameter NIF target chamber.
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Fig. 19. The long pulse used in shot N120817-002-999 for the purpose of confirming that

pinholes remained open for the entire 30-ns pulse length.
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Fig. 20. Ilustration of the broad range of pulse shapes that can be generated by a NIF 1w master

oscillator: (a) square pulse, (b) triangular pulse, (c) exponential pulse, (d) 88-ps impulse.
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Fig. 21. Ability of NIF to deliver precision pulse-shape control and repeatability (average pulse

shapes for 12 shots shifted, 16 shots unshifted).
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Fig. 22. Cross section of an ICF gas-filled target before the main laser pulse arrives, showing the
hohlraum wall, capsule, LEH, and CH windows that are bowed out by the internal pressure in the

hohlraum.
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Fig. 23. VISAR streaks reflected off the top pole and equator of the capsule and their
corresponding intensity lineouts for pole (black) and equator (blue) (online in color) for 3 shots
ordered by increasing 3w pre-pulse. Arrows point to the first reflectivity drop on the pole
channel attributed to pre-pulse. Second reflectivity drop at t = 0 ns is attributed to first x-rays

from the main pulse melting the surface of the capsule.
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Fig. 24. Time of first VISAR reflectivity drop vs 3w average pre-pulse intensity from —3 to —0.3

ns calculated as incident on the upper LEH window. Black is for the VISAR pole measurement;

red (in color in the online version) is for the 45° measurement. Black curve is fit assuming

reflectivity drop occurs at a given incident accumulated fluence, with best fit shown at 0.7 J/cm?.
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One of the 1w beam footprints at TCC

o X ¢ 4
~(~s l" &
. . 8, 4
Direction of "< \_ [ ]
4 e
10 beam offset ¢ 2

Active target with
aperture of 0.34 cm
diameter parked @ TCC

Fig. 25. A sketch of the configuration at target chamber center (TCC) used to measure the
fraction of 1w light that could be scattered into the area of a laser entrance hole (LEH) by 3w

focusing optics or dirt on the Disposable Debris Shields.
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Fig. 26. Measurement of the relative amount of light hitting an active target with area similar to
that for an LEH as a function of the distance of aim point of the 1w light to the center of the
active target (expressed as equivalent for 96 beams with the same scatter fraction of 1w light).

Error bars for this data are estimated at £20%.
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Fig. 27. Layout of the Precision Diagnostic System (PDS) used for verification of the design and
performance of the NIF laser beamlines. In PDS, the beam energy and power were sent to an
equivalent target plane and then allowed to continue into an evacuated tank. A small fraction of
the beam power was then reflected by a large, uncoated, concave spherical mirror and directed to
diagnostic tables where a suite of well-characterized, multi-wavelength diagnostics could

accurately measure beamline performance.
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Fig. 28. The 500 TW “Full-NIF-Equivalent” (FNE) spot size of a NIF beam as measured in PDS:

(a) power encircled as a function of diameter, (b) focal spot size of a NIF beam as a function of

the 3w (FNE) power in that beam.
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Fig. 29. (Online version in color) Blue bars are a histogram of the focal-spot-size distribution for
65% energy enclosed diameter for all of the beamlines in NIF, as measured with the Target
Alignment Sensor (TAS) for rod shots. The two dashed lines are for B316, as measured in PDS
and as measured with the TAS. Green bars are a histogram of the (Hartmann rms-gradient
measurements) x 2 x (the wavelength, 1.053 um) x (the focal length of the final focus lens). The
green bars represent the low-spatial-frequency content of the focal spot and are not intended to

be directly compared to the TAS measurements.
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Fig. 30. Comparison of measurement of the focal spot size of B316 using two very different
techniques: (a) the far-field image of a focused NIF beamline in the Precision Diagnostics

System (PDS) as described for Fig. 27. (b) in NIF, for a rod shot using the Target Alignment

Sensor (TAS).
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Fig. 31. Beam-smoothing components for NIF are distributed along the beamlines; the
smoothing by spectral dispersion (SSD) modulators are in the Master Oscillator Room (MOR); a
grating that adds angular dispersion as a function of the modulation resides in the four-pass
preamplifier section; and a continuous phase plate (CPP) and polarization rotator are housed in

the Final Optics Assembly (FOA), just before entrance into the target chamber.
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Fig. 32. An example of turnaround time between full-system facility shots that occurred during

June of 2012, illustrating the ability of the laser to meet its cycle-time requirement.
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Fig. 33. Focal-spot-size measurement taken for the Beamlet laser for the first and third shots of
the day with a total time separation of 4.25 hours. This illustrates the impact of heating of the
laser slabs by previous shots. Beamlet had lower gas flow in the flashlamp cavity, no flow in the

slab cavity, and a much lower quality deformable mirror than NIF.
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Fig. 34. Focal-spot-size measurements taken for NIF with and without the deformable mirror

loop operational.
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Fig. 35. Plumbing for the clean-dry air that cools the flashlamp and laser amplifier slabs between

each laser shot. For sizing, note that in this photograph there is a person behind one of the pipes.
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Fig. 36. Laser Mirror 1 showing its 39 actuators. Although this mirror is highly reflective at

1.053 wm, as seen here, it is transparent in the visible.
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Fig. 37. Laser pulse diagnostics of NIF, presented on an annotated version of the schematic of

the laser beamline.
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Fig. 38. Location of the Drive Diagnostics (DrD) package with respect to the Final Optics
Assembly (FOA) and the target. The optics and beams in one Integrated Optics Module (IOM)

are highlighted while optics of the other three IOMs are ghosted in.
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