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

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

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

the NIF.

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

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

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

2w

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

Adjustable
mirror

!

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

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

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

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

80

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

o2}
o

Design for the NIF

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

THG conversion (%)

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

TC4624

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

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

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

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

The shape of the dual-tripler curve at 1.5 GW/ds Comparing either dual-tripler design with the two-crystal
advantageous for the conversion of a broad-bandwidth phadease-line design, shown superposed on both plots of Fig. 75.6
modulated beam. The THG conversion is maintained in that the nominal operating intensity of 3.0 GW#ciit is clear
60%-90% range as the IR wavelength varies thragh. In  that there will be some loss in overall conversion when averag-
contrast, the single-tripler curve results in significant lossng over a broadband beam, but probably no more than 10%
beyond+2 A. In a typical SSD laser beam, the instantaneoubased on the 3.0-GW/&uurve. (The loss at lower intensities
wavelength will vary in time through6 A at any point in the is less.)
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The effective beam uniformity resulting from dual-tripler evant hydrodynamic time that is important. The coherence
conversion on the NIF may be even greater than that aime is the same on each system, but the hydrodynamic time
OMEGA, based on the reasonable presumption that it is trecales are a few times longer on the NIF.
ratio between the coherence time (1/bandwidth) and the rel-
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Figure 75.5

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

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

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

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

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

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

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

Small losses will be incurred since one cannot simultaneously

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

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

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

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

1.5 GW/cn? [(c) and (d)].
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