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Abstract — We diSCISSS how solid-state laser
technology .csrs serve in the interests of fusion
energy beyond the goals of the National Ignition
Facility (NIF), which is now being constrrrcted to
ignite a derrterium.tritium target to fusion
conditions in the laboratory for the first t i me.
We think that advanced solid-state laser
technology can offer the repetition-rate and
efficiency needsd to drive a fusion power plant,
in contrast to the single-shot character of NIF.
As discussed below, we propose that a gas.
cooled, diode-pumped Yb:S-FAP laser can provide
a new paradigm for fusion Iaser technology
leading into the next century.

I. INTRODUCTION

Since the originsl suggestion by Emmett, Kmpke SNJ
Tmrholme in 1983 [1] that diode pump sources would one
day offer the requisite cost snd efficiency to bc deployed in a
solid-state laser used for inertial fusion energy, a ddaifed
study conducted by Orth et al. [2] hss revealed that laser
efficiencies of > 10% MCreasonable to anticipate for a well-
mginccmd diodepmnpcd solid-stste fusion laxer even on the
basis of todsy’s technology. The smdy also showed that the
achievable target gain is indeed the most cmcial parameter
impacting the cost-of-c,lcchicity (COE), &pcndlng on the
SUCCC.WC.SOf the indm~ dint, or the fsat-igniter CIptiCMS
(with the COE b.ehg between 5.5- 8.6 centdkwhr). We have
recently built the fmt small joule-level tkc-lasing module,
scientifically integrating the key technologies of gas-cooling,
laser diode srrays, turd Yb5-FAP laser crystsls [3,4]. Fig. la
depicts a gss-cmled slab head, including the diode srmy. Figs.
1b and lC show the measurements of the heat flux removal
snd the energy extraction in a long-pulse oscillator: On the
bsaia of this small tcstbcd, we w~ able to Co”vi”u
ourselves that the tc.cbnology was ready to move into an early
engineering stage entsiling a prototypical 100 joule solid-
state laser that is 1/10 scale of one bcarnlet (delivering 1 kJ),
and 1/150 scale of one bcamline (15 kJ) — these thee steps
in laser development hsve been dubbed the Mercury, Venus,
snd Term Iaserx. Ultimately, about 300 beamlines will bc
needed in tbe power plant design (HeIios). One of the critical

elements of this vision is that the Mercury, Venus and Term
lasers will prove to be useful in the nw-term as targct-

shooters rclevmrt to high-gain target physics and charnbcr
technology development before inertial fusion energy

becomes a reality.
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Fig. 1s. Schematic drswing of joule-level diode-pumped gss-
coolcd Yb:S-FAP laser head.
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Fig.lb. Measured best flux removsl tium ths diode-pumped
YM-FAP slabusing0.1 Mach flow of helium in I mm
chmrnels.
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Fig. Ic. Lsxer output, with diode pump Yb:S-FAP head
operating as simple long-pulse oscillator.



IL MERCURY LASER TECHNOLOGY

A. LaserAmhitecture

Acmrceptualdrswingof theMercurylasersystemis depictd
in Fig. 2, where the diode snays and the gsa-cunled Isssr
hesds am shown. The laser is dcdgmd to opxatc at 10 Hz
with 10% efficiency, generating more thsn l@J joules at the

1.047 ~m fmdamentsl wavelength of the Issec see Fig. 3.

Fig. 2 Schematic drawing of Msrcmy Laser, depicting the
main elements of the system.
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f3g. 3 Outputenergyof the diode+amp gns-axded YbS-
FAPMercuryLaseras a functionof pump time.

Like NW, the architcctmc is hsscd on a fow-psss system,
where the bemn is imsgerelayed to minimise diffmcdve
Iusses andintansity modulation. The da arrsys am ssen to
be pumping the laser hesds frnm huth ends through sn angled
dicbruic beam splitter. ‘fhe injected energy from the fm”t-eti
is ahuut 10 rd. and the single-pass small-signal gsin of the
system is 4.2 nepm’s. The ga.s-ccolcd beads am fitted with
seven slabs of Yh:S-FAP,eachcmbeddedin a vane for flow
contrul (see Figs 4a and 4b). The required gas-flow will be. at
0.1 Machusing helium to remove 1.3 W/cm’ of thermsl
flux. The shaps of the vanes have been designed to avoid diy
current.s, which could lead to vibrations.

window YbS-FAP
laser slabs

Fig. 4s. Schematic of gas-cc&d bead of Mercury L.astr
illustrating 7 vanes embdded with YIxS-FAB.
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Fig. 4b. Calculated flow of helium over individual vane
structure.

B. Diude Army

We hsve a devixd a hcatsink packsge fur the Mercmy laser
that minimizes cost, while maximizing dicdc may
psrformmceand brightness.The package involves a Ss0
heatsink in which InGaAs Isser-dds bars sm pmci.wly
mounted, snd a micru-lens snsy is s@ncd to minimize the

m~lm ~~l!s~ ~ong the fast axiv the pitch is IO
bsrs/cm. The dats in Figs. 5a snd 5b reveals that we hsve
been sble to opmatc a 40 bsr array at 4 kW peak power, ax!
that the angulsr divergence is 40 mrad versus 150 mmd slong
tbe fast (i.e., micrn-lensed) snd slow axes of the mndde
(which determines the brightness). In a qualitative sense, the
pump intensity at the YbS-FAP crystsl slab is mostly
dictated by the fundamental psmmetem of tbe YbS-FAP gsin
me&m used in Mercury (i.e. the pumped extinction
saturation fluences). Since we need to concentrate the light by
15 to 10 kW/cm’ (frnm -0.7 kW/cmz at the output of the

~Y). the ~l~e ~ghtncss is the key parameter impacting the

-2-



.

intensity that can be produced at the Yb:S-FAP laser gain
media. In other words, the brightness d-y determines the
delivery efficiency of the diode light from the array into the
gawooled crystals. ‘I%isefficiency is calculatedtobe81% for
the Mercury laser.
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llg. 5a. 40-bar diode array output power as a function of drive
current for 1 msec pulses.
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Fig. 5b. Angular characteristic of diode amay output inversely

Proportion to brightness.

C. Yb:S-FAP Laser Crystals

Several years ago we performed a systematic search of
potential gain media that could be of utility to a next-
generation fusion laser [5,6]. We then down-selected what w
believed to the best known adidate among the 50
possibilities that we examined, which proved to be Ybdoped
Sr@04)JF or Yb:S-FAP. ‘Ilk selection resulted from a
combined assessment of properties such as the gain cross
section, crystal growth, thermomechanicai parameters, and

storage time, and was judged superior for the tiion laser
application in particular. The size of the crystals in our design
is 3 x 5 cm, where the rectangular shape is chosen to equalize
the tendency for parasitic oscillations in the two dknensions
based on the anisotropic nature of the crystal. Currently, we
have grown crystals with diameters as large as 5 cm,
although occlusions known as core defects are found to be
concentrated near the center of the crystal boule. We have
determined that the core defects arise fbm a rising deficiency
of SrF2 that increases during the 4-6 day growth run because
of evaporation. In response to this situation, we are currently
investigating ways to add more SrFz during growth and to
reduce evaporation by controlling the temperature gradients in
the heated crucible.

III. DRIVER FOR ADVANCED EXPERIMENTS
AND INERTIAL FUSION ENERGY

The Mercury laser should be viewed as the first small but
significant step toward the emergence of a new technology
paradigm for fusion laser drivers. The flashlamp-pumped
Ndglass Iasem used since the 1970s have proved invaluable
for unraveling the plasma physics and target issues relating to
achieving fusion ignition. The success of the solid state laser
follows from the fact that this approach is inherently
“engineerable,” and able to meet the demands on
pukeshaping, wavelength, power balance, etc. imposed by
the target physics. We have learned a great deal about the laser
physics and engineering of solid state lasers during this time
period, such as beam propagation, nonliear and linear
distortion, optical fabrication techniques, pulse shaping,
coherence control, and optical damage thresholds. It is worth
emphasking that much of the basic physics and engineering
principles develcqxd for connectively-cooled, flashlarnp
pumped Ndglass lasers can be applied to the turbulently- .
coole& diode-pumped Yb:S-FAP lasers that we are proposing.
In other weds, the advanced laser designs discussed herein are
strongly pdcated on the progress made during the last two
decdes. The timeline of Fig. 6, plotting the energy of the
flashlamp-pumped Ndglass fusion lasers built (or planned) at
Lawrence Lhn?rmore National Laboratow [7], also includes a
hypothetical timeline for diode-pumped solid-state lasers. The
15 I(J Tema laser is “Nova-class” and is envisioned to be a
companion facility to NTF for pre-staging experiments d
developing diagnostics. Terra laser can provide shots-on-
dea in contrast to the 4 hour turnaround anticipated for
NIF. It is noteworthy that the high repetition-rate capability
(10 Hz) is not a major cost center (i.e. gas-cooling equipment
is a minor expense compamd to the dbde arrays). So the 15
lcJ Terra laser can be opemted flexibly depending on the
experimenter nquirements: e.g. 10 Hz, 1 Hz, 0.01 HZ
possibly entailing multiple target chambers, etc.
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Fig. 6. Proposedtime line fordiode-pumpedYIxS-FAPsolid-
state lasers superimposed on progress in flashlamp-pump
Nd:glsss solid stcte lasers.

The concept of an inertial tision energy (IFE) power plant is
thought to require a 4 MJ laser driver, one beamlirre of
which is sketched in Fig. 7. In a sense, the Iaser driver is one
of the more develqed technologies of If%, since other areas
such as the survivability of the “find-optic” (repsrsting the
laser tium the target chamber), and the “tirst-wall” (which
encounters the x-ray and target debris following the
implosion) have not yet bar resolved. It has previously been
suggested that heated fused silica could serve in the mle of the
final optic by rapidly mrneahg away the intrinsic def~
created hy the neutrmtfgsmma flux. Some of our expmiments
have supported tbk notion, ad the balance between defect
creation (oxygendeficient centers and E centers) and their
thermal enncaling is mlculatcd in Fig. 8 for s dose at 50
Wscc. Other pressing issues involve cbsrnber clearing and
target fsbricatioti injection as well as the nerd for beam
smoothness and bandwidti on the law driver (where eICC~n.
beam pumped KrF lasers may offer some advantages over
solid state lasers with regard to these issues [9]). The success
of lsse.r-IFE mquirm the resolution of the fusion physics,
Iascr driver, chernber recovery end survivability, and economic
issues.

-:.

.

Fig. 7. One of 345 ban lines of a diodepumpd solid stste
Ismr used in a power plant.

Fig. 8. Steady-srrrte absorption of fused silica at 1.= 0.35 pm
arising tlum gsnrmshreutmn induced defects for 50 Wsm.

IV. SUMMARY

We haveenrbsrkedmrthedevelopmentmrdconsouction of a
meaningful pla.sms-physics target-shmxer”, based on Ore
diode-pumped gas-cooled Yh:S-FAPsolid state laser
sppmach. ‘l’hiseffort represents the first paradigm-shift in the
solid-state laser technology employed since its inception in
the 1970s. Substantive enhancements in efficiency (0.5%+
10%), re@ition-rate (10-Hz+ 10Hz) and reliability 10$+
1010shots) arc thought to be forthcoming, based on advanced
solid-stste Iescrs for inertial fision energy.
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