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Summary
The lasar startup system for Baseball 11-T uses
a 300-J (‘02 laser to hit a 100-: dismeter pellet with

a laser power density on the order of 1013 Wcmz.

The laser is & 20~cm diameter unstable resonator
transversely excited (TEA) oscillator. The beam is
splic and then focused using off-axis parabolas. The
symmetric configuration and ceatral cbscuration of
the caz beam allow couxial alignment and pellet detec—

tion optics. This experiment primarily uses com=
percially svailable -ystems and components. Optical
elerents were fabricated both by direct machining and
standard polishing techniques. The laser and optical
systems are directly scalable to reactor requirements
using demonstrated technologies,

No. W-74D5-Eng-40.

Introduction

Using a lasmer to create a hot plasma appears to
be a viable technique for starting up a magnetic
wirror wachine., Ritting a solid pellet with a
focused, high-power laser produces a plesma rapidly
enough to overcome the buildup instabilities of
other techniques. In the Baseball II-T experiment,
the laser~produced plaama .c:omcs the target for neu-
tral beam build-up experiments (Fig. 1).

The start-up of Baseball II-T requires a plasma
with & temperature of about 1 keV and which will £111
a two-liter volume with a density of 1014/2:. This
requirement can be fulfilled by hitting a 100-u-
diameter pellet with & laser~power density on the
order of 107" W/em“. At this power density, the

.wnrk performed under the auspices of che U.S. Energy Research & Development Administratfon, under contract

Fig. 1. Baseball II-T, a target plasma bulld-up experiment.
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gellet buras through ln about 50 ns and absocbe about
50 J of the laser energy-

The abilicy to produce the required plasma in
this way has been deponstrated ip a test bed experi-
ment at LLL by Osher and Pocter.' This test bed used
a small CO, laser te demonstrate the physics of laser

plasma production and to work out engineeting probe
iexs.

Systuu Descripcion

A commercially avesllable Coz laser meets the

above requirements with sufficlent margin to allow v
broad range of experiments. The laser is designed to
provide 300 J in a 50~ns pulse. The (U0, laser was

chosen over Nd/glass because of its high efficiency
and longer pulse lengths. Pulses of about 50 us are
required for complete burn-through of the pellat.
Variation of the laser gas mixture allows some adjust-
ment of the pulse lengths so that optimum condicions
can be investiguted. A TEA laser was chosen aver an
electron he. 1 pumped device to minimize the inter~
fercnce fro. che strong magnetic fields.

Focusing a laser beam(s) on a pellet at the
center of the Baseball 11 magnet 1is severely con-
strained by the wechanical configuration and opersting
eavironmenr of the magnec. The shape and s{ze of the

magnet, the locatiun of mirror points, and the loca-
tions of other componentsa limit the size and number

of input beams. Rigf{d mechanical specifications of
the optics and pellet systems preclude mounting any
component to the magnet or =ain chember, thereby
requiring a separate optfcal structure. Cryogenic and
vacuum requirements alsv constrain che system.

The horizontal axes of the magnet was not avail-
able for laser injection as one was preempted by the
neutral-beam line and the other has insufflcient clear-
ance for the 20-cm dlameter beam. The vertical axis
was avai.able; however, Straight-in approaches vere
eliminated by equipment above and below the magnet.

A trade-off study was carried out for various
optical approaches. Recent experimental results’ show
that pellet rocketing in a single arm system i3 unac-
ceptable, although this result was anticipared at .he
time of the study. Yigure 2 compares eight different
approaches, including single beam and boch symmetric
and asymmetric multlple beams. Only one lens approach
is included; however, lens analogies of various other
mirror cases are pussible, but not practical. Leas
systens were essentf{ally discarded va prarcical
grounds of avallability, reliabillty, and cost of
20-cm aperture elements for 10,6 i,

Focuslny 1s accompliazted by vn-axis parabelas
(Fig. 2) in scheme wumbera 1, 5, and 6; off-axis
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parabolas in numbers 2, 3, 4, and 7; and lenses in
nurber B.  In thuse cases using the off-axis mirrors,
o secondary flat-beam turning mirrors are required.

The number of puths is the nurber of beams inci-
deat on the pellet. To hit the pellet symmetrically,
Lwe or mere beams are required. When *wo beams are
csed, thelr angle of coinvidence must be 180° for
d¥ymuetry; therefore, on-axls parabolas canrot be
uxed,  The usymmetry uf the two-arm, on-axis, parabola
approach could be overcome by adding a third beam.
The requirement of mounting all optical components to
& common structure appears to preclude adding a third
beam in this way.

The labor and difficulty of alignment are depend-
ent on the number of optical elements as well as the
nunber of paths which must be co-aligned. Only those
optical elements inside the chamber are considered
here because ot the extreme physical difficulty of
making any adjustments. An alignment complexicy
factor {8 an estimate of the labor and time involved
in alignment. This factor is defined as the square
of the internal optics count, times the number of
cu-aligned paths, and experience has shown it co be
reasonably valid. 7The locatlon and adjustabiliey of
beam~splitting are important in balancing multiple
brams fer svemaotry.

A dgnment appri s and procedures are tied to
the optical centiguration. The symmetric two~arm
appruaches have a considerable advantage in that they
allow interferometr alignment, which is the only
seli-consistent technique applicable. The asymmetric
configurations must rely on an olignment target.
Interferometric alignment 1s useful for real-time
external monitoring .nd s: rvo-control. The spectral
dependence of the relractive {ndex of the lenses in
the system would preclude the use of visible align-
ment techniques witheut auxiliary optics and additional
complexity.

The very limited physical space inside the magnet

Equation of Parabola=y1100.3x
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but outside the magnetic mirror points rapidly becomes
a problem with an fncreasing optiecs count. The
neceosity of supporting all the optics from a common
external structure rapidly fills available space and
ports. Certain dlagnostic instruments must be
vevorked to accozmodate even a single mirror.
Additivnal optics either require more extensive rework
or they coxpletely obscure Instruments such as the
energv analyzer.

Some titanium coating of mirrers iy acceptables;
however, it is absolutely fata! on lenses. Pro-
tection from the titanium sublimators for the mirrors
requires only eliminacion of direct lines of sight,
whereas, protection of lenses {s considerably more
difficult.

The approach chosen uses two off-axls parabolas
(Fig. 2, numher 3). This approach is by far the
simplest to implement within the confines of
Baseball Il and cvershadows the expense and difflculty
of mirror fabrication.

The deslgn of the focusing mirtors is summarized
in Fig. 3. Annealed OFHC copper was chosen for the
mirror material because of its known fabrication
properties, high 10.6-L reflectivity, and homogeneous
behavior vith thermal cyeling to 77 K.

Reference mirror surfaces are located norzal to
the optical axis of the incideat beam. These surfaces
are essentlal for defining the optical axis durlng
€abrication and alignment.

The fabrication of the cuopper parabolas was con-
tracted to the Perkir-Elmer Corpuration" of Norvalk,

ﬁReieren:e to a company or product name does not
imply approval or recommendarion of the product by the
University of California er tiie U.S. Energy Research &
Development Administration to the exclusion of others
that may be suitable,

Opsrating Conditions:
A-10.8 uM
Peak Power-4GW
Energy Density-2/CM?
Pulss Width-40 nS FWHM
Temp. 77K
Vacuum 10-° TORR
Fozal Lengths (at 77K) 50.00 CM Upper
62.85 CM Lowar
Gravitational Deflection of Centers-8004
Material:
Copper CDA-101-Cokd Ralled
Protective Overcoat:
15 Cef3 or ThF4
Scratch-Dig:
120-70
Figure Tolerance:{Test at 1283284)
A/ Over Center Wcm Dia Disc
1 Over Outer 10cm of Clear Aperture

i

. N 60.89cm

\ 20cm Dis. Beam
y (Defines Clear Apertul

(63.037cm-Ref]

O.A, of

35.56 °
-23.38 631 . -
Ref Surface

re}
05" incudeni Besm;

. \ Equation of Parabola=yL 93.44x

Fig. 3. Desafgn of focusing mirrors.
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Comnecticut with a subcontract to Frank Cooke Inc. of
North Brookfield, Massachusetts,
was constructed for the rough curve genentlon’ by
Frank Cooke Inec.
conveutional machine and hand techniques.
deviation from spherical and steep curvature makes
this gpproach extremely difficult and has caused
significant delay in the mirror delivery.

Single crystal sodium chloride ana zinc selenide
are the only cumerc{.ally available optical window
materials capable of withstanding the Coz-laser beam

without damage.
cost eliminates the zinc selenide despite some other
slight advancages.

The index of refracrion of sodium chloride 1
1.5, giving a window loss of 8%.
redyced to under 3% using an antireflection ceoating
developed in the LLL optica shop.

Laser damage has occurred in the coating of one
surface in the test bed experiment.
could be associated with caustic images vnique to that
one gurface, it does bring up questions as to the

Fig. 4.

SRAAC I i

A special machine

The mirrors are being pelished using

The atrong

The order of magnitude difference in

This loss can be

Although this

(c)

Fig. 5.

Flet-turning mirrors; (a) with sperture for
combining with auxiliary laser beams, (b)
beam aplitter, also with aperture.
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interferograms of diamond turned mirrors:
{a) turned mirror, (b} center zone of turned
mirror showing residual spindle runout, (¢)
fly cut mirror,
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durability and damage threghold of the coatings. This
is an area not yer sufficiently understood for reliable
lifetime analysis,

The laser damage threshold for the optical com-
ponents {copper snd NaCl), is generally accepted to be
at or above 2 J ew 2 ns 22 or about 14 J cn 2 for a
50 ns pulge. The 20-cm diameter of the laser beam is
sufficiently large that damage is not 8 problem except
as indicated above.

Beam splitting is presently being accomplished by
physically cutting the beam with a half-tirror. The
alternatives include using a grating or tw lasers.
The grating has the advantage of doubling the energy
deneity in a diffraction limited focal spot. However,
this advantage is significantly diminished by dis-
pergion of the laser and the limitations of che optics
and budget. laser demage to a grating also remaina
an unanswered question.

Using two lasers as an altcrpative to splitting
has significant drawbacks, There is sufficient
Jitter and uncertainty in the laser triggering to
preclude veliable sinultaneous firing of optically
independent units, Using a common laser oscillator
to drive two parallel amplifiers is less efficient
and significantly more complex than the approach
currently useo.

Microscope Obj.

Flat turning mirrors handling this €O, beam are

all OFHC coprer (Fig. 4). These mirrore were fab-
ricated by direct diamond machining fn the LLL
metrology snop.? Direct machining producee surfaces
that are sugnificantly more resistant to laser damage
than conventionally polished copper. The diamond
turning machine was used as a fly-cutter to eliminate
the spindle runout errors at the center of the mirrors
(Fig. 5). Diamond hined mirrors ly
at visible wavelengths (grating effecr.)‘ however

these effects are negligible at 10,6 u.

The auxiliary optical aystems (interferometer,
timing, and di c) take ad of the
geometry of the CD, wumstable resonator (Fig. 6).
Central spertures inve been cut in the beam splitter
and firet turning mirrors to allow the co-axial insex-
tion of the auxiliary lasers. The vse of visible
wavelength lasers requires tighter figure require-
ments over the central portions of all the optics.

In addition to the co-axial lasers, the aux-
iliary systems include continuous ca, and HelNe lasers.

These are alignment lasers, which sre inserted throu=gh
an aperture in the rear optic of the unstable res-
onator, These beams walk through the unscable res-
onator and emerge with the mame optical character-
istics as the pulsed laser. They are uded for beam

- Spatial Fitter

O Copper Mimror

R NaCl Window
Expander
an
r Spatial Fitter
Argone : I—‘{—'\ Dichroic —Chamber Wall

] L} ]
Thompson g at~Ruby/Laser | v E
v ( H t
Y B W 9

7 /3 Top Focusing

Splitter \ Mirror

i
]
p 1
o i
]

! _Potiety / systom

1 Focus
'
|

A
] Bottom Focusing
Mirsor

Fig. 6. Schematic of optical system.
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characterizetion and co-aligning the pulse laser with
interferometer and timing lasers,

The interferometer system takes ndvantage of
the symmerry of the focusing optics te provide anal-
yais of the optical alignment. Thée focusing mirrors
are the only nonflat elements in beam handling optics.
Consequently, they are the only elements that can
produce optical aberrations. Focusing errurss produce
curved or circular fringes, whereas alignment errors
produce astigmsric fringes. The figure ~rrors in the
optical elemerts are fixed and can be ei.ainated from
the data.

The interferometer is read out on a TV monitor
in the control rcom and continuously mouitors the
optical alignment. A second TV read-out looks at the
focused image of the interferometer beam and provide~
autocollimation dsta. This aecond read-out also pro-
videa an image of the syatem focsl zome, which is
useful with fixed-target alignment procedures.

The timing laser is defocused to illuminate a
S5-mm diameter region at the system focus. The beam
is refocused externally onto a zeroth order spatial
filter, This filter eliminates the laser beam except
for a diffraction image of the pellet chat forms in
the image of the system focal plane behind the spatial
filter. Both a silicon quadrant~detector end & tharge-
coupled device are placed in the pellet image plane
to provide timing and position information on the
pellet. The 40-r/s velocity of the pellet requires
that a decision to fire the laser be made 5 ps before
the pellet arrives in the system focal zone. Jon-
sequently, the position and timing detectors are
ceatered aboutr 0.5 mm before the image of the aystem
focus in the pellet trajectory.

Provision has been made in the system for
handling a high-power pulsed ruby laser for a Thompson
scattering source. A beam expander will be used to
reduce the energy density of the ruby to prevent
damage to the optical components. The Thompson
scatrtering system is expected to be inplemented next
year,

The pbysical and thermal stability requiremants
of the structure are derived from the 10-j alignment
tolerance at the pellet. Optical pathe in excess of
S m and a pellec trajectory of 3 m put stringent
stability requirements on the atructure. The mechan-
1ical ercursions of the magnet are larger than the
frozen pellet; consey 1y, an inertisl
reference frame had to be established for the laser/
pellet system. All components of this syatem are
mounted on 4 common granite slab snd are mechanically
isolated from the magnet, vacuum chamber and ground.
The vibrational characteriatics of the structure were
snalyzed using finite element procedures.’ The entire
laser/pellet gun package is housed in a thermally con-

trolled cl Thermal during cool~
down will be mopitored through the interferometer and
will be ked by the 1 adj for the

focusing mirror mounts.

Power Density Analyais

The power density at the pellet is primarily
limited by the divergence of the laser, the wave front
distertion of the optical system, and the diffraction
of the focused beam. These effects all limit the
dismeter of the focal spot, whereas accondary effects,
such gs window transnoission and mirror reflectivity,
simply reduce incident inteneicy.

The uncorrectable divergence of the laser and the
wave front distortion of the optics both introduce
angular errors of 0.1-0.2 mrad, The focal spot size
is, therefore, limited tc the angular error times the
ootical focal length.

St nan,

Diffraction also limirs the size of the focal
spot and removes energy from the cencral spot tu &
pattera of satellite rings and apots. Ta analyze the
powver distribution in the focal plane, we follow the
analyeis of J. W. Guodman® of the Fourier trans=
forming property of a lens (focusing mirrvor). If the
anplitude function of the disturbance is U(x,y), then,
in cthe focal plane {f) the disturbance le proportional
to the two-dimensional Feurier transform:

-1 :'rr('xxr + yyy)
Ulxeye) Ii U(x,y) e dx dy .

3

We neglected both normal 1zation and quadratic phase
factors as these fall out in the subsequent analysis.
The intensity in the focal plane 13 found by squaring
the amplitude or:
w
agsyed = Ulxpaye) UVlxye) -

The power in a glven region (region P) can be
found by integrating the intensity over the region,
normalizing by integrating over all space, and
muleiplying by the power input Pm. There forve,

I[ T(xgoye) dx dy
o, 3

- O]
reginn in
[ I(xpay,) de dy

The intenaity distribution of the laser output
{Fig. 7) is not a function that could be easily
handled analytically. Modeling the uystem optically

Fig. 7. Burn pattern of 300~1 (:02 laser ghowing the

characteristic shape of the unstable rea-
ohator.
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at visible wavelengths gives good qualitative resultw,
but direct numerical analyeis is necessary for quan-
titetive information, The intensity distribucions ef
the opticul] and numerical simuletions, shown in Fig. 8,
are for actual cases where the laser output is phys-
ically split in half. The central spot has dimenslons
of about 48 ¥ 96 . and contains about 50% of the
energy In the beam.

Comparing the diffraction results with the
angular dispersiun limits, we expect an irvegular
central spot with a mayimum dimension of about 150 p

and an average power density iu excess of 3 % 1013 chnz

e

Fig. 8. Intensicy distribution of the optical and
the numerical model of the split 0, laser
beam.,

for esch arm. Measurements of the actual intensity
diptribution sre currently in progreas.

Energy that aisses the pellet is dirscted back
into the laser and will cause the leser to go mulci-
mode. However, the length of the optical path causes
a 50 ns delay in the multimoding, placing it in the
tail of the laser pulse, and should not cause any
problens.

Syatsm transmissicr losses are virtually neg-
ligible compared to the above effects. Tha reflec~
tivicy of polished copper at 10.6 u is typically
greater than 992. Therefore, the 17ss in four reflec-
tions is less than 4X. Window losses for sodium
chloride result mostly from reflections at each mur-
face. With good coatinga, these losses can be hald
under 3%, vhereas a bsre windovw would lose 8X. Because
the conting's resistance to laser Jamage is question-
able, bare-window operation iz & possibility. There~
fors, total system transmission losses will run
between 72 and 12%.

Considerations for Futurs Systexs
The upgrading of the lasar stertup concapt for a
le mirror to be & straight-
forvard task. If the Baseball startup conditions
&re correct, than laser power density requirements

will remain emsentislly the same, 10“-10“ chnz.
Plasms voluzes will increase, thereby requiring a
proportionally larger pellet, larger lasar facal spot,
and longer burn-through time, and tharsfors, incrasssd
total laser enorgy. For example, & 100-L targast
plasma would require a 500-u diaseter pellat end a
laser energy of 5-10 kI, and burn-through wuld take

about 107 s.

A highly efficient electron besm, gas—oyuealc
laser vith a 4.2«kJ output has recently bean demon-
strated by Sandis Laborazories.’ The large double-
headed Ccz laser nov being tested at LASL" would also

heve s similar cutput if it operated in the required
“long" pulse regime.

The larger lasers will require lurger optics,
i.e., & 40-cm diameter beam for 10 kJ. The optical
fabrication techniques and facilitiss now deing
developad for the laser fusion program will handle the
reactor oprical requirements. For example, the 84-in.
sving diswond turning machine at Oak Ridge is being
upgrsded to do optical fabrication of comparable
quality to the LLL 18«in, facility.

Window technology is alse being pursued in the
laser fusion effort. New and lsrger crystal growing
equipzent is being developed by Harshaw Chemical Co.
(the principal sodium chloride supplier) to enlarge
the maximum available crystals Erom 35 to 43 cm in
dismeter, then later to 75 cm.? Polycrystalline NaCl
is also being investigated as s possible window
waterial.

It is apparent that as Baseball II-T has used
currantly available optical technology, 8o will a
reactor scals system. Thus, from tha lasar and
opticel enginsering view, laser start-up for mirror
machines appears to be a feanible technique.
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