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I _ARSTRACT

A mcthod for irjecting a kigh peak nowver multimode VAG laser bezn: into an
optical fiber nas been developed. The design minimines thc peak irradiance cn
th2 fiber's entrance tace and reduccs its dependeace on the Jaser's mode siructure
azd the systern aligmment. A simple lens and 2 specially designed kinoform ‘or
Dinary oplics element) operate together ta transferm a § am disras tor lacer bhasm
Inte bwo coneentric ring foc that fit on the 400 um diameter iber face.

2, INTRODUCTION

As lasers beccme morce powerful and less cxpensive, there is an increasing

vumber of applications which use lasers primarily as an ecergy source. In many
of these applications, the cutput of & pulsed, Ligh power laser is coupled inrz a

rulti-mnode fiber. The fiber is used as a light pipe and delivers the ontical energy
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to a desired location. Applications which fall in this category include high-

power aptesl fber vensars, industrial lagar machining, micromachining, masking

of parts, ablation of biological tissue {e.g., corneal sculpting and arterial plaqus

remnovai), catalysis of chenucal reactions and imitiation of high explosives.

In riany of these apphcations, the source way be a Q-switchad laser with

pulsewidthe of 10-20 ne and pulse energiss of 10-100 mJ, reAuiting in peak pow-

crs ranging from 1-1¢ MW. The fiber injector must couple these pulics tnno o
3 multimode fiber which is typically siica on silica with a diamecter of 100-40¢
: Figg o s e Jroa, v s Lt 2l
Mm. /'Iypi&ﬂ fluxes on the face of the ﬁhcv—a.rc‘tdxenf‘mfﬂmv 10 GW /o’ regizme
‘L'he primary purpose of ihe fiber injecter is to cvenly distribute the cnergy over
the fiber face, thus keeping the peak fuence on the fiber face below the dumage
threshold. In addition, the fiber injector must also stmooth wur the heam both
i front of the fiber in order to aveid air breakdown and alga ingide “ha Sher to
avord fiber breakdown. {n particular the Aber injector must noi prodace a focus
at any pomnt.

As a secondary goal. the fiber injector shonld also make the ovarall systam
inpensiltive Lo any variations. For example, since energy delivery is the goal of this
type of application, it would be advantzzeous to use all of the modes supportad
by the lascr cavity rather than using only the luwer order inudes oorder to
get a pradictable beam shape. In additien, environmenta! effects can misalign

the laser cavily, thereby changing both the mode structure and divergence of
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the laser. Both of these affects can be mitignied by a fiber iniestor which is
insangitive to varialions in the mode structure and the divergence of the lasor.
As another cxample, mechanical telerances can result in siguificant cranslation
and tilt of the laser beam. A liber injector which is insensitive to these variations
can elimivate the nsed for an active alignment system.

For our design, we aseumned the following typical nembers: & 5-6 ram diameter
laser Eean with a divergence of 2.3 mrad and a 400 pm diameter fiber with a
nwierical aperture of (.22, Tilt and decentration crrors are sstimated to bo
about 2 mrad and 0.5 mn, respectively

3. THE SYSTEM

Qur system is simiiar i operation to & lens/axicon combination (11, (2], as
depicted in figure 1. Ry itsclf, a iens would create a focal spot at the contw
of the Cher, as shown in fgure la. However, in comebinalion with an axicon it
creates A ring foeus sam figure 1k, In our system, we replace the axicon with
a Livary optig element (or kinotorm) [3) that diffracts the focusing bears into

iwo concentrie rings a8 shown in figure 1c. These rings have 150 pn and 360 min

diameters sc the pattarn fits an the 400 um diameter fiber for any ring width
less thau 100 pm. The 7 mm diameter lens and axicon have apertures larger
than the beam in order Lo accommodals beam decentratior We have chosen
the shorrest focai length possible fur the lens, thereby minimizing tae maven.ent

of the {wo.ring pattern on the fihor face when there ere pointing errors and
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Vigure 1. Operasion of a lens/kiroform system: 2} Lens alone produses 3 faesl
spot at the fiber center k) Lens/rofractive axicon produces a ring focus at the

tiber ¢} Lens/kinoform produces multiple ring foel.

also mutching the incoming Yeawn (o the numerical apertare of the fiber. The
focal length of 17 mm corabined with the 7 mm apecture zreatc a beam with a
maxiroutn suinecical zperture of .20, which is 2 bit smalle* than tha! of the fber.
which hay a numerical apariure of 22, Shorter focal tengths, when coupled with
the possible system variations, could potentially exceed the nurasrica! aperture of
the fiber. We would like to match the numerical apertnre of the fiber Las opposerd
Lo Lftld‘;‘fﬂ’”fﬂg the fiber) since we foeol 1hat ﬂnxug more of tha fhor’s tmodes makes
the intemsity more un:forns,

So what can we expect from this system”  The most important poing s
that the peak intensity is minimized Fecauss the beam [ootprint oa the filer
facz is large. Furthermare, ths foctprint scea ic raughly agual to ths sam of
the Lwo ring lengths muliiplied by the riag width. Thus, it is proportional
the laser divergenee, and not to the sevare of the divergence ac aould be the
case with a conventional lens sysicm For the laser divergences given, the rasia
betwenr tha peak intensity and the average intensity over the fiber faze is in the
range of 1.0 < fpeok/loveraze < 3.7 At first glance, one wonders wiy & long

focal longsh lens could not he used for the finer injection. 'This v a workable

a9
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Figure 2¢ 'The kinoform behaves simultareously as refractive axicons of difforant

powera, with esch diffraction order corresponding to a specific axicon

approach in the lab where the divergence of the laser can be mcasured and
compensated, However, for mn operstional systom, the focal ieagth of the lons
would have to be chosen to accorimodate the greatest divergence, which is 5
mrad. Furthermore, the 2 mrad poiziing tolerance would have to be incladed,
along with a small assembly talerance. The intensity raric is therefire in the
ronge 2.25 < Took/laverage < 9. We {ool that the lower poak intensities of the
lens/kinotorra system justifics the added complexity,
4. THE KINOFORM

The kmafarm is a diflractive axicon. Referring teo the previsus Hyure 1, sach
diffraction wrder of Lhe kinaform will produce a ring focus, just like a refractive
axicon. Considering all the diffrzclion orders rogether, tFen, the Kmofor be-
haves like many differsns rofractive axicons sinsultaneoushy sy shown in figurs 2
with thie amount of light whieh “ezes” oach ratractive axicon boing Jetasmineg
by the efficiensy of the corresponding diffraction order.

Qur kinolorm is designed to diffract 90% of the light into the £1 and 22 orders
with he same intensity in each ring. The 21 orders produce the inner ring shown

I

in figura 1. while the &2 erdors produce the cuter ring. The cemiotaing 1UW of

tire lghv is distributed into higher orders, The intensitics w the £3. =1 and =

orders, which {1l ou tie fher cladding, is low so very little light is diffrazted it
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the cladding. Furthermore, the design leaves almost nn light in thz zero order
so there will not be a hot spot on-axts if Lhe laser beam has bebter beam quality
than axnacted,

The kineform diffraces light ivte feur ocdere: the 2, +1, -1 and -2 orders
This has a couple of advantages over other possivle designs. Firat, designs which
diffract light primarily inte suly 1wo oréers (e.g., a design which utilizee the
=1 orders or one which uses the +1 and +2 crders) have an averall diffraction
cfficiency which i3 shout L10% lower thau our design. On the other haad, desigus
which utibze more than fou- orders {e.g., one which uses the =1, % and =3
crders) sre more sensitive to ‘ehrication orvors withou! a signifioant nerease
diffraction sficiency. Second. the intznsty profile on the fiber quite nsansinve
to bearn centerizg on the kinoforny To anderstand this, considzr the ray in figure
3 which strikes the top of the kinoform. Ninety percent of tne energy in this ray
is split tnto the {our rays corresponding to the four diffraction orders of interast
and the +1 ordor ray is diffvacted across the center and iluminates the Lattom
of e :niner ring, while the -1 ordar illominates the tep, with *he +2 and -3
orders behaving in a similar manner with respect to the outer ring focus. New
cansider what occurs if the whole beam is moved a small arnount downward. Due
te this splitting between plus and miaus ordars, hall of the displaced lizhe stiil
iliviminaes the tops of each ring znd balf the oottoms, Sooto first aeder, the

systeri 1S 1nsensttive to bean decenlbration.
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Figure 3 The splitting of light beiwsen plus and minus erders makes the system
ingepgitive to beam decentration.
Figure 4: Profile of one poriod of the silica kinceform.

The actuel despgn of the kinolorm was achieved using the algorithm describsd
in [4] ‘The resulting silica kinoform s sireularly svinmetric with a radial period
of 288 um and the surface profile lor cne period of the kinoform is shown o
figura 4. The step-wise nature of the surface profile i w0 revall of the binay
optics fabrication process. ‘The Kinoform is a 16-leve] device, of which only 14

levels are required.

5 EXPERIMENTAL RESULLS

‘Lhe siliea kinoferia was fabricared by the bivary eptics program at MIT, Loty
Laboratory {3, The surface profile and diffraction «fMaancy were Ehen mansured
at MIT/Lincoln Laboralory, using a styius profiometer and a lechniqus simiia
bo Lhat in {A], respectively. It wax then sent to Sandix National Lahoratacy iov
tosting with the sppropriate lens and lenr. The ratis Larwaen the peak lutensiv

an the fider foce and the average over the Bber foce was found 52 be 3.7 o | when

a very well aligned laser was used {~ 2.5 mrad divergence) (7], Figure J shows
a typical reeorded intensity profile Next, the lens/kinoform system was used to
injest pulses of increaging snergy incs a fiber caitl vhe ibar was damegnd Thic

was tepeated for ten fibers and approximaraly Lalf the fibers wers abls to deiver

pulacs of 40 ) or greater before heing damaged.

-t



coo JO0T-20-83 THU 32 T LL GROUF 52 FAX NO. 6179815200

Figure 5. *¥*Typical inteasity profile on the ther face, using a well-aligned laser,

suppbed by SNL.

Rezarding damage to the axican itsclf, since the device is a surface reliel m
silica and containe ne othar materiale, we expsct it should have damage char-
actaristicy sumilar ¢ that of bulk silica, OCur experiments o date coufirm this
belief.

5. SUMMARY

A systern bias boen designed, buill and tested thas injects a high power, shorl
pulse, mofuimode YAG laser beam into an optical fiber without damage. The
system can Lolerate o significent amount of Jaser cavity raisaligninent. withow
damage to the iber or fts cladding.
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Operation of a lens/kinoform system a) Lens alone produces a

focal spot at the fiber center by Lens/ refracrive axicon produces a

ring focus at the fibar o) Lans/kincfore prodeces mualtipls ring oo’

The kinoform behaves simnltanconsly as refrsctive axicons of dif-
{arent powers, with each diffraction order corsesponding to a spe-
cific axicon.

The sphitung of lght berweor plus and winus orders makes the
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Profile of one period of the siliza kinofurn.

*rrivpical intensity profile on the fiber face, using a well-aligned
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