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PHOTONIC FRONTIERS: FIBER LASERS: Fiber lasers ramp up the power

Chan troi mai cua photonic (frontier 1a ranh gigi gitra sy hiéu biét va diéu chua ai
biét, chung t6i dich thoang la chan troi mai): Laser sgi quang: laser soi quang ting
cdng sut

With single-mode powers reaching 10 kW, and multimode powers to 50 kW, fiber
lasers are going beyond industrial applications to become candidates for battlefield
deployment as high-energy laser weapons.

Véi cdng suat don mode dat dugc 10 kKW, va cdng suat da mode 50 kW, laser soi
quang ngoai ung dung trong cdng nghiép, ching con 1a &ng ct vién cho viéc trién
khai chién tranh véi vii khi laser niang luong cao.

Jeff Hecht contributing editor
Bién tap vién Jeff Hecht

In the early days of the laser industry, the best way to reach high powers was to
extract energy from a large volume of laser material. That’s still the case for some
purposes, such as assembling large glass amplifiers to deliver 1.8 MJ pulses from
the National Ignition Facility at the Lawrence Livermore National Laboratory. But
for many industrial applications, the high-power laser medium of choice has
become an optical fiber with an ytterbium-doped core. Fiber-laser powers have
come a long way since Elias Snitzer made the first one in 1963. In June IPG
Photonics (Oxford, MA) reported continuous-wave single- mode output of 10 kW
at Laser 2009 in Munich and at the Solid State and Diode Laser conference held by
the Directed Energy Professional Society (DEPS) in Newton, MA. IPG has also
built a 50 kW multimode fiber laser, which Bill Shiner, vice president for industrial
markets, says Raytheon (Waltham, MA) has tested for potential weapons
applications. But IPG’s bread-and-butter business is industrial materials-working,
from cutting silicon wafers for solar cells to robotic welding of metal sheets.

Trong giai doan dau cua cong nghé laser, cach tot nhat dé dat dugc cong suat cao
la 1ay nang luong tir mot thé tich vat liéu laser 16n. Diéu d6 van ding cho mot sb
muc dich, chang han nhu t6 hop cac bo khuéch dai thuy tinh lon dé cung cap xung



1,8 MJ tir Hé thdng kich hoat Quéc gia tai Phong thi nghiém quéc gia Lawrence
Livermore. Nhung d6i vai nhiéu tng dung cong nghiép, moi trudng laser cong suat
cao thuong duoc chon la mot sgi quang quang vaéi 161 dugc pha tap ytterbium.

Cong suit cua cac laser sgi quang da phat trién qua mot ching duong dai ké tir khi
Elias Snitzer lan dau tién da ché tao duoc nd vao nim 1963. Vao thang sau, IPG
Photonics (Oxford, MA) d4 bao cao dau ra don mode lién tuc 10 kW tai Laser

2009 & Munich va tai hoi thao Laser trang thai ran va diode dugc to chac boi
Directed Energy Professional Society (DEPS) & Newton, MA. IPG ciing d3 ché
tao dugc laser soi quang da mode 50 kW, dung cu ma Bill Shiner, pho chu tich thi
truong céng nghiép, noi Raytheon (Waltham, MA) s& c6 cac ung dung vii khi tiém
ning. Tuy nhién, san pham kinh doanh chinh cua IPG Ia gia cong vat liéu cong
nghiép, tr viéc cat cac tim silic cho pin mat troi dén han tu dong bang robot céc
tam kim loai.

Why fibers for high power?
Tai sao lai 1a soi quang cho cac ung dung cong suat cao?

Like other diode-pumped lasers, fiber lasers essentially convert the raw low-quality
pump laser output into a much higher-quality laser beam that can be used in
applications from medicine and materials-working to weapons. The fiber geometry
has two important advantages for high-power operation: efficient conversion of
pump power into output in a high-quality beam, and good dissipation of the
inevitable waste heat.

Gidng nhu cac laser duge bom bang diode khac, vé co ban, laser sgi quang chuyén
dau ra laser bom chét luong thap ban dau thanh chim laser chat luong cao hon
nhiéu c6 thé duoc st dung trong cac ung dung tir y hoc va gia céng vat liéu dén vii
khi. Cau trdc sgi quang c6 hai uu diém quan trong cho hoat dong cong suat cao:
hiéu suat chuyén d6i céng suat bom thanh dau ra trong chum chat lugng cao, va
tan nhiét thira tot.

The high efficiency comes from diode pumping, careful choice of the active laser
species, and optimization of fiber design. The fibers used in high-power fiber
lasers have an inner core containing the laser species, and an outer core that
confines the pump light, a more recent Snitzer invention. The pump light can enter



the outer core through the end of the fiber or by being coupled through the side of
the fiber in a direction nearly parallel to the fiber axis (see Fig. 1). The latter
approach is called “side pumping,” but does not mean the pumping is transverse to
the laser cavity, as in bulk lasers. Once guided within the outer core, the pump
light passes repeatedly through the inner core as it travels the length of the fiber,
giving high pumping efficiency. Stimulated emission is guided inside the inner
core, building to high intensities before it emerges as a laser beam.

Hiéu suét cao 1a do su bom diode, viéc chon luya can than cac loai moi truong hoat
tinh, va toi uu hoa thiét ké soi quang. Cac soi quang dugc st dung trong laser soi
quang cdng suat cao cd 16i bén trong chira méi truong hoat tinh phét laser, va 16i
bén ngoai giam cam anh sang bom, Mot phat minh gan day cta Snitzer. Anh sang
bom c6 thé di vao 16i bén ngoai qua dau cua soi quang hoic bang cach ghép voi
mot bén cua soi quang theo huéng gan nhu song song véi truc soi quang (xem hinh
1). Céch tiép can thtr hai dugc goi 1a "bom bén", nhung khong cé nghia 13 viéc
bom ngang v&i budng cong hudng laser, nhu trong laser khéi. Mot khi duoc dan
vao 1561 bén ngoai, anh sang bom nhiéu lan di qua cac 16i bén trong khi né di doc
chiéu dai soi quang, dé cho hiéu suit bom cao. Phat xa cam tmg duoc dan vao I3i
bén trong, tao ra cuong do cao trudc khi phat ra chum tia laser.

The active species in most fiber lasers is ytterbium, chosen because the small
quantum defect-the difference between energy of pump and output photons—is
only about 6% when pumping a 1035 nm Yb-fiber laser on its 975 nm absorption
line. In contrast, the quantum defect of a 1064 nm neodymium laser pumped on its
808 nm absorption line is 20%. The small quantum defect helps allow optical-to-
optical pumping efficiency to exceed 60% for ytterbium-fiber lasers. With
electrical-to-optical conversion efficiency of 50% for pump diodes, that means
wall-plug efficiency can reach 30%.

M®i truong hoat tinh trong hau hét cac laser soi quang 1a ytterbium, duoc chon bgi
vi sai hong luong tir nho - su khac nhau giita nang luong photon bom va dau ra-chi
khoang 6% khi bom mat laser soi quang Yb 1035 nm & vach hap thu 975 nm cua
nd. Nguoc lai, sai hong luong tir cua laser neodymium 1064 nm duwgc bom & vach
hap thu 808 nm cua nb 1a 20%. Sai hong luong tir nho cho phép hiéu suat bom
quang -quang vuot qua 60% dbi vai laser sgi quang ytterbium. V&i hiéu suat



chuyén d6i dién-quang 50% ddi véi cac didt bom , co nghia 1a hiéu suat birc xa co
thé dat toi 30%.

Fiber geometry exposes a large surface area per unit volume, aiding cooling of
fiber lasers, but even with water cooling, heat dissipation can limit performance.
Five years ago developers had hoped that increasing dopant level and size of the
inner core could allow fiber lasers to reach higher powers, but Johan Nilsson of the
University of Southampton says that at high average powers “thermal effects come
back to kill you” because residual heat becomes harder to remove from the fiber.

Cau tric soi quang phd ra nhiéu dién tich bé mat 16n trén mdi don vi thé tich, gilp
cho viéc lam mat laser s¢i quang, nhung ngay ca lam mat véi nudc, tan nhiét co
thé han ché higu suat. Nam niam trudc, cac nha phat trién da hy vong rang viéc ting
muc pha tap va kich thudc caa 16i bén trong c6 thé cho phép laser sgi quang dat
duoc hiéu suit cao hon, nhung Johan Nilsson & Pai hoc Southampton néi rang &
cong suat trung binh cao "céc hiéu (ng nhiét quay lai giét ban™ vi nhiét thira kho di
chuyén khoi soi quang hon.

Single- and multimode fiber lasers
Laser sgi quang don mode va da mode

Traditionally fiber lasers have been pumped directly with diode lasers, but the
limited brightness of 980 nm pump diodes restricts high-power Yb-fiber lasers to
generating kilowatt-class output, Oleg Shkurikin of IPG told the DEPS meeting.
The key to obtaining higher powers from Yb-fiber amplifiers or lasers is to switch
to brighter pump sources, such as Yb-fiber lasers emitting at 1018 nm. Yb-fiber
absorption at 1018 nm is an order of magnitude below that at the 975 nm
absorption peak, but the 1018 nm fiber laser is 100 times brighter.

Laser sgi quang truyén thong da dugc bom truc tiép voi laser diode, nhung do sang
han ché cua cac diode bom 980 nm da han ché céc laser sgi quang Yb cong suat
cao tao ra dau ra c& kilowatt, Oleg Shkurikin cta IPG phat biéu tai cudéc hop
DEPS. Chia khoa dé thu dugc c6ng suat cao hon tir cac bd khuéch dai hoic laser
soi quang Yb 1a chuyén sang cac ngudn bom sang hon, chang han nhu laser soi
quang Yb phat budc séng 1018 nm. Soi quang Yb hap thu tai 1018 nm thip hon



mot bac vé do I6n & peak hap thu 975 nm, nhung laser sgi quang 1018 nm sang
hon 100 1an.

“Both approaches are viable,” Shkurikin said, but there are tradeoffs. Direct diode
pumping provides efficiency up to 35% and permits smaller devices, but results in
higher heat loads per unit length of fiber, and single-fiber versions with gigahertz
laser bandwidth now are limited to output of 400 to 600 W. Erbium-fiber laser
pumping reduces efficiency to 25% to 28% and roughly doubles the size of the
laser package, but now offers total power of 1 to 1.5 kW from a single fiber.

"Ca hai phuong phap déu kha thi," Shkurikin néi, nhung c¢6 uu va nhugc diém
riéng. Bom diode truc tiép cung cap hiéu suat 1én dén 35% va cho phép céc thiét bi
nhé hon, nhung dan dén su tai nhiét cao hon trén mot don vi chiéu dai cua soi
quang, va hién nay cac phién ban mot soi quang voi bang thong laser gigahertz bi
gidi han & dau ra 400 dén 600 W. Su bom laser sgi quang Erbium 1am giam hiéu
SUAt tir 25% dén 28% va ting gip d6i kich thudc cua goi laser, nhung hién nay
cung cap téng cong suat tir 1 dén 1,5 kW tir mot soi quang.

Higher-power out with good beam quality can be generated by combining the
outputs of many single-mode Yb-fiber laser modules in a 2.5 m output fiber with
100 um core. At the DEPS, Alex Yusin of IPG reported obtaining just above 10
KW in a beam with M below 1.3, an impressive jump from the 5 kW achieved in
2008. IPG hopes to have a commercial version ready by year-end. “It will be very
difficult to get to 15 or 20 kW, but we hope to by 2010 or 2011,” he added. The
system draws 40 kW of power, and is refrigerator-size (see Fig. 2).

Cong suat dau ra cao hon cung vai chat luong chim tbt c6 thé duogc tao ra bang
cach két hop cac dau ra cta nhiéu modun laser soi quang Yb don mode & soi
quang dau ra 2.5 m vai 16i 100 micromet. Tai DEPS, Alex Yusin cua IPG bao cao
da thu dwoc trén 10 kW trong mot chim véi M? dudi 1.3, mot buéc nhay 4n tuong
S0 v&i 5 kW dat dugce trong nam 2008. IPG hy vong sé c6 mot phién ban thuong
mai vao cudi nim. "Rét kho dé dat dugc 15 hodc 20 kW, nhung ching t6i hy vong
vao ndm 2010 hodc 2011", 6ng ndi thém. Heé théng c6 cdng suat 40 kW, va c6 kich
thudt co ta lanh (xem hinh 2).

Reaching that power required an oscillator-amplifier configuration and a two-stage
pumping process. First 975 nm diodes pumped Yb-fiber lasers emitting at 1018



nm, which then pumped Yb-fiber lasers emitting at the 1070 nm output
wavelength. That reduced heat dissipation in the 1070 nm Yb-fiber laser, and the
good beam quality of the 1018 nm pump reduced divergence of the 1070 nm
output.

Pé dat dugc cong suat d6 doi hoi mot cdu hinh dao dong- khuéch dai va qua trinh
bom hai giai doan. Pau tién, cac diode 975 nm dwgc bom voi laser soi quang Yb &
1018 nm, sau d6 duoc bom véi laser soi quang Yb phét ra budc séng dau ra 1070
nm. Piéu d6 giam tan nhiét trong laser soi quang Yb 1070 nm, va chat lugng chim
t6t cia bom 1018 nm lam giam sy phan ki cta dau ra 1070 nm.

Producing higher powers comes at a steep cost in beam quality. Yusin said IPG’s
50 kW laser has a beam quality M of 33, although with 170 kW of power needed
to generate the multimode beam, its wall-plug efficiency is higher than the single-
mode laser. The output comes from combining the beams from an array of 1.1 kW
modules in a single length of 200 um core output fiber. The whole system is about
the size of three large refrigerators (see Fig. 3).

Tao ra cOng suit cao hon di kém véi chi phi dang ké cta chat lugng chim tia.
Yusin cho biét laser 50 kW cua IPG c6 chat lwong cham M? bing 33, mic du can
dén cong suat 170 KW dé tao ra chum da mode, hiéu suat phat xa ctia nd cao hon
so v6i laser don mode. Pau ra do sy két hop cua cac chum tia tir mot mang cac
moé-dun 1.1 kW trong mét soi quang dau ra I8i dai 200 micromet. Toan bo hé c6
kich thuéc bang ba ta lanh 16n (xem hinh 3).

Eye-safe fiber lasers
Laser soi quang an toan cho mat

One important drawback of Yb-fiber lasers is that their output poses a serious
retinal hazard. That concerns military planners because they don’t want to expose
troops or noncombatants to dangerous beams during training exercises or cause
collateral damage during military operations. Operating at wavelengths longer than
1.4 um increases the safety margin for retinal damage by a factor of between 100
and 1000, Josh Rothenberg of Northrop Grumman Aerospace Systems (Redondo
Beach, CA) told the DEPS meeting. Air transmits the 1.55 pum wavelength of
standard erbium-fiber lasers quite well, but diode pumping is inefficient. He thinks



thulium (Tm)-doped fiber lasers emitting near 2 um are more attractive because a
single 790 nm pump photon can excite two thulium atoms to the upper laser level,
doubling quantum efficiency from 40% to 80%.

Mot nhuoc diém quan trong cua laser soi quang Yb 1a dau ra cua chdng rat nguy
hiém ddi voi vong mac. DBiéu d6 duoc cac nha hoach dinh quan sy quan tam bai vi
ho khéng mudn céc chum nguy hiém chiéu vao binh linh hodc nhan vién trong qué
trinh huan luyén hoic gay thiét hai phu trong hoat déng quan su. Hoat dong & budc
song dai hon 1,4 micromet lam ting bién d6 an toan cho mat mot hé so tir 100 dén
1000, Josh Rothenberg ¢ Hé théng hang khong vii tru Northrop Grumman
(Redondo Beach, CA) cho biét trong cudc hop DEPS. Khéng khi truyén buéc song
1,55 micromet cua laser soi quang erbium kha tét, nhung sy bom diode khong hiéu
qua. Ong cho rang laser soi quang duoc pha tap thulium (Tm) phat xa gan 2
micromet ddng quan tAm hon bdi vi mot photon bom 790 nm c6 thé kich thich hai
nguy@n tir thulium dén mic laser cao, ting gap doi hiéu suat luong tir tir 40% lén

80%.

He reported that Northrop Grumman reached single-mode output of 608 W from a
Tm-fiber system with 5 MHz linewidth at 2040 nm. A 3 mW distributed-feedback
oscillator and a series of preamplifiers were followed by the main amplifier, a 3.1
m length of dual-clad Tm-doped fiber with 25 pm inner core and 400 pum cladding.
Pump power absorbed in the amplifier was 1.1 kW. Rothenberg reported M of 1.05
for the full 608 W beam, with more than 98% of the power confined to the core,
“all very favorable for coherent combination” of multiple fiber-amplifier outputs to
deliver even higher powers.

Ong da phat biéu rang Northrop Grumman di thu dugc dau ra don mode 608 W tir
mét hé théng soi quang Tm vai d6 rong vach phd 5 MHz tai 2040 nm. Mot bo dao
dong phan hdi phan bd 3 mW va mot loat cac bo tién khuéch dai duoc tiép ndi theo
v6i bo khuéch dai chinh, chiéu dai cua soi quang duoc pha tap Tm boc kép 1a 3,1
m véi 16i bén trong 25 micromet va I6p phu 400 micromet. Cong suit bom dugc
hap thu trong bo khuéch dai 1a 1,1 kW. Rothenberg bao céo M? 1a 1,05 ddi véi
chum 608 W day du, véi hon 98% cong suat duoc giam cam trong 16i, “tat ca déu
rat thuan loi cho su td hop két hop™ cua nhiéu dau ra bo khuéch dai soi quang dé
cung cap cong suat tham chi con cao hon.



A different approach to erbium pumping could be promising, said Mark Dubinskii
of the U.S. Army Research Laboratory in Adelphi, MD. Instead of pumping at the
usual 980 nm line, he tried pumping erbium at 1530 nm to excite emission at 1600
nm, a quantum defect of only about 4%. Corning demonstrated the idea in 2003,
but only reached 500 mW from a double-ended laser. Dubinskii generated 45 to 50
W of pure single-mode output at 1580 nm when pumped with a 100 W narrowband
source at 1532.5 nm—85 W of which were absorbed. “We expect to get to 6 kW
before reaching nonlinearity limits,” he said.

Mot céch tiép can khac dé bom erbium co thé day haa hen, 6ng Mark Dubinskii &
Phong thi nghiém Nghién citu Quan sy My ¢ Adelphi, MD da néi nhu vay. Thay
vi bom tai vach 980 nm théng thuong, 6ng thar bom erbium & 1530 nm dé kich
thich phat xa tai 1600 nm, sai hong luong tir chi khoang 4%. Corning da trinh dién
y tudng vao nam 2003, nhung chi dat dugc 500 mW tur laser hai dau. Dubinskii da
tao ra dau ra don mode tir 45 dén 50 W & 1580 nm khi duoc bom va&i nguon dai
hep 100 W ¢ 1532,5 nm-85 W ctia vach dugc hap thu. "Chung t6i hy vong dat
duoc dén 6 kW trudc khi dat gigi han phi tuyén, "ong nai.

Single-fiber limits and beam combination
Gidi han mot soi quang va su két hop chom

Nonlinearities are one of the inherent limitations of the fiber form. The most
important is stimulated Brillouin scattering, which scatters light propagating
through a fiber in the reverse direction, effectively limiting the maximum power
transmission. The effect is strongest for light concentrated in a bandwidth smaller
than the Brillouin bandwidth of the material, tens of megahertz for silica, where it
limits power from a single-mode fiber to hundreds of watts. Increasing bandwidth
to gigahertz or tens of gigahertz allows higher power, but eventually optical
damage and other effects limit power.

Phi tuyén 1a mot trong nhitng han ché von cé cua dang soi quang. Quan trong nhat
la tan xa Brillouin cam tng, nd tn xa anh sang truyén qua soi quang theo hudng
nguoc lai, gioi han dang ké su truyén cong suat cuc dai. Hiéu tng nay manh nhat
d6i v4i anh sang dugc tap trung trong mot bang thong nhé hon so véi bang thong
Brillouin cua vat liéu, hang chuc megahertz d6i Véi silic dioxit, né gidi han cong
suat cua soi quang don mode & vai trim watt." Tang biang théng dén gigahertz hozic



hang chuc GHz cho phép cong suit cao hon, nhung cudi cling su pha hay quang
hoc va céc hiéu tng khac lai han ché cong suat.

Combining beams from a number of single-mode fiber lasers is an obvious route to
higher  power, but the question is how to do it (see
www. laserfocusworld.com/articles/332972).Coherent beam  combination is
attractive in theory, but has been tougher in practice; phase-matching the sources
stably enough for constructive interference among the beams requires active
feedback control. Nilsson says a promising approach is a synthetic phase-matching
approach developed by Thomas Shay of the Air Force Research Laboratory
(Kirtland AFB, NM).?

Két hop cac chim tir mot sb laser soi quang don mode 13 mot con dudng dé dat
duoc cOng suat cao hon, nhung van dé la phai thuc hién nhu thé nao (xem
www.laserfocusworld.com/articles/332972). Sy t6 hop cac chum tia két hop hap
dan vé mat ly thuyét, nhung khé khin hon trong thuc té, su hop pha- ngudn dua on
dinh cho sy giao thoa ting cuong gitta cac chum tia doi hoi kiém soat phan hoi tich
cuc. Nilsson no6i rang mot phuong phap tiép cin day hta hen 14 phuong phap hop
pha nhan tao duoc phat trién boi Thomas Shay caia Phong thi nghiém Nghién ciu
Khong quan (Kirtland AFB, NM).?

So far, incoherent phase combination is ahead in output power. IPG uses spatial
beam combination, tiling fiber-laser beams across the input end of a multimode
beam-delivery fiber. Another approach is spectral beam combination, which
overlays beams at different wavelengths, in a high-power version of wavelength-
division multiplexing.

Raw power is far from the only story. Nilsson is working on wavelength
conversion and Raman fiber lasers. Others are working on ultrafast fiber lasers,
which Photonic Frontiers will cover in February.

Cho dén nay, su to hop pha khong két hop dang vuot truéc cong suat dau ra. IPG
st dung su két hop chim khdng gian, xép cac chum tia laser soi quang qua dau
Va0 ctia mot sgi quang phan phat chum da mode. Mot cach khac 1a két hop chim
quang phd, né xen phu cac chium co budc song khac nhau, trong mot phién ban
cong suit cao cua su ghép kénh phan chia budc song.?



Cong suat ban dau chua co gi dang noi. Nilsson dang nghién ciru cac laser soi
quang chuyén doi budc song va Raman. Nhirng ngudi khac dang nghién citu céc
laser sgi quang siéu nhanh, ma Chan troi méi cua photonic sé gidi thiéu vao thang
hai.



