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Compared with traditional optical fiber lasers, double-clad photonic crystal fiber (PCF) lasers have larger surface-
area-to-volume ratios. With an increase of output power, thermal effects may severely restrict output power and

deteriorate beam quality of fiber lasers.

We utilize the heat-conduction equations to estimate the maximum

output power of a double-clad PCF laser under natural-convection, air-cooling, and water-cooling conditions in
terms of a certain surface-volume heat ratio of the PCF. The thermal effects hence define an upper power limit

of double-clad PCF lasers when scaling output power.

PACS: 42.55.Wd, 42.55.Tv, 42.60.Lh DOI

Recently, fiber lasers are one of the attractive fields
of solid lasers and most works are focused on an in-
crease of output power. In the past few years, the
continuous output power of fiber lasers increased from
hundreds of watts to kilowatts, and the average power
of pulsed lasers is also hundreds of watts or more. In
these fiber lasers, traditional doped double-clad sil-
ica fibers are currently used and the refractive index
difference between the optical fiber clad and core is
controlled using different dopants. Due to the single-
mode requirement of waveguide structures, a small
core-clad numerical aperture to maintain the single-
mode transmission of the fiber leads to intense power
density in a small core area, which hence brings strong
nonlinear effects. The nonlinear effects, such as stimu-
lated Raman scattering and stimulated Brillouin scat-
tering, can limit the maximum output power of fiber
lasers. Although some low nonlinear fibers have been
developed and the output power can reach five hun-
dred watts, further improving power is also challeng-
ing. Alternatively, one can eliminate nonlinear ef-
fects by reducing power density and shortening fiber
length. An effective way is to use large-mode-area
fibers. Large mode area will bring multimode propa-
gation, which will lead to a restriction of most appli-
cations based on diffraction limited beam quality.

The use of photonic crystal fibers (PCFs) has pro-
vided a new way of constructing active optical de-
vices since the 1990s, while overcoming the inher-
ent contradiction between traditional fiber laser the-
ories and actual needs of high output power. Differ-
ent from the traditional optical fibers, light is con-
trolled by a small array of clad air holes along the
axial direction in PCFs. The outer clad of the double-
clad structure in PCFs is made of silicon nets, and
the width of net is less than the transmission wave-
length. This kind of design of outer clad can reduce
the inner clad diameter. The inner clad of double-
clad structure in PCFs is periodic air holes. Refrac-
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tive index of the porous region is lower than the sur-
rounded solid area. This kind of structure will bring
single-mode waveguides. The core of PCFs is a rare
earth dopant. Large-mode-area, large numerical aper-
ture and endless single-mode transmission character-
istics can be realized in a double clad structure by
designing positions of air holes in PCFs. A high
rare earth dopant can effectively reduce the length of
fibers. All the above-mentioned factors can effectively
reduce the nonlinear effects. Low nonlinear effects can
solve the problems of the thermal effects and maintain
good beam quality!'! when lasers work at high output
power. Thus double clad PCFs are a revolutionary
breakthrough in the fiber laser technology field. These
characteristics essentially solve the problems of tradi-
tional fiber lasers, which show new broad prospects of
market applications.[’]

Because of thermal lensing and the thermally in-
duced birefringence effect, bad beam quality will oc-
cur during high output power. Heat energy from non-
radiation transition is also dangerous to high power
lasers. In order to obtain a good laser beam, we must
dissipate the heat energy in the laser gain medium.
Thus we need to solve the cooling problem of dou-
ble clad PCF lasers. Fibers are gain media of fiber
lasers. Their elongated shapes can make a high ratio of
surface area to volume. High surface-area-to-volume
ratio can increase the cooling area in favor of solv-
ing the solid-state laser radiating heat problem. Dou-
ble clad PCFs are better than traditional single-mode
fibers at surface-area-to-volume ratio. Thus double
clad PCFs are suitable for high and superhigh power
lasers. Yb3T doped double clad fibers are the best
choice of high power fiber laser or amplifier in view of
quantum conversion efficiency, damage threshold and
substrate loss, especially high surface-area-to-volume
ratio. The output power of a double clad PCF laser
rises stage by stage, and continuous output power has
been achieved kW under cooling conditions.
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Compared with traditional optical fiber lasers,
double clad PCF lasers have a large surface-area-to-
volume ratio.l”). When they work at low power, they
can effectively dissipate heat energy. With output
power increasing, the thermal effect will seriously re-
strict the output power of fiber lasers and reduce beam
quality. Therefore the thermal effect!’] of high power
PCF laser should be considered. Thus the cooling
problem of double clad PCF lasers is very important.

Next, we give a theoretical estimation of cooling of
a double clad PCF laser. Preferably the temperature
is below 80°C of the acrylicl”! of the optical fiber coat-
ing. When temperature is greater than 80°C, the PCF
laser will gradually age and blacken, thus losing the
protective effect of the inner layer. Thus the PCF laser
in a high power running condition must have an ap-
propriate type of cooling to keep the coating temper-
ature below 80°C. If the critical temperature is 80°C
of the coating, we will estimate the output power of
the double clad PCF lasers under natural convection,
air cooling and water cooling conditions.
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Fig.1. (a) Bi-directionally pumped double-clad fiber

laser and (b) fiber cross section.

The schematic diagram of the bi-directionally
pumped PCF fiber laser is shown in Fig. 1(a), P (0)
and P; (L) are the pump powers at the front and back
ends, Ry and Ry are the signal light reflectivities of the
fiber end-face. In order to simplify the calculation, we
can take various shapes of the inner clad equivalent to
a circular inner clad layer, such as shown in Fig. 1(b),
r1, ro and r3 are denoted the radii of the double clad
optical fiber core, the inner clad layer and the outer
clad layer. We can describe the heat effect by the clas-
sical heat transfer equation in high power optical fiber
lasers. Consider that heat is only in the fiber core
and radial distribution is Gauss distribution!’) with-
out heat in the clad region. The fiber core and inner
clad layer are silica, so the conductivities of the core
and the inner clad layer are equal to each other, de-
noted by k;. The outer layer is a polymer material,
its thermal conductivity (denoted as k2) smaller than
silica.

Doped ions in the inner core absorb pump energy
by the role of the heat source function Q(r, z), and at

the same time, it is equivalent to one clad based on
no heat source of the inside and outside clads. The
steady state heat conduction equation,!”) because lon-
gitudinal heat conduction in the laser medium affects
a very small area near or at the pumping face, reads
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where 7 is the distance of any point of fiber to the

center axle z, and k is a thermal conductivity. T}

and T, are core and clad region temperature. Tem-

perature boundary and temperature derivative of the

continuity follow
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The optical fiber clad surface is described by Newton’s
law of cooling,
o,

Or |7':T'3 - E(TO - T2|T':7'3)7 (3)

where h is denoted as the convective heat transfer co-
efficient, and Ty is room temperature. The core of
heat source function is the Gauss typel® because of a
semiconductor laser used as the pump source, in the
two-directions pump case,
Qr.z) = 2Tl
Tw;
where P,(z) = Pf(z) + Py (2) = PF(0)exp(—az) +
P7 (L) exp[—a(L — z)] represents the sum total power
of the forward and reverse transmission pump light at
optical fiber z point; L is length of fiber, and a is to-
tal loss of pump light including absorption loss (a,)
and scattering loss (as); ny is heat transfer coefficient,
and wp is pump Gauss radius. If pump light is cou-
pled into the fiber core, wy, is approximately the fiber
core radius r1. Substituting Eq. (4) into the heat con-
duction equation (1) and boundary condition (3), we
can obtain the analytic solution double-clad fiber laser
temperature distribution,
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The parameters, based on ordinary Yb3t doped
double-clad fiber, are as follows: P (0) = 500 W,
P> (L) =500W, A\, = 976 nm, ny, = 0.1012, a = 1.4 X
1073 em™!, L =20m, r; = 10 um, ro = 200 pm, r3 =
280 um, h = 10W-m2K~1, k = 1.38 W-m—2K~%.
We can obtain that the axial temperature range
changes more, but the radial temperature changes less.
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Without active cooling of lasers, in the case of surface
free convection heat transfer, the free convection heat
transfer coefficient is typically 10 W-m~2K~!. When
the out-source layers of temperature is 80°C, pump-
ing energy distribution is mostly near the end two
faces. For faster temperature rising following the ab-
sorption of the energy, the maximum of output power
of the ordinary double-clad fiber laser is 105 W. In the
air cooled case, corresponding to the surface of free
convection heat transfer coefficient 10:80 W-m 2K !,
the maximum output power of the ordinary double-
clad fiber is 105-820 W. In order to obtain the output
power above kW of fiber laser, we must further in-
crease the convection heat transfer coefficient of the
optical fiber surface through actively cooled water.
The speed of water directly determines the convec-
tion heat transfer coefficient of the optical fiber sur-
face in the water-cooled case. The convection heat
transfer coefficient will be 300:1000 W-m 2K~ in the
corresponding compulsory water-cooled case. With
80°C at the critical point of the surface temperature
of the fiber, theoretically the corresponding convec-
tive heat transfer coefficient is 1000 W-m—2K~!, so
the maximum output power of the optical fiber can
reach 8.8 kW.
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Fig. 2. Cross section of the DPFL.

Define surface-volume heat ratio as the product of
surface area and heat conductivity coefficient divided
by the product of density and volume. Differences of
heat conducting performance between normal double-
clad fiber and double-clad PCF are given by

p= Zikisi
Zj piVi

As shown in Fig.2, the surface-volume heat ratio

(6)

reads, corresponding to double-clad optical fiber core
radius 71, inner clad radius ro and clad radius r3,

I - kiry + (k1 + ko)ra + ksrs (7)
p . 2 — D) 3"
(p1 — p2)1ri + (p2 — p3)r3 + pars

If it is assumed that core radius rq, inner clad ra-
dius 7, clad radius r3, inner and outer clad of double-
clad PCF are of quartz materials, where the inner
clad radius is d;, the hole number density in the in-
ner clad is ny, the outer clad radius is do, the hole
number density in the outer clad is ns, as shown in
Fig. 2, the corresponding surface-volume heat ratio is

n1d? 4+ nad3 ~ 13 —ri

_kiry 4 (ky A4 ko)ro + kors + ka(ding + dano)

11,
I (p1 — p2)ri + par3

(8)
The surface-volume heat ratio increases with increas-
ing dy, ny, da, ny as expressed by Eq.(8). Given
ry = 10 pm, 7o = 200 pm, r3 = 280 pm, d; = 0.6 um,
dy = 11um, n; = 162, ny = 73, the surface-volume
heat ratio of the double-clad PCF will be enlarged by
2-3 orders more than the typical double clad. Based
on the above deducing, the maximum output power of
the double-clad PCF will reach 8.8 x 10?-8.8 x 103 kW
at 80°C critical point of surface temperature with con-
vective heat transfer coefficient 10-1000 W-m—2K~!
in water cooled cases. The possible perspective of
rising power of the double-clad PCF laser will be of
megawatts based on the limit of heating effects.

In summary, the heat-conduction equation is used
under the natural convection and under air-cooling
and water-cooling conditions. The thermal effects
hence define an upper power limit of double-clad PCF
lasers when scaling output power. We estimate the
limit of output power of double-clad PCF lasers to
megawatts.
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