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Power capacity of hollow Bragg fibers, CW and

pulsed sources.
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Fig. 1. Power capacity analysis of a hollow Bragg fiber. (a) Schematic
of a fiber. Hollow core of radius R;, mirror region of N bilayers each
of thickness d surrounded by an over-cladding extending to Ro. (b)
Two major types of heat sources (shown in light gray) - Hgps is due
to a field penetration and absorption in the mirror region, H,q4 is due
to the radiation leakage through a finite size mirror and absorption
in the over-cladding.

Large-core hollow dielectric fibers have been recently in-
vestigated to provide a guiding platform for high power
radiation in a wide range of IR frequencies {1-3]. Due to
the absence of an absorbing material in the core, hollow
fibers have been demonstrated to guide kilowatts of CW
power at a designable IR wavelength. The power capac-
ity of these fibers is limited by the maximum temperature
that a fiber material can withstand before damaged. In
this paper, we investigate the power capacity and failure
mechanisms for an emerging new type of high power radia-
tion guides—hollow photonic Bragg fibers (PBF). CW and
pulsed radiation sources are considered, assuming continu-
ous operation of the laser source.

Hollow Bragg fiber consists of a hollow core, a series of
bilayers of contrasting refractive-index glasses and an over-
cladding. Figure la illustrates the schematic cross section
of PBF. The hollow-core radius is R; and the dielectric mir-
ror has N bilayers extending to a radius R,,. Each bilayer
has a thickness d. The outer radius of the over-cladding is
R,. Typically, R; ~ Ry, < R,. The electromagnetic field
decays exponentially in the mirror. Thus, field penetration
into the mirror is largely limited to the first few bilayers.
Since the core area that transmits most of the light is sev-
eral orders of magnitude larger than the mirror area, power
dissipation due to material absorption Hgps is greatly sup-
pressed, with most heating happening in the first few mir-
ror layers (shown in light gray on Figure 1b). Another
mechanism of power dissipation in PBF's is radiation Hyqq
leaking through the finite-size mirror. Most of such radia-
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tion is converted to heat in the over-cladding region. As the
over-cladding absorption is very high (as high as 10° %),
typically, all heat conversion occurs in a thin circular region
at R, just outside the mirror (shown in light gray on Fig-
ure 1b). If there is no gas flow through the core, heat trans-
fer to the core is almost nonexistent. Therefore, all heat
dissipation occurs through the over-cladding periphery at
R,. Cooling there is provided by conduction and convec-
tion to gas or flowing water at an operating temperature
T.. Heat transfer from fiber to coolant is characterized by
a heat transfer coeflicient h, where for dry air h =5 ;;“{?,

forced dry air h = 25 %%, and water h = 200 .

A typical design for A = 10.6 pm has R; = 500 wm,
R, = 1500 pum. The mirror materials can be chosen to be
a polymer (low index) and chalcogenide glass (high index)
with indices of n; = 1.5 and np = 2.8 respectively, and
a bilayer thickness d = 3 um with 14 bilayers total. The
intrinsic bulk absorption losses of the high index material
are ~ 10 %, an overestimate for high-purity chalcogenide
glasses at 10.6 um. The over-cladding and low index ma-
terial are assumed to have absorption losses of 10° %—3—,
a value typical for polymers. These material parameters
yield a total HEq; modal loss of agg,, ~ 0.1 %. For this
design, total power dissipation is dominated by material
absorption losses in the first few layers of the mirror.

For a given propagating mode, the equilibrium tempera-
ture profile can be found by solving a standard heat transfer
equation with sources determined by the modal profile in
the absorbing regions of a fiber. We find that solution of the
heat equation with exact sources can be approximated very
well by a simpler model. Instead of an exact heat source, we
assume a thin circular heat source (Hgps + Hrqq) at R; such
that jr(r,2)|r=r; = Pmamexp(—amnz), where P, is the
partial power and ay, is the loss of the mode m. Boundary
conditions also assume a zero heat flux through the ends
and into the core of a fiber j,(7, 2z)|;=0 = j:(7,2)|.=L =0,
where L is the length of a fiber. Finally the heat flux to the
coolant is assumed as j (7, z)|r=r, = MT(7, 2)|r=r, — T¢)-

We first analyze the heating of PBF transmitting a power
P,, from a CW laser source. For CW sources, the temper-
ature rise in a fiber is very sensitive to the cooling condi-
tions, with most of the temperature rise occurring at the
over-cladding’s coolant interface, and only a small temper-
ature difference across the fiber cross-section. We assume
laser beam coupling to the fiber modes labelled by index
m with fractional powers P, in each of them, and that
k =0.25 % is a heat conductance of the over-cladding.
The hottest region in the fiber is at the coupling facet of
the fiber, near the inner mirror edge, with a temperature
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rise AT = T; — T, given by

1 R,/ R;
AT~ 3 Plom (217}120h + %)
R0, <1 (1)
21 m Ri
+ ¥ P (eger)
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The first summation in the above equation accounts for
the core guided modes, each of which have relatively small
modal losses and modal decay occurring on a length scale
larger than the core radius: R;ap, < 1. These modes are
relatively benign because heating from dissipation of such
modes can be counteracted by improved cooling. When
coupling to these fiber modes, one has to avoid coupling to
the very lossy over-cladding modes R;ou, > 1, for which
all the power is immediately converted into heat in a small
spatially localized region near the input fiber facet. Heat-
ing from such modes can not be effectively counteracted,
as the heated region is smaller than the fiber cross-section,
rendering heat dissipation through the outer boundary inef-
fective. We find that the optimal coupling is Pug,, ~ 98%
of power from the Gaussian laser beam to the HEq; mode
of a fiber, achieved when the diameter of the laser beam is
~ 0.6 times the fiber diameter, with coupling to the very
lossy over-cladding modes being P,y ~ 1072, Choosing a
laser beam diameter smaller than the optimal, while reduc-
ing coupling to the HE); mode, also greatly reduces the
coupling to the over-cladding modes, with the rest of the
power going to the relatively low-loss core-guided modes.
Thus, with a laser beam diameter of 0.3 times the core di-
ameter, power in the HE}; mode is still Pyg,, ~ 65% while
power in the over-cladding modes is less than Pyiqq ~ 1076,
Thus, using smaller-waist laser beams at the coupling facet
of the fiber can substantially reduce fiber heating in ex-
pense to a certain deterioration of the beam quality.

We now analyze the heating of a PBF transmitting ra-
diation coming from a pulsed source. We assume a Fqy
average power being transmitted through a fiber with 7
pulse duration and v repetition rate. We define P, to be
the peak transmitted power Py = %f. In practical appli-
cations, pulse duration is much smaller than the character-
istic temperature equilibration time across the fiber cross-
section Teq = CyR2/k ~ 1 s, where heat capacity of the
over-cladding is C, = 108 mf 7 In such a regime of short
pulses, the temperature distribution across the fiber cross-
section will be modified from that of the equilibrium distri-
bution corresponding to the average transmitted power Py,
given by (1). In general, power handling of pulsed radiation
is worse than power handling of CW radiation for the same
average power. Physically, this can be attributed to the ex-
citation of time dependent source of localized “heat waves.”
The shorter the duration of the pulse, the more localized
the “heat wave,” which greatly reduces the heat exchange
through the outer boundary of the fiber to the coolant. For
the very lossy over-cladding modes, heating becomes even
more problematic because of the additional localization of
the heat in the direction of propagation due to a very rapid
modal decay. Special care should be taken to reduce cou-
pling to the over-cladding modes. The hottest region of
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Fig. 2. Temperature rise parameter curves as a function of a laser

pulse parameter, v - pulse repetition rate, 7 - pulse duration. Different
curves correspond to the different cooling mechanisms.

the fiber will be at the coupling facet of the fiber near the
inner core radius. Peak temperature values in this region
over time can be found by solving the time-dependent heat
transfer equation with the abovementioned flux boundary
conditions. Assuming a repeated Gaussian pulse such that
T<<%<<Teq we get

~ m 1 log(R,/Ri) 1
AT~ R,-c§<<1 Fasom (2”R°h t 27k (v /TeqT)
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(2)
Assuming that high-loss over-cladding modes (R;apm > 1)
are suppressed, for a given fiber design, the temperature
rise for the pulsed source (2) as a function of the average
power, pulse duration and pulse repetition rate can be pre-

sented by a universal curve in the coordinates (P‘?—T‘“’ﬁ?)’

where Poss = Y.  Plloy,. In these coordinates, the

Riam<1
temperature rise is given by a family of straight lines (Fig-
ure 2} each corresponding to a different cooling mechanism.
From (1), we see that the CW power capacity is shown
on Figure 2 at 7}-%;: = 0. In the current design, for ex-
ample, and a temperature rise of AT = 150 K, dry air
cooling, and an HE;; mode of operation defines a C'W
power capacity of Pn®* = 300 W. For a cutting laser with
7 = 200 ns and v = 100 Hz, the maximum power capacity

is P2 = 150 W with ;’;gﬁ =108 W.
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