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Introduction

he output power of a high-power optical fiber laser is
imited by the onset of nonlinear effects, such as self-phase
odulation, stimulated Raman scattering, and stimulated
rillouin scattering.1 A common approach for scaling the
ower and pulse energy is to increase the core size of the
ber and selectively excite only the fundamental mode.2

ut there is an upper limit to the core diameter beyond
hich single-mode operation is not guaranteed. At numeri-

al aperture �NA� lower than 0.06, furthermore, fibers be-
in to exhibit extremely high bend sensitivity, which im-
oses a practical lower limit on NA and hence an upper
imit on core diameter.3 Fortunately, many ways have been
ound to suppress higher-order lasing modes that allow de-
igners to use even larger core diameters wherein essen-
ially multimode fibers can be made to operate with a
iffraction-limited beam quality. These techniques include
uitably manipulating the fiber index and doping profiles,4,5

sing special cavity configurations,6,7 tapering the fiber
nds,8 adjusting the seed launch conditions,9 and coiling the
ber to induce substantial bend loss for all transverse
odes other than the fundamental.10

The magnitude of nonlinearity in an optical fiber de-
091-3286/2007/$25.00 © 2007 SPIE
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pends on the nonlinear refractive index coefficient of the
fiber, the power in the optical fiber, and the mode confine-
ment. The effective nonlinear coefficient of a fiber can be
defined as ncl /Aef f, where ncl is the nonlinear refractive
index coefficient and Aef f is the effective core area. The
nonlinear refractive index coefficient of a fiber depends on
the fiber material, and as such, it is almost the same for all
silica-based fibers. Thus, the nonlinearity of the fiber can be
reduced by increasing Aef f. The large flattened mode �LFM�
optical fiber, firstly proposed by Ghatak et al. in 1999, has
homogenous modal field in the central region.11 This design
can increase the effective area, which has been discussed
and demonstrated at Lawrence Livermore National
Laboratory.11,12

LFM fiber is a very promising candidate for high-power
fiber lasers and amplifiers for its large effective area and
flat-top fundamental modal field output. Previously, three-
layer LFM fibers have been discussed in detail.11–13 For the
four-layer LFM fibers, some properties have been discussed
earlier, in Ref. 14. Here we will discuss the influence of the
second cladding on the properties of LFM fibers in more
detail. We will present a generalized method to analyze the
four-layer LFM fibers. The formulations to analyze the
LFM fibers are deduced in Sec. 2. In Sec. 3, the influence
September 2007/Vol. 46�9�1
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f the second cladding on the properties of the four-layer
FM fibers is studied in detail. Last, the main results ob-

ained in the paper are summarized.

Theoretical Analyses
he properties of the fiber are evaluated with a scalar-wave
nalysis. The adequacy of this analysis is well established
or fibers with small index variations with transverse di-
ensions. Assuming that fields are time-harmonic and

ravel in the +z direction, the expressions for electric fields
n a cylindrical coordinate system �r ,� ,z� are given by

�r,�,z� = ��r,���âx

ây
�exp j�wt − �z�exp�− �z� , �1a�

�r,�,z� = Y0n�r�âz � E��r,�,z� , �1b�

here E� is the transverse electric field, H� is the transverse
agnetic field, ��r ,�� is a scalar function describing the

ransverse distribution of fields, � is the propagation con-
tant, w is the radian frequency of the light, � is the attenu-
tion constant, n�r� is the refractive index as a function of
he radial coordinate, Y0 is the free-space admittance, and
ˆ x, ây are unit vectors in the x and y directions, respectively.

In the i’th region with refractive index ni, the function
�r ,�� is the solution of the following scalar-wave

quation14–16:

1

r

�

�r
�r

��

�r
� +

1

r2

�2�

��2 + �k0
2ni

2 − �2�� = 0, �2�

here k0=2� /	, and 	 is the wavelength. For the four-
ayer cylindrical optical fiber, dropping the z- and

-dependent terms, which are common to solutions in all
egions, and using the method of separation of variables,
he solution to Eq. �2� is obtained as

= �
AZn1�k1r� cos n� , r 
 r1

�BZn2�k2r� + CZ̄n2�k2r�	 cos n� , r1 
 r 
 r2

�DZn3�k3r� + EZ̄n3�k3r�	 cos n� , r2 
 r 
 r3,

FZn4�k4r� cos n� , r 
 r3

�3�

here A, B, C, D, E, and F are constant amplitude coeffi-
ients. In the analysis, nef f =� /k0,

i = k0�
ni
2 − nef f

2 
�1/2,

ni = �Jn,� 
 ni

In,� � ni
,

ni = �Yn,� 
 ni

Kn,� � ni
, Jn,Yn,

re the Bessel functions of order n, and In, Kn are the modi-
ed Bessel functions of order n. The i’th layer has a radius
i and a refractive index ni�i=1,2 ,3 ,4�. i=1 corresponds to

he central core region, while i=2,3, and 4 refer to clad-

ptical Engineering 095007-
ding layers. The outer cladding layer �i=4� is assumed to
extend to infinity in the radial direction.

The boundary conditions at r=ri�i=1,2 ,3� require
merely the continuity of � and d� /dr, so we can get

DZn3�k3r3� + EZ̄n3�k3r3�

DZn3� �k3r3� + EZ̄n3� �k3r3�
=

k3Zn4�k4r3�

k4Z̄n4� �k4r3�
, �4�

where the amplitudes’ coefficients can be calculated in
terms of A:

C =
k2Zn1�k1r1�Zn2� �k2r1� − k1Zn1� �k1r1�Zn2�k2r1�

k2Z̄n2�k2r1�Zn2� �k2r1� − k2Z̄n2� �k2r1�Zn2�k2r1�
A,

B =
AZn1�k1r1� − CZ̄n2�k2r1�

Zn2�k2r1�
,

M =
Bk2Zn2� �k2r2� + Ck2Z̄n2� �k2r2�

BZn2�k2r2� + CZ̄n2�k2r2�
,

N =
k3Z̄n3� �k3r2� − MZ̄n3�k3r2�
MZn3�k3r2� − k3Zn3� �k3r2�

,

E =
BZn2�k2r2� + CZ̄n2�k2r2�

NZn3�k3r2� + Z̄n3�k3r2�
,

F =
DZn3�k3r3� + EZ̄n3�k3r3�

Zn4�k4r3�
, D = EN .

Obviously, for the fundamental modal field to be abso-
lutely flat in the region 
r 
 
r1, we must have d� /dr=0,
nef f =n1. In the discussion, n4
n1, and thus the modal field
distributions are

� = �
A , r 
 r1

�BZ02�k2r� + CZ̄02�k2r�	 , r1 
 r 
 r2

�DZ03�k3r� + EZ̄03�k3r�	 , r2 
 r 
 r3

FK0�k4r� , r � r3

. �5�

The corresponding transcendental equation can be deduced
from Eq. �4�.

To investigate the effective area of the LFM fibers, Aef f
can be calculated from

Aef f = 2�

��
0

�

�2�r�r dr2

�
0

�

�4�r�r dr

, �6�

where ��r� is given by Eq. �5�. The expression for the
effective area is based on the so-called Petermann II
definition.17

For the bending loss of the fiber, bend-induced mode
distortion18 has not been observed in experiment, so we did

not consider it. Here, we used the method presented by

September 2007/Vol. 46�9�2
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nyder.19 The fiber core and inner claddings are substituted
y an equivalent current radiating as an antenna in an infi-
ite medium of index equal to nN, where nN is the refractive
ndex of the most external layer for an N-layer fiber. In this
aper, N=4. To a first approximation and using the Max-

ellian equation ��H�=J�+ jwE�, it can be shown that the
urrent density of the equivalent radiating antenna is given
y the following expression:

= − jk0��0/�0�1/2�nN
2 − n2�r�	E��r� , �7�

here E��r� is the exact electric field of the fiber, �0 is the
ree-space dielectric constant, and �0 is the free-space per-
eability. As an approximation, it is sufficient to assume

hat this field is the same as the field of the straight fiber,
rovided that the bending radius is large enough compared
ith the fiber dimensions. The fiber is assumed to be bent

t a constant radius Rc. The current amplitude Ico can be
xpressed as

co = − j2�k0��0/�0�1/2�
0

�

�nN
2 − n2�r��	��r��

I0�k0�nef f
2 − nN

2 r��1/2	r� dr�. �8�

ollowing the steps of Snyder, the radiated power is ex-
ressed as:

Prad =
�

2	
nN��0/�0�1/2Rc
Ico
2Frad

�exp�−
2k0nNRc

3
��nef f

nN
�2

− 13/2� , �9�

here

rad =
1

�nef f
2 − nN

2 �1/2

� 3	

8nNRc��nef f/nN�2 − 1	1/2�2�nef f/nN�2 + 1	�1/2

.

hus, the loss coefficient is calculated as:

= Prad/2�RcP�0� , �10�

here P�0�=���0 /�0�1/2�0
�n�r� 
��r�
2r dr is the power car-

ied by the wave at the fiber input.

Results and Discussion
f we add a second cladding to the three-layer LFM fiber,
he three-layer LFM fiber will become a four-layer LFM
ne. In this paper, we will discuss the kind of four-layer
FM fiber and the influence of the second cladding on its
roperties. We define three parameters: p=r3 /r2, �i�= �ni

2

n1
2� /2ni

2, �i= �ni
2−n4

2� /2ni
2 �i=1,2 ,3 ,4�. In the calcula-

ion, r1=12 �m, r2=15 �m, 	=1.06 �m, �1�0.07%, and
2�0.13%. The introduction of �3� is just to classify the

our-layer LFM fibers, and here there are two kinds: �3�
0 and �3�
0. In the following discussion, we will exam-

ne the fibers with different �3. The refractive index pro-

les of the fibers are shown in Fig. 1. The fibers all have

ptical Engineering 095007-
depressed index cores. Following Eq. �5�, we can get the
modal field distribution of the corresponding LFM fiber by
adjusting p and �3.

3.1 Modal Fields
The four-layer LFM fiber has large core size compared with
conventional step-index fiber, and it is not single mode. In
this work, we will discuss the four lowest modes of the
fiber: LP01, LP11, LP21, and LP02. With proper �3 and p, the
LFM fiber shows flat fundamental field in the central re-
gion, but for the LP11, LP21, and LP02 modes, the modal
fields vary, as shown in Fig. 2.

For the flat-top fundamental modal field, this can be ex-
plained as follows: When �3=−0.002, −0.0015, and
−0.001, n2 is the largest, as shown in Fig. 1�a�. Light cannot
be confined into the core region well, and part of the light
energy leaks into the first cladding. Meanwhile, n2�n3
makes the light energy well confined in the first cladding.
Energy redistribution takes place as light propagates along
the fiber. A stable homogeneous intensity distribution of the
fundamental mode would form in the core at last. When
�3=0.001, 0.0015, and 0.002, n3�n1. If �3=0.0015,
0.002, n3 is the largest, as shown in Fig. 1�b�. If �3
=0.001, n2 is the largest, as shown in Fig. 1�c�. The reason
is that forming the flat-top fundamental mode is the same as
�3
0. The light energy leaks into the first and the second
claddings, and the flat-top fundamental mode is formed.

It also can be found that the modal fields are nearly the
same for different �3. By calculation, to maintain the flat-

Fig. 1 Schematic of the refractive index profiles of the discussed
fibers with �a� �3
0; �b� �3�0 and n2
n3; �c� �3�0; and n2�n3.
top fundamental mode, it can be determined that the in-

September 2007/Vol. 46�9�3
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rease of �3 leads to the increase of p if �3
0 and the
ecrease of p if �3�0, as shown in Fig. 3. Furthermore,
he variation of p for �3
0 and �3�0 is small, which
esults in the small variation of modal fields. Figures 2�b�
o 2�d� show the calculated field distribution for the LP11,
P21, and LP02 modes. The LP11 and LP21 modes have
imilar modal field distributions, having no intensity in the
ber center. Compared with the LP11 mode, the modal field
f LP21 shifts towards the fiber border. LP02 mode has a
imilar modal field as the fundamental mode, but its field is
uch narrower, having more oscillations.
The modal fields of the three-layer LFM fiber, which has

1=12 �m, r2=15 �m, n1=1.458, n2=1.459, and n3
1.457, are also plotted here. From the plots, it can be seen
learly that the three-layer LFM fiber has similar modal
haracteristics to the four-layer one.

.2 Effective Area
hree-layer LFM fibers have a larger effective area, which
as been previously demonstrated.12 The four-layer LFM
ber also has a larger effective area compared with the

Fig. 2 Modal field distributions with different �3:
�d� LP02 modes. The same characteristics for th
onventional step-index fiber, as shown in Fig. 4. In this

ptical Engineering 095007-
discussion, the conventional step-index fiber has core size
r3 and a flat refractive index of �1�0.07% across the en-
tire core, and the outmost cladding has the same index as
the LFM fibers. To maintain the flat-top mode, the value of
p varies with different wavelength. For different �3, the
effective areas of the LFM fiber are nearly the same, and
the effective area difference between conventional step-
index fibers is also small. The effective area of the LFM
fiber, however, is larger than the corresponding conven-
tional step-index one, as shown in Fig. 4.

When �3
0, p decreases with increasing wavelength,
which means r3 decreases for the fixed r2. For the conven-
tional step-index fiber, smaller core size corresponds to
smaller effective area,19 so the effective area decreases with
the increasing wavelength. But for the LFM fiber, the ef-
fective area increases with the increasing wavelength be-
cause the increase of the effective area outweighs the de-
crease of r3. The large effective area of the LFM fiber can
be explained by the flat-top modal field resulting from the
light energy in the depressed core leaking into the clad-
dings. For the small variation of p, the effective area

01 modes, �b� LP11 modes, �c� LP21 modes, and
e-layer LFM fiber are also given.
�a� LP
changes little.

September 2007/Vol. 46�9�4
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While �3�0, the effective areas of the two kinds of
bers all increase with increasing wavelength, as shown in
ig. 4�b�. Unlike the case �3
0, p increases with increas-

ng wavelength, which means that r3 increases, too. For the
onventional step-index fiber, larger core size corresponds
o larger effective area, so the effective area increases with
he increasing wavelength. For the LFM fiber, the flat-top
undamental field plays an important role for the large ef-
ective area.

To investigate the improved effective area quantitatively,
t can be seen from Fig. 4 that the effective area of the
our-layer LFM fiber can be increased by a factor of about
.6 for the cases �3
0 and �3�0 compared with the con-
entional step-index one. Compared with the three-layer
FM fiber, as mentioned in Sec. 3.1, the four-layer LFM
ber has a larger effective area at shorter wavelength and a
maller effective area at longer wavelength.

.3 Bending Loss
he LFM fiber is an ideal candidate for the high-power
ber laser for its large effective area. With power scaling,
aintaining high beam quality is imperative, while bending

he fiber provides the easiest method to suppress the higher-
rder modes. Figure 5 shows the relationship of the bend-
ng loss of the LP01 mode with different �3. With increas-
ng bending radius, the bending loss decreases
xponentially, which can be understood from Eq. �9� and
q. �10� in Sec. 2. It also can be found that the bending

osses of the fibers with different �3 are nearly the same.
his can be explained as follows: For these LFM fibers,

hey have the same nef f for the LP01 mode, so the difference
etween bending losses originates from the fiber refractive
ndex profile and the fiber geometry, as can be expected
rom Eqs. �5� to �8�. Typically, large-core fibers show the
ost pronounced bending effects, while the small-diameter
bers show the least. p varies little for the cases �3
0 and
3�0, and thus r3 varies little, so the bending losses do not
hange much.

The fundamental quantities required for understanding
FM fibers are the losses associated with the desired fun-
amental mode, LP01, and the higher-order modes. For

ig. 3 �3 versus p when �3�0, with the case �3
0 shown in the
nsert.
hese higher-order modes, LP11 is the mode with the lowest

ptical Engineering 095007-
susceptibility to bending loss. Thus, it is instructive to in-
vestigate the interplay of modal discrimination, defined
here as the difference between loss of LP11 ��11� and LP01

��01�. Figure 6 shows the variation of the modal discrimi-
nation versus the bending radius for the four-layer LFM
fibers. The modal discrimination of the three-layer LFM
fiber discussed in Sec. 3.1 is also plotted here. If �3
0, the
modal discriminations of the fibers are nearly the same. For
the cases �3�0, the modal discriminations are also nearly
the same and greater than the cases of �3
0. It also can be
found that the four-layer LFM fibers have better modal dis-
criminations than the three-layer LFM fibers at a fixed
bending radius.

Figure 7 shows the variation of the modal discrimination
versus �01. The modal discrimination of the three-layer
LFM fiber12 is also plotted here. It can be seen that the
modal discrimination increases with increasing �01. If we
set �01=0.1 dB/m and we assume that 1 dB/m discrimina-
tion can discriminate the LP01 from LP11, it can be seen that
all the four-layer LFM fibers can operate in single mode.

Fig. 4 Effective area comparisons between the four-layer LFM fiber
and the conventional step-index fiber with �a� �3
0; �b� �3�0. The
same characteristics for the three-layer LFM fiber are also given.
But the three-layer LFM fiber has lower modal discrimina-

September 2007/Vol. 46�9�5
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ion ability. The calculation provides a conservative esti-
ate of the bending loss. The influence of the rare earth

oping is not discussed in this paper.

.4 Dispersion
ith propagation constants obtained by numerically solv-

ng Eq. �4�, the group velocities �vg� and waveguide disper-
ions �Dw� can be obtained as20:

g =
dw

d�
= −

2�c

	2

d	

d�
,

w =
d�vg

−1�
d	

.

e carried out waveguide dispersion calculation for the
at-top mode of the LFM fibers with different �3, as shown

n Fig. 8. For these fibers, the flat-top mode can be obtained
t 1.06 �m, but at other wavelengths, the modal field is no

ig. 5 Bending losses of the LP01 modes versus bending radius
ith different �3.

ig. 6 Modal discriminations versus bending radius with different �3
or four-layer LFM fibers, and the same characteristics for the three-

ayer LFM fiber.

ptical Engineering 095007-
longer flat-top. If �3=−0.002, −0.0015, and −0.001, the
waveguide dispersion is nearly the same. For the cases �3
=0.001, 0.0015, and 0.002, the fibers have nearly the same
values, too. By comparison, it can be seen clearly from Fig.
8 that and the fibers with �3�0 have larger dispersion than
the cases �3
0. Furthermore, the discussed three-layer
LFM fiber has smaller waveguide dispersion compared
with the four-layer one.

4 Conclusions
In summary, we have presented the design method of four-
layer LFM fibers. We mainly discuss the influence of the
fiber’s second cladding on the properties of the fiber. The
results show that p, effective area, and bending loss vary
little with different �3. These fibers have flat-top funda-
mental modal fields, from which it can be understood that
the light cannot be confined in the core region well. The
comparison between the LFM fiber and the standard step-
index fiber indicates that the LFM fiber has a larger effec-

Fig. 7 Modal discriminations versus bending loss of flat-top mode
with different �3 for four-layer LFM fibers, and the same character-
istics for the three-layer LFM fiber.

Fig. 8 Waveguide dispersion for the four-layer LFM fibers with dif-

ferent �3, and the same characteristics for the three-layer LFM fiber.

September 2007/Vol. 46�9�6
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ive area. Compared with the three-layer LFM fiber, the
our-layer LFM fibers have a larger effective area at shorter
avelength and a smaller effective area at longer wave-

ength and have better bend-induced filtering ability. Fur-
hermore, the feasibility is also given to suppress the
igher-order modes via bending to realize a high-power,
igh beam quality fiber laser.
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