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Fiber Fabry—Perot Interferometer with
Mode-Converting Bragg Gratings

Dietmar Johlen, Peter Klose, Hagen Renner, and Ernst Brinkmeyer

Abstract—Bragg gratings are genuine narrow band reflectors. In order to understand the underlying processes for these
However, for several applications narrow band transmission fil- rather different modes of operation a mode-converting
ters are of interest. It is demonstrated that a pair of mode-con- Fabry—Perot interferometer can exhibit, we are presenting a

verting Bragg gratings in a Fabry—Perot interferometer configu- . L . .
ration yields a nonreflecting, narrow-band transmission filter. A theoretical model. The conditions for either mode of operation

more detailed investigation shows further a different mode of op- aré Qerived from the_model and discussed. _
eration where narrow band reflection occurs in resonance. Itis It is shown experimentally how both modes of operation

shown experimentally how both modes of operation are attained can be achieved in a well defined way by UV trimming the
py UV trimming of the Fabry—Pgrot interferometgr. A mathemat-' Fabry—Perot interferometer after fabrication.

ical model for the mode-converting Fabry—Perot interferometer is . . - . .

given. Regarding the high reﬂecuvny of the _Bragg grat|ng§ this ap-

proach has the potential to operate a fiber laser equipped with

this novel narrow-band filter on a single longitudinal mode. The
technique of UV writing of two-mode fiber sections can also be
applied to photosensitive integrated optical waveguides.

Index Terms—Bragg gratings, mode conversion, output coupler,
transmission filter, two-mode fiber.

|. INTRODUCTION
RAGG gratings are known as narrow-band reflectors and Il. EXPERIMENTAL SETUP

-J are employed in numerous applications. For several ap-giaing point is a truly single-mode, photosensitive fiber
plications it is desirable to have narrow band spectral respo £ 120.02. OFTC Sydney). A predetermined typically 10
as in Bragg gratings but witho_ut refle(_:tion. In this paper wg, long section of the hydrogen-loaded fiber (3 mol%) is
demonstrate that mode-converting gratings are attractive for %’mogeneously irradiated with a specified fluence of UV-light
tical filter design. Tilted Bragg gratings have been demonstratg{:l)\ — 244 nm by means of an Argon-lon Laser [4]
as intermodal converters in two-mode fiber [1] and two-mode |, yhis way, the refractive index of the fiber core is increased

integrated optical waveguides [2]. However, waveguides of ify, v, 4 evel where this fiber section becomes two-moded while
_terest such as stanglard communication fibers are smgle-mogﬁqihe rest of the fiber remains single-mode. The pre-irradiation
in general. Such fibers cannot host mode-converting Bragg e ating the two-mode section is carried out by scanning the
gratings, whereas splicing two-mode fiber sections into Bcused UV-beam along the fiber at a power of abBut = 80
single-mode fiber seems to be intricate. Our solution makes Us8v and writing speed oy = 2.5 mm/min. The UV beam
of the high ultravio[et (UV)-induced index increase avgilable ips focused to a spot diameter of 2 for a better writing ef-
hydroggn loaded f"?ers of abotnyy ~ ,10_2, [3]. This en- ficiency. The dependence of the UV-induced index increase on
ables direct UV writing of two-mode sections into an elsewheige f,ence is important for a well defined writing of two-mode
single-mode fiber. A tilted Bragg grating written afterwardge fiong in a photosensitive single-mode fiber. It has been an-
in that section couples the fundamentaloLnode and the .04 by a Fabry—Perot interferometer [3] by monitoring the
first higher-order LF,-mode. The adjacent single-mode fibef, <o jiive resonances while the section in between the grating
regions ac.t as hlghly selective mc_)de filters and the cor)vertﬁgir is homogeneously illuminated. An index increase of about
light experiences high losses outside the two-mode section [ﬂ]x 10-3 is necessary for two-mode wave guiding in the OFTC
In particular, this concept is used here to realize narrow-baﬁger_ In the next step, a phase mask (period on the rask
transmission filters which—unlike ordinary Fabry—Perot inter1—069 nm) is placed on top of the fiber at an angfeas to yield
ferometers—do not reflect the incident light at either side of the 5, angler = 3° for the grating fringes inside the core.
transmission peak. , For this angle maximum mode-conversion is achieved. The two
B_Ut this is not the 0r_1|y mode of operation of the mode-coqmed Bragg gratings which are to serve as mode-converters are
verting Fabry—Perot interferometer. We further show thghiien one after the other in a scanning mode at either end of
a mode-converting Fabry—Perot interferometer can exhi two-mode section as schematically shown in Fig. 1.
simultaneous narrow-band transmission and reflection in reso-
nance. This unique property is demonstrated as a narrow-band
output-coupler for fiber lasers. i
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interferometer [5]. In a particular wavelength range given by wavelength [nm]

the effective indexes within the gratings in the two-mode sec

t'?”v mode coupling occurs be_tween the fundamenta lehd Fig. 2. Transmission spectrum of a Fabry—Perot interferometer with

higher order LI?; mode. If the tilt angle is properly chosen (segnode-converting Bragg gratings. The shaded wavelength interval denotes the

Fig. 5) the conversion is highly efficient. In the forward directiofi@nge of the mode-conversion. The inset illustrates the Fabry—Perot resonances
. within the mode-conversion stop-band that are not resolved by the optical

the_ power is propagate_d on_ly by the fund_amen_ta(llLﬁ’uode, spectrum analyzer.

while in the backward direction the power is carried only by the

first higher-order LPP; mode. In this wavelength range incident

light travelling in+z-direction in the fundamental mode will be Fabry-Perot interferometer
nearly completely converted by the grating into the { fode. with tilted gratings
Vice versa, light travelling in the LR mode in—z-direction is tunable

. . . laser diode
reconverted to the Lf? mode. Therefore, starting with an input transmission
wave in+z-direction, all the forward traveling light tends to be reﬂection* n

in the LR);-mode and all the backward travelling light is es-

sentially in the LR;-mode. In this way, a resonator is formed

which behaves like a two-mirror Fabry—Perot interferometdrig- 3. Setup for analyzing the Fabry—Perot resonances with a tunable laser
In particular, at resonance the light is transmitted in the fufiUrc®: The aser can be fine tuned by about 30 pm.

damental mode while out of resonance all the light is reflected

into the first-higher order mode and lost by radiation outsid@ue to resonator losses which have to be considered for further
the two-mode section, thus forming a narrow band transmissieark with these Fabry—Perot filters [6], [7] the maximum trans-
filter without reflection [5]. This unique property can neither benittance isl;,,... = 52% at present. The minimum transmission
attained in single-mode fiber because there is no mode-convsmore than 12 dB below its maximum and, mostimportant, the
sion nor intwo-mode fiber because there is no suppression of teéurn loss is higher than 20 dB. As a potential application the
reflected light. The experimental realization of the mode-comode-converting Fabry—Perot interferometer can be used as a
verting Fabry—Perot interferometer consists of two 2-mm-lorfiter element for a linear fiber laser with the potential of opera-
tilted gratings separated by 6 mm. The normalized transmissia®n on one longitudinal mode.

spectrum of the Fabry—Perot filter described above is measured

with a grating spectrometer and shown in Fig. 2. The two promi- IV. A M ORE DETAILED INVESTIGATION OF THE

nent transmission minima at different wavelengths in Fig. 2 MoDE-CONVERTING FABRY—PEROT INTERFEROMETER

correspond to L -LP, reflection and LB, -LP,, conversion. A tilted grating in a two-mode fiber section is not only a

Note, that the Fabry—Perot resonances are far too narrow to be ; .
4 mode-converter (LE -LP; ). It can also mediate a coupling be-
resolved by the grating spectrometer. Therefore, the spectrum In . .
: S . ; tween the fundamental mode (§PLPy;) and the first higher
Fig. 2 is similar to that one of a corresponding one-grating struc-

ture [4]. The wavelength range of interest here is the; EEPy; order mode (LP;-LP;;) with itself, respectively. The strength

conversion band located aroung; = 1552 nm. Using a tun- of this coupling is exp_ressed by the couplmg coefﬂmeﬁgg,

. ) : . . and depends on the tilt angte of the grating. The coupling
able laser diode in a piezocontrolled continuous scanning made . .

. actors are calculated from the overlap integral of the involved
the Fabry—Perot resonances can be detected both in transmis-
. . ) P modes

sion and reflection as shown schematically in Fig. 3. The trans-
mission near a resonance is shown in Fig. 4. Its fullwidth at ot J &z, ez, y, )&z, y) de dy 1
half-maximum (FWHM) width is 6.6 pm. Since the continuous @)= J & (@ y)ear,y,a = 0)é(z,y) dv dy M
scanning range is limited to about 30 pm the neighbor reso-
nances cannot be measured in a single scan but can be detbere&; and&; denote the modes of the electric field and
mined by using the coarse scanning mode. The result is a fetands for the Fourier component of the electric permeability

spectral range FSR= 120 pm and thus a finesse of = 18. with the periodicityA /(2 cos «) of the tilted grating. The index
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dominant mode-conversion this leads to a small but not neg-
ligible out-of-band reflection of the fundamental mode in the
stop-band of mode-conversion.

Fig. 7 shows the unfolded forward, and backwardj, light
“0” denotes the fundamental mode. The coupling coefficients pfopagation in between the tilted gratingg and G,. In the
interest are shown in Fig. 5 as a function of the grating tilt anglgleal case of pure mode-conversienpetween the Li - and

Throughout the text LR-mode is understood as thelP;;-mode onlythe solid bold linesin Fig. 7 are relevant. In this
LP;; cos-mode (see Fig. 5) in contrast to the orthogonakgime all the transmitted light propagates in the fundamental
LP;: sin-mode. For completeness also the coupling coefficientode and all the reflected light propagates in the:Rode
for the LP;; «in-LP11 sin CcOupling is shown in Fig. 5. This modeand no reflection occurs since the Fabry—Perot interferometer
can be excited by the asymmetry of the index along aXisee is hosted by a single-mode fiber. Now, with out-of-band reflec-
Fig. 5) due to the side writing of the grating [8]. tion possible due to a nonzero coupling factor for thgl-=PPy;

The gratings presented in this paper have been written wittrede reflection;, additional “transitions” occur in Fig. 7. In
tiltangle of the grating fringes in the fiber cae~ 3° where the addition to the ideal case, the fundamental mode occurs in re-
mode-conversion (LiI-LP;;) coupling coefficient has a max- flection and the higher order mode in transmission indicated
imum. For this tilt angle (see Fig. 5) the LPLPy; coupling by the dashed arrows in Fig. 7. Again, only the fundamental
coefficient is of the same size as the mode-conversion couplimgpde can be detected because a single-mode fiber hosts the
coefficient. Accordingly, the transmission spectra of mode-coRabry—Perot interferometer.
verting Fabry—Perot interferometers (see Figs. 2 and 6) show inThis is comparable to coupled resonators. Here, the relation
addition to the stop-band for mode-conversion also a stop-bavfdhe propagation constantls; and/3;; governs the behavior
for fundamental-mode reflection (kRLPy;1). In addition to the of the Fabry—Perot interferometer. Only if both resonators are

Fig. 5. Coupling factor between the modes versus the tilt anglef the
grating. The grating is tilted about the axes
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in resonance at the same time, enough power can be transfered @ ®)
into the fundamental mode and a reflection can be detected. . _ _
In the following sections. this will be analyzed experimenE'g- 10. Comparison of a mode converting Bragg grating Fabry—Perot output
. ’ . coupler with a broad-band conventional output coupler.
tally. We will further show how the Fabry—Perot interferometer
can be tuned from one regime “no reflection in resonance” to

the other “reflection in resonance” by UV illumination of theThis is caused in part by losses of the gratings and the two-mode

section between the gratings. section due to the UV writing process [6], [7]. In contrast to the
case with “no reflection in resonance” here transmission and re-
V. REELECTION IN RESONANCE flection occurs in the higher order mode as will be shown later.

) ] ] _This light is lost in the adjacent single-mode fiber and adds to
For this experiment the mode-converting Fabry—Perot int§fe insertion loss.

ferometer is setup by two 2-mm-long tilted gratings (tilt angle
«a = 3°) separated by 2 mm. The transmission spectrum of thi§/I
Fabry—Perot interferometer is shown in Fig. 6. '
One of the three resonances within the, fPP;; mode- The mode-converting Fabry—Perot interferometer with
conversion stop-band af; = 1547.6 nm has been analyzednarrow-band reflection in resonance is demonstrated as an
in more detail with a tunable diode laser as described earl@utput coupler for fiber lasers. The setup of a fiber laser with
(see Fig. 3). The normalized transmitted and reflected powsermode-converting Fabry—Perot output coupler is shown in
is shown in Fig. 8. In contrast to the nonreflecting transmig-ig. 9.
sion filter a narrow-band reflection occurs in resonance of theThe advantage of this output coupler is illustrated in Fig. 10.
Fabry—Perot interferometer [9]. A FWHM of 8 pm is achievedf a broad-band mirror is used as an output coupler additionally
for the resonance in transmission and 4.2 pm for the resonat@é¢he light at the lasing wavelength also the broad-band ASE
in reflection. The resonance in reflection is narrower than tlspectrum is leaving the cavity, thus degrading the laser output
resonance in transmission by a factor 2. This indicates the pregectrum [see Fig. 10(a)]. This is true in particular for high-
ence of coupled resonators where power is transfered into gmver lasers with a high-output coupling ratio.
fundamental mode in reflection. The transfer is only efficient if In contrast an output coupler set up by a mode-converting
a high intensity field is present in the resonator as in resonanEabry—Perot interferometer exhibits on either side next to
The fundamental mode reflection is driven by the resonant fietlle resonance a strong return loss due to the mode-con-
within the resonator via the out-of-band reflection. Simulationgerting grating stop-band [see Fig. 10(b)]. Outside the grating
have shown that significant reflection occurs for an out-of-barsdop-band a broad-band filter can be used to suppress the rest
intensity reflection factor as small a8—*. of the ASE noise floor. The return loss depends on the grating
The transmission of about 35% is accompanied in resonarsteength and can be made stronger than for exampledB as
by a narrow-band reflection of almost the same magnitude. Tsleown in [4] for strong mode converting gratings in two-mode
free spectral range FSR 270 pm is measured with the coarsdiber sections.
scanning mode of the tunable laser resulting in a finesse ofThe output spectrum and the power characteristics of the fiber
F = 34. For comparison an ordinary grating with a comparablaser are displayed in Fig. 11.
reflection spectrum would require a length of about 180 mm. The filter bandwidth is not narrow enough to allow operation
Considering the strength of the gratings the finesse is rather lafithe laser on a single longitudinal mode.

NARROW-BAND OUTPUT COUPLER FORFIBER LASERS
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Fabry—Perot interferometer setup with mode-converting gratings as the outpu

coupler. (Length of the Erbium-doped fiber 6 m?Erconcentration 600 ppm

wt. Data of the standard Bragg grating: length 5 mm, FWHM bandwidth 0.6

nm and reflectivity 99%.) Fig. 13. Recording of the transmission and reflection factors during UV
exposure of the fiber section between the mode-converting gratings of the
Fabry—Perot interferometer.

VII. TUNING THE FABRY—PEROT INTERFEROMETER
Note that the overall decrease of total power with UV expo-
Whether the mode-converting Fabry—Perot interferometer esure time is due to UV-induced losses of various origins [6], [7].
hibits reflection in resonance or not is determined by the profbservations show that the losses due to absorption decrease in
agation constant8y; andg;; of the fundamental mode and thepart with time after the exposure.
first higher order mode, respectively. This will be investigated
with a mathematical model later in this paper in more detail. VIIl. M ATHEMATICAL MODEL

By UV illumination of the fiber core in between the mode- o mathematical model for the mode-converting Fabry—Perot
converting gratings, as shown in Fig. 12, the core index ifkterferometer is given by extending the standard Fabry—Perot

creases. This causes the increase of the propagation constanisff,ia by an extra term accounting for the effect of out-of-band
the LRy;- and LR ;-mode and according to the resonance CORaflection as indicated in Fig. 7.

dition (18) the Fabry—Perot interferometer undergoes consecUrhroughout this section index “0” (“1”) stands for a prop-

tive resonances in transmission during exposure. The effectig, of the fundamental mode (first higher order mode). Double
index of the fundamental mode increases faster than the effefyaveas stand for a transition between the modes denoted by
ti\{e index.of the higher order mode due to the larger field overlaRe two indexes. The mathematical model assumes an equal and
with the fiber core. o o s%/mmetric grating pair, e.g., no chirped gratings.

The measurement setup is similar to the one shown in Fig. S:The propagation of the light between the mirrors is given in
The narrow-band tunable laser source is set here to a fixed WaNRstrix notation by

length within the stop-band of the Fabry—Perot interferometer '
during the UV illumination. The setup allows to measure both P= <6"8°L 0 ) )
the transmission and the reflection. The result of the experiment 0 e iAL

is displayed in Fig. 13 and shows that a narrow-band reflecti Merel is the grating separation. Similarly, the amplitude re-

only occurs n resonance of _the _Fabry—Pero'F mtgrferometer: tction and conversion coefficients are comprised within matrix
the beginning of the UV illumination no reflection is recorded i

. . , 'R and accordingly for transmission by matfx
resonance. With increasing exposure time a narrow-band reflec- gy y

tion is present in resonance. After even longer exposure times R — <7’00 001> _ <t00 0 ) 3)
= ; =

the reflection vanishes again and then a new cycle starts. col Tii 0 t11
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Matrix A is defined as: —2C% cos(281 L — 4o — 2¢ry,)
o o—dBal —ifol. —2C? cos(260L — 4pe + 2¢,.,)
A=PR= <7006—j,81L C,OIC—ML> s ok = (A, 3 .
Co1€ ri1c —4C COS(d)"’OO + d)?’n - 2¢C) (9)

4)
Here,¢, = arg(s), wheres stands fofco1 , 700, 711, too OF t11,
Starting with an incident wave with the amplitutleof the elec- respectively
tric field the multiple beam interference in transmission results

in an infinite sum: Iy ~R+R
s =Bl 0
VA o (1+[AD* = (r-A) {1+ C2 = 2Ccos{(flo + 1)L — 261 + Raa
« <t00 (1 — CL§2 — algagl) ) (5) g3 = 2COS(2/30L — 2¢t00)
tiiazi(a11 + an2) — 4C cos[(Bo — BL)L + 2¢. — 24
00
Where the relation +2C0?% cos(281 L — 4¢e + 2¢4,,)
1-— CL%Q — 120921 CL12(CL11 + CLQQ) + 202(308[2([30 + [31)‘[’ + (/)7‘00 - d)?’u - Zd)c - 2¢t00]
i A2N _ a21(a11 + a22) 1- a%l — 12021 —4C COS[(ﬁO + /31)‘[’ + d)?’oo - d)?‘n - 2¢t00]
B (14 |A]?2 = (tr-A)? + 203 cos(Pryg — Pryy + 20 — 201, )

N=0
(6) g1 =14+ C? +2Ccos(2B1L + ¢rog — Priy — 2¢¢).  (10)

has been used. Equation (6) can be derived by diagonalizingThe above approximate expressions are further simplified

and evaluating the infinite sum similar to the well-known texty assuming explicit values for the amplitude reflection and
book Fabry—Perot interferometer derivation. transmission factors for Bragg gratings underol-RP;;

Similarly, the reflected electrical field is written as phase matching condition. With the assumption of power
conservation and zero cross transmissign—= t1o = 0 (zero

<§1‘0) R <EOZ) L TA i AZNPT <Ez> . (7) off-diagonal elements in Matrif), the following relations can
rl
N=0

0 be derived from multiport theory:
With the infinite sum evaluated (7) takes the form co1=—-VC=¢.=m (11)
< E,,0> = < E) L twEieI roo = =iVR= by = 3 (12)
E.) 0 1+|A])2 - (tr-(A)?
1 ( +|2|) (7 ( ) Tll:TOO:}(/)Tn:—— (13)
w ( too (a11 (1 — a3;) + arzazia22) ®) 2
tllagl(l +aj1a22 — algagl) ) too = ﬁ = ¢t00 = 0, wherel’ =1—-C - R (14)
The exact solution for the mode-converting Fabry—Perot in- ty=-—vVT= P =7 (15)
terferometer with out-of-band reflection under the assumptions . . . )
made above is given by (5) and (7). The normalized spectral in_Equanons (9) and (10) yield with (11)~(15):
tgns.ity transmissiqn and reflegtion fac;tor is calculateq by mulg, e 140 —2Ccos|(Bo + p1)L] + Rhy
tiplying the a_u_:cordmg electric field by its complex conjugate. T 1+ CZ—2Ccos|(fo + A)L|}2 + Rha
The condition for the occurrence of fundamental mode re-,” _ 2coé(2/3 L) — 2C cos[(fio — 3 )L]
flection in resonance as recorded experimentally in Fig. 8 is of = . 7 , oM
practical interest for a well defined fabrication of, e.g., either 72 = 4C” + (2 +2C7)(cos(200 L) + cos(2/1 L))
nonreflecting transmission filters or output couplers. For this +4C cos[2(Bo + £1) 1]
purpose an approximati(_)n for the normqlized spectral intgnsity — 802 cos[(Bo + B1)L] — 8C cos[(Bo — f1)L]  (16)
transmission and reflection factor is derived up to terms lineag Ths + T2h,
' " ~R+R
in R T TR 07— 20 cos|(Bo + AULIYE + Ria
Ly T?{14C% = 2Ccos(fo + B)L — 2¢] + Ror } hs = 2cos(200L) — 4C cos[(fo — B1)L] + 202 cos(23, L)
Io  {1+C?—2Ccos[(Bo + BL)L — 2¢c]}* + Rga + 20 cos[2(fo + 1) L] — 4C? cos[(Bo + f1)L]
g1 = 2C COS[(ﬂO - [31)L - 2(/)c + 2(/)7’11] + 203
_ 2COS(2/31L — 2(7)1,11) h4 =14 02 + 2CCOS(2/31L) (17)
g2 =40 COS[(ﬁl - /30)-[’ — 2¢. + 2(/)7‘00]
+4C cos[(fo — 1)L — 2¢¢ + 2¢r,,] The resonance condition of the Fabry—Perot interferometer is
802 cos[(fo + B1)L — broy — b1 given by finding the minimum of the denominator in (16). If the

term Rh» is neglected the resonance condition is given b
— 2008(2B0 L — 2y ) — 2cos(28.L — 2. 21sheg given by

— 40 cos[2(Bo + )L + 2c + proy + i) cos[(fo + fL)L] = L. (18)
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osl ho reflection i Fig. 15. Calculation of the fundamental mode intensity transmission
' . in resonance and reflection factor at a resonance of the mode-converting Fabry—Perot
D:SO.G F reflection 1 interferometer.
0.4 in resonance .
' e
i [ | l I l l l | | | l l | | I I ] A |H | above. The index increase of the core is sensed by the two prop-
2 % 0002 0.004  0.006 0.008 0.0 agating modes differently. This leads to a differential change
% 1 7 of the propagation constantig and/3;. The small contribution
= ) | of the out-of-band reflection, that is producing the fundamental
0.8 mode reflection in resonance, also results in g;kfode trans-
n_l__o.s- mission (see Fig. 14). Regarding the output coupler, this light is
04 lost and causing extra loss of the component.
0"2 Fig. 15 shows the calculation of the intensity transmission and

0 0002 0004 _ 0006 0008 00 reflection factor of one individual Fabry—Perot resonance and is
index increase in good agreement with the experimental results of Fig. 8. This
calculation further shows, as mentioned before, that the reso-
. _ _ _ o _ nance in reflection is significantly narrower than the resonance
Fig. 14. Calculation of the intensity transmission and reflection factors of t A transmission. Even the splitting of the transmission resonance
LPy1 and LR -mode versus the UV-induced index increase comparable to the . . .
see Fig. 8) is produced by the model calculation. In order to de-
rive the condition for fundamental mode reflection in resonance

i . . we start with the resonance condition according to (18). The
The comparison of (16) and (17) indicates that the reﬂec‘uon opagation constants satisfy in resonance
resonance is much narrower compared to the transmission (see

Fig. 8) because neglectirgin (16) allows to cancel the numer- =it L — (o=ifilyr o A
ator. In reflection [see (17)] that is not possible and the denom- _ <_j\/§(ej,81L)* —/C(e Ly ) (19)

experiment outlined in Fig. 12.

inaFor is still squared. It can be shown that the numerator here_z —/CeitiL _j\/ﬁe—j,ﬁlL

varies only slowly across a resonance. Hence, the resonance in

reflection is narrower than the resonance in transmission. The normalized spectral intensity transmission and reflection
Equation (17) further shows that out of resonance a fundactors for resonance [see (18)] are calculated from (5) and (8)

mental mode reflection of sizR is present. This reflection is in- with (11)-(15)

dependent whether narrow band reflection occurs in resonance ) )

or not. That means a nonreflecting filter can only be set up Zto| _ T2(1 — C)° + R° +2R(1 — C)cos(2/1 L)

by pure mode-converting mirrors. However, the out-of-band re- 1o | e HN

flection for the Bragg gratings discussed here are well below  HN =T* 4 6R* + 4T R + 2R” cos(453, L)

R = 1073 giving a return loss in excess 6f30 dB. With + (8R? + 4T°R) cos(2p, L) (20)

the use of (5) and (7) the intensity transmission and reflection ;.

factors of the fundamental mode and first higher order mode =

=R+ {2RT[R+ (C + R)(T* + 2R)

versus the UV-induced index increase comparable to the exper- To Jres ) )

imental results shown in Fig. 13 are calculated. The results are +(T° + 2R+ 2RC + 2R%) cos(2/1 L)]
displayed in Fig. 14 and are in good agreement with the exper- + 2RT[Rcos(4,L)] + RT*[1 + C* + 2CR
imental observation. Please note that the reflection and trans- + R? 4+ 2(R+ C)cos(268.L)]}/HN. (21)

mission of the first higher order mode were not recorded in the
experiment because they are not guided by the adjacent singteording to (21) with the Fabry—Perot interferometer in res-
mode fiber and cannot be detected with the setup descrilmthncecos(20;L) # —1 is necessary for narrow-band funda-
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Fig. 16. Intensity transmission and reflection factors of a mode-converting

Fabry—Perot interferometer in resonan€e= 0.9 andR = 0.001) for (8, +

1)L = 2wn,n € N. 3l

mental mode reflection. A maximum in reflection is reached for [4]
cos(203; L) = 1. By using the resonance condition of (18) this
can be rewritten as
(5]
cos[(fo — f1)L] = 1. (22)

This is the condition for a maximum of fundamental mode re-
flection in resonance. In order to show that this result is in agreed6]
ment with the experimental result of Fig. 13 and the calcula-
tion of Fig. 14 we evaluate (20) and (21) (see Fig. 16), where
¢ = (Bo — p1)L is the argument of (22)p, denotes a phase
for which the fundamental mode reflection has a maximum. In
Fig. 16 we further calculated the transmission and reflection ofjg
the higher order mode in resonance. For a fixed waveleigth
the phase is only depending on the change of the difference of
the effective index during UV exposure. Fig. 16 has then to be
interpreted as the envelope of the experimental result of Fig. 1391
and the calculation of Fig. 14, respectively.

Fig. 16 undergoes consecutive periods and in turn the mode
of operation of the Fabry—Perot interferometer changes period-
ically from “no reflection in resonance” to “reflection in reso-
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narrow-band output coupler for a fiber laser. A mathematical
model has been given showing that a coupled resonance is re-
sponsible for the observed reflection. We have demonstrated
that the Fabry—Perot interferometer can be fabricated in either
mode of operation by UV tuning of the resonator.
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IX. CONCLUSION

We have presented a mode-converting Fabry—Perot interfer-

ometer fabricated with tilted Bragg gratings in a two-mode segagen Rennet photograph and biography not available at the time of publica-
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