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Abstrac t: A double-pass fo rw ard pum ping ( DPFP ) broadband Er3+ /Yb3+ co-doped superfluorescent fiber source at

1. 55Lm is dem onstrated and experim enta lly investigated. The output powe r, m ean w ave leng th and bandw idth o f the source are

stud ied on three different length fibers when pumped near 976nm and operated in their optim a l pum p pow er. The exper imenta l

resu lts show that the fiber source of a 60cm E r3+ /Yb3+ co-doped fiber behaves better than the others. A m ax im um output pow er of

9. 18mW and a bandw idth o f only 34nm are achieved sim ultaneously w ith m ean wave leng th stab ility o f 7. 16 @ 10- 6m /mW. If

decreas ing the output pow er to about 3. 78mW, a max imum bandw idth of mo re than 80nm can be acqu ired.

K ey words: fiber optics; superfluo rescent fiber source; doub le-pass fo rw ard( DPF ) pum ping; Er3+ /Yb3+ co-doped fibe r; gy-

roscope

双程前向包层抽运宽带 Er
3+

/Yb
3+
共掺超荧光光纤光源
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摘要: 为了研究基于双程前向结构的宽带 E r3+ /Yb3+共掺双包层光纤超荧光光源,采用 976nm抽运,通过优化抽运

功率, 研究了采用不同长度光纤时光源的输出功率、平均波长和带宽。实验结果表明, 采用 60cm长的 E r3+ /Yb3+共掺双

包层光纤时, 系统达到了最佳。同时获得了 9. 18mW 的输出功率和 34nm的带宽,平均波长稳定性约 7. 16 @ 10- 6 /mW。

当输出功率减少至 3. 78mW时,系统获得了 80nm的最大带宽。
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Introductions

N av igat ion-grade fiber-optic gyroscopes ( FOGs) re-

quire superf luo rescent fiber sources ( SFSs) at 1. 5Lm
[ 1]

whose outpu t should not only have a high-pow er level for

a low sho-t noise lim it and a large bandw idth to reduce co-

herence-related excess no ise, but a lso have a stab lemean

w ave leng th to y ie ld a low scale factor drift
[ 2, 3]

. The erb-i

um-doped fiber ( EDF) SFSs have been stud ied exten-

sive ly fo r this app lication
[ 4 ]
. D iverse experim enta l conf ig-

ura tions have been reported, achiev ing either a w ide

bandw idth o f 80nm
[ 5]

or a h igh pow er of up to 1W
[ 6 ]
, but

no one ach ieves bo th o f them simu ltaneously. In addition,

some schem es can hard ly be applied to particu lar purpose

because of the comp lex setups and h igh cos.t Currently

there is also a high interest in u ltraw ideband hybr id SFSs,

w hich usually consist of a seed source stage and an ampl-i

fy ing stage
[ 7]
. H ow ever, the mean w avelength in these

configurations depends on so many parameters that it is

very d ifficu lt to keep them stable in eng ineering. A s it has

been show n, doub le-cladding E r
3+

/Yb
3+

co-doped optica l

fiber ( EYDF) has much superiority over other f ibers
[ 8]
,

such as low er requirements of the pump source and higher

pump ing conversion effic iency
[ 9, 10]

.

In th is paper, w e report a double-pass forw ard pum-

ping broadband E r
3+

/Yb
3+

co-doped superf luorescent f-i

ber source, w hich is a prom ising candidate for the light

source of nav igat ion-grade gyroscopes. The propagation

equations for the superfluorescen t pow er along the act ive

fiber have been described based on the rate equat ions o f

the E r
3+

/Yb
3 +

co-doped system. The output pow er, band-

w idth and the mean w avelength of th is source have been

measured and analyzed in deta i.l M oreover, emphases are

also g iven on the improv ing measures ofmeeting the crite-

ria of high pow er, large bandw idth, and stablemean w ave-
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length superf luorescent f iber source.

1 Theories

U sing P
+

ASE ( z, Mk ) and P
-

A SE ( z, Mk ) to represent the

forw ard and backw ard propagating signal pow ers, respec-

t ive ly, w here z is the d istance betw een them easured po int

and the pump input end, and Mk is the signal frequency,

the propagation equation of the superf luo rescence pow ers

along the act ive fiber can be w ritten as fo llow s
[ 11 ]

:

dP
?

ASE ( z, Mk )

dz
= ? 2hMk$Mk# s (Mk ) R21 (Mk )N 2 ( z) ?

# s (Mk ) [ R21 (Mk )N 2 ( z ) - R12 (Mk )N 1 ( z ) ]P
?

ASE ( z, Mk )

( 1)

The first term at the r igh t hand side in equation ( 1) is

the superf luo rescence caused by spontaneous em ission,

and the second is the superfluorescence caused by st imu-

lated em ission. W here # s ( Mk ) is pow er f illing factors o f

signa l at frequencyMk, h is P lank. s constan,t c is the speed

of light in free space, N 1 ( z ) andN 2 ( z ) are the popu la-

t ion densit ies of Er
3+

energy leve ls
4
I15/2,

4
I13/2; and

R21 ( Mk ) and R12 ( Mk ) are em ission and st imulated absorp-

t ion cross sections of Er
3+

at frequency Mk, respectively.

In fiber gyroscopes, the opt ica l sca le facto r relates

the Sagnac phase sh ift 2US to the rotation rate 8 by the

equation
[ 7]
:

2US =
4PRL

cKm
8 ( 2)

where Km is the mean w ave length, R and L are the gyro-

scope fiber co il rad ius and length.

Them ean w avelength of the SFS is ach ieved through

the fo llow ing tw o steps. F irstly, the spectrum em itted by

the SFS is measured w ith a spectrum analyzer that d ivides

the spectrum into asm any d iscrete po ints as possib le( for

example, 500 po ints) . Then the mean w ave leng th can be

calcu la ted using the equation
[ 12]

:

Km =
E

n

i= 1

P (Ki ) # Ki

E
n

i= 1
P (Ki )

( 3)

whereP ( Ki ) is the output pow er intensity at the w ave-

length Km.

Another importan t characteristic of the SFS is the e-

m ission bandw idth W e: the relat ive intensity no iseN i o f

the source inducing excess noise in gyroscope is inversely

proportional to the source integra ted bandw idth
[ 7]
, w hich

is defined as:

W e =
QP ( K) dK

2

QP 2
(K) dK

( 4)

whereP ( K) is the pow er spectral density o f the optica l

field.

2 Experim ental Set-up

In th is experim en,t w e choose the E r
3+

/Yb
3+

co-

doped doub le-cladding silica fiber(mode l EY805, manu-

factured in N ational Optics Institute, C anada) as the ac-

t ivemedia, wh ich consists o f a core composition of 4. 80 @

10
25
ions/m

3
( mass fraction: 0. 60% ) Er

3 +
, 3. 73 @ 10

26

ions/m
3
( mass fraction: 4. 85% ) Yb

3+
, 2. 07 @ 10

25
ions/

m
3
( mass fraction: 0. 11% ) Ge

4+
, and 4. 55 @ 10

27
ions/

m
3
( mass fraction: 10. 60% ) P

5+
, etc. The round fiber

core has a diameter and numerica l aperture (NA ) o f

16Lm and 0. 20, respective ly. The hexagona l inner clad-

ding, w ith a d istance betw een paralle lp lanes of 200Lm, is

coated by a low-index silicone outer c ladd ing, w hich pro-

vides aNA of 0. 35 fo r the gu ided pump ligh.t The fiber

has a pump absorption coeffic ien t of 4. 86dB /m @

976nm, w ith backg round loss< 18. 2dB /km @ 1100nm.

A doub le-pass forw ard pumped SFS scheme is adop-t

ed, as show n in F ig. 1. L1 is co llimating lens, M1 is input

  

F ig. 1 Experim en tal setups of the DPFP Er3+ /Yb3+ co-doped SFS

dichro icm irro r, L2 is focusing lens, M2 is output d ichroic

m irror. A lthough various other sing le-pass o r double-pass

pump ing con figurations have been studied
[ 4, 7 ]

, the for-

w ard-pumped double-pass arrangement is preferred as the

ideal cho ice taking in to accounts bo th the system com-

plex ity and the conversion efficiency. A coheren t continu-

ous w ave multimode sem iconductor laser ( model FAP-

system ) w as used as the pump source, delivering a max-i

mum output power o f abou t 12W at room temperature

( 20e ) . The em itted w avelength shifts from 971nm at

threshold to 976nm at max imum current and it can be

tuned ( abou t 0. 28nm /e ) by adjusting the laser d iode

temperature. For coup ling o f the pump pow er into the in-
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ner cladding o f the double c ladd ing fiber, a fused silica

lens ( L1 ) w ith a focus leng th o f 20mm is chosen to co ll-i

mate the pump beam, and a m icroscope objective ( L2:

20
@
, 0. 40NA ) to focus the pump light into the fiber

through an input d ichroic m irror (M1 ) , w hich has greater

than 99. 63% reflection from 1535nm to 1570nm and

greater than 93. 5% transm ission in the 970nm ~ 978nm

ranges. The output beam from the fiber end w as processed

w ith a 45b dichro ic m irror ( M2 ). The ou tput SFS pow er

and spectrum were measured w ith a spectra-physics pow-

ermeter ( model 407A ) and an anritsu optical spectrum

analyzer ( modelM S9710B, 0. 6Lm ~ 1. 75Lm ), respec-

t ive ly.

Comparing w ith o ther con figurations, DPFP SFS runs

the risk o f reflection from the far end o f the fiber and las-

ing. For preventing lasing, the follow ing tw o steps have

been taken. F irstly, se lecting the opt imum fiber length and

pump power acco rd ing to the fiber param eters described

above, to make sure that over 90% o f the pump light

launched into the fiber has been absorbed. In th is exper-i

men,t the best fiber leng th is from 60cm to 100cm.

Secondly, the ou tput fiber end w as c leaved at an ang le

( 8b) to elim inate any back reflect ion and prevent lasing.

3 Experim ental resu lts

For the double-pass forw ard-pumped SFS above, the

output pow ers are characterized by different va lues o f

pump pow er and fiber length, as show n in Fig. 2, w here

  

Fig. 2  Ou tpu t pow er of the SFS versu s pum p pow er for d if feren t f iber

lengths

the pumpw ave length is 976nm and the operating temper-

ature is 20e . Among the three fiber leng ths o f 60cm,

100cm, and 170cm, the 60cm-fiber has the best perfo rm-

ance in output SFS pow erw hile the 170cm-fiber is a lw ays

kept in insuffic ient pumped state obv iously. For both the

60cm-fiber and 100cm-fiber, the threshold o f SFS is about

180mW, and the corresponding ou tpu t pow er is 3. 78mW

and 1. 80mW, respective ly. W ith the increasing of the

pump pow er, SFS pow ers of these three different fiber

leng ths go up acco rd ing ly, especia lly for the 60cm-fiber

and 100cm-fiber. The max imum SFS ou tput pow er o f

9. 18mW is ach ieved for the 60cm-fiber w ith the pump

pow er o f 505mW. The measured max imum pump pow er

lim itat ion for the 60cm-fiber, 100cm-fiber and 170cm-fiber

is 505mW, 460mW and 958mW, respect ively, wh ich is the

thresho ld o f lasing for each fiber leng th. The output pow er

spectra as a funct ion o f the pump pow er for d ifferent fiber

lengths are described in deta il in F ig. 3, F ig. 4, and F ig. 5.

F ig. 3 Output SFS spectrum of the 60 cm-fiber

Fig. 4 Output SFS sp ectrum of th e 100 cm- fiber

F ig. 5 Outpu t SFS spectra of the 170cm-f iber at d ifferen t pum p pow ers

The dependence of the ou tput bandw idth upon pump

pow er, as described by equation ( 4) , is shown in Fig. 6,

  

F ig. 6 B andw id th of th e SFS versus pum p pow er for d ifferen t f iber length s

which is opposite to the ou tput pow er versus the pump

pow er. A monotonous decrease is man ifested w ith the in-
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creasing of the pump pow er Pp and the fiber leng th L

( For example, for the 60cm-fiber, 58% decreasing from

W e = 81. 28nm atP p = 180mW toW e = 33. 95nm atP p =

505mW ). When P p = 180mW and L = 60cm, the W e

achieves its max imum value o f 81. 28nm, but the output

pow er is the low es.t Therefore, comprom ise must be made

betw een the W e and the output pow er according to the

practical app lications.

The mean w aveleng th is calcu lated from the pow er

spectrum of the SFS output for various pump cond itions

using equat ion ( 3) . A ll spectrum measuremen ts are per-

fo rmed over a 100nm spectrum ana lyzer span ( from

1500nm to 1600nm ) , w ith a 0. 1nm resolution. F ig. 7

show s mean w ave length Km versus pump pow er fo r the

  

Fig. 7 M ean w avelength of the SFS versu s pum p pow er for d ifferen t f iber

length s

three different fiber lengths above. For the 60cm-fiber and

100cm-fiber, superfluorescence occurs obv iously when the

pump pow er reaches 180mW, wh ile for the 170cm-fiber

the pump pow er is about 720mW. The common character-

istic o f the three fibers is that the outputmean w ave length

descends w ith the increasing of the pump pow er. Compa-

ring w ith the other two f iber leng ths, the 60cm-fiber has

the best performances, for examp le, the mean w ave length

is much near to 1550nm and varia tion versus the pump

pow er ismuch smoother. For the 60cm-fiber, the variation

of mean w avelength versus pump pow er
1

Km

dKm
dP p

is less

than 7. 16 @ 10
- 6

/mW. W hen the f iber length increases,

th is variation show s a trend of mov ing up. How ever, if the

pump pow er is con tro lled in a specific range, stab ilization

of themean w ave length can also be kept in themagnitude

of 10
- 6

/mW.

Another characteristic can be seen from Fig. 7 is that

the m ean w aveleng th moves to longer w avelength w h ile

the fiber length increases, w hich can be expla ined by the

difference betw een the abso rpt ion and em ission cross sec-

t ions of the fiber, R a, i ( Ki ) and Re, i ( Ki ). Tab le 1 show s

  

Table 1  Em ission cross-sect ion s and ab sorp tion cross-sect ions of

Er3+ /Y b3+ f iber

ASE cross section R e, i /10
- 25m2 R a, i /10

- 25m2

1520 2. 515 3. 580

1525 3. 780 4. 800

1530 5. 480 6. 300

1535 4. 730 5. 500

1540 3. 420 3. 680

1545 3. 410 3. 150

1550 3. 395 2. 750

1555 3. 070 2. 330

1560 2. 630 1. 970

1565 2. 070 1. 440

1570 1. 560 1. 000

the variat ions o f the abso rpt ion and em ission cross-sec-

t ions versus the w ave length Ki. These tw o cross sections

reach theirmax imum values at 1530nm. For a sho rt length

fiber, it ach ieved sufficient pump and preserves a state o f

large ga ins. B ecause the em ission cross sections of shorter

w ave leng ths are b igger than those of the longer w ave-

lengths, em issions at the shorter w avelengths keep dom-i

nant and themean w ave leng th moves to the shorter d irec-

t ion. The increasing of the fiber length resu lts in the insu-f

f icient pump o f fiber. As seen from tab le 1 that the

em ission cross sect ions are b igger than the absorption

cross sections at longer w ave lengths, em issions at longer

w ave leng ths are predom inant and the m ean w ave length

sh ifts to the longer d irection by increasing the fiber length

w hile comparative decreasing the pump pow er.

4 Conclusions

In this paper, an exce llent E r
3+

/Yb
3+

co-doped su-

perfluo rescent fiber source, operated in a doub le-pass for-

w ard pumping configurat ion, has been demonstrated. The

in fluences of the system parameters on the SFS output

pow er, bandw idth, and mean w avelength stability have

been analyzed in detai.l By comparison of the three d iffer-

ent fiber lengths, it is show n that the opt imum length for

th is fiber is betw een 60cm and 100cm. For the 60cm fiber

leng th, amax imum output pow er of 9. 18mW and a band-

w idth of 34nm are ach ieved. By decreasing the output

pow er to about 3. 78mW, a max imum bandw idth of more

than 80nm can be acqu ired.

Further optim ization of the E r
3+

/ Yb
3+

co-doped

(下转第 154页 )
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大光强位置 )与截断参数有关, 当截断参数 D= 1. 00,

0. 50, 0. 30, 0. 25和 0. 10时, 相对焦移 $分别为: - 0.

01, - 0. 02, - 0. 14, - 0. 23, - 0. 77,因此 $随 D增加

而减小。图 3是相对焦移 $随菲涅耳数 N = a
2
/Kf的

变化, 由图 3可知, $随 N 增加而减小, 当菲涅耳数

N = 3,相对焦移 $ U 0。

Fig. 3 Relat ive focal sh ift$ versus Fresn el num berN

3 结  论

利用拉盖尔-高斯模和厄米-高斯模间的变换关系

将复宗量拉盖尔-高斯模转换为复宗量厄米-高斯模,

用WEN的方法得到复宗量 LG光束通过含有矩形硬

边光阑近轴 ABCD光学系统的解析计算公式, 对其横

向场分布、轴上光强和焦移作了计算分析。数值计算

表明, TEM10模复宗量 LG光束通过光阑透镜后、当

D\ 3. 0时横向光强分布与无光阑时的解析解所得结

果一致。作者所用方法为旋转对称光束通过轴对称矩

形硬边光阑光学系统变换的研究提供了一种可行的研

究方法,具有实际应用意义。
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superfluorescent fiber source can be done in SFS w ave-

length stab ility, conversion eff iciency, output pow er, and

compactness. F irstly, high quality Er
3 +

/Yb
3+

co-doped f-i

berw ith low er loss, h igher conversion efficiency, and opt-i

mum fiber dimensions shou ld be chosen. Second ly, a new

pump source w el-lmatched the fiber, if it is possib le, m ay

replace the one used in this exper imen.t Last ly, integration

of the superf luo rescent fiber source should be considered

in o rder to make the system more compact and stable.
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