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摘要 简要回顾了高功率光纤激光的发展历程,以高功率光纤激光的“代表作”———万瓦级单模光纤激光为例,深
入剖析了结构和参数特征。随后从该激光器的特征出发,从泵浦方式、系统结构、激光波长、激光线宽和脉冲机制

等多个角度,梳理总结了高功率光纤激光领域取得的技术突破和重要进展。最后结合高功率光纤激光领域发展呈

现的若干主要特征,对高平均功率光纤激光的发展趋势进行了初步研判。
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1 引  言

高平均功率光纤激光具有结构紧凑、电光效率

高、可柔性操作等特点,在先进制造、能源勘探、国家

安全等领域都有重要的应用[1-4]。1988年双包层光

纤的发明[5],改变了早期光纤激光器只是一种中低

功率光子器件的历史。此后,伴随着光纤制备和半

导体激光等技术的进步,光纤激光的输出功率得到

了迅速提升。2004年是高功率光纤激光发展史上

的重要年份:英国南安普顿大学和德国耶拿大学采

用空间光学结构实现了单纤千瓦级高功率高光束质

量输出[6-7],美国IPG
 

Photonics公司采用全光纤结

构实现了类似结果[8]。此后,高光束质量单纤激光

输出功率在5年内实现了从千瓦到万瓦的飞跃,其
间几乎所有重要突破都是由IPG

 

Photonics公司实

现的。2009年,IPG
 

Photonics公司公布单纤单模

激光输出功率超过9.6
 

kW[9];2010年,该公司在

Laser
 

Optics会议上公布单纤单模激光输出功率达

10.5
 

kW[10]。上述两个代表性结果是光纤激光领

域的里程碑,此后,除IPG
 

Photonics公司在2013
年的CLEO会议上发布了单纤单模激光20

 

kW 输

出的消息外[11],没有进一步输出功率提升的相关报

道。从文献分析结果看,近年来国内外其他单位一

直在朝着单纤单模10
 

kW输出的目标努力,但是仍

然没有第二家单位实现单纤单模光纤激光输出。与

此同时,近年来10
 

kW级(以上)近单模固体激光的

研究报道不断涌现[12-14]。从表面上看,高平均功率

光纤激光技术领域已经多年没有重要技术突破或进

展;实际上,近十年是高平均功率光纤激光的“黄金

时期”,在物理机制、器件工艺等基础研究突破的基

础上,多种波段、多种体制的光纤激光都得到了飞速

发展,并从实验室走向了大规模应用。本文选取高

平均功率光纤激光为研究对象,从IPG
 

Photonics
公司2010年前后实现的10

 

kW 单纤单模激光器的

结构和输出参数出发,围绕高平均功率光纤激光的

泵浦方式、系统结构、增益介质、激光线宽和时序特

性等特征,全面梳理了高平均功率光纤激光技术领

域的研究进展,旨在呈现近年来相关领域的发展全

貌,并根据当前的态势和技术动向,对高平均功率光

纤激光的发展趋势进行了简要分析与预测。

2 10
 

kW 单模光纤激光的实现历程
与参数分析

  采用与增益光纤吸收波段匹配的半导体激光作

为泵浦源,是实现高功率光纤激光输出的通用泵浦方

式[15]。回顾高功率单模光纤激光的发展历程不难发

现,很多文献的标题或正文里提到“pump
 

limited”,意
思是如果有充足的泵浦能力,激光器的输出功率可以
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得到进一步的提高。以文献[16]报道的2
 

kW级光纤

激光为例,如图1所示:该激光系统结构以一个

500
 

W级的激光器作为种子,经过一级功率放大(到

1
 

kW级)和二级功率放大后实现2
 

kW级功率输出。

图1 2005年报道的2
 

kW级光纤激光系统结构[16]

Fig 
 

1 Structural
 

diagram
 

of
 

2
 

kW-level
 

fiber
 

laser

system
 

reported
 

in
 

2005 16 

从目前的技术发展水平来看,50
 

W级的种子激

光经过一级放大就可以实现2
 

kW 级功率输出[17],
可在当时(2005年),泵浦源的亮度是难以支持一级

放大技术方案的。此外,2010年报道的2
 

μm波段

千瓦级掺铥光纤激光也是采用了二级放大的方

案[18];2021年初报道的窄线宽千瓦级掺铥光纤激光

虽然系统结构较为复杂,但从十瓦级到千瓦级的放

大只需一级就实现了[19]。
基于半导体激光泵浦的光纤激光在2004年首

次实 现 了 千 瓦 级 功 率 输 出,在 2007 年 实 现 了

3.5
 

kW级功率输出[20],此后泵浦源亮度的发展似

乎跟不上激光器输出功率提升的速度。因此,级联

泵 浦技术被提出并被应用到高功率光纤激光上

来[21-22]。目前可以回溯的相对较早的高功率级联泵

浦光纤激光的报道是IPG
  

Photonics公司在2008
年Laser

 

Optics会议上报道的6
 

kW 级功率,这将

此前的输出功率(3.5
 

kW)迅速提升至6
 

kW[23],随
后在2009年、2010年相继实现了9.6

 

kW和10.5
 

kW
输出[9-10]。当然,限制光纤激光实现单模高功率输出

的因素不仅仅是泵浦亮度,非线性效应(如受激拉曼

散射、受激布里渊散射)[24-25]、模式不稳定效应[26-27]、
光子暗化[28-29]、光纤熔丝[30-32]等均是限制单纤单模高

功率输出及其稳定运行的重要技术瓶颈。
图2是文献[33]给出的万瓦级单模光纤激光结

构示意图。可以看出,该万瓦级光纤激光由两级(一
级为千瓦级种子源,一级为万瓦级放大器)组成。种

子源对泵浦的亮度要求相对较低,当时可以采用半

导体 激 光 进 行 泵 浦;而 放 大 级 则 采 用 了 47 束

1018
 

nm单模光纤激光(SM
 

fiber
 

laser
 

pumps)作
为泵浦源,每一束激光的输出功率为270

 

W。所有

泵浦源经过1个57×1的泵浦合束器(57/1
 

Pump
 

combiner)后进入光纤内包层,可以推测泵浦合束器

还有10个端口处于闲置状态,放大器实际泵浦功率

约为12.7
 

kW,最多可以注入的泵浦光达15.4
 

kW。
此外,文献[9]指出激光器的输出波长是1070

 

nm,
因此可以推定其是基于掺镱光纤实现的。从文献

[34]引用的数据判断,激光器输出光谱的线宽是

5~6
 

nm。由于激光器结构中没有专门调制元件,
因此可以确认激光器是连续波运行。

图2 万瓦级单模光纤激光的结构示意图[33]

Fig 
 

2 Structural
 

diagram
 

of
 

10
 

kW-level
 

single-mode
 

fiber
 

laser 33 

  从上述的数据分析,简要概括万瓦单模光纤激

光的若干特征:1)采用光纤激光泵浦掺杂光纤的级

联泵浦技术;2)采用放大器结构;3)放大级的增益介

质是掺镱光纤,输出波长是1070
 

nm(有利于掺镱光

纤实现高功率输出的波长[35-36]);4)激光输出线宽值

比较“适中”,适合于对时间相干性没有特殊要求(如
激光加工等)的场合;5)连续波运行。基于此,本文

接下来主要从泵浦方式、系统结构、增益介质、激光

线宽和时序特性等角度出发,详细梳理近十年高平

均功率光纤激光的研究进展。

3 泵浦方式:从单一走向多元

泵浦源通常是光纤激光系统中最关键、成本最

高的组件之一。随着半导体激光技术和双包层光纤

激光工艺的发展,“半导体激光+掺镱双包层光纤”
一度是高功率光纤激光系统的标准配置,而半导体
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激光作为一个重要组件,除了提供“泵浦能量”之外

几乎没有其他功能。在一段时期内,半导体激光亮

度的提升速度一度无法满足高功率光纤激光的发展

需求,因此研究人员引入了级联泵浦等新的方案。
近年来,随着半导体激光亮度的飞速提升以及新的

科学问题的发现,光纤激光的泵浦方式逐渐由原先

“半导体激光泵浦”的单一方式走向多元,并推动了

光纤激光技术的发展。

3.1 半导体激光泵浦的高功率光纤激光

虽然半导体激光的亮度一度是限制光纤激光功

率提升的“瓶颈”,然而,半导体激光技术并非停滞不

前,而是一直在发展,近几年更是呈现出了高速发展

的态势。图3(a)和图3(b)分别是nlight公司和

IPG
 

Photonics公司主页提供的亮度提升和成本降

低的数据。可以看出,近十年来,半导体激光的亮度

增加了一个量级以上,而成本降低了七成多,这为基

于半导体激光泵浦的高功率光纤激光研制提供了良

好的条件。
近年来,基于半导体激光泵浦的光纤激光输出

功率持续提升。2015年,国防科技大学课题组报道

了基于半导体激光泵浦的全光纤单模光纤激光

3.15
 

kW功率输出[37]。2017年,德国耶拿大学课

题组报道了基于空间结构的4.3
 

kW 单模光纤激

光[38];同年,天津大学课题组报道了全光纤结构

5
 

kW高光束质量输出[39]。2018年,中国工程物理

研究院基于自研光纤实现了半导体泵浦光纤激光

7
 

kW级功率输出[40],随后实现了超过8
 

kW 级的

功率输出[41]。自2019年以来,先后有多家单位实

现了基于半导体激光泵浦的全光纤结构光纤激光

10
 

kW功率输出[42-44]。虽然已有多家单位基于半导

体激光泵浦实现了单纤万瓦级功率输出,但从文献报

道的结果来看,输出光束质量离单模还有一定差距。

图3 近年来半导体激光发展数据(引自nlight公司和IPG
 

Photonics公司主页)。(a)亮度提升数据;(b)成本下降数据

Fig 
 

3 Development
 

data
 

of
 

diode
 

laser
 

in
 

recent
 

years
 

from
 

homepages
 

of
 

nlight
 

Inc 
 

and
 

IPG
 

Inc 
 

 a 
 

Brightness
increment

 

data 
 

 b 
 

cost
 

decrement
 

data

3.2 级联泵浦技术的广泛使用

尽管半导体激光泵浦的光纤激光已经实现了单

纤万瓦级功率输出,但这并不意味着级联泵浦技术

已经不再应用;相反,级联泵浦技术被应用到更多类

型的光纤激光器中。一方面,级联泵浦技术除了能

大幅提升泵浦源的亮度外,在热管理方面也有优

势[45],再加上激发增益场的差别,在相同光纤参数

下采用级联泵浦技术更有助于保持光束质量[46-48];
另一方面,近年来,半导体激光技术得到迅速发展,
主要是用于泵浦掺镱光纤的900~1000

 

nm波段半

导体激光,而用于泵浦掺铥、掺钬等其他类型增益光

纤的790~800
 

nm波段和1100~1200
 

nm波段的

半导体激光的亮度提升相对较慢,因此对高亮度的

泵浦源仍有较大需求[49]。对于掺镱光纤,英国南安

普顿大学课题组,德国耶拿大学课题组,新加坡南洋

理工大学课题组、DSO国家实验室课题组,中国科

学院上海光学精密机械研究所、中国工程物理研究

院、清华大学、上海交通大学、华中科技大学和国防

科技大学课题组等均开展了基于级联泵浦的高功率

单纤激光技术研究[50-68],国防科技大学课题组报道

实现了基于级联泵浦的单纤10
 

kW 级高光束质量

输出[62-63]和4
 

kW 级窄线宽光纤激光输出(系统结

构如图4所示)[52,64];清华大学课题组报道实现了

基于国产光纤的级联泵浦光纤激光3
 

kW 级功率输

出[54]、可调谐千瓦级输出[60]和基于商用光纤的

5.4
 

kW输出[66]。
对于其他类型的增益介质,国内外也有多家单

位开展了级联泵浦技术研究,比较有代表性的结果

有:加拿大Laval大学等单位采用1535
 

nm光纤激

光泵浦铒镱共掺光纤,获得了264
 

W的1585
 

nm激
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图4 基于级联泵浦方式的4
 

kW窄线宽光纤激光系统结构[64]

Fig 
 

4 Structural
 

diagram
 

of
 

4
 

kW
 

narrow
 

linewidth
 

fiber
 

laser
 

based
 

on
 

tandem
 

pumping
 

scheme 64 

光输出[69];美国BAE
 

system公司采用1908
 

nm光

纤激光泵浦掺铥光纤,获得了大于90%的斜率效

率[70];新加坡制造技术研究所等单位采用1940
 

nm
光纤激光泵浦掺铥光纤,获得了40

 

W 平均功率的

皮秒脉冲激光输出,斜率效率高达87%[71];澳大利

亚 DSTO (Defence
 

Science
 

and
 

Technology
 

Organisation)课题组采用多束掺钬光纤激光泵浦掺

钬光纤,获得了400
 

W高功率激光输出[72]。
本文 讨 论 的 级 联 泵 浦 (对 应 英 文 名 称 为

Tandem
 

Pumping)和目前很多文献报道的“同带泵

浦(对应英文名称为In-band
 

Pumping)”有明显的

区别:前者主要从结构上阐述(即“级联”而非“直
接”),后者主要从吸收发射谱的重合上阐述(即泵浦

波长处于发射谱段,也属于吸收谱段)。如采用

1500~1600
 

nm 半导体激光泵浦掺铒光纤就属于

“同带泵浦”;采用900~1000
 

nm半导体激光泵浦

掺杂 光 纤 产 生1100~1200
 

nm 光 纤 激 光,再 用

1100~1200
 

nm光纤激光泵浦掺铥光纤就属于“级
联泵浦”;采用900~1000

 

nm半导体激光泵浦掺杂

光纤产生1500~1600
 

nm 光纤激光,再用1500~
1600

 

nm光纤激光泵浦掺铒光纤既属于“级联泵

浦”,也属于“同带泵浦”。

3.3 基于新型泵浦技术的高功率光纤激光

随着高功率光纤激光研究的不断深入,泵浦源

的功能不再仅仅是“提供能量”。研究人员发现,对
泵浦源及其输出特性的调控,可以提升激光器的输

出性能。德国耶拿大学等单位的研究表明,泵浦的

强度噪声是影响模式不稳定效应产生阈值的重要因

素,通过调控泵浦源的强度噪声,可以显著提高模式

不稳定效应的产生阈值[73-75];此外,泵浦源的强度噪

声的传递方式还会对高功率激光的非线性效应产生

影响[76-77]。清华大学课题组使用“半导体激光+光

纤激光”的双波长(976
 

nm+1018
 

nm)泵浦方法,获
得了3.7

 

kW的高功率激光输出[78];英国南安普顿

大学课题组使用多波长(950
 

nm+976
 

nm)半导体

激光泵浦的方法,获得了1020
 

nm单波长激光输出,
效率达51%[79];本课题组采用超荧光光源泵浦的方

法,有效改善了拉曼增益特性、提高了平坦度,在

40
 

nm泵浦宽度的条件下,获得了1116~1125
 

nm区

间的19波长激光输出,信噪比高于30
 

dB
 [80]。

4 系统结构:从放大器结构到谐振腔
结构、无腔结构

  1999年实现了百瓦级掺镱光纤激光,这是高功

率光纤激光发展史上的重要事件[81],它标志着光纤

激光高功率输出从预测变成了现实。在此后的5年

时间内,光纤激光的输出功率迅速从百瓦级提升至

千瓦级[6-7,82-85],在此过程中,激光器的系统结构是

以谐振腔为主的。此后,由于单元器件承受功率、泵
浦亮度等原因,更高功率的输出以放大器结构为

主[86-92]。近年来,随着无源器件制备工艺和半导体

激光亮度的提升,谐振腔结构的光纤激光输出功率

迅速提高;另外,无腔结构的光纤激光等新概念也被

提出并迅速实现。高功率光纤激光系统结构进入了

一个多种类型并行发展的阶段。

4.1 谐振腔结构的高功率光纤激光器

与放大器结构相比,谐振腔结构具有结构简单、
稳定性好等特点。光纤光栅是构建光纤激光谐振腔

的重要元件。在早期研究过程中,由于光纤光栅的

功率承受能力、泵浦亮度等因素,谐振腔结构的高功

率光纤激光输出功率一般在数百瓦至千瓦级,通过

功率放大的方式,可实现数千瓦甚至万瓦级功率输
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出。近年来,随着光纤光栅制备工艺的改进、半导体

泵浦源亮度的提升,光纤激光谐振腔的输出功率也

得到了飞速提升。目前,日本藤仓公司是这一领域

的领军单位,该单位自2016年以来在相关领域持续

保持领先水平,先后报道了全光纤结构光纤激光谐

振腔3,5,8
 

kW高功率高光束质量输出[8
 

kW 功率

输出时光束质量约为0.5
 

mm·mrad,对应的光束质

量因子(M2)约为1.6],其被应用于激光加工等场

合[93-97];德国耶拿大学基于自研光纤光栅也于2019
年实现了光纤激光谐振腔结构5

 

kW 功率输出,M2

约为1.3[98];伊朗国家激光科学技术中心也于2017
年实现了光纤激光谐振腔结构3

 

kW 功率输出[99],
并基于该系统研究了泵浦结构对模式不稳定效应阈

值的影响。
在国内,谐振腔结构光纤激光器的技术进步非

常明显。国防科技大学课题组与中国科学院上海光

学精密机械研究所等单位合作,在三年时间内先后

突破了谐振腔结构4,5,6,7
 

kW 功率输出[100-102]。
目前,国内研究成果与国际领先水平的差距主要是

在光束质量等方面。以5
 

kW 光纤激光谐振腔为

例,M2 分别为1.3[98]和1.7[101]。此外,在对实际应

用效能影响十分明显的传能光纤长度方面,国内研

究成果与国际领先水平也有明显的差距。谐振腔结

构激光器的优势在激光加工等领域有大量应用需

求,因此谐振腔结构的数千瓦级全光纤激光器产品

近年来得到了广泛关注[103-104]。

4.2 无腔结构的高功率光纤激光器

2010年前后,英国Aston大学课题组提出了一

种基于“随机分布式反馈+拉曼放大”机理的激光产

生方法,不需使用谐振腔结构(或者半腔结构)即可

产生激光输出[105]。该方法具有结构灵活、波长灵

活、产生激光时序稳定等优点[106-107],近年来输出功

率得到了飞速提升[108-111],输出功率已经从2013年

的10
 

W 量级提升至2019年的千瓦级[112-117],通过

功率放大的方式实现了5
 

kW 功率输出(如图5所

示)、窄线宽千瓦级功率输出
 [118-121],并在非线性频

率变换[122-123]、激光泵浦[124-125]等领域得到了广泛

应用。

图5 采用功率放大方式实现5
 

kW功率输出的系统结构示意图[121]

Fig 
 

5 Structural
 

diagram
 

of
 

5
 

kW
 

output
 

power
 

system
 

enabled
 

by
 

power
 

amplification
 

scheme
 

 121 

5 激光波长:从短波到长波、从可见光
到中红外

  前文第2到第4节讨论的高功率光纤激光大都

是基 于 掺 镱 光 纤 实 现 的,中 心 波 长 为 1.06~
1.08

 

μm。实 际 上,掺 镱 光 纤 的 辐 射 谱 覆 盖 了

0.96~1.2
 

μm波段[126],虽然其余波段的净增益相

对较小、难以实现高功率输出,但由于应用需求的牵

引,这些波段上的激光也取得了重要进展[35-36,127]。

此外,基于其他增益介质(包括掺杂光纤和无源光

纤)也实现了高功率输出,使得高功率光纤激光的波

长实现了“从短波到长波、从可见光到中红外”的大

范围覆盖。

5.1 特殊波长掺镱光纤激光

文献[35]将掺镱光纤的输出波段分为短波波段

(S)、常规波段(C)和长波波段(L),其中常规波段对

应的掺镱光纤净增益相对较大,比较容易实现高功

率输出,而短波和长波波段(本节将处于这两个波段

2000001-5



特邀综述 第48卷
 

第20期/2021年10月/中国激光

的激光波长统称为特殊波长)输出高功率技术难度

较大。尽管常规高功率光纤激光主要应用的工业

加工等领域对激光的波长并不敏感,但对于高功

率泵浦、非线性频率变换等领域,需要常规高功率

光纤 激 光 工 作 在 特 殊 波 长。第 2 节 提 到 的

1018
 

nm光纤激光就属于典型的特殊波长光纤激

光,2010年前后实现了单纤300
 

W 级功率输出。
此后,德国耶拿大学[128]、以色列Soreq

 

Nuclear
 

研

究中心
 [129]、伊朗Shahid

 

Beheshti
 

大学
 [130]、土耳其

TUBITAK
 

BILGEM
 

和Bilkent
 

大学[131-132]、中国科

学院 上 海 光 学 精 密 机 械 研 究 所[133]、清 华 大

学[134-136]、天津大学[137]和国防科技大学[138-140]等单

位都实现了(数)百瓦级高功率输出;2020年,美国

IPG
 

Photonics
 

公司报道了1.3
 

kW
 

1018
 

nm光纤

激光,M2 小于1.1[141]。
此外,更短波长(如980

 

nm、1010
 

nm等)输出

也有相关报道,美国IPG
 

Photonics公司实现了

750
 

W
 

1007
 

nm 光纤激光输出[141],美国 Clemson
大学、德国耶拿大学、国防科技大学等单位都实现了

(数)百瓦高功率980
 

nm 光纤激光[142-150]。研究表

明,采 用 更 短 波 长 泵 浦 有 利 于 提 高 泵 浦 吸 收 效

率[151]。对于长波波段[152-157],国防科技大学课题组

基于常规双包层光纤实现了百瓦级1150
 

nm掺镱

光纤激光[154]和30
 

W 级1178
 

nm光纤激光[153],日
本电气通信大学等单位利用光子带隙光子晶体光纤

实现了167
 

W
 

1178
 

nm激光输出[156]。

5.2 掺铒与掺铥/钬光纤激光

当前,光纤激光的功率纪录几乎都是基于掺镱

光纤实现的,激光的中心波长大都在1
 

μm 波段。
近年来,基于掺铒光纤/铒镱共掺光纤和掺铥/掺钬

光纤的1.5
 

μm波段光纤激光和2
 

μm波段光纤激

光也取得了重要突破。在1.5
 

μm波段,尽管早在

2005年就实现了全光纤结构百瓦级功率输出,但此

后发展较为缓慢。近年来,美国 Clemson
 

大学、

Coherent
 

公司,俄罗斯科学院,法国 Bordeaux大

学,加拿大Laval大学、CorActive公司和英国南安

普顿大学等单位开展了深入研究,逐渐形成了级联

泵浦掺铒光纤和半导体泵浦铒镱共掺光纤两条技术

路线[68,158-169],分别实现了300
 

W 级(单模)[164]
 

和

600
 

W级(多模)[163]功率输出。
在2

 

μm波段,主要采用的增益介质是掺铥光

纤和掺钬光纤[168-171],目前的最高功率千瓦级和

400
 

W 级,分别于2010年[18]和2013年实现[72]。近

年来没有更高的功率报道,推测主要原因是受限于

泵浦源亮度以及高功率运行时严重的热效应等因

素,比如2018年前后德国耶拿大学基于空间结构实

现了飞秒掺铥光纤激光千瓦级功率输出[172-174],系
统中采用的泵浦源亮度与2010年的文献报道差别

不大,而且主放大级效率在60%左右,产生的废热

为500
 

W 级,与5
 

kW 级掺镱光纤激光中产生的废

热相当,进一步提升功率可能会面临模式不稳定等

问题[175-176]。采用级联泵浦技术是降低废热、提升

2
 

μm波段激光输出功率的技术手段[49,177]。
另外,掺铒光纤激光和掺铥光纤激光的波段也

有“短波波段、常规波段和长波波段”的提法[178-180],
其实掺镱光纤激光输出波段的划分在很大程度上是

借鉴了掺铒光纤激光。级联泵浦的掺镱光纤激光、
掺铒光纤激光和掺铥光纤激光通常都是利用“短波

波段”泵浦“常规波段”或者“长波波段”来实现的。
图6所示是上述三类掺杂光纤的增益谱覆盖范

围,其中曲线为石英光纤中不同波长激光的传输损

耗。对于图6中未覆盖的“空白区域”,科研人员还

采用拉曼增益或其他类型的掺杂光纤(如掺铋光纤)
实现对应波段的激光输出。

图6 常见的三类掺杂光纤的增益谱覆盖范围[33]

Fig 
 

6 Covering
 

ranges
 

of
 

gain-spectra
 

of
 

three
 

typical

doped
 

fibers 33 

5.3 高功率拉曼光纤激光

鉴于掺杂光纤在部分波段净增益小、难以实现

高功率输出的难题,科研人员通过引入拉曼增益来

实现特殊波长的高功率激光输出[181-182]。随着激光

物理研究的不断深入,基于无源光纤的拉曼激光以

及基于“有源光纤+无源光纤”的混合增益机制也成

为实现高功率激光输出的重要技术途径[183]。具体

实施时,可以采用单级结构和放大器结构。
在单级结构方面,具体包括谐振腔结构、复合谐

振腔结构和无腔结构等方式,其中无腔结构已在第

4.2节简要介绍,科研人员已经实现了千瓦级功率
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输出。基于谐振腔结构,在纤芯泵浦的方式下,已经

实现了百瓦级功率输出[184-185];在包层泵浦的方式

下,已经实现了千瓦级功率输出[186-191]。基于复合

谐振腔结 构[192-193],已 经 实 现 了2
 

kW 级 功 率 输

出[193],中心波长为1120
 

nm,同比之下基于掺杂光

纤的1120
 

nm 波段全光纤激光器的最高功率为

300
 

W量级[194],充分体现了复合腔的技术优势。
在放大器结构方面,基于纤芯泵浦和包层泵浦

无源光纤,均已实现了千瓦级功率输出[195-198];基于

“有源光纤+无源光纤”的混合增益机制,已经实现

了数千瓦功率输出[199-203],并且在特殊波长窄线宽

高功率激光输出方面展现了突出优势[203]。图7总

图7 高功率拉曼激光输出功率的提升过程

Fig 
 

7 Output
 

power
 

scaling
 

of
 

high
 

power
 

Raman
 

laser

结了近年来高功率拉曼激光输出功率(基于无源光

纤)的提升过程,可以看出,高功率拉曼光纤激光正

在进入一个高速发展的阶段。当然,进一步提升拉

曼激光的输出功率,也会面临模式不稳定以及多重

限制效应等带来的技术挑战[204-207]。

5.4 可见光与中红外光纤激光

掺镱、掺铒(铒镱共掺)、掺铥/掺钬光纤是研究

较多的高功率光纤激光类型,它们对应的输出波段

分别为1,1.5,2
 

μm波段,第5.3节介绍的拉曼光

纤激光技术几乎实现了近红外波段的全覆盖。除此

之外,3~5
 

μm中红外波段以及可见光波段光纤激

光也有广泛的应用需求[208-211],本节对这两个波段

的研究进展进行介绍。

2010年 前 后,日 本 Kyoto 大 学、美 国 New
 

Mexico大学等单位先后实现了2.8
 

μm波段附近中

红外激光10
 

W 级功率输出,这标志着中红外光纤

激光迈入了高 功 率 阶 段[212-215]。近 年 来,加 拿 大

Laval大学、澳大利亚悉尼大学、日本 Osaka
 

大学、
国内深圳大学、吉林大学等单位在高功率中红外光

纤激光技术领域取得了重要进展[216-221],加拿大

Laval大学的2.8
 

μm波段中红外激光的输出功率

突破了40
 

W[219],如图8所示,并且有超过100
 

h
(输出功率大于20

 

W)的长时间稳定工作报道[220]。

图8 输出功率大于40
 

W的中红外光纤激光系统[219]。(a)结构;(b)实验结果

Fig 
 

8 Mid-infrared
 

fiber
 

laser
 

with
 

>
 

40
 

W
 

output
 

power 219  
 

 a 
 

Structural
 

diagram 
 

 b 
 

experimental
 

result

  在可见光波段,由于增益介质制备和泵浦源亮

度等原因,通常采用近红外变频等方式获得高功率

输出[222]。近年来,由于相关工艺和技术的进步,日
本千叶工业大学、加拿大拉瓦尔大学、国内厦门大学

等单位在使用半导体激光直接泵浦掺杂光纤实现高

功率可见光输出方面取得了一系列重要进展,目前

已经实现(数)瓦级功率输出[223-227]。

6 激光线宽:从超窄线宽到超连续谱

依照目前专业技术文献对线宽的通用描述方

式,高功率光纤激光大致可以分为五个类型。一是

单频激光(单纵模激光),指输出仅含有一个频率(纵
模)的激光,线宽通常在100

 

MHz以内,也有很多

10
 

kHz以内的文献报道[228-232]。二是窄线宽激光。
目前对于窄线宽的“窄”没有统一的定义或标准,文
献[233]提出窄线宽激光一般指线宽小于0.1

 

nm
的激光,但后续也有将线宽窄于0.3

 

nm的激光称

作窄线宽激光的报道[234-237]。考虑到目前窄线宽激

光的主要应用领域是部分光束合成(具体包括相干

合成和光谱合成)和非线性频率变换等对激光相干
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性有一定要求的场合,而常规高功率光纤激光的线

宽一般在数nm量级,本文将窄线宽激光的线宽定

义为<1
 

nm量级,即线宽范围处于单频激光和常

规激光之间。三是常规激光,一般指基于经典谐

振腔结构实现的高功率激光,或者经典谐振腔作

为种子经过功率放大实现的高功率激光,线宽典

型值是数个nm。常规激光主要应用于工业领域

(能量沉积型应用,如切割、焊接等),对相干性没

有特殊要求,本文第2到第4节介绍的激光器大都

属于此类。四是宽谱激光,通常采用超荧光等方

法产生,线宽宽于常规激光,窄于超连续谱,主要

用于光纤陀螺、激光泵浦等领域[238-239]。五是超宽

谱激光,主要指高功率超连续谱,它的线宽值已经

宽于常规掺杂离子的增益谱(即便是宽带增益,由
于增益竞争等原因,很难直接实现数十nm输出),
需要通过光纤中的非线性效应实现[240-242]。上述

五种类型的高功率光纤激光的基本情况如表1所

示。需要说明的是,表1中标注的线宽分类标准

并非绝对值,而是面向主要应用领域提出的参考

标准。
表1 从光谱角度划分的不同类型的光纤激光及其主要应用领域

Table
 

1 Types
 

of
 

fiber
 

lasers
 

according
 

to
 

spectra
 

and
 

main
 

application
 

fields

Type Linewidth Main
 

application
 

field

Single
 

frequency
 

laser <100
 

MHz(corresponding
 

to
~0.3

 

pm@1
 

μm)
Coherent

 

detection,
 

sensing,
 

etc.

Narrow
 

linewidth
 

laser <1
 

nm Beam
 

combination,
 

nonlinear
frequency

 

conversion,
 

etc.

Common
 

laser 1--10
 

nm Laser
 

processing,
 

etc.

Broadband
 

laser 10--50
 

nm Fiber
 

gyro,
 

laser
 

pumping,
 

etc.

Super-broadband
 

laser >50
 

nm Spectral
 

analyzation,
 

imaging,
 

etc.

  由于线宽不同,相同输出功率下激光的谱功率

密度不同,产生的非线性效应的强度和类型也不同。
因此,上述五种类型的光纤激光在输出功率提升的

过程中,面临的技术瓶颈和制约因素也有较大差

别[243-247]:对于单频激光和窄线宽激光,受激布里渊

散射(SBS)效应是限制功率提升的重要因素[248-249],
而在其他三种类型的激光器中一般不会发生;常规

激光功率提升的主要受限因素之一是受激拉曼散射

(SRS)效应,而SRS效应却是高功率超宽谱激光产

生的重要机制;新近发现的模式不稳定(TMI)效应

是光纤激光功率提升的技术瓶颈[250-251],已经表现

出明显的线宽相关性[252-253]。图9为文献[254]报
道的高功率全光纤结构单频激光的系统结构,系统

中采用1030
 

nm激光作为种子抑制TMI,采用锥度

光纤同时起到抑制SBS和TMI的作用,最终实现

了大于500
 

W的功率输出。

图9 550
 

W级全光纤结构单频激光的系统结构[254]

Fig 
 

9 Structural
 

diagram
 

of
 

550
 

W-level
 

all-fiberized
 

single-frequency
 

laser 254 

  此外,虽然时域和光谱通常被当作不同维度的

激光特性加以考察,但由于测不准关系等引入的时

频特性的耦合,时域和光谱特性往往是耦合的,不同

脉宽的光纤激光器对应的线宽类型不一致。比如皮

秒/飞秒激光等(超)短脉冲激光就不可能实现单频

输出,飞秒激光就不可能实现窄线宽输出。
尽管泵浦技术、有源光纤和无源器件等共性技

术的高速发展为高功率光纤激光的研制奠定了良好

的基础,但由于上述因素的影响,不同类型的光纤激

光器发展呈现出了不同的速度和特征。目前,全光

纤结构的单束单频激光、窄线宽激光、常规激光、宽
谱激光和超宽谱激光的最高输出功率分别为500

 

W
级、4

 

kW级、20
 

kW级、3
 

kW级和400
 

W级[252-259],
具有一定程度的“对称性”。尽管最高输出功率存在

量级上的差别,但由于不同场景对激光功率的需求

不同,五种不同类型的光纤激光器已经并将继续在
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各自的应用领域大放异彩。

7 高平均功率脉冲光纤激光器

以上以连续波激光器为主要对象综述了不同类

型的高功率光纤激光器,本节从时序的维度(从脉宽

划分,主要可以分为准连续、纳秒、皮秒和飞秒等类

型)简要介绍高功率脉冲光纤激光器的研究进展。
高功率准连续光纤激光和纳秒脉冲激光主要应

用于工业领域和激光变频等科研领域。2015年,德
国耶拿大学报道了基于级联泵浦结构的高功率准连

续光纤激光,采用商用盘片激光作为泵浦源(激光器

运行在10%的占空比状态)泵浦掺镱光纤,获得了

峰值功率为6.8
 

kW 的1071
 

nm光纤激光输出;而
当 系 统 工 作 在 连 续 波 状 态 时,则 输 出 功 率 为

985
 

W[260]。同年,美国IPG
 

Photonics公司报道了

千瓦 级 准 连 续 窄 线 宽 光 纤 激 光 (平 均 功 率 为

1.03
 

kW,峰值功率为4.9
 

kW,0.5
 

nm线宽范围内的

功率占比大于94%),并利用该激光作为泵浦源进行

了非线性频率变换,获得了700
 

W
 

532
 

nm绿光和

160
 

W
 

355
 

nm 紫 外 光 输 出[261]。通 过 访 问IPG
 

Photonics公司官网可以查询,目前高功率准连续光

纤激光的平均/峰值功率已经达到2
 

kW
 

/20
 

kW
 [262]。

在纳秒激光方面,德国耶拿大学课题组采用

1
 

m长的棒状光子晶体光纤作为放大器增益介质,
实现了纳秒脉冲激光2

 

kW平均功率输出,M2 约为

3[263]。通过访问IPG
 

Photonics公司官网可以查

询,目前高功率纳秒光纤激光的平均功率已经达到

2
 

kW(脉宽为25~100
 

ns,重复频率在2~50
 

kHz
范围内可调),最大脉冲能量可达100

 

mJ[264]。
 

高功率皮秒光纤激光和飞秒光纤激光主要应用

于工业加工领域。与准连续激光和纳秒激光不同,
皮秒/飞秒脉冲短,峰值功率更高,更容易产生非线

性效应。基于棒状光纤的空间结构高功率光纤激光

在抑制非线性方面有优势,许多具有高技术指标的

成果都是采用这种方案实现的[265-269]。同时,基于

传统全光纤结构的超快激光在可柔性操作等方面有

优势,近年来成为这个领域的研究热点。在皮秒激

光方面,2009年,国防科技大学课题组实现了全光

纤结构皮秒激光百瓦级功率输出[270]。之后,该类

型的输出功率取得了迅速发展[271-274],目前最高输

出功率已经达到600
 

W级,基于掺铥光纤的皮秒脉

冲激光的输出功率也突破了400
 

W 级[275-276]。在飞

秒激光方面,2013年,美国PolarOnyx公司实现了

全光纤结构飞秒激光千瓦级功率输出[277],堪称本

领域里程碑事件。在国内,国防科技大学课题组

2016年报道了全光纤结构飞秒激光300
 

W 级功率

输出[278]。
值得指出的是,脉冲激光的峰值功率高,相对连

续激光而言,更容易引发非线性效应,功率定标放大

的难度更大。目前,脉冲光纤激光的最高平均功率

与连续激光相比,尚有量级上的差距。基于此,在连

续波领域广泛应用的相干合成技术[279-281]近年来被

广泛应用于脉冲光纤激光领域[282-285],并取得了一

系列重要进展。从2013年以来,德国Jena大学课

题组在高平均功率超快激光相干合成和高脉冲能量

超快激光相干合成等方面取得了重要突破[286-292],
分别实现了万瓦级高平均功率和20

 

mJ级大脉冲能

量输出。图10是文献[292]报道的采用16束激光

相干合成获得10
 

mJ大脉冲能量激光输出的实验系

统和典型结果,平均功率达1
 

kW、脉宽为120
 

fs。

图10 16束激光相干合成系统[292]。(a)结构;(b)满功率输出时的光谱

Fig 
 

10 16-lasers
 

coherent
 

beam
 

combining
 

system 292  
 

 a 
 

Structural
 

diagram 
 

 b 
 

spectrum
 

at
 

maximal
 

output
 

power
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  此外,日本Osaka大学的科研人员通过8束亚

纳秒脉冲激光合成实现了千瓦级1040
 

nm基频脉

冲激光输出,重复频率为10
 

MHz,脉宽为285
 

ps;
经过频率变换系统,获得了平均功率为600

 

W 的

520
 

nm激光输出和平均功率为300
 

W 的347
 

nm
激光输出[293]。

8 技术发展趋势

前文第3至第7节结合万瓦级单模光纤激光的

实现方案,从泵浦方式、系统结构、增益介质、激光线

宽和时序特性等方面梳理了近年来高功率光纤激光

领域的研究进展,但限于篇幅,难以进一步深入全面

地介绍整个光纤激光领域的发展态势。此外,各个

观察维度之间是相互关联的,可以形成很多新的视

角,比如“中红外”+“超短脉冲”、“可见光”+“超连

续谱”,等等。对此可以阅读此前出版的相关综述文

献,如高功率光纤激光技术及其应用[2,4,15]、拉曼光

纤激光[294]、线偏振光纤激光[295]、单频与窄线宽光

纤激光[296]、中红外光纤激光[297]、激光超连续谱[298]

以及 光 纤 激 光 光 束 合 成 等[299-300]。如 果 说IPG
 

Photonics公司提出的三个“任意”[301-302](即任意功

率、任意波长、任意脉宽)是从宏观和应用层面对光

纤激光的发展进行了很好的展望,那么具体到技术

层面,从近期发表的文献来看,高功率光纤激光技术

呈现出向“可控”方向发展的趋势,具体表现如下。
一是激光脉冲特性可控。激光的脉冲特性包括

重复频率、脉宽、波形等多个方面。通过“种子”+

“放大”结构,科研人员很早就实现了对高功率光纤

激光的重复频率和脉宽的控制。近年来,伴随着先

进制造、生物医学等领域的发展,人们发现脉冲的形

状对应用效果有重要影响。基于放大器中的增益饱

和等物理效应,科研人员提出了“预调制”、“预补偿”
等方式[303-307],通过引入计算科学和光电混合系统,
也实现了脉冲波形的几乎任意可控(如平顶波形、椭
圆波形、“M”型)输出[308]。

二是激光光谱特性可控。激光的光谱特性包括

中心波长、线宽、谱型等多个方面。通常光谱可控是

指中心波长可调。对于高功率光纤激光而言,科研

人员很早就实现了中心波长可调,但是可调谐范围

往往局限在增益光纤发射谱能覆盖的波段,一般在

百纳米级以内。近年来,随着非线性效应的引入,上
述调谐范围已经被大大拓展,中国科学院上海光学

精密机械研究所课题组通过激发不同阶数的受激拉

曼散射效应,实现了近千纳米范围内的中心波长可

调谐输出[309-310],如图11所示。线宽可调谐的高功

率光纤激光近年来也取得了一系列成果,国防科技

大学课题组实现了百瓦级宽带激光输出并实现了应

用[311-312],印度科学院课题组实现了20
 

W 级线偏振

(消光比大于20
 

dB)线宽连续可调窄线宽光纤激

光,可调范围是~2.88
 

GHz到
 

~9.88
 

GHz
 [313]。

随着谱型影响非线性效应等现象的发现和物理机制

的深入研究[314],科研人员对高功率光纤激光的光

谱控制能力不断增强,这会进一步促进相关研究和

应用。

图11 近千纳米范围可调光纤激光器[310]。(a)光谱;(b)输出功率特性

Fig 
 

11 Tunable
 

fiber
 

laser
 

with
 

nearly
 

kilo-nanometer
 

tuning
 

range 310  
 

 a 
 

Spectra 
 

 b 
 

output
 

power
 

characteristics

  三是空间模式特性可控。长期以来,人们依照输

出的空间模式特性,将高平均功率光纤激光主要分为

单模光纤激光和多模光纤激光两类,并将其分别应用

于不同的场景(如远距离能量输运和先进制造等)。
一般而言,模式特性可控的激光输出功率较低,主要

应用在通信等场合[315-319]。近年来,随着光纤器件技

术的发展和制造类应用需求的增加,空间模式可控的

光纤激光逐步实现了高功率输出。通过运用光栅选

模法,可以实现百瓦级条件下低阶模式和高阶模式的

可切换输出[320-321];通过主动偏振控制的方法,可以实

现千瓦级条件下低阶模式和高阶模式的可切换输

出[322-323];通过特殊的光纤和器件设计,可以实现千瓦
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条件下光斑模式的可控输出[324]。图12所示为nlight
公司的模式可调光纤激光器的输出特性[325],模式可

控的高功率光纤激光是当前先进制造领域的热

点[326-327],有可能会带来重要的技术革新。

图12 nlight公司的模式可调光纤激光器的输出特性[323]。(a)输出光斑形态;
 

(b)不同光斑的传输参数和光斑直径

Fig 
 

12 Output
 

characteristics
 

of
 

mode-tunable
 

fiber
 

laser
 

from
 

nlight
 

Inc  323 
 

  a 
 

Output
 

spot
 

patterns 

 b 
 

transmission
 

parameters
 

and
 

diameters
 

of
 

different
 

spots

9 结束语

光纤激光器是较早实现的激光器类型之一。第

一台激 光 器 发 明 后 不 久,1960年6月,America
 

Optical公司的Snitzer[328]就提出了基于光纤的光

学 Masers谐振腔的概念;1961年,Snitzer[329]在掺

钕玻璃波导中观察到了激光现象。如今六十年过去

了,通过科研工作者的共同努力,光纤激光与半导体

(泵浦)、先进材料(掺杂光纤、无源光纤)和精密制造

(光纤熔接、无源器件制备)等领域交叉融通,得到了

飞速发展,已经在通信传感、先进制造、生命医疗、能
源勘探、科学前沿和国防军事等诸多领域得到了广

泛应用。光纤激光是科技领域关注和支持的重点,
以我国为例,国家科技部“十四五”重点研发计划项

目[330]、国家自然科学基金项目[331]等均涉及了光纤

激光,相关学会举办了光纤激光领域的专门研讨会

议[332]。可以预见,光纤激光的科学研究水平将持

续提升,光纤激光也将继续改变人类的生产生活

方式。

致谢 感谢李阳、郭琨、李思成、王广建、刘流、李巍、
李浩博等同学在文献整理方面的协助,感谢叶俊在

图片绘制方面的贡献。

参 考 文 献

  1  Shcherbakov
 

E
 

A 
 

Fomin
 

V
 

V 
 

Abramov
 

A
 

A 
 

et
 

al 
 

Industrial
 

grade
 

100
 

kW
 

power
 

CW
 

fiber
 

laser
 C ∥Advanced

 

Solid
 

State
 

Lasers
 

2013 
 

October
 

27-November
 

1 
 

2013 
 

Paris 
 

France 
 

Washington 
 

D C  
 

OSA 
 

2013 
 

ATh4A 2 
 

  2  Zervas
 

M
 

N 
 

Codemard
 

C
 

A 
 

High
 

power
 

fiber
 

lasers 
 

a
 

review J  
 

IEEE
 

Journal
 

of
 

Selected
 

Topics
 

in
 

Quantum
 

Electronics 
 

2014 
 

20 5  
 

219-
241 

 

  3  Sprangle
 

P 
 

Ting
 

A 
 

Penano
 

J 
 

et
 

al 
 

Incoherent
 

combining
 

and
 

atmospheric
 

propagation
 

of
 

high-
power

 

fiber
 

lasers
 

for
 

directed-energy
 

applications
 J  

 

IEEE
 

Journal
 

of
 

Quantum
 

Electronics 
 

2009 
 

45 2  
 

138-148 
 

  4  Shi
 

W 
 

Fang
 

Q 
 

Zhu
 

X
 

S 
 

et
 

al 
 

Fiber
 

lasers
 

and
 

their
 

applications Invited  J  
 

Applied
 

Optics 
 

2014 
 

53 28  
 

6554-6568 
 

  5  Snitzer
 

E 
 

Po
 

H 
 

Hakimi
 

F 
 

et
 

al 
 

Double
 

clad 
 

offset
 

core
 

Nd
 

fiber
 

laser C ∥Optical
 

Fiber
 

Sensors
 

1988 
 

January
 

27 
 

1988 
 

New
 

Orleans 
 

Louisiana 
 

United
 

States 
 

Washington 
 

D C  
 

OSA 
 

1988 
 

PD5 
 

  6  Jeong
 

Y 
 

Sahu
 

J
 

K 
 

Payne
 

D
 

N 
 

et
 

al 
 

Ytterbium-
doped

 

large-core
 

fiber
 

laser
 

with
 

1 36
 

kW
 

continuous-wave
 

output
 

power J  
 

Optics
 

Express 
 

2004 
 

12 25  
 

6088-6092 
 

  7  Bonati
 

G 
 

Voelckel
 

H 
 

Gabler
 

T 
 

et
 

al 
 

1 53
 

kW
 

from
 

a
 

single
 

Yb-doped
 

photonic
 

crystal
 

fiber
 

laser
 R  

 

Photonics
 

West 
 

Late
 

Breaking
 

Developments 
 

2005 
  8  Gapontsev

 

V
 

P 
 

High
 

power 
 

kilo-Watt
 

class
 

fiber
 

lasers
 

are
 

winning
 

and
 

securing
 

new
 

opportunities
 

in
 

automotive
 

and
 

heavy
 

industry C ∥Technical
 

Summary
 

Digest 
 

January
 

24-29 
 

2004 
 

Photonics
 

West 
 

San
 

Jose 
 

USA 
 

 S l  
 

s n   
 

2004 
 

5332-

2000001-11



特邀综述 第48卷
 

第20期/2021年10月/中国激光

5335 
 

  9  Photonics
 

IPG 
 

IPG
 

Photonics
 

successfully
 

tests
 

worlds
 

first
 

10
 

kilowatt
 

single-mode
 

production
 

laser
 

 EB OL  
 

 2021-04-01  
 

http ∥www 
ipgphotonics com Collateral Documents English-
US PR_FinaI_10kW_SM_laser pdf 

 10  Fomin
 

V 
 

et
 

al 
 

10
 

kW
 

single
 

mode
 

fiber
 

laser C ∥
Proceeding

 

of
 

14th
 

International
 

Conference
 

on
 

Laser
 

Optics
 

 LO
 

2010  
 

2010 
 11  Shiner

 

B 
 

The
 

impact
 

of
 

fiber
 

laser
 

technology
 

on
 

the
 

world
 

wide
 

material
 

processing
 

market C ∥
CLEO 

 

Science
 

and
 

Innovations
 

2013 
 

June
 

9-14 
 

2013 
 

San
 

Jose 
 

California 
 

United
 

States 
 

Washington 
 

D C  
 

OSA 
 

2013 
 

AF2J 1 
 

 12  Guo
 

Y 
 

Peng
 

Q 
 

Bo
 

Y 
 

et
 

al 
 

24 6
 

kW
 

near
 

diffraction
 

limit
 

quasi-continuous-wave
 

Nd∶YAG
 

slab
 

laser
 

based
 

on
 

a
 

stable-unstable
 

hybrid
 

cavity
 J  

 

Optics
 

Letters 
 

2020 
 

45 5  
 

1136-1139 
 

 13  Wang
 

D 
 

Du
 

Y
  

L 
 

Wu
 

Y
 

C 
 

et
 

al 
 

20
 

kW
 

class
 

high-beam-quality
 

CW
 

laser
 

amplifier
 

chain
 

based
 

on
 

a
 

Yb 
 

YAG
 

slab
 

at
 

room
 

temperature J  
 

Optics
 

Letters 
 

2018 
 

43 16  
 

3838-3841 
 

 14  Nagel
 

S 
 

Metzger
 

B 
 

Bauer
 

D 
 

et
 

al 
 

Thin-disk
 

laser
 

system
 

operating
 

above
 

10
 

kW
 

at
 

near
 

fundamental
 

mode
 

beam
 

quality J  
 

Optics
 

Letters 
 

2021 
 

46
 5  

 

965-968 
 

 15  Richardson
 

D
 

J 
 

Nilsson
 

J 
 

Clarkson
 

W
 

A 
 

High
 

power
 

fiber
 

lasers 
 

current
 

status
 

and
 

future
 

perspectives Invited  J  
 

Journal
 

of
 

the
 

Optical
 

Society
 

of
 

America
 

B 
 

2010 
 

27 11  
 

B63-B92 
 

 16  Gapontsev
 

V 
 

Gapontsev
 

D 
 

Platonov
 

N 
 

et
 

al 
 

2
 

kW
 

CW
 

ytterbium
 

fiber
 

laser
 

with
 

record
 

diffraction-limited
 

brightness C ∥CLEO Europe 
 

2005
 

Conference
 

on
 

Lasers
 

and
 

Electro-Optics
 

Europe 
 

2005 
 

June
 

12-17 
 

2005 
 

Munich 
 

Germany 
 

New
 

York 
 

IEEE
 

Press 
 

2005 
 

508 
 

 17  Jiang
 

M 
 

Ma
 

P
 

F 
 

Huang
 

L 
 

et
 

al 
 

kW-level 
 

narrow-linewidth
 

linearly
 

polarized
 

fiber
 

laser
 

with
 

excellent
 

beam
 

quality
 

through
 

compact
 

one-stage
 

amplification
 

scheme J  
 

High
 

Power
 

Laser
 

Science
 

and
 

Engineering 
 

2017 
 

5 
 

e30 
 18  Ehrenreich

 

T 
 

Leveille
 

R 
 

Majid
 

I 
 

et
 

al 
 

1
 

kW
 

all-
glass

 

Tm 
 

fiber
 

laser J  
 

Proceedings
 

of
 

SPIE 
 

2010 
 

7580 
 

758016 
 19  Anderson

 

B
 

M 
 

Soloman
 

J 
 

Flores
 

A 
 

1 1
 

kW 
 

beam
 

combinable
 

thulium
 

doped
 

all-fiber
 

amplifier
 J  

 

Proceedings
 

of
 

SPIE 
 

2021 
 

11665 
 

116650B 
 20  Gapontsev

 

V
 

P 
 

New
 

milestones
 

in
 

development
 

of
 

super
 

high
 

power
 

fiber
 

lasers C ∥Photonics
 

West
 

2006 
 

OE LASE 
 

January
 

21-26 
 

2006 
 

San
 

Jose 
 

California 
 

United
 

States 
 

 S l  
 

s n   
 

2006 
 

 21  Snitzer
 

E 
 

Po
 

H 
 

Hakimi
 

F 
 

et
 

al 
 

Erbium
 

fiber
 

laser
 

amplifier
 

at
 

1 55
 

μm
 

with
 

pump
 

at
 

1 49
 

μm
 

amd
 

Yb
 

sensitized
 

Er
 

oscillator C ∥Optical
 

Fiber
 

Communication 
 

January
 

25 
 

1988 
 

New
 

Orleans 
 

Louisiana 
 

Washington 
 

D C  
 

OSA 
 

1988 
 

PD2 
 22  Minelly

 

J
 

D 
 

Laming
 

R
 

I 
 

Townsend
 

J
 

E 
 

et
 

al 
 

High-gain
 

fiber
 

power
 

amplifier
 

tandem-pumped
 

by
 

a
 

3-W
 

multistripe
 

diode C ∥ Optical
 

Fiber
 

Communication
 

Conference
 

1992 
 

February
 

2 
 

1992 
 

San
 

Jose 
 

California 
 

United
 

States 
 

Washington 
 

D C  
 

OSA 
 

1992 
 

TuG2 
 

 23  Proceeding
 

of
 

13th
 

International
 

Conference
 

on
 

Laser
 

Optics
 

 LO
 

2008  EB OL  
 

https ∥
laseroptics ru archive html 

 24  Kobyakov
 

A 
 

Sauer
 

M 
 

Chowdhury
 

D 
 

Stimulated
 

Brillouin
 

scattering
 

in
 

optical
 

fibers J  
 

Advances
 

in
 

Optics
 

and
 

Photonics 
 

2009 
 

2 1  
 

1-59 
 

 25  Liu
 

W 
 

Ma
 

P
 

F 
 

Lü
 

H 
 

et
 

al 
 

General
 

analysis
 

of
 

SRS-limited
 

high-power
 

fiber
 

lasers
 

and
 

design
 

strategy J  
 

Optics
 

Express 
 

2016 
 

24 23  
 

26715-
26721 

 

 26  Jauregui
 

C 
 

Stihler
 

C 
 

Limpert
 

J 
 

Transverse
 

mode
 

instability J  
 

Advances
 

in
 

Optics
 

and
 

Photonics 
 

2020 
 

12 2  
 

429-484 
 

 27  Tao
 

R
 

M 
 

Wang
 

X
 

L 
 

Zhou
 

P 
 

Comprehensive
 

theoretical
 

study
 

of
 

mode
 

instability
 

in
 

high-power
 

fiber
 

lasers
 

by
 

employing
 

a
 

universal
 

model
 

and
 

its
 

implications J  
 

IEEE
 

Journal
 

of
 

Selected
 

Topics
 

in
 

Quantum
 

Electronics 
 

2018 
 

24 3  
 

1-19 
 

 28  Piccoli
 

R 
 

Mechin
 

D 
 

Robin
 

T 
 

et
 

al 
 

Lifetime
 

reduction
 

due
 

to
 

photodarkening
 

phenomenon
 

in
 

ytterbium-doped
 

fibers
 

and
 

rate
 

equation
 

term J  
 

Optics
 

Letters 
 

2013 
 

38 21  
 

4370-4373 
 

 29  Mattsson
 

K
 

E 
 

Photo
 

darkening
 

of
 

rare
 

earth
 

doped
 

silica J  
 

Optics
 

Express 
 

2011 
 

19 21  
 

19797-
19812 

 

 30  Zhang
 

H
 

W 
 

Zhou
 

P 
 

Wang
 

X
 

L 
 

et
 

al 
 

Simulation
 

of
 

fiber
 

optical
 

discharge
 

effect
 

of
 

double
 

cladding
 

fiber J  
 

Acta
 

Optica
 

Sinica 
 

2013 
 

33 7  
 

0706015 
张汉伟 

 

周朴 
 

王小林 
 

等 
 

双包层光纤光学放电

现象的建模仿真分析 J  
 

光学学报 
 

2013 
 

33 7  
 

0706015 
 

 31  Xiao
 

Q
 

R 
 

Tian
 

J
 

D 
 

Huang
 

Y
 

S 
 

et
 

al 
 

Internal
 

features
 

of
 

fiber
 

fuse
 

in
 

a
 

Yb-doped
 

double-clad
 

fiber
 

at
 

3
 

kW J  
 

Chinese
 

Physics
 

Letters 
 

2018 
 

35 5  
 

054201 
 32  Sun

 

J
 

Y 
 

Xiao
 

Q
 

R 
 

Li
 

D 
 

et
 

al 
 

Fiber
 

fuse
 

behavior
 

in
 

kW-level
 

continuous-wave
 

double-clad
 

field
 

laser
 J  

 

Chinese
 

Physics
 

B 
 

2016 
 

25 1  
 

014204 
 

 33  Injeyan
 

H 
 

Goodno
 

G
 

D 
 

High
 

power
 

laser
 

2000001-12



特邀综述 第48卷
 

第20期/2021年10月/中国激光

handbook  M  
 

New
 

York 
 

McGraw-Hill
 

Education 
 

2011 
 34  White

 

J
 

O 
 

Vasilyev
 

A 
 

Cahill
 

J
 

P 
 

et
 

al 
 

Suppression
 

of
 

stimulated
 

Brillouin
 

scattering
 

in
 

optical
 

fibers
 

using
 

a
 

linearly
 

chirped
 

diode
 

laser J  
 

Optics
 

Express 
 

2012 
 

20 14  
 

15872-15881 
 

 35  Kurkov
 

A
 

S 
 

Oscillation
 

spectral
 

range
 

of
 

Yb-doped
 

fiber
 

lasers J  
 

Laser
 

Physics
 

Letters 
 

2007 
 

4 2  
 

93-102 
 

 36  Zhou
 

P 
 

Wang
 

X 
 

Xiao
 

H 
 

et
 

al 
 

Review
 

on
 

recent
 

progress
 

on
 

Yb-doped
 

fiber
 

laser
 

in
 

a
 

variety
 

of
 

oscillation
 

spectral
 

ranges J  
 

Laser
 

Physics 
 

2012 
 

22 5  
 

823-831 
 

 37  Yu
 

H 
 

Zhang
 

H 
 

Lü
 

H 
 

et
 

al 
 

3 15
 

kW
 

direct
 

diode-pumped
 

near
 

diffraction-limited
 

all-fiber-
integrated

 

fiber
 

laser J  
 

Applied
 

Optics 
 

2015 
 

54
 14  

 

4556-4560 
 

 38  Beier
 

F 
 

Hupel
 

C 
 

Kuhn
 

S 
 

et
 

al 
 

Single
 

mode
 

4 3
 

kW
 

output
 

power
 

from
 

a
 

diode-pumped
 

Yb-
doped

 

fiber
 

amplifier J  
 

Optics
 

Express 
 

2017 
 

25
 13  

 

14892-14899 
 

 39  Fang
 

Q 
 

Li
 

J
 

H 
 

Shi
 

W 
 

et
 

al 
 

5
 

kW
 

near-
diffraction-limited

 

and
 

8
 

kW
 

high-brightness
 

monolithic
 

continuous
 

wave
 

fiber
 

lasers
 

directly
 

pumped
 

by
 

laser
 

diodes J  
 

IEEE
 

Photonics
 

Journal 
 

2017 
 

9 5  
 

1-7 
 40  Wang

 

Y
 

Y 
 

Gao
 

C 
 

Tang
 

X 
 

et
 

al 
 

30 900
 

Yb-
doped

 

aluminophosphosilicate
 

fiber
 

presenting
 

6 85-kW
 

laser
 

output
 

pumped
 

with
 

commercial
 

976-nm
 

laser
 

diodes J  
 

Journal
 

of
 

Lightwave
 

Technology 
 

2018 
 

36 16  
 

3396-3402 
 

 41  Zhan
 

H 
 

Wang
 

Y
 

Y 
 

Peng
 

K 
 

et
 

al 
 

8 74
 

kW
 

pump-gain
 

integrated
 

functional
 

laser
 

fiber C ∥
Optical

 

Fiber
 

Communication
 

Conference
 

2018 
 

March
 

11-15 
 

2018 
 

San
 

Diego 
 

California 
 

United
 

States 
 

Washington 
 

D C  
 

OSA 
 

2018 
 

W2A 2 
 

 42  Lin
 

A
 

X 
 

Zhan
 

H 
 

Peng
 

K 
 

et
 

al 
 

10
 

kW-level
 

pump-gain
 

integrated
 

functional
 

laser
 

fiber C ∥2018
 

Asia
 

Communications
 

and
 

Photonics
 

Conference
 

 ACP  
 

October
 

26-29 
 

2018 
 

Hangzhou 
 

China 
 

New
 

York 
 

IEEE
 

Press 
 

2018 
 

1-3 
 43  Lin

 

H
 

H 
 

Xu
 

L
 

X 
 

Li
 

C
 

Y 
 

et
 

al 
 

10 6
 

kW
 

high-
brightness

 

cascade-end-pumped
 

monolithic
 

fiber
 

lasers
 

directly
 

pumped
 

by
 

laser
 

diodes
 

in
 

step-index
 

large
 

mode
 

area
 

double
 

cladding
 

fiber J  
 

Results
 

in
 

Physics 
 

2019 
 

14 
 

102479 
 

 44  Chen
 

X
 

L 
 

He
 

Y 
 

Xu
 

Z
 

W 
 

et
 

al 
 

Theoretical
 

and
 

experimental
 

investigation
 

of
 

a
 

10-kW
 

high-
efficiency

 

1070-nm
 

fiber
 

amplifier J  
 

Chinese
 

Journal
 

of
 

Lasers 
 

2020 
 

47 10  
 

1006001 
陈晓龙 

 

何宇 
 

徐中巍 
 

等 
 

10
 

kW高效率1070
 

nm

光纤放 大 器 的 理 论 与 实 验 研 究 J  
 

中 国 激 光 
 

2020 
 

47 10  
 

1006001 
 45  Xiao

 

H 
 

Leng
 

J
 

Y 
 

Zhou
 

P 
 

et
 

al 
 

High
 

power
 

tandem-pumped
 

Yb-doped
 

fiber
 

laser J  
 

Chinese
 

Journal
 

of
 

Lasers 
 

2017 
 

44 2  
 

0201007 
肖虎 

 

冷进勇 
 

周朴 
 

等 
 

高功率级联抽运掺镱光

纤激光器研究进展 J  
 

中国激光 
 

2017 
 

44 2  
 

0201007 
 

 46  Naderi
 

S 
 

Dajani
 

I 
 

Grosek
 

J 
 

et
 

al 
 

Theoretical
 

analysis
 

of
 

effect
 

of
 

pump
 

and
 

signal
 

wavelengths
 

on
 

modal
 

instabilities
 

in
 

Yb-doped
 

fiber
 

amplifiers J  
 

Proceedings
 

of
 

SPIE 
 

2014 
 

8964 
 

89641W 
 

 47  Yu
 

H
 

L 
 

Wang
 

X
 

L 
 

Zhou
 

P 
 

et
 

al 
 

Beam
 

quality
 

and
 

photodarkening
 

comparison
 

of
 

tandem-pumped
 

and
 

directly
 

diode-pumped
 

ytterbium-doped
 

fiber
 

amplifiers J  
 

Chinese
 

Optics
 

Letters 
 

2014 
 

12
 s2  

 

s20604 
 

 48  Codemard
 

C
 

A 
 

Sahu
 

J
 

K 
 

Nilsson
 

J 
 

Tandem
 

cladding-pumping
 

for
 

control
 

of
 

excess
 

gain
 

in
 

ytterbium-doped
 

fiber
 

amplifiers J  
 

IEEE
 

Journal
 

of
 

Quantum
 

Electronics 
 

2010 
 

46 12  
 

1860-1869 
 

 49  Zhou
 

P 
 

Xiao
 

H 
 

Leng
 

J
 

Y 
 

et
 

al 
 

High-power
 

fiber
 

lasers
 

based
 

on
 

tandem
 

pumping J  
 

Journal
 

of
 

the
 

Optical
 

Society
 

of
 

America
 

B 
 

2017 
 

34 3  
 

A29-
A36 

 

 50  Wirth
 

C 
 

Schmidt
 

O 
 

Kliner
 

A 
 

et
 

al 
 

High-power
 

tandem
 

pumped
 

fiber
 

amplifier
 

with
 

an
 

output
 

power
 

of
 

2 9
 

kW J  
 

Optics
 

Letters 
 

2011 
 

36 16  
 

3061-
3063 

 

 51  Xiao
 

H 
 

Leng
 

J
 

Y 
 

Zhang
 

H
 

W 
 

et
 

al 
 

High-power
 

1018
 

nm
 

ytterbium-doped
 

fiber
 

laser
 

and
 

its
 

application
 

in
 

tandem
 

pump J  
 

Applied
 

Optics 
 

2015 
 

54 27  
 

8166-8169 
 

 52  Ma
 

P
 

F 
 

Xiao
 

H 
 

Meng
 

D
 

R 
 

et
 

al 
 

High
 

power
 

all-
fiberized

 

and
 

narrow-bandwidth
 

MOPA
 

system
 

by
 

tandem
 

pumping
 

strategy
 

for
 

thermally
 

induced
 

mode
 

instability
 

suppression J  
 

High
 

Power
 

Laser
 

Science
 

and
 

Engineering 
 

2018 
 

6 4  
 

53-59 
 

 53  Zhou
 

P 
 

Xiao
 

H 
 

Leng
 

J
 

Y 
 

et
 

al 
 

Recent
 

development
 

on
 

high-power
 

tandem-pumped
 

fiber
 

laser J  
 

Proceedings
 

of
 

SPIE 
 

2016 
 

10016 
 

100160M 
 

 54  Wang
 

Z
 

H 
 

Xiao
 

Q
 

R 
 

Wang
 

X
 

J 
 

et
 

al 
 

3000
 

W
 

tandem
 

pumped
 

all-fiber
 

laser
 

based
 

on
 

domestic
 

fiber J  
 

Acta
 

Physica
 

Sinica 
 

2018 
 

67 2  
 

024205 
王泽晖 

 

肖起榕 
 

王雪娇 
 

等 
 

国产光纤实现同带

抽运3000
 

W 激光输出 J  
 

物理学报 
 

2018 
 

67
 2  

 

024205 
 

 55  Park
 

J
 

S 
 

Kim
 

T
 

H 
 

Oh
 

Y
 

J 
 

et
 

al 
 

Investigation
 

of
 

photodarkening
 

in
 

tandem-pumped
 

Yb-doped
 

fibers

2000001-13



特邀综述 第48卷
 

第20期/2021年10月/中国激光

 J  
 

Optics
 

Express 
 

2020 
 

28 19  
 

27316-27323 
 

 56  Lim
 

K
 

J 
 

Seah
 

SamuelK
 

W 
 

Ye
 

J
 

Y 
 

et
 

al 
 

High
 

absorption
 

large-mode
 

area
 

step-index
 

fiber
 

for
 

tandem-pumped
 

high-brightness
 

high-power
 

lasers
 J  

 

Photonics
 

Research 
 

2020 
 

8 10  
 

1599-1604 
 

 57  Popp
 

A 
 

Voss
 

A 
 

Graf
 

T 
 

et
 

al 
 

Thin-disk
 

laser-
pumping

 

of
 

ytterbium-doped
 

fiber
 

laser J  
 

Laser
 

Physics
 

Letters 
 

2011 
 

8 12  
 

887-894 
 

 58  Yao
 

T
 

F 
 

Ji
 

J
 

H 
 

Nilsson
 

J 
 

Ultra-low
 

quantum-
defect

 

heating
 

in
 

ytterbium-doped
 

aluminosilicate
 

fibers J  
 

Journal
 

of
 

Lightwave
 

Technology 
 

2014 
 

32 3  
 

429-434 
 

 59  Seah
 

C
 

P 
 

Lim
 

W
 

Y
 

W 
 

Chua
 

S
 

L 
 

A
 

4
 

kW
 

fiber
 

amplifier
 

with
 

good
 

beam
 

quality
 

employing
 

confined-doped
 

gain
 

fiber C ∥Advanced
 

Solid
 

State
 

Lasers
 

2018 
 

November
 

4-8 
 

2018 
 

Boston 
 

Massachusetts 
 

United
 

States 
 

Washington 
 

D C  
 

OSA 
 

2018 
 

AM2A 2 
 

 60  Tian
 

J
 

D 
 

Xiao
 

Q
 

R 
 

Li
 

D 
 

et
 

al 
 

Tandem-pumped
 

high-power
 

narrow-linewidth
 

fiber
 

laser
 

tunable
 

from
 

1060-1090
 

nm J  
 

Journal
 

of
 

Lightwave
 

Technology 
 

2020 
 

38 6  
 

1461-1467 
 

 61  Liu
 

F 
 

Liu
 

P 
 

Feng
 

X 
 

et
 

al 
 

Tandem-pumped 
 

tunable
 

thulium-doped
 

fiber
 

laser
 

in
 

2 1
 

μm
 

wavelength
 

region J  
 

Optics
 

Express 
 

2019 
 

27
 6  

 

8283-8290 
 

 62  Fan
 

D
 

Y 
 

The
 

review
 

of
 

high
 

power
 

laser
 

development
 

in
 

China C ∥ The
 

12th
 

Laser
 

Technology
 

and
 

Optoelectronics
 

Conference 
 

March
 

12-15 
 

2017 
 

Shanghai 
 

China 
 

Shanghai 
 

Chinese
 

Laser
 

Press 
 

2017 
 

范滇元 
 

我国高功率激光的进展概述 C ∥第十二

届全国激光技术与光电子学学术会议 
 

上海 上海 
 

中国激光杂志社 
 

2017 
 63  Liu

 

Z
 

J 
 

Jin
 

X
 

X 
 

Su
 

R
 

T 
 

et
 

al 
 

Development
 

status
 

of
 

high
 

power
 

fiber
 

lasers
 

and
 

their
 

coherent
 

beam
 

combination J  
 

Science
 

China
 

Information
 

Sciences 
 

2019 
 

62 4  
 

1-32 
 

 64  Ma
 

P
 

F 
 

Xiao
 

H 
 

Meng
 

D
 

R 
 

et
 

al 
 

4
 

kW
 

all-fiber
 

amplifier
 

with
 

narrow
 

linewidth
 

based
 

on
 

tandem-
pumped J  

 

Chinese
 

Journal
 

of
 

Lasers 
 

2018 
 

45
 7  

 

0715002 
马鹏飞 

 

肖虎 
 

孟达人 
 

等 
 

基于同带抽运的4
 

kW
级窄线宽全光纤放大器 J  

 

中国激光 
 

2018 
 

45
 7  

 

0715002 
 

 65  Gao
 

C 
 

Dai
 

J
 

Y 
 

Li
 

F
 

Y 
 

et
 

al 
 

Homemade
 

10-kW
 

ytterbium-doped
 

aluminophosphosilicate
 

fiber
 

for
 

tandem
 

pumping J  
 

Chinese
 

Journal
 

of
 

Lasers 
 

2020 
 

47 3  
 

0315001 
高聪 

 

代江云 
 

李峰云 
 

等 
 

自研万瓦级同带泵浦

掺镱石英玻璃光纤 J  
 

中国激光 
 

2020 
 

47 3  
 

0315001 
 66  Wang

 

X
 

J 
 

Yan
 

P 
 

Wang
 

Z
 

H 
 

et
 

al 
 

The
 

5 4
 

kW
 

output
 

power
 

of
 

the
 

ytterbium-doped
 

tandempumping
 C ∥Conference

 

on
 

Lasers
 

and
 

Electro-Optics 
 

May
 

13-18 
 

2018 
 

San
 

Jose 
 

California 
 

Washington 
 

D 
C  

 

OSA 
 

2018 
 

AM2M 5 
 67  Wang

 

Y 
 

Yang
 

J
 

L 
 

Huang
 

C
 

Y 
 

et
 

al 
 

High
 

power
 

tandem-pumped
 

thulium-doped
 

fiber
 

laser J  
 

Optics
 

Express 
 

2015 
 

23 3  
 

2991-2998 
 

 68  Dong
 

H
 

H 
 

Wang
 

S
 

K 
 

Wang
 

Z
 

Y 
 

et
 

al 
 

Spectral
 

performance
 

of
 

Yb3+-doped
 

silica
 

fiber
 

for
 

1018
 

nm
 

tandem-pumping
 

technology J  
 

Chinese
 

Journal
 

of
 

Lasers 
 

2021 
 

48 11  
 

1103001 
董贺贺 

 

王世凯 
 

王中跃 
 

等 
 

1018
 

nm同带泵浦用

Yb3+
 

掺杂石英光纤光谱性能研究 J  
 

中国激光 
 

2021 
 

48 11  
 

1103001 
 69  Jebali

 

M
 

A 
 

Maran
 

J
 

N 
 

LaRochelle
 

S 
 

264
 

W
 

output
 

power
 

at
 

1585
 

nm
 

in
 

Er-Yb
 

codoped
 

fiber
 

laser
 

using
 

in-band
 

pumping J  
 

Optics
 

Letters 
 

2014 
 

39 13  
 

3974-3977 
 

 70  Creeden
 

D 
 

Johnson
 

B
 

R 
 

Setzler
 

S
 

D 
 

et
 

al 
 

Resonantly
 

pumped
 

Tm-doped
 

fiber
 

laser
 

with
 

>90%
 

slope
 

efficiency J  
 

Optics
 

Letters 
 

2014 
 

39 3  
 

470-473 
 

 71  Jin
 

X 
 

Lee
 

E 
 

Luo
 

J 
 

et
 

al 
 

High-efficiency
 

ultrafast
 

Tm-doped
 

fiber
 

amplifier
 

based
 

on
 

resonant
 

pumping J  
 

Optics
 

Letters 
 

2018 
 

43 7  
 

1431-
1434 

 

 72  Hemming
 

A 
 

Simakov
 

N 
 

Davidson
 

A 
 

et
 

al 
 

A
 

monolithic
 

cladding
 

pumped
 

holmium-doped
 

fibre
 

laser C ∥CLEO 
 

Science
 

and
 

Innovations
 

2013 
 

June
 

9-14 
 

2013 
 

San
 

Jose 
 

California 
 

United
 

States 
 

Washington 
 

D C  
 

OSA 
 

2013 
 

CW1M 1 
 73  Smith

 

A
 

V 
 

Smith
 

J
 

J 
 

Influence
 

of
 

pump
 

and
 

seed
 

modulation
 

on
 

the
 

mode
 

instability
 

thresholds
 

of
 

fiber
 

amplifiers J  
 

Optics
 

Express 
 

2012 
 

20 22  
 

24545-24558 
 

 74  Stihler
 

C 
 

Jauregui
 

C 
 

Tünnermann
 

A 
 

et
 

al 
 

Pump-power-noise
 

influence
 

on
 

mode
 

instabilities
 

in
 

high-power
 

fiber
 

laser
 

systems C ∥2019
 

Conference
 

on
 

Lasers
 

and
 

Electro-Optics
 

Europe
 

&
 

European
 

Quantum
 

Electronics
 

Conference
 

 CLEO Europe-
EQEC  

 

June
 

23-27 
 

2019 
 

Munich 
 

Germany 
 

New
 

York 
 

IEEE
 

Press 
 

2019 
 

 75  Stihler
 

C 
 

Jauregui
 

C 
 

Otto
 

H
 

J 
 

et
 

al 
 

Controlling
 

mode
 

instabilities
 

at
 

628
 

W
 

average
 

output
 

power
 

in
 

an
 

Yb-doped
 

rod-type
 

fiber
 

amplifier
 

by
 

active
 

modulation
 

of
 

the
 

pump
 

power J  
 

Proceedings
 

of
 

SPIE 
 

2017 
 

10083 
 

100830P 
 

 76  Miao
 

Y 
 

Ma
 

P
 

F 
 

Liu
 

W 
 

et
 

al 
 

First
 

demonstration
 

of
 

Co-pumped
 

single-
 

frequency
 

Raman
 

fiber
 

2000001-14



特邀综述 第48卷
 

第20期/2021年10月/中国激光

amplifier
 

with
 

spectral-broadening-free
 

property
 

enabled
 

by
 

ultra-low
 

noise
 

pumping J  
 

IEEE
 

Access 
 

2018 
 

6 
 

71988-71993 
 

 77  Liu
 

W 
 

Ma
 

P
 

F 
 

Miao
 

Y 
 

et
 

al 
 

Intrinsic
 

mechanism
 

for
 

spectral
 

evolution
 

in
 

single-frequency
 

Raman
 

fiber
 

amplifier J  
 

IEEE
 

Journal
 

of
 

Selected
 

Topics
 

in
 

Quantum
 

Electronics 
 

2018 
 

24 5  
 

1-8 
 

 78  Wang
 

Z
 

H 
 

Xiao
 

Q
 

R 
 

Huang
 

Y
 

S 
 

et
 

al 
 

Dual-
wavelength

 

bidirectional
 

pumped
 

high-power
 

Raman
 

fiber
 

laser J  
 

High
 

Power
 

Laser
 

Science
 

and
 

Engineering 
 

2019 
 

7 
 

e5 
 79  Hong

 

S 
 

Feng
 

Y
 

T 
 

Nilsson
 

J 
 

Multi-wavelength
 

diode-pumping
 

of
 

fiber
 

Raman
 

laser C ∥Conference
 

on
 

Lasers
 

and
 

Electro-Optics 
 

May
 

13-18 
 

2018 
 

San
 

Jose 
 

California 
 

Washington 
 

D C  
 

OSA 
 

2018 
 

SM1K 6 
 80  Ye

 

J 
 

Zhang
 

Y 
 

Xu
 

J
 

M 
 

et
 

al 
 

Broadband
 

pumping
 

enabled
 

flat-amplitude
 

multi-wavelength
 

random
 

Raman
 

fiber
 

laser J  
 

Optics
 

Letters 
 

2020 
 

45 7  
 

1786-1789 
 

 81  Dominic
 

V 
 

MacCormack
 

S 
 

Waarts
 

R 
 

et
 

al 
 

110
 

W
 

fiber
 

laser C ∥Conference
 

on
 

Lasers
 

and
 

Electro-Optics
 

1999 
 

May
 

23-26 
 

1999 
 

Baltimore 
 

Maryland 
 

United
 

States 
 

Washington 
 

D C  
 

OSA 
 

1999 
 

CPD11 
 82  Limpert

 

J 
 

Liem
 

A 
 

Zellmer
 

H 
 

et
 

al 
 

500
 

W
 

continuous-wave
 

fibre
 

laser
 

with
 

excellent
 

beam
 

quality J  
 

Electronics
 

Letters 
 

2003 
 

39 8  
 

645-
647 

 

 83  Liu
 

C
 

H 
 

Galvanauskas
 

A 
 

Ehlers
 

B 
 

et
 

al 
 

810-W
 

single
 

transverse
 

mode
 

Yb-doped
 

fiber
 

laser C ∥
Advanced

 

Solid-State
 

Photonics 
 

February
 

1-4 
 

2004 
 

Santa
 

Fe 
 

New
 

Mexico 
 

Washington 
 

D C  
 

OSA 
 

2004 
 

PDP17 
 84  Gapontsev

 

V
 

P 
 

Platonov
 

N
 

S 
 

Shkurihin
 

O 
 

et
 

al 
 

400
 

W
 

low-noise
 

single-mode
 

CW
 

ytterbium
 

fiber
 

laser
 

with
 

an
 

integrated
 

fiber
 

delivery C ∥
Conference

 

on
 

Lasers
 

and
 

Electro-Optics
 

2003 
 

June
 

1-6 
 

2003 
 

Baltimore 
 

Maryland 
 

United
 

States 
 

Washington 
 

D C  
 

OSA 
 

2003 
 

CThPDB9 
 85  Jeong

 

Y 
 

Sahu
 

J
 

K 
 

Baek
 

S 
 

et
 

al 
 

Cladding-pumped
 

ytterbium-doped
 

large-core
 

fiber
 

laser
 

with
 

610
 

W
 

of
 

output
 

power J  
 

Optics
 

Communications 
 

2004 
 

234 1 2 3 4 5 6  
 

315-319 
 

 86  Fang
 

Q 
 

Shi
 

W 
 

Qin
 

Y
 

G 
 

et
 

al 
 

2 5
 

kW
 

monolithic
 

continuous
 

wave
 

 CW 
 

near
 

diffraction-limited
 

fiber
 

laser
 

at
 

1080
 

nm J  
 

Laser
 

Physics
 

Letters 
 

2014 
 

11 10  
 

105102 
 

 87  Yu
 

H 
 

Zhang
 

H 
 

Lü
 

H 
 

et
 

al 
 

3 15
 

kW
 

direct
 

diode-pumped
 

near
 

diffraction-limited
 

all-fiber-
integrated

 

fiber
 

laser J  
 

Applied
 

Optics 
 

2015 
 

54
 14  

 

4556-4560 
 

 88  Xiao
 

H 
 

Leng
 

J 
 

Zhang
 

H 
 

et
 

al 
 

High-power
 

1018
 

nm
 

ytterbium-doped
 

fiber
 

laser
 

and
 

its
 

application
 

in
 

tandem
 

pump J  
 

Applied
 

Optics 
 

2015 
 

54 27  
 

8166-8169 
 

 89  Yan
 

P 
 

Huang
 

Y
 

S 
 

Sun
 

J
 

Y 
 

et
 

al 
 

3 1
 

kW
 

monolithic
 

MOPA
 

configuration
 

fibre
 

laser
 

bidirectionally
 

pumped
 

by
 

non-wavelength-stabilized
 

laser
 

diodes J  
 

Laser
 

Physics
 

Letters 
 

2017 
 

14
 8  

 

080001 
 

 90  Zheng
 

J
 

K 
 

Zhao
 

W 
 

Zhao
 

B
 

Y 
 

et
 

al 
 

4 62
 

kW
 

excellent
 

beam
 

quality
 

laser
 

output
 

with
 

a
 

low-loss
 

Yb Ce
 

co-doped
 

fiber
 

fabricated
 

by
 

chelate
 

gas
 

phase
 

deposition
 

technique J  
 

Optical
 

Materials
 

Express 
 

2017 
 

7 4  
 

1259-1266 
 

 91  Dai
 

S
 

J 
 

He
 

B 
 

Zhou
 

J 
 

et
 

al 
 

1 5
 

kW
 

near
 

single-
mode

 

all-fiber
 

laser J  
 

Chinese
 

Journal
 

of
 

Lasers 
 

2013 
 

40 7  
 

0702001 
代守军 

 

何兵 
 

周军 
 

等 
 

1 5
 

kW 近单模全光纤激

光器 J  
 

中国激光 
 

2013 
 

40 7  
 

0702001 
 

 92  Kalyoncu
 

S
 

K 
 

Mete
 

B 
 

Yenıay
 

A 
 

Diode-pumped
 

triple-clad
 

fiber
 

MOPA
 

with
 

an
 

output
 

power
 

scaling
 

up
 

to
 

4 67
 

kW J  
 

Optics
 

Letters 
 

2020 
 

45 7  
 

1870-1873 
 

 93  Mashiko
 

Y 
 

Nguyen
 

H
 

K 
 

Kashiwagi
 

M 
 

et
 

al 
 

2
 

kW
 

single-mode
 

fiber
 

laser
 

with
 

20-m
 

long
 

delivery
 

fiber
 

and
 

high
 

SRS
 

suppression J  
 

Proceedings
 

of
 

SPIE 
 

2016 
 

9728 
 

972805 
 

 94  Ikoma
 

S 
 

Nguyen
 

H
 

K 
 

Kashiwagi
 

M 
 

et
 

al 
 

3
 

kW
 

single
 

stage
 

all-fiber
 

Yb-doped
 

single-mode
 

fiber
 

laser
 

for
 

highly
 

reflective
 

and
 

highly
 

thermal
 

conductive
 

materials
 

processing J  
 

Proceedings
 

of
 

SPIE 
 

2017 
 

10083 
 

100830Y 
 

 95  Shima
 

K 
 

Ikoma
 

S 
 

Uchiyama
 

K 
 

et
 

al 
 

5-kW
 

single
 

stage
 

all-fiber
 

Yb-doped
 

single-mode
 

fiber
 

laser
 

for
 

materials
 

processing J  
 

Proceedings
 

of
 

SPIE 
 

2018 
 

10512 
 

105120C 
 

 96  Takubo
 

Y 
 

Ikoma
 

S 
 

Uchiyama
 

K 
 

et
 

al 
 

Dynamic
 

analysis
 

of
 

materials
 

processing
 

with
 

5-kW
 

single-
mode

 

fiber
 

laser J  
 

Proceedings
 

of
 

SPIE 
 

2019 
 

10897 
 

1089712 
 

 97  Wang
 

Y 
 

Kitahara
 

R 
 

Kiyoyama
 

W 
 

et
 

al 
 

8-kW
 

single-stage
 

all-fiber
 

Yb-doped
 

fiber
 

laser
 

with
 

a
 

BPP
 

of
 

0 50
 

mm-mrad J  
 

Proceedings
 

of
 

SPIE 
 

2020 
 

11260 
 

1126022 
 

 98  Krämer
 

R
 

G 
 

Möller
 

F 
 

Matzdorf
 

C 
 

et
 

al 
 

Extremely
 

robust
 

femtosecond
 

written
 

fiber
 

Bragg
 

gratings
 

for
 

an
 

ytterbium-doped
 

fiber
 

oscillator
 

with
 

5
 

kW
 

output
 

power J  
 

Optics
 

Letters 
 

2020 
 

45
 6  

 

1447-1450 
 

 99  Roohforouz
 

A 
 

Chenar
 

R
 

E 
 

Azizi
 

S 
 

et
 

al 
 

Effect
 

of
 

pumping
 

configuration
 

on
 

the
 

transverse
 

mode
 

2000001-15



特邀综述 第48卷
 

第20期/2021年10月/中国激光

instability
 

power
 

threshold
 

in
 

a
 

3 02
 

kW
 

fiber
 

laser
 

oscillator C ∥Laser
 

Applications
 

Conference
 

2019 
 

September
 

29-October
 

3 
 

2019 
 

Vienna 
 

Austria 
 

Washington 
 

D C  
 

OSA 
 

2019 
 

JM5A 29 
 

 100  Yang
 

B
 

L 
 

Zhang
 

H
 

W 
 

Ye
 

Q 
 

et
 

al 
 

4 05
 

kW
 

monolithic
 

fiber
 

laser
 

oscillator
 

based
 

on
 

home-made
 

large
 

mode
 

area
 

fiber
 

Bragg
 

gratings J  
 

Chinese
 

Optics
 

Letters 
 

2018 
 

16 3  
 

031407 
 

 101  Yang
 

B
 

L 
 

Wang
 

X
 

L 
 

Ye
 

Y 
 

et
 

al 
 

Output
 

power
 

of
 

all
 

fiber
 

laser
 

oscillator
 

exceeds
 

6
 

kW J  
 

Chinese
 

Journal
 

of
 

Lasers 
 

2020 
 

47 1  
 

0116001 
杨保来 

 

王小林 
 

叶云 
 

等 
 

全光纤激光振荡器输

出功率突破6
 

kW J  
 

中国激光 
 

2020 
 

47 1  
 

0116001 
 

 102  Xi
 

X
 

M 
 

Wang
 

P 
 

Yang
 

B
 

L 
 

et
 

al 
 

The
 

output
 

power
 

of
 

all
 

fiber
 

laser
 

oscillator
 

exceeds
 

7
 

kW J  
 

Chinese
 

Journal
 

of
 

Lasers 
 

2021 
 

48 1  
 

0116001 
奚小明 

 

王鹏 
 

杨保来 
 

等 
 

全光纤激光振荡器输

出功率突破7
 

kW J  
 

中国激光 
 

2021 
 

48 1  
 

0116001 
 

 103  Highlight
 

FL
 

compact
 

high-power
 

single-and
 

multimode
 

fiber
 

lasers EB OL  
 

 2021-04-01  
 

https ∥ www coherent com content dam 
coherent site en resources datasheet lasers fiber-
lasers highlight-fl-series COHR _ HighLightFL _

Compact_DS_0121 pdf 
 104  Wang

 

X
 

L 
 

Zhang
 

H
 

W 
 

Yang
 

B
 

L 
 

et
 

al 
 

This
 

paper
 

introduces
 

the
 

development
 

of
 

high
 

power
 

ytterbium
 

doped
 

fiber
 

oscillator EB OL  
 

 2021-
03-02  2021-04-01  

 

http ∥www oeshow cn 
informationdetail 12337 
王小林 

 

张汉伟 
 

杨保来 
 

等 
 

一文了解高功率掺

镱光纤振荡器的发展历程 EB OL  
 

 2021-03-02 
 2021-04-01  

 

http ∥ www oeshow cn 
informationdetail 12337 

 105  Turitsyn
 

S
 

K 
 

Babin
 

S
 

A 
 

El-Taher
 

A
 

E 
 

et
 

al 
 

Random
 

distributed
 

feedback
 

fibre
 

laser J  
 

Nature
 

Photonics 
 

2010 
 

4 4  
 

231-235 
 

 106  Turitsyn
 

S
 

K 
 

Babin
 

S
 

A 
 

Churkin
 

D
 

V 
 

et
 

al 
 

Random
 

distributed
 

feedback
 

fibre
 

lasers J  
 

Physics
 

Reports 
 

2014 
 

542 2  
 

133-193 
 

 107  Churkin
 

D
 

V 
 

Sugavanam
 

S 
 

Vatnik
 

I
 

D 
 

et
 

al 
 

Recent
 

advances
 

in
 

fundamentals
 

and
 

applications
 

of
 

random
 

fiber
 

lasers J  
 

Advances
 

in
 

Optics
 

and
 

Photonics 
 

2015 
 

7 3  
 

516-569 
 

 108  Wang
 

Z
 

N 
 

Wu
 

H 
 

Fan
 

M
 

Q 
 

et
 

al 
 

High
 

power
 

random
 

fiber
 

laser
 

with
 

short
 

cavity
 

length 
 

theoretical
 

and
 

experimental
 

investigations J  
 

IEEE
 

Journal
 

of
 

Selected
 

Topics
 

in
 

Quantum
 

Electronics 
 

2015 
 

21 1  
 

10-15 
 

 109  Du
 

X
 

Y 
 

Zhang
 

H
 

W 
 

Xiao
 

H 
 

et
 

al 
 

High-power
 

random
 

distributed
 

feedback
 

fiber
 

laser 
 

from
 

science
 

to
 

application J  
 

Annalen
 

Der
 

Physik 
 

2016 
 

528 9 10  
 

649-662 
 

 110  Zhou
 

P 
 

Ye
 

J 
 

Xu
 

J
 

M 
 

et
 

al 
 

The
 

rising
 

power
 

of
 

random
 

distributed
 

feedback
 

fiber
 

laser J  
 

Proceedings
 

of
 

SPIE 
 

2018 
 

10619 
 

106190A 
 

 111  Du
 

X
 

Y 
 

Zhang
 

H
 

W 
 

Ma
 

P
 

F 
 

et
 

al 
 

Kilowatt-level
 

fiber
 

amplifier
 

with
 

spectral-broadening-free
 

property 
 

seeded
 

by
 

a
 

random
 

fiber
 

laser J  
 

Optics
 

Letters 
 

2015 
 

40 22  
 

5311-5314 
 

 112  Zhang
 

H
 

W 
 

Xiao
 

H 
 

Zhou
 

P 
 

et
 

al 
 

Random
 

distributed
 

feedback
 

Raman
 

fiber
 

laser
 

with
 

short
 

cavity
 

and
 

its
 

temporal
 

properties J  
 

IEEE
 

Photonics
 

Technology
 

Letters 
 

2014 
 

26 16  
 

1605-
1608 

 

 113  Zhang
 

H 
 

Zhou
 

P 
 

Xiao
 

H 
 

et
 

al 
 

Efficient
 

Raman
 

fiber
 

laser
 

based
 

on
 

random
 

Rayleigh
 

distributed
 

feedback
 

with
 

record
 

high
 

power J  
 

Laser
 

Physics
 

Letters 
 

2014 
 

11 7  
 

075104 
 

 114  Du
 

X
 

Y 
 

Zhang
 

H
 

W 
 

Wang
 

X
 

L 
 

et
 

al 
 

Short
 

cavity-length
 

random
 

fiber
 

laser
 

with
 

record
 

power
 

and
 

ultrahigh
 

efficiency J  
 

Optics
 

Letters 
 

2016 
 

41 3  
 

571-574 
 

 115  Zhang
 

H
 

W 
 

Huang
 

L 
 

Zhou
 

P 
 

et
 

al 
 

More
 

than
 

400
 

W
 

random
 

fiber
 

laser
 

with
 

excellent
 

beam
 

quality J  
 

Optics
 

Letters 
 

2017 
 

42 17  
 

3347-
3350 

 

 116  Xu
 

J
 

M 
 

Lou
 

Z
 

K 
 

Ye
 

J 
 

et
 

al 
 

Incoherently
 

pumped
 

high-power
 

linearly-polarized
 

single-mode
 

random
 

fiber
 

laser 
 

experimental
 

investigations
 

and
 

theoretical
 

prospects J  
 

Optics
 

Express 
 

2017 
 

25
 5  

 

5609-5617 
 

 117  Zhang
 

H
 

W 
 

Huang
 

L 
 

Song
 

J
 

X 
 

et
 

al 
 

Quasi-
kilowatt

 

random
 

fiber
 

laser J  
 

Optics
 

Letters 
 

2019 
 

44 11  
 

2613-2616 
 

 118  Wang
 

Z
 

H 
 

Yan
 

P 
 

Huang
 

Y
 

S 
 

et
 

al 
 

An
 

efficient
 

4-kW
 

level
 

random
 

fiber
 

laser
 

based
 

on
 

a
 

tandem-
pumping

 

scheme J  
 

IEEE
 

Photonics
 

Technology
 

Letters 
 

2019 
 

31 11  
 

817-820 
 

 119  Xu
 

J
 

M 
 

Ye
 

J 
 

Zhou
 

P 
 

et
 

al 
 

Tandem
 

pumping
 

architecture
 

enabled
 

high
 

power
 

random
 

fiber
 

laser
 

with
 

near-diffraction-limited
 

beam
 

quality J  
 

Science
 

China
 

Technological
 

Sciences 
 

2019 
 

62 1  
 

80-86 
 

 120  Xu
 

J
 

M 
 

Huang
 

L 
 

Jiang
 

M 
 

et
 

al 
 

Near-diffraction-
limited

 

linearly
 

polarized
 

narrow-linewidth
 

random
 

fiber
 

laser
 

with
 

record
 

kilowatt
 

output J  
 

Photonics
 

Research 
 

2017 
 

5 4  
 

350-354 
 

 121  Wang
 

Z
 

H 
 

Yu
 

W
 

L 
 

Tian
 

J
 

D 
 

et
 

al 
 

5 1
 

kW
 

tandem-pumped
 

fiber
 

amplifier
 

seeded
 

by
 

random
 

fiber
 

laser
 

with
 

high
 

suppression
 

of
 

stimulated
 

2000001-16



特邀综述 第48卷
 

第20期/2021年10月/中国激光

Raman
 

scattering J  
 

IEEE
 

Journal
 

of
 

Quantum
 

Electronics 
 

2021 
 

57 2  
 

1-9 
 

 122  Dontsova
 

E
 

I 
 

Kablukov
 

S
 

I 
 

Vatnik
 

I
 

D 
 

et
 

al 
 

Frequency
 

doubling
 

of
 

Raman
 

fiber
 

lasers
 

with
 

random
 

distributed
 

feedback J  
 

Optics
 

Letters 
 

2016 
 

41 7  
 

1439-1442 
 

 123  Wu
 

H
 

S 
 

Wang
 

P 
 

Song
 

J
 

X 
 

et
 

al 
 

High
 

power
 

tunable
 

mid-infrared
 

optical
 

parametric
 

oscillator
 

enabled
 

by
 

random
 

fiber
 

laser J  
 

Optics
 

Express 
 

2018 
 

26 5  
 

6446-6455 
 

 124  Zhang
 

H
 

W 
 

Zhou
 

P 
 

Wang
 

X 
 

et
 

al 
 

Hundred-
watt-level

 

high
 

power
 

random
 

distributed
 

feedback
 

Raman
 

fiber
 

laser
 

at
 

1150
 

nm
 

and
 

its
 

application
 

in
 

mid-infrared
 

laser
 

generation J  
 

Optics
 

Express 
 

2015 
 

23 13  
 

17138-17144 
 

 125  Han
 

B 
 

Rao
 

Y
 

J 
 

Wu
 

H 
 

et
 

al 
 

Low-noise
 

high-
order

 

Raman
 

fiber
 

laser
 

pumped
 

by
 

random
 

lasing
 J  

 

Optics
 

Letters 
 

2020 
 

45 20  
 

5804-5807 
 

 126  Pask
 

H
 

M 
 

Carman
 

R
 

J 
 

Hanna
 

D
 

C 
 

et
 

al 
 

Ytterbium-doped
 

silica
 

fiber
 

lasers 
 

versatile
 

sources
 

for
 

the
 

1-1 2
 

μm
 

region J  
 

IEEE
 

Journal
 

of
 

Selected
 

Topics
 

in
 

Quantum
 

Electronics 
 

1995 
 

1
 1  

 

2-13 
 

 127  Zhou
 

P 
 

Li
 

R
 

X 
 

Xiao
 

H 
 

et
 

al 
 

Exploring
 

high
 

power 
 

extreme
 

wavelength
 

operating
 

potential
 

of
 

rare-earth-doped
 

silica
 

fiber J  
 

Proceedings
 

of
 

SPIE 
 

2017 
 

10339 
 

103391C 
 

 128  Palma-Vega
 

G 
 

Walbaum
 

T 
 

Heinzig
 

M 
 

et
 

al 
 

Ring-up-doped
 

fiber
 

for
 

the
 

generation
 

of
 

more
 

than
 

600
 

W
 

single-mode
 

narrow-band
 

output
 

at
 

1018
 

nm
 J  

 

Optics
 

Letters 
 

2019 
 

44 10  
 

2502-2505 
 129  Glick

 

Y 
 

Sintov
 

Y 
 

Zuitlin
 

R 
 

et
 

al 
 

Single-mode
 

230
 

W
 

output
 

power
 

1018
 

nm
 

fiber
 

laser
 

and
 

ASE
 

competition
 

suppression J  
 

Journal
 

of
 

the
 

Optical
 

Society
 

of
 

America
 

B 
 

2016 
 

33 7  
 

1392-1398 
 

 130  Lafouti
 

M 
 

Latifi
 

H 
 

Fathi
 

H 
 

et
 

al 
 

Experimental
 

investigation
 

of
 

a
 

high-power
 

1018
 

nm
 

fiber
 

laser
 

using
 

a
 

20 400
 

μm
 

ytterbium-doped
 

fiber J  
 

Applied
 

Optics 
 

2019 
 

58 4  
 

729-733 
 

 131  Kalyoncu
 

S
 

K 
 

Yeniay
 

A 
 

High
 

brightness
 

1018
 

nm
 

monolithic
 

fiber
 

laser
 

with
 

power
 

scaling
 

to
 

>500
 

W
 J  

 

Applied
 

Optics 
 

2020 
 

59 16  
 

4763-4767 
 

 132  Midilli
 

Y 
 

Efunbajo
 

O
 

B 
 

Şimşek
 

B 
 

et
 

al 
 

1018
 

nm
 

Yb-doped
 

high-power
 

fiber
 

laser
 

pumped
 

by
 

broadband
 

pump
 

sources
 

around
 

915
 

nm
 

with
 

output
 

power
 

above
 

100
 

W J  
 

Applied
 

Optics 
 

2017 
 

56
 25  

 

7225-7229 
 

 133  Chen
 

X
 

L 
 

Wang
 

J
 

H 
 

Zhao
 

X 
 

et
 

al 
 

307
 

W
 

high-
power

 

1018
 

nm
 

monolithic
 

tandem
 

pump
 

fiber
 

source
 

with
 

effective
 

thermal
 

management J  
 

Chinese
 

Optics
 

Letters 
 

2017 
 

15 7  
 

071407 
 

 134  Yan
 

P 
 

Wang
 

X
 

J 
 

Li
 

D 
 

et
 

al 
 

High-power
 

1018
 

nm
 

ytterbium-doped
 

fiber
 

laser
 

with
 

output
 

of
 

805
 

W J  
 

Optics
 

Letters 
 

2017 
 

42 7  
 

1193-
1196 

 

 135  Yan
 

P 
 

Wang
 

X
 

J 
 

Wang
 

Z
 

H 
 

et
 

al 
 

A
 

1150-W
 

1018-nm
 

fiber
 

laser
 

bidirectional
 

pumped
 

by
 

wavelength-stabilized
 

laser
 

diodes J  
 

IEEE
 

Journal
 

of
 

Selected
 

Topics
 

in
 

Quantum
 

Electronics 
 

2018 
 

24 3  
 

1-6 
 

 136  Tian
 

J
 

D 
 

Xiao
 

Q
 

R 
 

Li
 

D 
 

et
 

al 
 

Hybrid-structure
 

1018-nm
 

monolithic
 

single-mode
 

fiber
 

laser
 

producing
 

high
 

power
 

and
 

high
 

efficiency J  
 

OSA
 

Continuum 
 

2019 
 

2 4  
 

1138-1147 
 

 137  Xie
 

Z
 

X 
 

Fang
 

Q 
 

Xu
 

Y 
 

et
 

al 
 

Hundred-Watts-
level

 

monolithic
 

narrow
 

linewidth
 

linearly-polarized
 

fiber
 

laser
 

at
 

1018
 

nm J  
 

Optical
 

Engineering
 

2019 
 

58 10  
 

106106 
 

 138  Xiao
 

H 
 

Zhou
 

P 
 

Wang
 

X
 

L 
 

et
 

al 
 

High
 

power
 

1018
 

nm
 

ytterbium
 

doped
 

fiber
 

laser
 

with
 

an
 

output
 

power
 

of
 

309
 

W J  
 

Laser
 

Physics
 

Letters 
 

2013 
 

10 6  
 

065102 
 

 139  Li
 

R
 

X 
 

Xiao
 

H 
 

Leng
 

J
 

Y 
 

et
 

al 
 

2240
 

W
 

high-
brightness

 

1018
 

nm
 

fiber
 

laser
 

for
 

tandem
 

pump
 

application J  
 

Laser
 

Physics
 

Letters 
 

2017 
 

14
 12  

 

125102 
 

 140  Xiao
 

H 
 

Leng
 

J 
 

Zhang
 

H 
 

et
 

al 
 

High-power
 

1018
 

nm
 

ytterbium-doped
 

fiber
 

laser
 

and
 

its
 

application
 

in
 

tandem
 

pump J  
 

Applied
 

Optics 
 

2015 
 

54 27  
 

8166-8169 
 

 141  Platonov
 

N 
 

Shkurikhin
 

O 
 

Fomin
 

V 
 

et
 

al 
 

High-
efficient

 

kW-level
 

single-mode
 

ytterbium
 

fiber
 

lasers
 

in
 

all-fiber
 

format
 

with
 

diffraction-limited
 

beam
 

at
 

wavelengths
 

in
 

1000-1030
 

nm
 

spectral
 

range J  
 

Proceedings
 

of
 

SPIE 
 

2020 
 

11260 
 

1126003 
 

 142  Dong
 

X 
 

Li
 

X 
 

Xiao
 

H 
 

et
 

al 
 

Efficient
 

special
 

S-
band

 

ytterbium
 

fiber
 

laser
 

emitting
 

at
 

1012
 

nm
 

and
 

its
 

application
 

in
 

tandem
 

pumping J  
 

Laser
 

Physics 
 

2012 
 

22 5  
 

953-956 
 

 143  Beier
 

F 
 

Otto
 

H
 

J 
 

Jauregui
 

C 
 

et
 

al 
 

1009
 

nm
 

continuous-wave
 

ytterbium-doped
 

fiber
 

amplifier
 

emitting
 

146
 

W J  
 

Optics
 

Letters 
 

2014 
 

39 13  
 

3725-3727 
 

 144  Röser
 

F 
 

Jauregui
 

C 
 

Limpert
 

J 
 

et
 

al 
 

94
 

W
 

980
 

nm
 

high
 

brightness
 

Yb-doped
 

fiber
 

laser J  
 

Optics
 

Express 
 

2008 
 

16 22  
 

17310-17318 
 

 145  Li
 

P
 

X 
 

Zhong
 

G
 

S 
 

Liu
 

Z 
 

et
 

al 
 

980
 

nm
 

Yb-doped
 

double-clad
 

photonic
 

crystal
 

fiber
 

amplifier
 

and
 

its
 

frequency
 

doubling  J  
 

Optics
 

&
 

Laser
 

Technology 
 

2012 
 

44 7  
 

2202-2205 
 

 146  Du
 

H
 

T 
 

Liu
 

A
 

M 
 

Cao
 

J
 

Q 
 

et
 

al 
 

The
 

976
 

nm
 

band
 

all-fiber
 

laser
 

developed
 

by
 

our
 

company
 

can
 

2000001-17



特邀综述 第48卷
 

第20期/2021年10月/中国激光

achieve
 

a
 

power
 

output
 

of
 

100
 

W J  
 

High
 

Power
 

Laser
 

and
 

Particle
 

Beams 
 

2019 
 

31 10  
 

103211 
杜赫庭 

 

刘爱民 
 

曹涧秋 
 

等 
 

自主研发的976
 

nm
波段全光纤激光器实现了100

 

W量级功率输出 J  
 

强激光与粒子束 
 

2019 
 

31 10  
 

103211 
 

 147  Valero
 

N 
 

Feral
 

C 
 

Lhermite
 

J 
 

et
 

al 
 

39
 

W
 

narrow
 

spectral
 

linewidth
 

monolithic
 

ytterbium-doped
 

fiber
 

MOPA
 

system
 

operating
 

at
 

976
 

nm J  
 

Optics
 

Letters 
 

2020 
 

45 6  
 

1495-1498 
 

 148  Li
 

W
 

S 
 

Matniyaz
 

T 
 

Gafsi
 

S 
 

et
 

al 
 

151
 

W
 

monolithic
 

diffraction-limited
 

Yb-doped
 

photonic
 

bandgap
 

fiber
 

laser
 

at
 

~978
 

nm J  
 

Optics
 

Express 
 

2019 
 

27 18  
 

24972-24977 
 

 149  Matniyaz
 

T 
 

Li
 

W
 

S 
 

Gafsi
 

S 
 

et
 

al 
 

A
 

monolithic
 

single-mode
 

Yb
 

three-level
 

fiber
 

laser
 

at
 

~978
 

nm
 

with
 

a
 

record
 

power
 

of
 

~150
 

W J 
 

∥CLEO 
 

Applications
 

and
 

Technology
 

2019 
 

May
 

5-10 
 

2019 
 

San
 

Jose 
 

California 
 

United
 

States 
 

Washington 
 

D C  
 

OSA 
 

2019 
 

JTh5A 7 
 

 150  Chen
 

M
 

N 
 

Cao
 

J
 

Q 
 

Huang
 

Z
 

H 
 

et
 

al 
 

Research
 

progress
 

on
 

continuous-wave
 

fiber
 

lasers
 

operating
 

around
 

980
 

nm J  
 

Chinese
 

Journal
 

of
 

Lasers 
 

2021 
 

48 4  
 

0401013 
陈毛妮 

 

曹涧秋 
 

黄值河 
 

等 
 

980
 

nm波段连续光

纤激光器的研究进展 J  
 

中国激光 
 

2021 
 

48 4  
 

0401013 
 

 151  Wu
 

H
 

S 
 

Xiao
 

H 
 

Zhang
 

H
 

W 
 

et
 

al 
 

Preliminary
 

theoretical
 

analysis
 

of
 

high-power
 

Yb-doped
 

fiber
 

amplifiers
 

tandem-pumped
 

by
 

short-wavelength
 

fiber
 

lasers J  
 

Proceedings
 

of
 

SPIE 
 

2021 
 

11781 
 

1178120 
 

 152  Dvoyrin
 

V
 

V 
 

Medvedkov
 

O
 

I 
 

Sorokina
 

I
 

T 
 

YDFL
 

operating
 

in
 

1150-1200-nm
 

spectral
 

domain J  
 

IEEE
 

Journal
 

of
 

Quantum
 

Electronics 
 

2013 
 

49
 4  

 

419-425 
 

 153  Huang
 

L 
 

Zhang
 

H
 

W 
 

Wang
 

X
 

L 
 

et
 

al 
 

Diode-
pumped

 

1178-nm
 

high-power
 

Yb-doped
 

fiber
 

laser
 

operating
 

at
 

125
 

℃ J  
 

IEEE
 

Photonics
 

Journal 
 

2016 
 

8 3  
 

1-7 
 

 154  Xiao
 

H 
 

Zhang
 

H
 

W 
 

Xu
 

J
 

M 
 

et
 

al 
 

120
 

W
 

monolithic
 

Yb-doped
 

fiber
 

oscillator
 

at
 

1150
 

nm J  
 

Journal
 

of
 

the
 

Optical
 

Society
 

of
 

America
 

B 
 

2017 
 

34 3  
 

A63-A69 
 

 155  Shirakawa
 

A 
 

Olausson
 

C
 

B 
 

Maruyama
 

H 
 

et
 

al 
 

High
 

power
 

ytterbium
 

fiber
 

lasers
 

at
 

extremely
 

long
 

wavelengths
 

by
 

photonic
 

bandgap
 

fiber
 

technology
 J  

 

Optical
 

Fiber
 

Technology 
 

2010 
 

16 6  
 

449-
457 

 

 156  Olausson
 

C
 

B 
 

Shirakawa
 

A 
 

Chen
 

M 
 

et
 

al 
 

167
 

W 
 

power
 

scalable
 

ytterbium-doped
 

photonic
 

bandgap
 

fiber
 

amplifier
 

at
 

1178
 

nm J  
 

Optics
 

Express 
 

2010 
 

18 16  
 

16345-16352 
 

 157  Jacquemet
 

M 
 

Mugnier
 

A 
 

le
 

Corre
 

G 
 

et
 

al 
 

CW
 

PM
 

multiwatts
 

Yb-doped
 

fiber
 

laser
 

directly
 

emitting
 

at
 

long
 

wavelength J  
 

IEEE
 

Journal
 

of
 

Selected
 

Topics
 

in
 

Quantum
 

Electronics 
 

2009 
 

15
 1  

 

120-128 
 

 158  Yusim
 

A 
 

Barsalou
 

J 
 

Gapontsev
 

D 
 

et
 

al 
 

100
 

watt
 

single-mode
 

CW
 

linearly
 

polarized
 

all-fiber
 

format
 

1 56-μm
 

laser
 

with
 

suppression
 

of
 

parasitic
 

lasing
 

effects J  
 

Proceedings
 

of
 

SPIE 
 

2005 
 

5709 
 

69-
77 

 

 159  Jeong
 

Y 
 

Yoo
 

S 
 

Codemard
 

C
 

A 
 

et
 

al 
 

Erbium∶
ytterbium

 

codoped
 

large-core
 

fiber
 

laser
 

with
 

297-W
 

continuous-wave
 

output
 

power J  
 

IEEE
 

Journal
 

of
 

Selected
 

Topics
 

in
 

Quantum
 

Electronics 
 

2007 
 

13
 3  

 

573-579 
 

 160  Kotov
 

L
 

V 
 

Likhachev
 

M
 

E 
 

Bubnov
 

M
 

M 
 

et
 

al 
 

75
 

W
 

40%
 

efficiency
 

single-mode
 

all-fiber
 

erbium-
doped

 

laser
 

cladding
 

pumped
 

at
 

976
 

nm J  
 

Optics
 

Letters 
 

2013 
 

38 13  
 

2230-2232 
 

 161  Kotov
 

L
 

V 
 

Likhachev
 

M
 

E 
 

Bubnov
 

M
 

M 
 

et
 

al 
 

Yb-free
 

Er-doped
 

all-fiber
 

amplifier
 

cladding-
pumped

 

at
 

976
 

nm
 

with
 

output
 

power
 

in
 

excess
 

of
 

100
 

W J  
 

Proceedings
 

of
 

SPIE 
 

2014 
 

8961 
 

89610X 
 

 162  Supradeepa
 

V
 

R 
 

Nicholson
 

J
 

W 
 

Feder
 

K 
 

Continuous
 

wave
 

Erbium-doped
 

fiber
 

laser
 

with
 

output
 

power
 

of
 

>100
 

W
 

at
 

1550
 

nm
 

in-band
 

core-
pumped

 

by
 

a
 

1480
 

nm
 

Raman
 

fiber
 

laser C ∥
CLEO 

 

Science
 

and
 

Innovations
 

2012 
 

May
 

6-11 
 

2012 
 

San
 

Jose 
 

California 
 

United
 

States 
 

Washington 
 

D C  
 

OSA 
 

2012 
 

CM2N 8 
 

 163  Lin
 

H
 

Q 
 

Feng
 

Y
 

J 
 

Feng
 

Y
 

T 
 

et
 

al 
 

656
 

W
 

Er-
doped 

 

Yb-free
 

large-core
 

fiber
 

laser J  
 

Optics
 

Letters 
 

2018 
 

43 13  
 

3080-3083 
 

 164  Matniyaz
 

T 
 

Kong
 

F
 

T 
 

Kalichevsky-Dong
 

M
 

T 
 

et
 

al 
 

302
 

W
 

single-mode
 

power
 

from
 

an
 

Er Yb
 

fiber
 

MOPA 
 

publishers
 

note J  
 

Optics
 

Letters 
 

2020 
 

45 11  
 

3021 
 

 165  Yu
 

W
 

L 
 

Yan
 

P 
 

Xiao
 

Q
 

R 
 

et
 

al 
 

Power
 

scalability
 

of
 

a
 

continuous-wave
 

high-power
 

Er-Yb
 

co-doped
 

fiber
 

amplifier
 

pumped
 

by
 

Yb-doped
 

fiber
 

lasers J  
 

Applied
 

Optics 
 

2021 
 

60 7  
 

2046-2055 
 

 166  Yu
 

W
 

L 
 

Xiao
 

Q
 

R 
 

Wang
 

L
 

L 
 

et
 

al 
 

2196
 

W
 

large-mode-area
 

Er∶Yb
 

codoped
 

fiber
 

amplifier
 

operating
 

at
 

1600
 

nm
 

pumped
 

by
 

1018
 

nm
 

fiber
 

lasers J  
 

Optics
 

Letters 
 

2021 
 

46 9  
 

2192-
2195 

 

 167  Dan
 

W 
 

Han
 

Q 
 

Jia
 

Q 
 

et
 

al 
 

Numerical
 

comparison
 

of
 

pumping
 

methods
 

for
 

high-power
 

Er Yb-codoped
 

fiber
 

lasers J  
 

Applied
 

Optics 
 

2021 
 

60 9  
 

2000001-18



特邀综述 第48卷
 

第20期/2021年10月/中国激光

2560-2566 
 

 168  Moulton
 

P
 

F 
 

Rines
 

G
 

A 
 

Slobodtchikov
 

E
 

V 
 

et
 

al 
 

Tm-doped
 

fiber
 

lasers 
 

fundamentals
 

and
 

power
 

scaling J  
 

IEEE
 

Journal
 

of
 

Selected
 

Topics
 

in
 

Quantum
 

Electronics 
 

2009 
 

15 1  
 

85-92 
 

 169  Walbaum
 

T 
 

Heinzig
 

M 
 

Schreiber
 

T 
 

et
 

al 
 

Monolithic
 

thulium
 

fiber
 

laser
 

with
 

567
 

W
 

output
 

power
 

at
 

1970
 

nm J  
 

Optics
 

Letters 
 

2016 
 

41
 11  

 

2632-2635 
 

 170  Yin
 

K 
 

Zhu
 

R
 

Z 
 

Zhang
 

B 
 

et
 

al 
 

300
 

W-level 
 

wavelength-widely-tunable 
 

all-fiber
 

integrated
 

thulium-doped
 

fiber
 

laser J  
 

Optics
 

Express 
 

2016 
 

24 10  
 

11085-11090 
 

 171  Jin
 

X
 

X 
 

Wang
 

X 
 

Zhou
 

P 
 

et
 

al 
 

Powerful
 

2
 

μm
 

silica
 

fiber
 

sources 
 

a
 

review
 

of
 

recent
 

progress
 

and
 

prospects J  
 

Journal
 

of
 

Electronic
 

Science
 

and
 

Technology 
 

2015 
 

13 4  
 

315-327 
 172  Gaida

 

C 
 

Gebhardt
 

M 
 

Heuermann
 

T 
 

et
 

al 
 

Ultrafast
 

thulium
 

fiber
 

laser
 

system
 

emitting
 

more
 

than
 

1
 

kW
 

of
 

average
 

power J  
 

Optics
 

Letters 
 

2018 
 

43 23  
 

5853-5856 
 

 173  Gaida
 

C 
 

Gebhardt
 

M 
 

Heuermann
 

T 
 

et
 

al 
 

Ultrafast
 

Tm-doped
 

fiber
 

amplifier
 

with
 

1
 

kW
 

average
 

output
 

power C ∥The
 

European
 

Conference
 

on
 

Lasers
 

and
 

Electro-Optics
 

2019 
 

June
 

23-27 
 

2019 
 

Munich 
 

Germany 
 

Washington 
 

D C  
 

OSA 
 

2019 
 

cj_10_4 
 

 174  Gaida
 

C 
 

Gebhardt
 

M 
 

Heuermann
 

T 
 

et
 

al 
 

Observation
 

of
 

transverse-mode
 

instabilities
 

in
 

a
 

thulium-doped
 

fiber
 

amplifier J  
 

Proceedings
 

of
 

SPIE 
 

2019 
 

10897 
 

1089702 
 

 175  Tao
 

R
 

M 
 

Zhou
 

P 
 

Xiao
 

H 
 

et
 

al 
 

Theoretical
 

study
 

of
 

high
 

power
 

mode
 

instabilities
 

in
 

2
 

μm
 

thulium-
doped

 

fiber
 

amplifiers C ∥16th
 

International
 

Conference
 

Laser
 

Optics
 

2014 
 

ICLO 
 

June
 

30-July
 

4 
 

2014 
 

ST 
 

Petersburg 
 

Russia 
 

 S l  
 

s n   
 

2014 
 176  Smith

 

A
 

V 
 

Smith
 

J
 

J 
 

Mode
 

instability
 

thresholds
 

for
 

Tm-doped
 

fiber
 

amplifiers
 

pumped
 

at
 

790
 

nm
 J  

 

Optics
 

Express 
 

2016 
 

24 2  
 

975-992 
 

 177  Sincore
 

A 
 

Bradford
 

J
 

D 
 

Cook
 

J 
 

et
 

al 
 

High
 

average
 

power
 

thulium-doped
 

silica
 

fiber
 

lasers 
 

review
 

of
 

systems
 

and
 

concepts J  
 

IEEE
 

Journal
 

of
 

Selected
 

Topics
 

in
 

Quantum
 

Electronics 
 

2018 
 

24
 3  

 

1-8 
 

 178  Chen
 

S 
 

Jung
 

Y 
 

Alam
 

S
 

U 
 

et
 

al 
 

Ultra-short
 

wavelength
 

operation
 

of
 

a
 

thulium
 

doped
 

fiber
 

laser
 

in
 

the
 

1620-1660
 

nm
 

wavelength
 

band C ∥2018
 

Optical
 

Fiber
 

Communications
 

Conference
 

and
 

Exposition
 

 OFC  
 

March
 

11-15 
 

2018 
 

San
 

Diego 
 

CA 
 

USA 
 

New
 

York 
 

IEEE
 

Press 
 

2018 
 

1-3 
 

 179  Li
 

Z 
 

Jung
 

Y 
 

Daniel
 

J
 

M
 

O 
 

et
 

al 
 

Exploiting
 

the
 

short
 

wavelength
 

gain
 

of
 

silica-based
 

thulium-doped
 

fiber
 

amplifiers J  
 

Optics
 

Letters 
 

2016 
 

41 10  
 

2197-2200 
 

 180  Daniel
 

J
 

M
 

O 
 

Simakov
 

N 
 

Tokurakawa
 

M 
 

et
 

al 
 

Ultra-short
 

wavelength
 

operation
 

of
 

a
 

thulium
 

fibre
 

laser
 

in
 

the
 

1660-1750
 

nm
 

wavelength
 

band J  
 

Optics
 

Express 
 

2015 
 

23 14  
 

18269-18276 
 

 181  Feng
 

Y 
 

Raman
 

fiber
 

lasers M  
 

Cham 
 

Springer 
 

2017 
 182  Supradeepa

 

V
 

R 
 

Feng
 

Y 
 

Nicholson
 

J
 

W 
 

Raman
 

fiber
 

lasers J  
 

Journal
 

of
 

Optics 
 

2017 
 

19 2  
 

023001 
 

 183  Zhang
 

H
 

W 
 

Zhou
 

P 
 

Xiao
 

H 
 

et
 

al 
 

Toward
 

high-
power

 

nonlinear
 

fiber
 

amplifier J  
 

High
 

Power
 

Laser
 

Science
 

and
 

Engineering 
 

2018 
 

6 
 

e51 
 

 184  Zhang
 

H
 

W 
 

Xiao
 

H 
 

Zhou
 

P 
 

et
 

al 
 

119-W
 

monolithic
 

single-mode
 

1173-nm
 

Raman
 

fiber
 

laser
 J  

 

IEEE
 

Photonics
 

Journal 
 

2013 
 

5 5  
 

1501706 
 

 185  Song
 

J
 

X 
 

Wu
 

H
 

S 
 

Ye
 

J 
 

et
 

al 
 

High
 

power
 

linearly
 

polarized
 

Raman
 

fiber
 

laser
 

with
 

stable
 

temporal
 

output J  
 

Photonic
 

Sensors 
 

2019 
 

9 1  
 

43-48 
 

 186  Kablukov
 

S
 

I 
 

Dontsova
 

E
 

I 
 

Zlobina
 

E
 

A 
 

et
 

al 
 

An
 

LD-pumped
 

Raman
 

fiber
 

laser
 

operating
 

below
 

1
 

μm
 J  

 

Laser
 

Physics
 

Letters 
 

2013 
 

10 8  
 

085103 
 

 187  Glick
 

Y 
 

Fromzel
 

V 
 

Zhang
 

J 
 

et
 

al 
 

High-
efficiency 

 

154
 

W
 

CW 
 

diode-pumped
 

Raman
 

fiber
 

laser
 

with
 

brightness
 

enhancement J  
 

Applied
 

Optics 
 

2017 
 

56 3  
 

B97-B102 
 

 188  Zlobina
 

E
 

A 
 

Kablukov
 

S
 

I 
 

Wolf
 

A
 

A 
 

et
 

al 
 

Generating
 

high-quality
 

beam
 

in
 

a
 

multimode
 

LD-
pumped

 

all-fiber
 

Raman
 

laser J  
 

Optics
 

Express 
 

2017 
 

25 11  
 

12581-12587 
 

 189  Glick
 

Y 
 

Shamir
 

Y 
 

Wolf
 

A
 

A 
 

et
 

al 
 

Highly
 

efficient
 

all-fiber
 

continuous-wave
 

Raman
 

graded-
index

 

fiber
 

laser
 

pumped
 

by
 

a
 

fiber
 

laser J  
 

Optics
 

Letters 
 

2018 
 

43 5  
 

1027-1030 
 

 190  Shamir
 

Y 
 

Glick
 

Y 
 

Aviel
 

M 
 

et
 

al 
 

250
 

W
 

clad
 

pumped
 

Raman
 

all-fiber
 

laser
 

with
 

brightness
 

enhancement J  
 

Optics
 

Letters 
 

2018 
 

43 4  
 

711-714 
 

 191  Glick
 

Y 
 

Shamir
 

Y 
 

Aviel
 

M 
 

et
 

al 
 

1 2
 

kW
 

clad
 

pumped
 

Raman
 

all-passive-fiber
 

laser
 

with
 

brightness
 

enhancement J  
 

Optics
 

Letters 
 

2018 
 

43 19  
 

4755-4758 
 

 192  Chen
 

Y 
 

Xiao
 

H 
 

Xu
 

J 
 

et
 

al 
 

Laser
 

diode-pumped
 

dual-cavity
 

high-power
 

fiber
 

laser
 

emitting
 

at
 

1150
 

nm
 

employing
 

hybrid
 

gain J  
 

Applied
 

Optics 
 

2016 
 

55 14  
 

3824-3828 
 

2000001-19



特邀综述 第48卷
 

第20期/2021年10月/中国激光

 193  Wang
 

J
 

M 
 

Li
 

C 
 

Yan
 

D
 

P 
 

High
 

power
 

composite
 

cavity
 

fiber
 

laser
 

oscillator
 

at
 

1120
 

nm J  
 

Optics
 

Communications 
 

2017 
 

405 
 

318-322 
 

 194  Zhang
 

H
 

W 
 

Xiao
 

H 
 

Zhou
 

P 
 

et
 

al 
 

322
 

W
 

single-
mode

 

Yb-doped
 

all-fiber
 

laser
 

operated
 

at
 

1120
 

nm
 J  

 

Applied
 

Physics
 

Express 
 

2014 
 

7 5  
 

052701 
 

 195  Supradeepa
 

V
 

R 
 

Nicholson
 

J
 

W 
 

Power
 

scaling
 

of
 

high-efficiency
 

1 5
 

μm
 

cascaded
 

Raman
 

fiber
 

lasers
 J  

 

Optics
 

Letters 
 

2013 
 

38 14  
 

2538-2541 
 

 196  Chen
 

Y
 

Z 
 

Yao
 

T
 

F 
 

Xiao
 

H 
 

et
 

al 
 

3
 

kW
 

passive-
gain-enabled

 

metalized
 

Raman
 

fiber
 

amplifier
 

with
 

brightness
 

enhancement J  
 

Journal
 

of
 

Lightwave
 

Technology 
 

2021 
 

39 6  
 

1785-1790 
 

 197  Chen
 

Y
 

Z 
 

Yao
 

T
 

F 
 

Xiao
 

H 
 

et
 

al 
 

High-power
 

cladding
 

pumped
 

Raman
 

fiber
 

amplifier
 

with
 

a
 

record
 

beam
 

quality J  
 

Optics
 

Letters 
 

2020 
 

45
 8  

 

2367-2370 
 

 198  Chen
 

Y
 

Z 
 

Yao
 

T
 

F 
 

Xiao
 

H 
 

et
 

al 
 

Greater
 

than
 

2
 

kW
 

all-passive
 

fiber
 

Raman
 

amplifier
 

with
 

good
 

beam
 

quality J  
 

High
 

Power
 

Laser
 

Science
 

and
 

Engineering 
 

2020 
 

8 
 

e33 
 199  Zhang

 

L 
 

Liu
 

C 
 

Jiang
 

H
 

W 
 

et
 

al 
 

Kilowatt
 

ytterbium-Raman
 

fiber
 

laser J  
 

Optics
 

Express 
 

2014 
 

22 15  
 

18483-18489 
 

 200  Ma
 

P
 

F 
 

Zhang
 

H
 

W 
 

Huang
 

L 
 

et
 

al 
 

Kilowatt-
level

 

near-diffraction-limited
 

and
 

linear-polarized
 

Ytterbium-Raman
 

hybrid
 

nonlinear
 

amplifier
 

based
 

on
 

polarization
 

selection
 

loss
 

mechanism J  
 

Optics
 

Express 
 

2015 
 

23 20  
 

26499-26508 
 

 201  Zhang
 

H
 

W 
 

Tao
 

R
 

M 
 

Zhou
 

P 
 

et
 

al 
 

1 5-kW
 

Yb-
Raman

 

combined
 

nonlinear
 

fiber
 

amplifier
 

at
 

1120
 

nm J  
 

IEEE
 

Photonics
 

Technology
 

Letters 
 

2015 
 

27 6  
 

628-630 
 

 202  Xiao
 

Q 
 

Yan
 

P 
 

Li
 

D 
 

et
 

al 
 

Bidirectional
 

pumped
 

high
 

power
 

Raman
 

fiber
 

laser J  
 

Optics
 

Express 
 

2016 
 

24 6  
 

6758-6768 
 

 203  Ma
 

P
 

F 
 

Miao
 

Y 
 

Liu
 

W 
 

et
 

al 
 

Kilowatt-level
 

ytterbium-Raman
 

fiber
 

amplifier
 

with
 

a
 

narrow-
linewidth

 

and
 

near-diffraction-limited
 

beam
 

quality
 J  

 

Optics
 

Letters 
 

2020 
 

45 7  
 

1974-1977 
 

 204  Liu
 

W 
 

Ma
 

P
 

F 
 

Zhou
 

P 
 

et
 

al 
 

Effects
 

of
 

four-
wave-mixing

 

in
 

high-power
 

Raman
 

fiber
 

amplifiers
 J  

 

Optics
 

Express 
 

2020 
 

28 1  
 

593-606 
 

 205  Liu
 

W 
 

Miao
 

Y 
 

Ma
 

P
 

F 
 

et
 

al 
 

Theoretical
 

study
 

of
 

narrow-linewidth
 

hybrid
 

rare-earth-Raman
 

fiber
 

amplifiers J  
 

Optics
 

Express 
 

2019 
 

27 10  
 

14523-14535 
 

 206  Distler
 

V 
 

Möller
 

F 
 

Strecker
 

M 
 

et
 

al 
 

Transverse
 

mode
 

instability
 

in
 

a
 

passive
 

fiber
 

induced
 

by
 

stimulated
 

Raman
 

scattering J  
 

Optics
 

Express 
 

2020 
 

28 15  
 

22819-22828 
 

 207  Naderi
 

S 
 

Dajani
 

I 
 

Grosek
 

J 
 

et
 

al 
 

Theoretical
 

and
 

numerical
 

treatment
 

of
 

modal
 

instability
 

in
 

high-
power

 

core
 

and
 

cladding-pumped
 

Raman
 

fiber
 

amplifiers J  
 

Optics
 

Express 
 

2016 
 

24 15  
 

16550-16565 
 

 208  Wang
 

Z
 

H 
 

Zhang
 

B 
 

Liu
 

J 
 

et
 

al 
 

Recent
 

developments
 

in
 

mid-infrared
 

fiber
 

lasers 
 

status
 

and
 

challenges J  
 

Optics
 

&
 

Laser
 

Technology 
 

2020 
 

132 
 

106497 
 

 209  Jackson
 

S
 

D 
 

Towards
 

high-power
 

mid-infrared
 

emission
 

from
 

a
 

fibre
 

laser J  
 

Nature
 

Photonics 
 

2012 
 

6 7  
 

423-431 
 

 210  Zhou
 

P 
 

Wang
 

X 
 

Ma
 

Y 
 

et
 

al 
 

Review
 

on
 

recent
 

progress
 

on
 

mid-infrared
 

fiber
 

lasers J  
 

Laser
 

Physics 
 

2012 
 

22 11  
 

1744-1751 
 

 211  Jain
 

R 
 

Zhu
 

X
 

S 
 

Advances
 

in
 

materials
 

and
 

fibers
 

for
 

high
 

power
 

Mid-infrared
 

fiber
 

lasers C ∥2008
 

2nd
 

National
 

Workshop
 

on
 

Advanced
 

Optoelectronic
 

Materials
 

and
 

Devices 
 

December
 

22-24 
 

2008 
 

Varanasi 
 

India 
 

New
 

York 
 

IEEE
 

Press 
 

2008 
 

307-316 
 212  Zhu

 

X
 

S 
 

Jain
 

R 
 

10-W-level
 

diode-pumped
 

compact
 

2 78
 

μm
 

ZBLAN
 

fiber
 

laser J  
 

Optics
 

Letters 
 

2006 
 

32 1  
 

26-28 
 

 213  Tokita
 

S 
 

Hirokane
 

M 
 

Murakami
 

M 
 

et
 

al 
 

Stable
 

10
 

W
 

Er 
 

ZBLAN
 

fiber
 

laser
 

operating
 

at
 

271-
288

 

μm J  
 

Optics
 

Letters 
 

2010 
 

35 23  
 

3943-
3945 

 

 214  Faucher
 

D 
 

Bernier
 

M 
 

Androz
 

G 
 

et
 

al 
 

20
 

W
 

passively
 

cooled
 

single-mode
 

all-fiber
 

laser
 

at
 

28
 

μm
 J  

 

Optics
 

Letters 
 

2011 
 

36 7  
 

1104-1106 
 

 215  Tokita
 

S 
 

Murakami
 

M 
 

Shimizu
 

S 
 

et
 

al 
 

Liquid-
cooled

 

24
 

W
 

mid-infrared
 

Er∶ZBLAN
 

fiber
 

laser J  
 

Optics
 

Letters 
 

2009 
 

34 20  
 

3062-3064 
 

 216  Fortin
 

V 
 

Bernier
 

M 
 

Bah
 

S
 

T 
 

et
 

al 
 

30
 

W
 

fluoride
 

glass
 

all-fiber
 

laser
 

at
 

2 94
 

μm J  
 

Optics
 

Letters 
 

2015 
 

40 12  
 

2882-2885 
 

 217  Aydin
 

Y
 

O 
 

Fortin
 

V 
 

Vallée
 

R 
 

et
 

al 
 

Towards
 

power
 

scaling
 

of
 

2 8
 

μm
 

fiber
 

lasers J  
 

Optics
 

Letters 
 

2018 
 

43 18  
 

4542-4545 
 

 218  Goya
 

K 
 

Uehara
 

H 
 

Konishi
 

D 
 

et
 

al 
 

Stable
 

35-W
 

Er∶ZBLAN
 

fiber
 

laser
 

with
 

CaF2 end
 

caps J  
 

Applied
 

Physics
 

Express 
 

2019 
 

12 10  
 

102007 
 

 219  Aydin
 

Y
 

O 
 

Fortin
 

V 
 

Vallée
 

R 
 

et
 

al 
 

Towards
 

power
 

scaling
 

of
 

2 8
 

μm
 

fiber
 

lasers J  
 

Optics
 

Letters 
 

2018 
 

43 18  
 

4542-4545 
 

 220  Aydın
 

Y
 

O 
 

Fortin
 

V 
 

Maes
 

F 
 

et
 

al 
 

Long-term
 

operation
 

of
 

high-power
 

3
 

μm
 

fiber
 

lasers C ∥Laser
 

Congress
 

2019
 

 ASSL 
 

LAC 
 

LS&C  
 

September
 

29-October
 

3 
 

2019 
 

Vienna 
 

Washington 
 

D C  
 

2000001-20



特邀综述 第48卷
 

第20期/2021年10月/中国激光

OSA 
 

2019 
 

AW4A 7 
 221  Guo

 

C
 

Y 
 

Dong
 

F
 

L 
 

Shen
 

P
 

S 
 

et
 

al 
 

20
 

W
 

all-
fiberized

 

mid-infrared
 

fiber
 

laser
 

at
 

2 8
 

μm J  
 

Chinese
 

Journal
 

of
 

Lasers 
 

2021 
 

48 14  
 

1416001 
郭春雨 

 

董繁龙 
 

沈鹏生 
 

等 
 

20
 

W中红外2 8
 

μm
全光纤激光器研究 J  

 

中国激光 
 

2021 
 

48 14  
 

1416001 
 

 222  Gapontsev
 

V 
 

Avdokhin
 

A 
 

Kadwani
 

P 
 

et
 

al 
 

SM
 

green
 

fiber
 

laser
 

operating
 

in
 

CW
 

and
 

QCW
 

regimes
 

and
 

producing
 

over
 

550
 

W
 

of
 

average
 

output
 

power
 J  

 

Proceedings
 

of
 

SPIE 
 

2014 
 

8964 
 

896407 
 

 223  Wang
 

H
 

J 
 

Zou
 

J
 

H 
 

Dong
 

C
 

C 
 

et
 

al 
 

High-
efficiency 

 

yellow-light
 

Dy3+-doped
 

fiber
 

laser
 

with
 

wavelength
 

tuning
 

from
 

568 7
 

to
 

581 9
 

nm J  
 

Optics
 

Letters 
 

2019 
 

44 17  
 

4423-4426 
 

 224  Kifle
 

E 
 

Starecki
 

F 
 

Loiko
 

P 
 

et
 

al 
 

Watt-level
 

visible
 

laser
 

in
 

double-clad
 

Pr3+-doped
 

fluoride
 

fiber
 

pumped
 

by
 

a
 

GaN
 

diode J  
 

Optics
 

Letters 
 

2021 
 

46 1  
 

74-77 
 

 225  Fujimoto
 

Y 
 

Nakahara
 

M 
 

Binun
 

P 
 

et
 

al 
 

2
 

W
 

single-mode
 

visible
 

laser
 

oscillation
 

in
 

Pr-doped
 

double-clad
 

structured
 

waterproof
 

fluoro-aluminate
 

glass
 

fiber C ∥The
 

European
 

Conference
 

on
 

Lasers
 

and
 

Electro-Optics
 

2019 
 

June
 

23-27 
 

2019 
 

Munich 
 

Germany 
 

Washington 
 

D C  
 

OSA 
 

2019 
 

cj_p_34 
 

 226  Lord
 

M
 

P 
 

Maes
 

F 
 

Fortin
 

V 
 

et
 

al 
 

Watt-level
 

visible
 

laser
 

emission
 

in
 

a
 

double-clad
 

praseodymium-doped
 

fluoride
 

fiber C ∥Advanced
 

Solid
 

State
 

Lasers
 

2020 
 

October
 

13-16 
 

2020 
 

Washington 
 

D C  
 

United
 

States 
 

Washington 
 

D C  
 

OSA 
 

2020 
 

ATh5A 6 
 

 227  Zou
 

J
 

H 
 

Li
 

T
 

R 
 

Dou
 

Y
 

B 
 

et
 

al 
 

Direct
 

generation
 

of
 

watt-level
 

yellow
 

Dy3+-doped
 

fiber
 

laser J  
 

Photonics
 

Research 
 

2021 
 

9 4  
 

446-451 
 

 228  Fang
 

Q 
 

Xu
 

Y 
 

Fu
 

S
 

J 
 

et
 

al 
 

Single-frequency
 

distributed
 

Bragg
 

reflector
 

Nd
 

doped
 

silica
 

fiber
 

laser
 

at
 

930
 

nm J  
 

Optics
 

Letters 
 

2016 
 

41 8  
 

1829-
1832 

 

 229  Wang
 

Y
 

F 
 

Wu
 

J
 

M 
 

Zhao
 

Q
 

L 
 

et
 

al 
 

Single-
frequency

 

DBR
 

Nd-doped
 

fiber
 

laser
 

at
 

1120
 

nm
 

with
 

a
 

narrow
 

linewidth
 

and
 

low
 

threshold J  
 

Optics
 

Letters 
 

2020 
 

45 8  
 

2263-2266 
 

 230  Mo
 

S
 

P 
 

Huang
 

X 
 

Xu
 

S
 

H 
 

et
 

al 
 

600-Hz
 

linewidth
 

short-linear-cavity
 

fiber
 

laser J  
 

Optics
 

Letters 
 

2014 
 

39 20  
 

5818-5820 
 

 231  Zhu
 

X
 

S 
 

Zong
 

J 
 

Miller
 

A 
 

et
 

al 
 

Single-frequency
 

Ho3+-doped
 

ZBLAN
 

fiber
 

laser
 

at
 

1200
 

nm J  
 

Optics
 

Letters 
 

2012 
 

37 20  
 

4185-4187 
 

 232  Yang
 

C
 

S 
 

Cen
 

X 
 

Xu
 

S
 

H 
 

et
 

al 
 

Research
 

progress
 

of
 

single-frequency
 

fiber
 

laser J  
 

Acta
 

Optica
 

Sinica 
 

2021 
 

41 1  
 

0114002 

杨昌盛 
 

岑旭 
 

徐善辉 
 

等 
 

单频光纤激光器研究

进展 J  
 

光学学报 
 

2021 
 

41 1  
 

0114002 
 233  Brignon

 

A 
 

Coherent
 

laser
 

beam
 

combining M  
 

Weinheim 
 

Wiley-VCH
 

Verlag
 

GmbH
 

&
 

Co 
 

KGaA 
 

2013 
 

 234  Beier
 

F 
 

Hupel
 

C 
 

Nold
 

J 
 

et
 

al 
 

Narrow
 

linewidth 
 

single
 

mode
 

3
 

kW
 

average
 

power
 

from
 

a
 

directly
 

diode
 

pumped
 

ytterbium-doped
 

low
 

NA
 

fiber
 

amplifier J  
 

Optics
 

Express 
 

2016 
 

24 6  
 

6011-
6020 

 

 235  Ma
 

P
 

F 
 

Tao
 

R
 

M 
 

Su
 

R
 

T 
 

et
 

al 
 

1 89
 

kW
 

all-
fiberized

 

and
 

polarization-maintained
 

amplifiers
 

with
 

narrow
 

linewidth
 

and
 

near-diffraction-limited
 

beam
 

quality J  
 

Optics
 

Express 
 

2016 
 

24 4  
 

4187-
4195 

 

 236  Wang
 

Y
 

S 
 

Wang
 

J 
 

Chang
 

Z 
 

et
 

al 
 

Output
 

of
 

3 08
 

kW
 

narrow
 

linewidth
 

linearly
 

polarized
 

all-fiber
 

laser
 

based
 

on
 

a
 

simple
 

MOPA
 

structure J  
 

High
 

Power
 

Laser
 

and
 

Particle
 

Beams 
 

2020 
 

32 1  
 

27-29 
 237  Shen

 

H 
 

Lou
 

Q 
 

Quan
 

Z 
 

et
 

al 
 

Narrow-linewidth
 

all-fiber
 

amplifier
 

with
 

up
 

to
 

3 01
 

kW
 

output
 

power
 

based
 

on
 

commercial
 

20 400
 

μm
 

active
 

fiber
 

and
 

counterpumped
 

configuration J  
 

Applied
 

Optics 
 

2019 
 

58 12  
 

3053-3058 
 

 238  Wang
 

P 
 

Sahu
 

J
 

K 
 

Clarkson
 

W
 

A 
 

Power
 

scaling
 

of
 

ytterbium-doped
 

fiber
 

superfluorescent
 

sources
 J  

 

IEEE
 

Journal
 

of
 

Selected
 

Topics
 

in
 

Quantum
 

Electronics 
 

2007 
 

13 3  
 

580-587 
 

 239  Xu
 

J
 

M 
 

Zhou
 

P 
 

Liu
 

W 
 

et
 

al 
 

Exploration
 

in
 

performance
 

scaling
 

and
 

new
 

application
 

avenues
 

of
 

superfluorescent
 

fiber
 

source J  
 

IEEE
 

Journal
 

of
 

Selected
 

Topics
 

in
 

Quantum
 

Electronics 
 

2018 
 

24
 3  

 

1-10 
 

 240  Zhang
 

B 
 

Jin
 

A
 

J 
 

Ma
 

P
 

F 
 

et
 

al 
 

High-power
 

near-
infrared

 

linearly-polarized
 

supercontinuum
 

generation
 

in
 

a
 

polarization-maintaining
 

Yb-doped
 

fiber
 

amplifier
 J  

 

Optics
 

Express 
 

2015 
 

23 22  
 

28683-28690 
 

 241  Hu
 

X
 

H 
 

Zhang
 

W 
 

Yang
 

Z 
 

et
 

al 
 

High
 

average
 

power 
 

strictly
 

all-fiber
 

supercontinuum
 

source
 

with
 

good
 

beam
 

quality J  
 

Optics
 

Letters 
 

2011 
 

36
 14  

 

2659-2661 
 

 242  Song
 

R 
 

Hou
 

J 
 

Chen
 

S
 

P 
 

et
 

al 
 

High
 

power
 

supercontinuum
 

generation
 

in
 

a
 

nonlinear
 

ytterbium-
doped

 

fiber
 

amplifier J  
 

Optics
 

Letters 
 

2012 
 

37
 9  

 

1529-1531 
 

 243  Dawson
 

J
 

W 
 

Messerly
 

M
 

J 
 

Beach
 

R
 

J 
 

et
 

al 
 

Analysis
 

of
 

the
 

scalability
 

of
 

diffraction-limited
 

fiber
 

lasers
 

and
 

amplifiers
 

to
 

high
 

average
 

power J  
 

Optics
 

Express 
 

2008 
 

16 17  
 

13240-13266 
 

 244  Zhu
 

J
 

J 
 

Zhou
 

P 
 

Ma
 

Y
 

X 
 

et
 

al 
 

Power
 

scaling
 

analysis
 

of
 

tandem-pumped
 

Yb-doped
 

fiber
 

lasers
 

2000001-21



特邀综述 第48卷
 

第20期/2021年10月/中国激光

and
 

amplifiers J  
 

Optics
 

Express 
 

2011 
 

19 19  
 

18645-18654 
 

 245  Zervas
 

M
 

N 
 

Power
 

scaling
 

limits
 

in
 

high
 

power
 

fiber
 

amplifiers
 

due
 

to
 

transverse
 

mode
 

instability 
 

thermal
 

lensing 
 

and
 

fiber
 

mechanical
 

reliability J  
 

Proceedings
 

of
 

SPIE 
 

2018 
 

10512 
 

1051205 
 

 246  Otto
 

H
 

J 
 

Jauregui
 

C 
 

Limpert
 

J 
 

et
 

al 
 

Average
 

power
 

limit
 

of
 

fiber-laser
 

systems
 

with
 

nearly
 

diffraction-limited
 

beam
 

quality J  
 

Proceedings
 

of
 

SPIE 
 

2016 
 

9728 
 

97280E 
 

 247  Ke
 

W
 

W 
 

Wang
 

X
 

J 
 

Bao
 

X
 

F 
 

et
 

al 
 

Thermally
 

induced
 

mode
 

distortion
 

and
 

its
 

limit
 

to
 

power
 

scaling
 

of
 

fiber
 

lasers J  
 

Optics
 

Express 
 

2013 
 

21
 12  

 

14272-14281 
 

 248  Agrawal
 

G
 

P 
 

Nonlinear
 

fiber
 

optics M  
 

New
 

York 
 

Academic
 

Press 
 

2013 
 249  Zhu

 

J
 

J 
 

Zhou
 

P 
 

Wang
 

X
 

L 
 

et
 

al 
 

Analysis
 

of
 

maximum
 

extractable
 

power
 

of
 

single-frequency
 

Yb3+-doped
 

phosphate
 

fiber
 

sources J  
 

IEEE
 

Journal
 

of
 

Quantum
 

Electronics 
 

2012 
 

48 4  
 

480-
484 

 250  Jauregui
 

C 
 

Limpert
 

J 
 

Tünnermann
 

A 
 

High-
power

 

fibre
 

lasers J  
 

Nature
 

Photonics 
 

2013 
 

7
 11  

 

861-867 
 

 251  Jauregui
 

C 
 

Eidam
 

T 
 

Otto
 

H
 

J 
 

et
 

al 
 

Physical
 

origin
 

of
 

mode
 

instabilities
 

in
 

high-power
 

fiber
 

laser
 

systems J  
 

Optics
 

Express 
 

2012 
 

20 12  
 

12912-
12925 

 

 252  Zervas
 

M
 

N 
 

Transverse
 

mode
 

instability
 

analysis
 

in
 

fibre
 

amplifiers J  
 

Proceedings
 

of
 

SPIE 
 

2017 
 

10083 
 

100830M 
 253  Zhou

 

P 
 

Fundamentals
 

of
 

high-average-power
 

fiber
 

laser
 

technology 
 

mode J  
 

High
 

Power
 

Laser
 

and
 

Particle
 

Beams 
 

2018 
 

30 
 

060201 
 

 254  Lai
 

W
 

C 
 

Ma
 

P
 

F 
 

Liu
 

W 
 

et
 

al 
 

550
 

W
 

single
 

frequency
 

fiber
 

amplifiers
 

emitting
 

at
 

1030
 

nm
 

based
 

on
 

a
 

tapered
 

Yb-doped
 

fiber J  
 

Optics
 

Express 
 

2020 
 

28 14  
 

20908-20919 
 

 255  Huang
 

Z
 

M 
 

Shu
 

Q 
 

Chu
 

Q
 

H 
 

et
 

al 
 

5
 

kW
 

all-
fiberied

 

narrow
 

linewidth
 

single
 

mode
 

fiber
 

amplifier
 J  

 

Chinese
 

Journal
 

of
 

Lasers 
 

2021 
 

48 6  
 

0616001 
黄智蒙 

 

舒强 
 

楚秋慧 
 

等 
 

5
 

kW 窄线宽全纤化单

模光 纤 放 大 器 J  
 

中 国 激 光 
 

2021 
 

48 6  
 

0616001 
 

 256  Ma
 

P
 

F 
 

Xiao
 

H 
 

Liu
 

W 
 

et
 

al 
 

All-fiberized
 

and
 

narrow-linewidth
 

5
 

kW
 

power-level
 

fiber
 

amplifier
 

based
 

on
 

bidirectional
 

pumping
 

configuration J  
 

High
 

Power
 

Laser
 

Science
 

and
 

Engineering 
 

2021 
 

1-20 
 

 257  Xu
 

J
 

M 
 

Ye
 

J 
 

Xiao
 

H 
 

et
 

al 
 

In-band
 

pumping
 

avenue
 

based
 

high
 

power
 

superfluorescent
 

fiber
 

source
 

with
 

record
 

power
 

and
 

near-diffraction-
limited

 

beam
 

quality J  
 

High
 

Power
 

Laser
 

Science
 

and
 

Engineering 
 

2018 
 

6 
 

e46 
 

 258  Song
 

R 
 

Hou
 

J 
 

Chen
 

S
 

P 
 

et
 

al 
 

Recent
 

developments
 

in
 

high
 

power
 

near-infrared
 

supercontinuum
 

generation
 

based
 

on
 

photonic
 

crystal
 

fiber J  
 

Chinese
 

Physics
 

B 
 

2012 
 

21 9  
 

094211 
 

 259  Li
 

Y 
 

Dong
 

K 
 

Li
 

F 
 

et
 

al 
 

300
 

W
 

high
 

power
 

supercontinuum
 

generation
 

of
 

complete
 

visible
 

spectrum
 

by
 

long
 

tapered
 

photonic
 

crystal
 

fiber J  
 

High
 

Power
 

Laser
 

and
 

Particle
 

Beams 
 

2021 
 

33 
 

021002 
 260  Beier

 

F 
 

Strecker
 

M 
 

Nold
 

J 
 

et
 

al 
 

6 8
 

kW
 

peak
 

power
 

quasi-continuous
 

wave
 

tandem-pumped
 

ytterbium
 

amplifier
 

at
 

1071
 

nm J  
 

Proceedings
 

of
 

SPIE 
 

2015 
 

9344 
 

93441H 
 

 261  Avdokhin
 

A 
 

Gapontsev
 

V 
 

Kadwani
 

P 
 

et
 

al 
 

High
 

average
 

power
 

quasi-CW
 

single-mode
 

green
 

and
 

UV
 

fiber
 

lasers J  
 

Proceedings
 

of
 

SPIE 
 

2015 
 

9347 
 

934704 
 

 262  IPG 
 

High
 

power
 

CW
 

fiber
 

lasers EB OL  
 

 2021-
04-01  

 

https ∥ www ipgphotonics com en 
products lasers high-power-cw-fiber-lasers 

 263  Otto
 

H
 

J 
 

Stutzki
 

F 
 

Modsching
 

N 
 

et
 

al 
 

2
 

kW
 

average
 

power
 

from
 

a
 

pulsed
 

Yb-doped
 

rod-type
 

fiber
 

amplifier J  
 

Optics
 

Letters 
 

2014 
 

39 22  
 

6446-6449 
 

 264  IPG 
 

Nanosecond
 

fiber
 

lasers EB OL  
 

 2021-04-
01  

 

https ∥www ipgphotonics com en products 
lasers nanosecond-fiber-lasers# 1-06-micron  

 

 265  Eidam
 

T 
 

Hanf
 

S 
 

Seise
 

E 
 

et
 

al 
 

Femtosecond
 

fiber
 

CPA
 

system
 

emitting
 

830
 

W
 

average
 

output
 

power J  
 

Optics
 

Letters 
 

2010 
 

35 2  
 

94-96 
 

 266  Zhao
 

Z 
 

Sheehy
 

B 
 

Minty
 

M 
 

Generation
 

of
 

180
 

W
 

average
 

green
 

power
 

from
 

a
 

frequency-doubled
 

picosecond
 

rod
 

fiber
 

amplifier J  
 

Optics
 

Express 
 

2017 
 

25 7  
 

8138-8143 
 

 267  Tünnermann
 

A 
 

Schreiber
 

T 
 

Limpert
 

J 
 

Fiber
 

lasers
 

and
 

amplifiers 
 

an
 

ultrafast
 

performance
 

evolution J  
 

Applied
 

Optics 
 

2010 
 

49 25  
 

F71-
F78 

 

 268  Liu
 

Y 
 

Li
 

W
 

X 
 

Luo
 

D
 

P 
 

et
 

al 
 

Generation
 

of
 

33
 

fs
 

93 5
 

W
 

average
 

power
 

pulses
 

from
 

a
 

third-order
 

dispersion
 

managed
 

self-similar
 

fiber
 

amplifier J  
 

Optics
 

Express 
 

2016 
 

24 10  
 

10939-10945 
 

 269  Zhao
 

J 
 

Li
 

W
 

X 
 

Wang
 

C 
 

et
 

al 
 

Pre-chirping
 

management
 

of
 

a
 

self-similar
 

Yb-fiber
 

amplifier
 

towards
 

80
 

W
 

average
 

power
 

with
 

sub-40
 

fs
 

pulse
 

generation J  
 

Optics
 

Express 
 

2014 
 

22 26  
 

32214-32219 
 

2000001-22



特邀综述 第48卷
 

第20期/2021年10月/中国激光

 270  Chen
 

S
 

P 
 

Chen
 

H
 

W 
 

Hou
 

J 
 

et
 

al 
 

100
 

W
 

all
 

fiber
 

picosecond
 

MOPA
 

laser J  
 

Optics
 

Express 
 

2009 
 

17 26  
 

24008-24012 
 

 271  Elahi
 

P 
 

Yılmaz
 

S 
 

Akçaalan
 

Ö 
 

et
 

al 
 

Doping
 

management
 

for
 

high-power
 

fiber
 

lasers 
 

100
 

W 
 

few-picosecond
 

pulse
 

generation
 

from
 

an
 

all-fiber-
integrated

 

amplifier J  
 

Optics
 

Letters 
 

2012 
 

37
 15  

 

3042-3044 
 

 272  Teh
 

P
 

S 
 

Lewis
 

R
 

J 
 

Alam
 

S
 

U 
 

et
 

al 
 

200
 

W
 

diffraction
 

limited 
 

single-polarization 
 

all-fiber
 

picosecond
 

MOPA J  
 

Optics
 

Express 
 

2013 
 

21
 22  

 

25883-25889 
 

 273  Chan
 

H
 

Y 
 

Alam
 

S
 

U 
 

Xu
 

L 
 

et
 

al 
 

Compact 
 

high-
pulse-energy 

 

high-power 
 

picosecond
 

master
 

oscillator
 

power
 

amplifier J  
 

Optics
 

Express 
 

2014 
 

22 18  
 

21938-21943 
 

 274  Ma
 

P
 

F 
 

Tao
 

R
 

M 
 

Huang
 

L 
 

et
 

al 
 

608
 

W
 

average
 

power
 

picosecond
 

all
 

fiber
 

polarization-maintained
 

amplifier
 

with
 

narrow-band
 

and
 

near-diffraction-
limited

 

beam
 

quality J  
 

Journal
 

of
 

Optics 
 

2015 
 

17 7  
 

075501 
 

 275  Liu
 

J 
 

Liu
 

C 
 

Shi
 

H
 

X 
 

et
 

al 
 

High-power
 

linearly-
polarized

 

picosecond
 

thulium-doped
 

all-fiber
 

master-
oscillator

 

power-amplifier J  
 

Optics
 

Express 
 

2016 
 

24 13  
 

15005-15011 
 

 276  Yao
 

W
 

C 
 

Shao
 

Z
 

H 
 

Shen
 

C
 

F 
 

et
 

al 
 

Gain-
switched

 

laser
 

diode
 

seeded
 

TDFA
 

with
 

409
 

W
 

picosecond
 

pulses
 

and
 

142
 

W
 

spectrally
 

flat
 

supercontinuum
 

output J  
 

Optics
 

Express 
 

2019 
 

27 2  
 

1276-1282 
 

 277  Wan
 

P 
 

Yang
 

L
 

M 
 

Liu
 

J 
 

All
 

fiber-based
 

Yb-doped
 

high
 

energy 
 

high
 

power
 

femtosecond
 

fiber
 

lasers
 J  

 

Optics
 

Express 
 

2013 
 

21 24  
 

29854-29859 
 

 278  Yu
 

H
 

L 
 

Wang
 

X
 

L 
 

Zhang
 

H
 

W 
 

et
 

al 
 

Linearly-
polarized

 

fiber-integrated
 

nonlinear
 

CPA
 

system
 

for
 

high-average-power
 

femtosecond
 

pulses
 

generation
 

at
 

1 06
 

μm J  
 

Journal
 

of
 

Lightwave
 

Technology 
 

2016 
 

34 18  
 

4271-4277 
 

 279  Fan
 

T
 

Y 
 

Laser
 

beam
 

combining
 

for
 

high-power 
 

high-radiance
 

sources J  
 

IEEE
 

Journal
 

of
 

Selected
 

Topics
 

in
 

Quantum
 

Electronics 
 

2005 
 

11 3  
 

567-
577 

 

 280  Liu
 

Z
 

J 
 

Ma
 

P
 

F 
 

Su
 

R
 

T 
 

et
 

al 
 

High-power
 

coherent
 

beam
 

polarization
 

combination
 

of
 

fiber
 

lasers 
 

progress
 

and
 

prospect Invited  J  
 

Journal
 

of
 

the
 

Optical
 

Society
 

of
 

America
 

B 
 

2016 
 

34 3  
 

A7-A14 
 

 281  Goodno
 

G
 

D 
 

Komine
 

H 
 

McNaught
 

S
 

J 
 

et
 

al 
 

Coherent
 

combination
 

of
 

high-power 
 

zigzag
 

slab
 

lasers J  
 

Optics
 

Letters 
 

2006 
 

31 9  
 

1247-
1249 

 

 282  Ma
 

P
 

F 
 

Zhou
 

P 
 

Ma
 

Y
 

X 
 

et
 

al 
 

Coherent
 

polarization
 

beam
 

combining
 

of
 

four
 

fiber
 

amplifiers
 

in
 

100
 

ns
 

pulsed-regime J  
 

Optics
 

&
 

Laser
 

Technology 
 

2013 
 

47 
 

336-340 
 

 283  Ma
 

P
 

F 
 

Tao
 

R
 

M 
 

Wang
 

X
 

L 
 

et
 

al 
 

Coherent
 

polarization
 

beam
 

combination
 

of
 

four
 

mode-locked
 

fiber
 

MOPAs
 

in
 

picosecond
 

regime J  
 

Optics
 

Express 
 

2014 
 

22 4  
 

4123-4130 
 

 284  Su
 

R
 

T 
 

Zhou
 

P 
 

Zhang
 

P
 

F 
 

et
 

al 
 

Review
 

on
 

the
 

progress
 

in
 

coherent
 

beam
 

combining
 

of
 

ultra-short
 

fiber
 

lasers Invited  J  
 

Infrared
 

and
 

Laser
 

Engineering 
 

2018 
 

47 1  
 

0103001 
 

 285  Wang
 

J 
 

Zhang
 

Y 
 

Wang
 

J 
 

et
 

al 
 

Recent
 

progress
 

of
 

coherent
 

combining
 

technology
 

in
 

femtosecond
 

fiber
 

lasers J  
 

Acta
 

Physica
 

Sinica 
 

2021 
 

70 3  
 

034206 
 286  Klenke

 

A 
 

Breitkopf
 

S 
 

Kienel
 

M 
 

et
 

al 
 

530
 

W 
 

1 3
 

mJ 
 

four-channel
 

coherently
 

combined
 

femtosecond
 

fiber
 

chirped-pulse
 

amplification
 

system J  
 

Optics
 

Letters 
 

2013 
 

38 13  
 

2283-2285 
 

 287  Kienel
 

M 
 

Müller
 

M 
 

Klenke
 

A 
 

et
 

al 
 

12
 

mJ
 

kW-
class

 

ultrafast
 

fiber
 

laser
 

system
 

using
 

multidimensional
 

coherent
 

pulse
 

addition J  
 

Optics
 

Letters 
 

2016 
 

41 14  
 

3343-3346 
 

 288  Mueller
 

M 
 

Klenke
 

A 
 

Stark
 

H 
 

et
 

al 
 

1 8-kW
 

16-
channel

 

ultrafast
 

fiber
 

laser
 

system J  
 

Proceedings
 

of
 

SPIE 
 

2018 
 

10512 
 

1051208 
 

 289  Mueller
 

M 
 

Klenke
 

A 
 

Steinkopff
 

A 
 

et
 

al 
 

3 5
 

kW
 

coherently
 

combined
 

ultrafast
 

fiber
 

laser J  
 

Proceedings
 

of
 

SPIE 
 

2019 
 

10897 
 

1089719 
 

 290  Stark
 

H 
 

Buldt
 

J 
 

Müller
 

M 
 

et
 

al 
 

23
 

mJ
 

high-
power

 

fiber
 

CPA
 

system
 

using
 

electro-optically
 

controlled
 

divided-pulse
 

amplification J  
 

Optics
 

Letters 
 

2019 
 

44 22  
 

5529-5532 
 

 291  Müeller
 

M 
 

Aleshire
 

C 
 

Klenke
 

A 
 

et
 

al 
 

10 4
 

kW
 

coherently
 

combined
 

ultrafast
 

fiber
 

laser J  
 

Optics
 

Letters 
 

2020 
 

45 11  
 

3083-3086 
 292  Stark

 

H 
 

Buldt
 

J 
 

Müller
 

M 
 

et
 

al 
 

1
 

kW 
 

10
 

mJ 
 

120
 

fs
 

coherently
 

combined
 

fiber
 

CPA
 

laser
 

system
 J  

 

Optics
 

Letters 
 

2021 
 

46 5  
 

969-972 
 

 293  Tsubakimoto
 

K 
 

Yoshida
 

H 
 

Miyanaga
 

N 
 

600
 

W
 

green
 

and
 

300
 

W
 

UV
 

light
 

generated
 

from
 

an
 

eight-
beam 

 

sub-nanosecond
 

fiber
 

laser
 

system J  
 

Optics
 

Letters 
 

2017 
 

42 17  
 

3255-3258 
 

 294  Feng
 

Y 
 

Jiang
 

H
 

W 
 

Zhang
 

L 
 

Advances
 

in
 

high
 

power
 

Raman
 

fiber
 

laser
 

technology J  
 

Chinese
 

Journal
 

of
 

Lasers 
 

2017 
 

44 2  
 

0201005 
冯衍 

 

姜华卫 
 

张磊 
 

高功率拉曼光纤激光器技术

研究进展 J  
 

中国激光 
 

2017 
 

44 2  
 

0201005 
 

 295  Zhou
 

P 
 

Huang
 

L 
 

Xu
 

J
 

M 
 

et
 

al 
 

High
 

power
 

linearly
 

polarized
 

fiber
 

laser 
 

generation 
 

2000001-23



特邀综述 第48卷
 

第20期/2021年10月/中国激光

manipulation
 

and
 

application J  
 

Science
 

China
 

Technological
 

Sciences 
 

2017 
 

60 12  
 

1784-1800 
 

 296  Lai
 

W
 

C 
 

Ma
 

P
 

F 
 

Xiao
 

H 
 

et
 

al 
 

High-power
 

narrow-
linewidth

 

fiber
 

laser
 

technology J  
 

High
 

Power
 

Laser
 

and
 

Particle
 

Beams 
 

2020 
 

32 12  
 

7-28 
来文昌 

 

马鹏飞 
 

肖虎 
 

等 
 

高功率窄线宽光纤激

光技术 J  
 

强激光与粒子束 
 

2020 
 

32 12  
 

7-28 
 

 297  Hu
 

M
 

L 
 

Cai
 

Y 
 

Research
 

progress
 

on
 

mid-infrared
 

ultrafast
 

fiber
 

laser J  
 

Chinese
 

Journal
 

of
 

Lasers 
 

2020 
 

47 5  
 

0500009 
胡明列 

 

蔡宇 
 

中红外波段超快光纤激光器研究进

展 J  
 

中国激光 
 

2020 
 

47 5  
 

0500009 
 

 298  Hou
 

J 
 

Chen
 

S
 

P 
 

Chen
 

Z
 

L 
 

et
 

al 
 

Recent
 

developments
 

and
 

key
 

technology
 

analysis
 

of
 

high
 

power
 

supercontinuum
 

source J  
 

Laser
 

&
 

Optoelectronics
 

Progress 
 

2013 
 

50 8  
 

080010 
侯静 

 

陈胜平 
 

陈子伦 
 

等 
 

高功率超连续谱光源

研究进展与关键技术分析 J  
 

激光与光电子学进

展 
 

2013 
 

50 8  
 

080010 
 

 299  Jiang
 

M 
 

Ma
 

P
 

F 
 

Su
 

R
 

T 
 

et
 

al 
 

Research
 

progress
 

and
 

prospect
 

of
 

spectral
 

beam
 

combining Invited 
 J  

 

Infrared
 

and
 

Laser
 

Engineering 
 

2020 
 

49
 12  

 

20201053 
姜曼 

 

马鹏飞 
 

粟荣涛 
 

等 
 

激光光谱合成技术研

究进展与展望 特邀  J  
 

红外与激光工程 
 

2020 
 

49 12  
 

20201053 
 

 300  Zhou
 

P 
 

Su
 

R
 

T 
 

Ma
 

Y
 

X 
 

et
 

al 
 

Review
 

of
 

coherent
 

laser
 

beam
 

combining
 

research
 

progress
 

in
 

the
 

past
 

decade J  
 

Chinese
 

Journal
 

of
 

Lasers 
 

2021 
 

48 4  
 

0401003 
周朴 

 

粟荣涛 
 

马阎星 
 

等 
 

激光相干合成的研究

进展 
 

2011—2020 J  
 

中 国 激 光 
 

2021 
 

48 4  
 

0401003 
 

 301  Zhou
 

P 
 

Huang
 

L
 

J 
 

Leng
 

J
 

Y 
 

et
 

al 
 

High-power
 

double-cladding
 

fiber
 

lasers 
 

a
 

30-year
 

overview J  
 

Scientia
 

Sinica
 

 Technologica  
 

2020 
 

50 2  
 

123-
135 
周朴 

 

黄良金 
 

冷进勇 
 

等 
 

高功率双包层光纤激

光器 
 

30周年的发展历程 J  
 

中国科学 
 

技术科

学 
 

2020 
 

50 2  
 

123-135 
 

 302  Zhou
 

P 
 

Researcher
 

of
 

National
 

Defense
 

University
 

of
 

science
 

and
 

technology 
 

the
 

development
 

history
 

of
 

popular
 

science
 

fiber
 

laser EB OL   2020-05-
27  2021-04-01  

 

http ∥ www oeshow cn 
informationdetail 11448 
国防科 大 周 朴 研 究 员 科 普 光 纤 激 光 器 发 展 历 程

 EB OL   2020-05-27  2021-04-01  
 

http ∥
www oeshow cn informationdetail 11448 

 303  Michalska
 

M 
 

Swiderski
 

J 
 

Mamajek
 

M 
 

Arbitrary
 

pulse
 

shaping
 

in
 

Er-doped
 

fiber
 

amplifiers 
 

possibilities
 

and
 

limitations J  
 

Optics
 

&
 

Laser
 

Technology 
 

2014 
 

60 
 

8-13 
 

 304  Malinowski
 

A 
 

Vu
 

K
 

T 
 

Chen
 

K
 

K 
 

et
 

al 
 

High
 

power
 

pulsed
 

fiber
 

MOPA
 

system
 

incorporating
 

electro-optic
 

modulator
 

based
 

adaptive
 

pulse
 

shaping
 J  

 

Optics
 

Express 
 

2009 
 

17 23  
 

20927-20937 
 

 305  Shi
 

H
 

X 
 

Tan
 

F
 

Z 
 

Cao
 

Y 
 

et
 

al 
 

High-power
 

diode-
seeded

 

thulium-doped
 

fiber
 

MOPA
 

incorporating
 

active
 

pulse
 

shaping J  
 

Applied
 

Physics
 

B 
 

2016 
 

122 10  
 

1-8 
 

 306  Schimpf
 

D
 

N 
 

Ruchert
 

C 
 

Nodop
 

D 
 

et
 

al 
 

Compensation
 

of
 

pulse-distortion
 

in
 

saturated
 

laser
 

amplifiers J  
 

Optics
 

Express 
 

2008 
 

16 22  
 

17637-17646 
 

 307  Vu
 

K
 

T 
 

Malinowski
 

A 
 

Richardson
 

D
 

J 
 

et
 

al 
 

Adaptive
 

pulse
 

shape
 

control
 

in
 

a
 

diode-seeded
 

nanosecond
 

fiber
 

MOPA
 

system  J  
 

Optics
 

Express 
 

2006 
 

14 23  
 

10996-11001 
 

 308  Zhou
 

P 
 

Su
 

R
 

T 
 

Huang
 

L
 

J 
 

et
 

al 
 

Research
 

progress
 

and
 

future
 

perspective
 

on
 

ultrafast
 

fiber
 

laser
 

enabled
 

by
 

computing
 

technique Invited  J  
 

Infrared
 

and
 

Laser
 

Engineering 
 

2018 
 

47 8  
 

0803001 
周朴 

 

粟荣涛 
 

黄良金 
 

等 
 

基于计算技术的超快

光纤激光研究进展与展望 特邀  J  
 

红外与激光

工程 
 

2018 
 

47 8  
 

0803001 
 

 309  Zhang
 

L 
 

Jiang
 

H 
 

Yang
 

X 
 

et
 

al 
 

Ultra-wide
 

wavelength
 

tuning
 

of
 

a
 

cascaded
 

Raman
 

random
 

fiber
 

laser J  
 

Optics
 

Letters 
 

2016 
 

41 2  
 

215-218 
 

 310  Zhang
 

L 
 

Jiang
 

H 
 

Yang
 

X 
 

et
 

al 
 

Nearly-octave
 

wavelength
 

tuning
 

of
 

a
 

continuous
 

wave
 

fiber
 

laser
 J  

 

Scientific
 

Reports 
 

2017 
 

7 
 

42611 
 

 311  Ye
 

J 
 

Xu
 

J
 

M 
 

Zhang
 

Y 
 

et
 

al 
 

Spectrum-
manipulable

 

hundred-watt-level
 

high-power
 

superfluorescent
 

fiber
 

source J  
 

Journal
 

of
 

Lightwave
 

Technology 
 

2019 
 

37 13  
 

3113-3118 
 

 312  Ye
 

J 
 

Xu
 

J
 

M 
 

Song
 

J
 

X 
 

et
 

al 
 

Pump
 

scheme
 

optimization
 

of
 

an
 

incoherently
 

pumped
 

high-power
 

random
 

fiber
 

laser J  
 

Photonics
 

Research 
 

2019 
 

7
 9  

 

977-983 
 

 313  Vikram
 

B
 

S 
 

Choudhury
 

V 
 

Prakash
 

R 
 

et
 

al 
 

Continuously
 

linewidth
 

tunable 
 

polarisation
 

maintaining
 

narrow
 

linewidth
 

fiber
 

laser J  
 

Proceedings
 

of
 

SPIE 
 

2019 
 

10897 
 

108971V 
 

 314  Xu
 

H 
 

Jiang
 

M 
 

Shi
 

C 
 

et
 

al 
 

Spectral
 

shaping
 

for
 

suppressing
 

stimulated-Raman-scattering
 

in
 

a
 

fiber
 

laser J  
 

Applied
 

Optics 
 

2017 
 

56 12  
 

3538-
3542 

 

 315  Sun
 

B 
 

Wang
 

A
 

T 
 

Xu
 

L
 

X 
 

et
 

al 
 

Transverse
 

mode
 

switchable
 

fiber
 

laser
 

through
 

wavelength
 

tuning
 J  

 

Optics
 

Letters 
 

2013 
 

38 5  
 

667-669 
 

 316  Huang
 

Y
 

P 
 

Shi
 

F 
 

Wang
 

T 
 

et
 

al 
 

High-order
 

2000001-24



特邀综述 第48卷
 

第20期/2021年10月/中国激光

mode
 

Yb-doped
 

fiber
 

lasers
 

based
 

on
 

mode-selective
 

couplers J  
 

Optics
 

Express 
 

2018 
 

26 15  
 

19171-
19181 

 

 317  Cai
 

Y 
 

Wang
 

Z
 

Q 
 

Wan
 

H
 

D 
 

et
 

al 
 

Mode
 

and
 

wavelength-switchable
 

pulsed
 

fiber
 

laser
 

with
 

few-
mode

 

fiber
 

grating J  
 

IEEE
 

Photonics
 

Technology
 

Letters 
 

2019 
 

31 14  
 

1155-1158 
 

 318  Wang
 

T 
 

Shi
 

F 
 

Huang
 

Y
 

P 
 

et
 

al 
 

High-order
 

mode
 

direct
 

oscillation
 

of
 

few-mode
 

fiber
 

laser
 

for
 

high-quality
 

cylindrical
 

vector
 

beams J  
 

Optics
 

Express 
 

2018 
 

26 9  
 

11850-11858 
 

 319  Li
 

L 
 

Wang
 

M 
 

Liu
 

T 
 

et
 

al 
 

High-power 
 

cladding-pumped
 

all-fiber
 

laser
 

with
 

selective
 

transverse
 

mode
 

generation
 

property J  
 

Applied
 

Optics 
 

2017 
 

56 17  
 

4967-4970 
 

 320  Song
 

J
 

X 
 

Xu
 

H
 

Y 
 

Wu
 

H
 

S 
 

et
 

al 
 

All-fiberized
 

transverse
 

mode-switching
 

method
 

based
 

on
 

temperature
 

control J  
 

Applied
 

Optics 
 

2019 
 

58
 14  

 

3696-3702 
 

 321  Song
 

J
 

X 
 

Xu
 

H
 

Y 
 

Wu
 

H
 

S 
 

et
 

al 
 

High
 

power
 

narrow
 

linewidth
 

LP11
 

mode
 

fiber
 

laser
 

using
 

mode-
selective

 

FBGs J  
 

Laser
 

Physics
 

Letters 
 

2018 
 

15
 11  

 

115101 
 

 322  Su
 

R
 

T 
 

Yang
 

B
 

L 
 

Xi
 

X
 

M 
 

et
 

al 
 

500
 

W
 

level
 

MOPA
 

laser
 

with
 

switchable
 

output
 

modes
 

based
 

on
 

active
 

control J  
 

Optics
 

Express 
 

2017 
 

25 19  
 

23275-23282 
 

 323  You
 

Y 
 

Bai
 

G 
 

Zou
 

X
 

X 
 

et
 

al 
 

A
 

1 4-kW
 

mode-

controllable
 

fiber
 

laser
 

system J  
 

Journal
 

of
 

Lightwave
 

Technology 
 

2021 
 

39 8  
 

2536-2541 
 

 324  Vukovic
 

N 
 

Chan
 

J
 

S 
 

Codemard
 

C
 

A 
 

et
 

al 
 

Multi-
kilowatt

 

fibre
 

laser
 

with
 

azimuthal
 

mode
 

output
 

beam
 

for
 

advanced
 

material
 

processing J  
 

Proceedings
 

of
 

SPIE 
 

2020 
 

11266 
 

1126618 
 

 325  Wiley-VCH 
 

 EB OL  
 

 2021-04-01  
 

https ∥
www photonicsviews com a-breakthrough-for-
cutting-with-fiber-lasers  

 326  IPG 
 

YLS-AMB EB OL  
 

 2021-04-01  
 

https ∥
www ipgphotonics com en products lasers high-
power-cw-fiber-lasers 1-micron yls-amb 

 327  nLight  EB OL  
 

 2021-04-01  
 

https ∥www 
nlight net advanced-metal-processing 

 328  Snitzer
 

E 
 

Proposed
 

fiber
 

cavities
 

for
 

optical
 

masers
 J  

 

Journal
 

of
 

Applied
 

Physics 
 

1961 
 

32 1  
 

36-
39 

 

 329  Snitzer
 

E 
 

Optical
 

maser
 

action
 

of
 

Nd+3
 

in
 

a
 

barium
 

crown
 

glass J  
 

Physical
 

Review
 

Letters 
 

1961 
 

7
 12  

 

444-446 
 

 330  Ministry
 

of
 

Science
 

and
 

Technology
 

of
 

the
 

Peoples
 

Republic
 

of
 

China EB OL  
 

 2021-04-01  
 

http ∥
www most gov cn 

 331  National
 

Natural
 

Science
 

Foundation
 

of
 

China EB 
OL  

 

 2021-04-01  
 

http ∥www nsfc gov cn 
 332  AFL

 

2021 
 

Advanced
 

fiber
 

laser
 

conference EB 
OL  

 

 2021-04-01  
 

https ∥b2b csoe org cn 
meeting AFL2021 html 

High
 

Average
 

Power
 

Fiber
 

Lasers 
 

Research
 

Progress
 

and
 

Future
 

Prospect

Zhou
 

Pu 
 

Leng
 

Jinyong 
 

Xiao
 

Hu 
 

Ma
 

Pengfei 
 

Xu
 

Jiangming 
 

Liu
 

Wei 
 

Yao
 

Tianfu 
 

Zhang
 

Hanwei 
 

Huang
 

Liangjin 
 

Pan
 

Zhiyong
College

 

of
 

Advanced
 

Interdisciplinary
 

Studies 
 

National
 

University
 

of
 

Defense
 

Technology 
 

Changsha 
 

Hunan
 

410073 
 

China

Abstract

Significance High-average-power
 

fiber
 

lasers
 

have
 

many
 

important
 

applications
 

in
 

advanced
 

manufacturing 
 

energy
 

exploration 
 

and
 

national
 

security
 

benefit
 

from
 

the
 

advantages
 

of
 

compact
 

structure 
 

high
 

electro-optical
 

efficiency 
 

and
 

flexible
 

operation 
 

In
 

2009
 

and
 

2010 
 

IPG
 

Photonics
 

demonstrated
 

a
 

single-fiber
 

single-mode
 

laser
 

with
 

an
 

output
 

power
 

of
 

9 6
 

kW
 

and
 

10 5
 

kW 
 

respectively 
 

two
 

important
 

milestones
 

in
 

the
 

field
 

of
 

fiber
 

lasers 
 

In
 

the
 

past
 

10
 

years
 

 2010--2020  
 

high-average-power
 

fiber
 

lasers
 

and
 

systems
 

of
 

various
 

operation
 

bands
 

have
 

developed
 

rapidly
 

and
 

moved
 

towards
 

large-scale
 

applications 
 

In
 

this
 

paper 
 

the
 

research
 

progress
 

of
 

high-average-power
 

fiber
 

laser
 

technology
 

in
 

the
 

past
 

decade
 

is
 

reviewed 

Progress Firstly 
 

the
 

realization
 

history
 

and
 

parameter
 

analysis
 

of
 

10
 

kW
 

single-mode
 

fiber
 

laser
 

are
 

given 
 

and
 

the
 

important
 

characteristics
 

of
 

10
 

kW
 

single-mode
 

fiber
 

laser
 

is
 

summarized 
 

Specifically 
 

the
 

first
 

one
 

is
 

the
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tandem-pump
 

technology 
 

the
 

second
 

one
 

is
 

the
 

amplifier
 

structure 
 

the
 

third
 

one
 

is
 

ytterbium
 

ion
 

as
 

the
 

gain
 

medium
 

of
 

the
 

amplifier
 

stage 
 

the
 

fourth
 

one
 

is
 

that
 

the
 

relatively
 

moderate
 

laser
 

output
 

linewidth 
 

and
 

the
 

fifth
 

one
 

is
 

continuous
 

wave
 

operation 
Second 

 

the
 

pump
 

technology
 

of
 

high-average-power
 

fiber
 

lasers
 

shifts
 

from
 

single
 

to
 

multiple 
 

The
 

pump
 

source
 

is
 

one
 

of
 

the
 

most
 

critical
 

and
 

costly
 

components
 

in
 

a
 

high-average-power
 

fiber
 

laser
 

system 
 

With
 

the
 

development
 

of
 

semiconductor
 

laser
 

technology
 

and
 

double-clad
 

fiber
 

laser
 

technology 
 

semiconductor
 

laser
 

and
 

ytterbium-doped
 

double-clad
 

fiber
 

are
 

once
 

more
 

the
 

essential
 

configurations
 

in
 

a
 

high-average-power
 

fiber
 

laser
 

system 
 

For
 

a
 

period
 

of
 

time 
 

the
 

brightness
 

of
 

semiconductor
 

lasers
 

is
 

unable
 

to
 

meet
 

the
 

development
 

of
 

high-average-power
 

fiber
 

lasers 
 

so
 

researchers
 

begin
 

to
 

introduce
 

new
 

solutions
 

such
 

as
 

tandem-pump
 

technology 
 

In
 

recent
 

years 
 

with
 

the
 

rapid
 

increase
 

in
 

the
 

brightness
 

of
 

semiconductor
 

lasers
 

and
 

the
 

continuous
 

discovery
 

of
 

new
 

scientific
 

issues 
 

the
 

pumping
 

technology
 

of
 

high-average-power
 

fiber
 

lasers
 

has
 

gradually
 

diversified 
 

which
 

has
 

promoted
 

the
 

development
 

of
 

fiber
 

laser
 

technology 
Third 

 

the
 

system
 

structure
 

of
 

high-average-power
 

fiber
 

lasers
 

expands
 

from
 

the
 

amplifier
 

structure
 

to
 

the
 

resonant
 

cavity
 

structure
 

and
 

cavity-free
 

structure 
 

In
 

recent
 

years 
 

with
 

the
 

development
 

of
 

passive
 

devices
 

and
 

semiconductor
 

lasers 
 

the
 

output
 

power
 

of
 

fiber
 

lasers
 

with
 

resonant
 

cavity
 

structures
 

has
 

increased
 

rapidly 
 

In
 

addition 
 

new
 

concepts
 

such
 

as
 

fiber
 

lasers
 

without
 

cavity
 

structures
 

have
 

also
 

been
 

proposed
 

and
 

quickly
 

realized 
 

The
 

high-average-power
 

fiber
 

laser
 

system
 

structure
 

has
 

entered
 

a
 

stage
 

in
 

which
 

various
 

system
 

structures
 

develop
 

parallelly 
Fourth 

 

the
 

operation
 

wavelength
 

of
 

high-average-power
 

fiber
 

lasers
 

begins
 

to
 

expand
 

from
 

a
 

short
 

wavelength
 

region
 

to
 

a
 

long
 

wavelength
 

region 
 

and
 

from
 

visible
 

lasers
 

to
 

mid-infrared
 

lasers 
 

Although
 

the
 

radiation
 

spectrum
 

of
 

ytterbium-doped
 

fibers
 

covers
 

0 96
 

μm
 

to
 

1 2
 

μm 
 

the
 

net
 

gain
 

of
 

the
 

sidebands
 

is
 

relatively
 

small
 

and
 

it
 

is
 

difficult
 

to
 

achieve
 

a
 

high-average-power
 

output
 

directly 
 

Due
 

to
 

the
 

traction
 

of
 

important
 

applications 
 

significant
 

results
 

have
 

been
 

achieved
 

in
 

the
 

above
 

fields 
 

In
 

addition 
 

other
 

new
 

gain
 

media
 

including
 

doped
 

fibers
 

and
 

passive
 

fibers
 

have
 

also
 

been
 

applied
 

to
 

realize
 

a
 

high-average-power
 

output 
 

which
 

enables
 

the
 

operation
 

wavelength
 

of
 

high-
average-power

 

fiber
 

lasers
 

to
 

cover
 

from
 

shortwave
 

to
 

longwave 
 

and
 

from
 

visible
 

to
 

mid-infrared 
Fifth 

 

the
 

laser
 

linewidth
 

of
 

high-average-power
 

fiber
 

lasers
 

could
 

cover
 

from
 

ultra-narrow
 

linewidth
 

to
 

supercontinuum
 

regions 
 

and
 

high-average-power
 

pulsed
 

fiber
 

lasers
 

have
 

also
 

been
 

realized 
 

The
 

limiting
 

factors
 

for
 

high-average-power
 

fiber
 

lasers
 

with
 

different
 

laser
 

linewidths
 

are
 

different 
 

As
 

for
 

the
 

single-frequency
 

fiber
 

lasers
 

and
 

narrow-linewidth
 

fiber
 

lasers 
 

the
 

stimulated
 

Brillouin
 

scattering
 

 SBS 
 

effect
 

is
 

one
 

of
 

the
 

main
 

issues
 

in
 

the
 

power
 

scaling 
 

As
 

for
 

the
 

broadband
 

fiber
 

lasers 
 

the
 

stimulated
 

Raman
 

scattering
 

 SRS 
 

effect
 

is
 

one
 

of
 

the
 

main
 

issues
 

in
 

the
 

power
 

scaling 
 

In
 

addition 
 

the
 

newly
 

discovered
 

mode
 

instability
 

 MI 
 

effect
 

becomes
 

a
 

technical
 

bottleneck
 

in
 

the
 

power
 

scaling
 

of
 

high-average-power
 

fiber
 

lasers 
 

which
 

has
 

also
 

shown
 

an
 

obvious
 

correlation
 

with
 

laser
 

linewidth 
 

Due
 

to
 

the
 

high
 

peak
 

power
 

of
 

pulsed
 

lasers 
 

the
 

nonlinear
 

effects
 

are
 

more
 

critical
 

in
 

high-average-
power

 

pulsed
 

fiber
 

lasers 
 

Therefore 
 

there
 

still
 

exists
 

a
 

gap
 

in
 

magnitude
 

between
 

the
 

highest
 

average
 

power
 

of
 

pulsed
 

fiber
 

lasers
 

and
 

the
 

highest
 

average
 

power
 

of
 

continuous-wave
 

fiber
 

lasers 

Prospects In
 

future
 

work 
 

the
 

high-average-power
 

fiber
 

laser
 

technology
 

is
 

moving
 

toward
 

the
 

stage
 

of
 

controllable 
 

which
 

is
 

specifically
 

manifested
 

in
 

three
 

areas 
 

The
 

first
 

one
 

is
 

the
 

controllable
 

pulse
 

characteristics 
 

including
 

repetition
 

rate 
 

pulse
 

width 
 

and
 

waveform 
 

Researchers
 

have
 

achieved
 

an
 

early
 

control
 

of
 

repetition
 

rate
 

and
 

pulse
 

width
 

of
 

high-power
 

fiber
 

lasers 
 

The
 

second
 

one
 

is
 

the
 

controllable
 

spectral
 

characteristics 
 

including
 

center
 

wavelength 
 

linewidth 
 

and
 

spectral
 

shape 
 

With
 

the
 

continuous
 

discovery
 

of
 

phenomena
 

such
 

as
 

the
 

influence
 

of
 

spectral
 

characteristics
 

on
 

nonlinear
 

effects 
 

the
 

ability
 

of
 

scientific
 

researchers
 

to
 

control
 

the
 

spectral
 

characteristics
 

of
 

high-average-power
 

fiber
 

lasers
 

is
 

continuously
 

enhanced 
 

The
 

third
 

one
 

is
 

the
 

controllable
 

spatial-
mode

 

characteristics 
 

Mode-controllable
 

high-average-power
 

fiber
 

lasers
 

are
 

currently
 

a
 

hotspot
 

in
 

the
 

advanced
 

manufacturing 
 

which
 

may
 

bring
 

important
 

technological
 

innovations 
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