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摘要 采用三镜折叠V型谐振腔、声光调Q 技术和三硼酸锂(LBO)晶体,对二极管端面抽运Nd∶YVO4的914
 

nm
基频光进行腔内倍频,实现了457

 

nm激光输出,利用I类相位匹配偏硼酸钡(BBO)晶体对457
 

nm蓝光进行腔外

倍频,获得了228.5
 

nm深紫外激光。当抽运功率为17
 

W时,获得了平均功率为10
 

mW 的228.5
 

nm深紫外激光

输出,脉冲宽度为64.26
 

ns,重复频率为10
 

kHz。2
 

h内的激光输出稳定度为±2%。
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  深紫外激光在光谱分析、精密加工和激光医疗

等领域都有重要的应用[1-5]。现阶段,深紫外激光光

源主要有准分子激光器、气体激光器、全固态激光器

及利用同步加速器产生的同步辐射光源,其中基于

非线性频率转换的深紫外全固态激光器因其在效

率、紧凑性和系统维护成本方面的优势而获得广泛

关注[6-7]。本文主要研究用于拉曼光谱系统的紧凑

型全固态深紫外激光光源。深紫外线的激发可以

增强许多生物分子及一些爆炸物的拉曼强度[8-9]。
最常规的获得深紫外全固态激光器的方法是对

Nd∶YAG的1064
 

nm 谱 线 进 行 4 倍 频 以 得 到

266
 

nm激光。然而,一些特殊的光谱应用需要一

些特殊的深紫外波段。对于基于Ti:sapphire的激

光器,其228
 

nm附近波段的深紫外激光非常适用

于检测基因组脱氧核糖核酸甲基化、蛋白质结构和

爆炸物的拉曼光谱分析[10-13]。然而,Ti:sapphire
 

激

光器系统复杂,体积大。另外一种可能获得228
 

nm
附近波段激光的方法是使用 Nd∶YVO4晶 体 的

914
 

nm谱线产生4次谐波,进而获得228.5
 

nm深

紫外激光。Nd∶YVO4 作为激光晶体具有一些优

势,包括高的吸收横截面、宽的吸收带宽和偏振输

出。虽然Nd∶YVO4  的导热性相对较差,但由于热

致屈光力是热导率的函数,
 

Nd∶YVO4晶体内可产

生一定的热透镜效应。在结构设计时,考虑热透

镜效应,把Nd∶YVO4晶体的泵浦面作为激光谐振

腔的一个反射镜,可使该激光器系统更简单、紧
凑。目前,已有利用 Nd∶YVO4晶体的914

 

nm谱

线产生二次谐波以获得连续波457
 

nm激光的研

究报道[14-15]。Nd∶YVO4晶体中的914
 

nm谱线是

准三能级系统,其受激发射截面比四能级系统小

很多,所以该波长的输出效率较低。为了增强其

四倍频产生的228.5
 

nm深紫外激光输出,需要对

整个系统进行优化设计。本文采用三镜折叠V型

腔和声光调 Q 技术,对激光二极管(LD)抽运的

914
 

nm基频光进行腔内二倍频,产生了457
 

nm
脉冲激光,再通过腔外偏硼酸钡(BBO)晶体倍频,
获得了平均功率为10

 

mW 的228.5
 

nm深紫外脉

冲激光输出。
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实验装置如图1所示。采用的是 V型谐振腔

结构和激光脉冲运转方式,使基频光分臂获得合适

的泵浦光与基频光的尺寸比,同时倍频光分臂中具

有较小的光腰半径,从而提高914
 

nm基频光的倍

频效率。从脉冲的稳定控制和系统简单方面考虑,
调Q 方式采用声光调制。抽运源采用光纤耦合输

出的808
 

nm 半导体激光器,其最大输出功率为

30
 

W,光纤芯径为400
 

μm,数值孔径 NA=0.22。
耦合镜组由两个焦距为10

 

mm的平凸镜构成。抽

运光经过准直聚焦系统后,抽运光光斑半径大约为

250
 

μm。Nd∶YVO4晶体中Nd3+的掺杂浓度(原子

数分数)为0.1%,尺寸为4
 

mm×4
 

mm×5
 

mm,左
端镀808

 

nm、1064
 

nm增透膜和914
 

nm高反膜,右
端面镀914

 

nm、1064
 

nm和1342
 

nm增透膜。晶体

采用0.1
 

mm厚的银箔包裹,被安装在紫铜热沉中,
通过半导体制冷器(TEC)进行温度控制。曲率半径

为100
 

mm 的 平 凹 镜 M 作 为 输 出 镜,凹 面 镀

914
 

nm高反膜和457
 

nm、1064
 

nm、1342
 

nm增透

膜,平面镀457
 

nm、914
 

nm、1064
 

nm和1342
 

nm增

透膜;曲率半径为200
 

mm的平凹镜 M2作为反射

镜,表面镀457
 

nm、914
 

nm高反膜;Nd∶YVO4晶体

的左端面 M1、M和 M2构成一个V型谐振腔,两臂

夹角α约为5°。利用ABCD矩阵和稳定腔条件,考
虑到Nd∶YVO4的热效应以及抽运光与基频光之间

的模式匹配,通过 Matlab程序计算,臂L1和臂L2
的长度分别取160

 

mm和70
 

mm。其中长臂插入

声光Q 装置,短臂插入产生二次谐波的三硼酸锂

(LBO)晶体并被放置在反射镜 M2前约1
 

mm处。

LBO采用I类临界相位匹配,由SNLO软件计算,
尺寸为4

 

mm×4
 

mm×15
 

mm的LBO晶体的切

割角度为θ=90°,φ=21.7°(在晶体的主轴坐标系

中,θ为波矢与光轴Z 的夹角,φ 为波矢在YOZ 平

面的 投 影 与 X 轴 的 夹 角),有 效 非 线 性 系 数 为

0.803
 

pm/V,914
 

nm 激 光 经 LBO 晶 体 倍 频 后,

457
 

nm倍频光的走离角为12.48
 

mrad,LBO晶体

两端面镀有457
 

nm、914
 

nm和1064
 

nm增透膜。

M3为457
 

nm聚焦镜,表面镀有457
 

nm增透膜。
根据最佳聚焦条件[16]计算,M3聚焦镜的焦距为

150
 

mm,BBO晶体的尺寸4
 

mm×4
 

mm×8
 

mm。
由SNLO 软 件 计 算,采 用I类 临 界 相 位 匹 配 的

BBO晶体的切割角为θ=61.4°,φ=0°,有效非线

性系数为1.38
 

pm/V,457
 

nm激光经BBO晶体倍

频后,228.5
 

nm倍频光的走离角为75.68
 

mrad,

BBO晶体两端面镀有457
 

nm和228.5
 

nm 增透

膜。457
 

nm激光从镜 M 射出,经 M3镜聚焦,在
焦点附近放置BBO晶体,经BBO晶体倍频后即可

产生228.5
 

nm深紫外激光,并由分光棱镜 M4分

离出457
 

nm和228.5
 

nm激光。本实验采用美国

OCEAN
 

OPTICS公 司 的 HR4000CG-UV-NIR光

谱仪测量激光光谱,利用加拿大 GENTEC-EO公

司的 MAESTRO激光功率计测量激光输出平均功

率,利用美国 THORLABS公司的BP209/VIS光

束 质 量 分 析 仪 测 量 激 光 光 斑,利 用 美 国

THORLABS公 司 的 DET10A/M 探 测 器 和 美 国

TEKTRONIX公司的 TDS
 

3054C示波器测量激

光脉冲宽度。

图1 实验装置图

Fig 
 

1 Schematic
 

of
 

experimental
 

setup

  最终,在重复频率为10
 

kHz、注入抽运功率为

17
 

W 条 件 下,获 得 了 平 均 功 率 为 360
 

mW 的

457
 

nm激光输出,脉冲宽度为86
 

ns,光束质量 M2

因子为1.12。经过BBO晶体后,得到了平均功率

为10
 

mW 的228.5
 

nm 深紫外激光,脉冲宽度为

64.26
 

ns。228.5
 

nm激光的输出光谱、功率曲线、
脉冲宽度和光斑图如图2所示。从图2(a)得到,中
心波长为228.5

 

nm。从图2(d)可以看出,228.5
 

nm
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图2 228.5
 

nm
 

深紫外激光的主要特征。(a)光谱;(b)功率曲线;(c)脉冲宽度;(d)光斑

Fig 
 

2 Main
 

characteristics
 

of
 

228 5
 

nm
 

deep
 

ultraviolet
 

laser 
 

 a 
 

Spectrum 
 

 b 
 

power
 

curve 
 

 c 
 

pulse
 

duration 
 

 d 
 

spot

激光输出光斑为椭圆形,原因是457
 

nm 激光经

BBO晶体倍频后,228.5
 

nm倍频光的走离角较大。
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Abstract
Objective Deep

 

ultraviolet
 

 DUV 
 

lasers
 

have
 

an
 

important
 

and
 

irreplaceable
 

role
 

in
 

the
 

field
 

of
 

spectral
 

analysis 
 

At
 

present 
 

DUV
 

laser
 

sources
 

are
 

mainly
 

excimer
 

lasers 
 

gas
 

lasers 
 

solid-state
 

lasers
 

or
 

those
 

generated
 

by
 

synchrotron
 

radiation 
 

Deep
 

ultraviolet
 

all-solid-state
 

lasers
 

based
 

on
 

nonlinear
 

frequency
 

conversion
 

have
 

gained
 

great
 

popularity
 

because
 

of
 

its
 

compact 
 

low
 

system
 

maintenance
 

cost 
 

and
 

high
 

efficiency 
 

The
 

most
 

common
 

approach
 

is
 

the
 

fourth-harmonic
 

generation
 

of
 

the
 

1064
 

nm
 

laser
 

line
 

of
 

Nd∶YAG 
 

which
 

has
 

been
 

a
 

commercial
 

product
 

for
 

many
 

years 
 

Unfortunately 
 

some
 

particular
 

spectroscopic
 

applications
 

require
 

specific
 

wavelengths
 

in
 

the
 

DUV
 

region 
 

Based
 

on
 

Ti 
 

Sapphire
 

lasers 
 

those
 

with
 

output
 

power
 

of
 

several
 

mW
 

in
 

the
 

vicinity
 

of
 

228
 

nm
 

deep
 

ultraviolet
 

region
 

have
 

proved
 

very
 

suitable
 

in
 

the
 

detection
 

of
 

genomic
 

deoxyribonucleic
 

acid
 

methylation 
 

protein
 

structure 
 

and
 

explosive
 

Raman
 

spectroscopic
 

analysis 
 

However 
 

Ti 
 

Sapphire
 

laser
 

systems
 

are
 

complex 
 

bulky 
 

and
 

inefficient 
 

This
 

paper
 

introduces
 

a
 

new
 

compact
 

228 5
 

nm
 

high-repetition-rate 
 

frequency-quadrupled
 

Nd∶YVO4 

laser
 

as
 

a
 

new
 

excitation
 

source
 

for
 

ultraviolet
 

resonance
 

Raman
 

spectroscopic
 

analysis 

Methods Figure
 

1
 

shows
 

the
 

experimental
 

principle 
 

Via
 

a
 

V-shaped
 

folded-cavity 
 

the
 

acousto-optical
 

Q-switched
 

technology
 

and
 

a
 

LiB3O5 LBO 
  

crystal 
 

the
 

914
 

nm
 

fundamental
 

laser
 

has
 

been
 

obtained
 

by
 

laser
 

diode
 

 LD 
 

end-
pumping 

 

which
 

is
 

then
 

used
 

for
 

intra-cavity
 

frequency
 

doubling
 

generation
 

of
 

a
 

pulsed
 

457
 

nm
 

laser 
 

This
 

blue
 

laser
 

is
 

frequency-converted
 

to
 

a
 

228 5
 

nm
 

laser
 

in
 

a
 

β-BaB2O4 BBO 
 

crystal 
 

The
 

pump
 

source
 

is
 

a
 

30
 

W
 

808
 

nm
 

fiber-
coupled

 

LD
 

with
 

a
 

core
 

diameter
 

of
 

400
 

μm
 

and
 

a
 

numerical
 

aperture
 

of
 

0 22 
 

The
 

coupling
 

system
 

is
 

composed
 

of
 

two
 

plano-convex
 

mirrors
 

with
 

a
 

focal
 

length
 

of
 

10
 

mm 
 

The
 

pumping
 

light
 

is
 

focused
 

and
 

collimated
 

into
 

a
 

light
 

beam
 

of
 

about
 

250
 

μm
 

in
 

radius
 

through
 

the
 

collimation
 

and
 

focusing
 

system 
 

A
 

Nd∶YVO4  crystal
 

with
 

a
 

doping
 

concentration
 

 atomic
 

fraction 
 

of
 

0 1%
 

and
 

a
 

dimension
 

of
 

4
 

mm×4
 

mm×5
 

mm
 

is
 

employed
 

as
 

the
 

gain
 

medium 
 

The
 

left
 

facet
 

is
 

antireflection
 

coated
 

at
 

808
 

nm
 

and
 

1064
 

nm
 

and
 

high-reflection
 

coated
 

at
 

914
 

nm 
 

and
 

the
 

right
 

facet
 

is
 

antireflection
 

coated
 

at
 

914 
 

1064 
 

and
 

1342
 

nm
 

wavelengths 
 

The
 

laser
 

crystal
 

is
 

wrapped
 

in
 

a
 

layer
 

of
 

0315001-4
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indium
 

foil
 

on
 

the
 

side
 

and
 

secured
 

on
 

a
 

copper
 

heat
 

sink 
 

which
 

is
 

capable
 

of
 

controlling
 

the
 

temperature
 

through
 

circulating
 

water
 

cooling 
 

The
 

radii
 

of
 

the
 

concave
 

mirrors
 

M
 

and
 

M2
 

are
 

100
 

mm
 

and
 

200
 

mm 
 

respectively 
 

The
 

V-
shaped

 

cavity
 

is
 

formed
 

by
 

the
 

left
 

facet
 

of
 

Nd∶YVO4 crystal
 

 M1 
 

and
 

M2 
 

where
 

the
 

angle
 

between
 

two
 

arms
 

is
 

about
 

5° 
 

Using
 

the
 

ABCD
 

matrix
 

and
 

stable
 

cavity
 

conditions 
 

considering
 

the
 

thermal
 

effect
 

of
 

Nd∶YVO4 and
 

the
 

mode
 

matching
 

between
 

pumping
 

light
 

and
 

fundamental
 

frequency
 

light 
 

and
 

through
 

numerical
 

calculation
 

by
 

Matlab
 

programming 
 

one
 

can
 

obtain
 

that
 

the
 

lengths
 

of
 

L1
 

and
 

L2
 

are
 

160
 

mm
 

and
 

70
 

mm 
 

respectively 
 

The
 

15
 

mm
 

long
 

LBO
 

crystal
 

is
 

cut
 

for
 

the
 

type-I
 

critical-phase-matching
 

condition
 

 θ=90° φ=21 7°  
 

and
 

both
 

facets
 

are
 

antireflection
 

coated
 

at
 

457
 

nm 
 

914
 

nm 
 

and
 

1064
 

nm 
 

The
 

8
 

mm
 

long
 

BBO
 

crystal
 

is
 

cut
 

for
 

the
 

type-I
 

critical-
phase-matching

 

condition
 

 θ=61 4° φ=0°  
 

Both
 

facets
 

of
 

the
 

BBO
 

crystal
 

are
 

antireflection
 

coated
 

at
 

457
 

nm
 

and
 

228 5
 

nm 
 

Results
 

and
 

Discussions At
 

a
 

pump
 

power
 

of
 

17
 

W
 

and
 

a
 

repetition
 

rate
 

of
 

10
 

kHz 
 

the
 

mean
 

output
 

power
 

for
 

the
 

457
 

nm
 

laser
 

has
 

reached
 

360
 

mW
 

at
 

an
 

86
 

ns
 

pulse
 

duration 
 

With
 

the
 

type-I
 

phase-matched
 

BBO
 

crystal 
 

the
 

externally
 

frequency
 

doubling
 

of
 

a
 

457
 

nm
 

blue
 

output
 

is
 

realized 
 

and
 

the
 

228 5
 

nm
 

DUV
 

laser
 

has
 

been
 

achieved
 

with
 

a
 

mean
 

output
 

power
 

of
 

10
 

mW
 

at
 

repetition
 

rate
 

of
 

10
 

kHz
 

and
 

pulse
 

duration
 

of
 

64 26
 

ns
 

 Figs 
 

2 b 
 

and
 

2 c   
 

The
 

228 5
 

nm
 

laser
 

spot
 

is
 

shown
 

in
 

Fig 
 

2 d  
  

with
 

a
 

somewhat
 

elliptic
 

shape
 

as
 

the
 

result
 

of
 

the
 

walk-off
 

effect 

Conclusions A
 

compact
 

all-solid-state
 

DUV-laser
 

source
 

producing
 

a
 

short
 

pulse
 

at
 

228 5
 

nm
 

is
 

reported 
 

The
 

acoustically
 

Q-switched
 

quasi-three-level
 

Nd∶YVO4 laser
 

at
 

914
 

nm
 

is
 

first
 

intra-cavity
 

frequency
 

doubled
 

into
 

a
 

blue
 

laser
 

with
 

an
 

LBO
 

nonlinear
 

crystal 
 

and
 

then
 

into
 

a
 

DUV
 

output
 

from
 

externally
 

frequency
 

doubling
 

of
 

the
 

blue
 

laser
 

with
 

a
 

BBO
 

nonlinear
 

crystal 
 

The
 

228 5
 

nm
 

DUV
 

pulsed
 

laser
 

output
 

power
 

of
 

10
 

mW
 

is
 

obtained 
 

with
 

a
 

stable
 

output
 

power
 

and
 

good
 

output
 

beam
 

quality 
 

The
 

present
 

laser
 

system
 

is
 

simple 
 

compact
 

and
 

portable
 

compared
 

with
 

the
 

Ti sapphire
 

UV
 

Raman
 

laser
 

reported
 

earlier 
 

Our
 

laser
 

source
 

can
 

be
 

favorably
 

used
 

in
 

the
 

spectroscopic
 

measurement
 

of
 

explosives
 

and
 

biomolecules 
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