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基于光压原理的高功率激光测量装置
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摘要 建立了一套基于光压原理的高功率激光测量装置,其功率测量不确定度优于2%(置信因子k=2)。在

0.6~15
 

kW功率范围内将光压方法与量热方法进行了比较,得到的最大相对偏差小于1%。该装置的功率测量上

限仅受限于激光反射镜的损伤阈值,因此其功率测量上限可达100
 

kW 甚至更高,同时还具有响应速度快、测量准

确度高、可在线测量等优点。
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  高功率激光在工业加工、军事国防和科学研究

等领域具有重要的应用[1-2]。近年来,随着激光技术

的发展,激光器输出功率水平不断提升,我国激光产

业也经历了“黄金十年”的飞速发展。目前,工业用

激光加工主流设备的输出功率为1~10
 

kW,高端设

备的输出功率达30
 

kW以上。功率的准确测量是高

功率激光研究和应用的基础,传统高功率激光测量主

要采用量热方法,装置体积和质量都较大,且测量的

功率越高装置的体积越大,测量装置的吸收材料表面

极易被激光损伤[3-4]。取样方法虽然具有装置体积较

小的优点,但对激光取样比的准确性和稳定性要求极

高,相比量热方法的测量误差大、稳定性差。因此国

际上还在探索新的高功率激光测量方法[5-7]。
光子虽然没有静止质量但是有动量,激光照射到

物体表面时会产生压力,利用光压效应,可以实现将

激光功率溯源至质量,这为高功率激光测量提供一种

全新的思路。2017年美国标准技术研究院(NIST)基
于光压原理研制了新一代高功率激光计量装置,实现

了1~50
 

kW激光功率的快速准确测量[8-9];相比于传

统量热型装置,该装置具有体积小、质量轻、响应速度

快、无需水冷等优点,且测量的激光功率越高,测量结

果的信噪比越高,因此在测量高功率激光时该方法具

有明显的优势。

中国计量科学研究院光学与激光计量科学研究

所从2018年开始跟踪国际相关研究进展,经过近两

年的探索与实验,于2020年9月成功研制了一套基

于光压原理的高功率激光测量装置。图1为测量装

置的原理图,该装置采用三片反射镜的结构设计,激
光经过三次反射后传输方向保持不变。反射镜的反

射率高于99.99%,窗口透射率高于99.9%。其中

一片反射镜安装于称重模块上,将称重模块水平放

置,使其与质量校准时的放置方式相同。与 NIST
采用的结构设计

图1 基于光压原理的高功率激光测量装置原理图
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diagram
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power
 

laser
 

measurement
 

  device
 

based
 

on
 

principle
 

of
 

light
 

pressure
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相比[8-9],该装置消除了称重模块的校准姿态与测量

姿态不一致引入的不确定度分量。
当功率为P 的激光照射到反射镜上时,称重模

块测得的质量为

m=
P

c·g
· 2R+A  ·cos

 

θ, (1)

式中:c为真空光速;g 为重力加速度;θ为激光入射

角度;R 和A 分别为反射镜的反射率和吸收率。称

重模块的分辨率为10
 

μg,等效的激光功率分辨率

为15.64
 

W。装置的测量不确定度主要来源于称重

模块的质量测量不确定度与分辨率、激光入射角度

以及镜片反射率。经初步评估,当激光功率高于

2
 

kW时,测量不确定度优于2%(置信因子k=2)。
图2为光压测量装置的时间响应曲线,激光出

光时间设置为20
 

s,测量装置的响应时间仅为3
 

s。
在光压测量装置后放置一台经过精确校准的量热型

激光功率计同时进行测量,两种方法的测量结果比

较如表1所示,最大相对偏差小于1%。受测试光

源输出功率的限制,功率测量上限只验证到15
 

kW,
实际中该装置的功率测量上限仅受限于激光反射镜

的损伤阈值,因此功率测量上限可达100
 

kW 甚至

更高。

图2 光压测量装置的时间响应曲线

Fig 
 

2 Time
 

response
 

curve
 

of
 

light
 

pressure
 

measurement
 

  device

表1 光压法与量热法的测量结果比较

Table
 

1 Comparison
 

of
 

measurement
 

results
 

between
 

light
 

pressure
 

method
 

and
 

calorimetric
 

method

Measured
 

power
 

of
 

calorimetric
 

power
 

meter
Measured

 

mass
/mg

Measured
 

power
 

of
 

light
pressure

 

power
 

meter
 

/kW
Absolute

 

power
deviation

 

/W
Relative

 

deviation
/%

0.596 0.38 0.594 2 0.27

2.303 1.47 2.299 4 0.16

4.020 2.57 4.019 1 0.01

5.767 3.69 5.771 -4 -0.07

7.540 4.78 7.476 64 0.84

9.229 5.86 9.165 64 0.69

10.856 6.89 10.776 80 0.74

12.453 7.91 12.371 82 0.65

13.957 8.93 13.967 -10 -0.07

15.471 9.86 15.421 50 0.32

  该装置的建立从原理上初步解决了我国高功率

激光尤其是超高功率激光的高准确度测量难题,下
一步工作将进一步提升装置测量分辨率和不确定度

水平,并建立溯源至质量的高功率激光国家计量标

准,从源头上解决我国高功率激光的溯源问题,满足

我国高功率激光的测量与校准需求。

致谢 感谢阿帕奇(北京)光纤激光技术有限公司提

供测试激光器。
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Abstract

Objective High-power
 

lasers
 

have
 

important
 

applications
 

in
 

industrial
 

processing 
 

military
 

defense 
 

scientific
 

research 
 

and
 

other
 

fields 
 

With
 

the
 

development
 

of
 

laser
 

technology
 

in
 

recent
 

years 
 

the
 

output
 

power
 

level
 

of
 

lasers
 

has
 

been
 

continuously
 

improved 
 

The
 

accurate
 

measurement
 

of
 

power
 

is
 

the
 

basis
 

of
 

researches
 

and
 

applications
 

of
 

high-power
 

lasers 
 

Traditional
 

high-power
 

laser
 

measurement
 

mainly
 

uses
 

calorimetric
 

methods 
 

The
 

device
 

is
 

large
 

and
 

heavy 
 

and
 

the
 

surface
 

of
 

the
 

absorption
 

material
 

is
 

easily
 

damaged
 

by
 

laser 
 

Methods Although
 

the
 

photon
 

has
 

no
 

static
 

mass 
 

it
 

has
 

momentum 
 

When
 

the
 

laser
 

is
 

irradiated
 

on
 

the
 

surface
 

of
 

the
 

object 
 

pressure
 

will
 

be
 

generated 
 

Using
 

the
 

light
 

pressure
 

effect 
 

the
 

laser
 

power
 

can
 

be
 

traced
 

directly
 

to
 

the
 

micro-nano
 

force
 

or
 

micro-mass 
 

Figure
 

1
 

is
 

the
 

principle
 

diagram
 

of
 

the
 

measuring
 

device 
 

which
 

adopts
 

the
 

structural
 

design
 

of
 

three
 

mirrors 
 

and
 

the
 

transmission
 

direction
 

of
 

the
 

laser
 

remains
 

unchanged
 

after
 

three
 

reflections 
 

One
 

of
 

the
 

mirrors
 

is
 

installed
 

on
 

the
 

weighing
 

module 
 

and
 

the
 

weighing
 

module
 

is
 

placed
 

horizontally
 

in
 

the
 

same
 

manner
 

as
 

the
 

mass
 

calibration 

Results
 

and
 

Discusions Figure
 

2
 

shows
 

the
 

time
 

response
 

curve
 

of
 

the
 

optical
 

pressure
 

measurement
 

device 
 

The
 

laser
 

emission
 

time
 

is
 

set
 

to
 

20
 

s 
 

and
 

the
 

response
 

time
 

of
 

the
 

measurement
 

device
 

is
 

only
 

3
 

s 
 

A
 

calorimetric
 

laser
 

power
 

meter
 

that
 

has
 

been
 

accurately
 

calibrated
 

is
 

placed
 

behind
 

the
 

optical
 

pressure
 

measurement
 

device
 

for
 

simultaneous
 

measurement 
 

The
 

measurement
 

results
 

of
 

the
 

two
 

methods
 

are
 

compared 
 

The
 

maximum
 

relative
 

deviation
 

is
 

less
 

than
 

1% 
 

Limited
 

by
 

the
 

output
 

power
 

of
 

the
 

test
 

light
 

source 
 

the
 

upper
 

limit
 

of
 

power
 

measurement
 

is
 

only
 

verified
 

to
 

15
 

kW 
 

In
 

fact 
 

the
 

upper
 

limit
 

of
 

power
 

measurement
 

of
 

the
 

device
 

is
 

only
 

limited
 

by
 

the
 

damage
 

threshold
 

of
 

the
 

laser
 

mirror 
 

so
 

the
 

upper
 

limit
 

of
 

power
 

measurement
 

can
 

reach
 

100
 

kW
 

or
 

even
 

higher 

Conclusions Based
 

on
 

the
 

principle
 

of
 

light
 

pressure 
 

a
 

set
 

of
 

high-power
 

laser
 

measurement
 

devices
 

is
 

established 
 

and
 

the
 

power
 

measurement
 

uncertainty
 

is
 

better
 

than
 

2%
 

 confidence
 

factor
 

k
 

is
 

2  
 

The
 

light
 

pressure
 

method
 

is
 

compared
 

with
 

the
 

calorimetric
 

method
 

in
 

the
 

power
 

range
 

of
 

0 6--15
 

kW 
 

and
 

the
 

maximum
 

relative
 

deviation
 

is
 

less
 

than
 

1% 
 

At
 

the
 

same
 

time 
 

the
 

measurement
 

device
 

has
 

the
 

advantages
 

of
 

fast
 

response
 

speed 
 

high
 

measurement
 

accuracy 
 

and
 

online
 

measurement 
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