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Abstract

We propose an autocorrelator based on noncollinear second-harmonic generation effect and a pulse-
width measurement program written by LabVIEW software providing online analysis, process mea-
surement data, and real-time display of femtosecond laser pulse width. The autocorrelator is calibrated
by the online self-calibration method, and an average accuracy of 1.049 fs/pixel is obtained. On this
basis, we perform a verification test on a laser pulse with a center wavelength of 800 nm and a pulse
width of about 90 fs; the obtained Gaussian pulse width is 95.3 fs. The test results show that the
autocorrelation device can realize real-time and accurate measurement of laser pulse width within
100 fs.

Keywords: noncollinear second-harmonic generation effect, femtosecond laser, pulse-width measure-

ment, autocorrelation.

1. Introduction

The pulse width is an important indicator to evaluate the time domain characteristics of pulses.

The laser pulse width has undergone several stages, such as milliseconds (10−3 s), microseconds (10−6 s),

nanoseconds (10−9 s), picoseconds (10−12 s), femtosecond (10−15 s), and attosecond (10−18 s). At present,

attosecond pulse is in the exploration stage [1–3]. Femtosecond laser, as a light source with ultrafast pulse

and high peak power, is widely used in ranging [4, 5], communication [6, 7], medicine [8, 9], biology [10,

11], chemistry [12], precision machining [13, 14], and other fields. Therefore, it is of great significance

to measure the pulse width accurately, rapidly, and conveniently for the research and application of

femtosecond lasers.

At present, the measurement methods of ultrafast-laser pulse width mainly include direct and indi-

rect measurement methods. The direct measurement methods generally use fringe cameras to detect the

length of the fringe to calculate the pulse width to be measured, and the incident pulse waveform is si-

multaneously obtained according to the fringe envelope [15–17]. This method can obtain the pulse width

and waveform to be measured intuitively and accurately. However, the current time limit resolution of

electronic detection technology is in the order of picoseconds. For pulses with a pulse width of <100 fs,

indirect measurement methods are often used to measure the pulse width. The measurement methods

mainly include the two-photon fluorescence method [18,19], the second-harmonic generation autocorrela-

tion method [20–24], the third-order autocorrelation method [25,26], the frequency-resolved optical gating

Manuscript submitted by the authors in English on June 17, 2021.

1071-2836/22/4303-0389 c©2022 Springer Science+Business Media, LLC 389

DOI 10.1007/s10946-022-10063-0



Journal of Russian Laser Research Volume 43, Number 3, May, 2022

method [27,28], spectral phase interferometry for direct electric-field reconstruction method [29,30], etc.

Due to its simple structure and high resolution, the second-harmonic generation autocorrelation method

is the most commonly used and currently the most advantageous measurement method. However, the

second-harmonic generation autocorrelation method generally measures the second-harmonic generation

signal through CCD or photomultiplier tube and the data is analyzed off-line later on. Because the

pulse-width information cannot be obtained in real time, the pulse-width monitoring and application of

femtosecond lasers are restricted.

Compared with the previous scheme [31], (1) we use only four mirrors to simplify the design of a

single autocorrelator; (2) we employ two mirrors to adjust two pulses independently to focus in the

nonlinear crystal, which reduces the debugging difficulty when using one mirror to adjust two pulses at

the same time; (3) we use a slit to block the fundamental frequency signal, which not only avoids the

damage of the CCD caused by the fundamental frequency signal of the peak power but also simplifies

the process of eliminating the fundamental light in the pulse-width measurement program. In addition,

we use another linear CCD with smaller pixel to measure the second-harmonic signal and carry out the

secondary development of the CCD camera. We use LabVIEW software to transfer the light intensity

value of each pixel measured by linear CCD into LabVIEW executable program in the form of calling

sub-VI to process the data results twice.

In this paper, we describe the principle of self-calibration and the process of online self-calibration

in more detail. Due to the smaller pixel linear CCD, the average accuracy of a single pixel is 1.049 fs.

Using such the autocorrelator, we measure online the laser pulse with a central wavelength of 800 nm

and a pulse width of about 90 fs; the measured Gaussian pulse width is 95.3 fs.

2. Measuring Principle

Fig. 1. Schematic diagram of noncollinear second-
harmonic generation autocorrelator.

According to the speed of light, the pulse space

duration of 1 fs is 0.3 μm. This distance can be re-

solved by a precision displacement platform. There-

fore, the time width of the femtosecond laser pulse

can be converted into the space length for mea-

surement. The measurement principle of the non-

collinear second-harmonic generation autocorrela-

tor is shown in Fig. 1. Two identical pulses inter-

sect at a certain angle in the crystal, and one of

the pulses is delayed by a displacement device. The

second-harmonic generation signal is emitted along

the symmetry axis of the angle between the two

pulses, and the second-harmonic generation signal

is received by the CCD camera. The spatial width

of the second-harmonic generation signal is proportional to the laser pulse width [22],

Δω =
τpvg

sin(ϕ/2)
, (1)

where Δω is the space width of the second-harmonic generation signal, τp is the laser pulse width, vg is

the group velocity of light in the crystal, and ϕ is the angle between the two pulses.
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Since it is not easy to accurately determine the angle ϕ, a self-calibration method is used to calibrate

the autocorrelator. The self-calibration process is as follows: move two mutually perpendicular mirrors

through the displacement platform to realize the delay of a pulse. As the overlapping position of the two

pulses in the crystal changes, the second-harmonic generation signals are shifted on the CCD camera.

When there is no delay, the micrometer reading of displacement platform is x1, and the number of the

pixel corresponding to the second-harmonic generation signal peak is p1. After providing the time delay,

the micrometer reading of the displacement platform is x2, and the number of the pixel corresponding

to the peak of the second-harmonic generation signal is p2. The delay time is obtained by the double

moving distance of the displacement platform 2|x2−x1| divided by the speed of light c. The delay time is

divided by the offset of the pixel position |p2−p1| to obtain the time scale corresponding to the unit pixel

of the CCD. The number of pixels P included in the full width at half maximum of the second-harmonic

generation signal is multiplied by the time scale corresponding to the unit pixel to obtain the width of

the second-harmonic generation signal. The second-harmonic signal width is divided by the waveform

coefficient K of the pulse to be measured, and the laser pulse width is calculated. The Gaussian pulse

coefficient is 1.414, and the hyperbolic secant pulse coefficient is 1.543. Therefore, the femtosecond-laser

pulse width can be measured as follows:

τ =
1

K
· 2|x2 − x1|

p2 − p1
· 1c · P. (2)

3. Measuring Device

Fig. 2. Installation diagram of noncollinear second-harmonic gener-
ation autocorrelator.

The noncollinear second-harmonic

generation autocorrelator device is

shown in Fig. 2. The femtosecond

laser pulse to be measured first passes

through diaphragm 1 to convert the

pulse into a standard pulse, and then

passes through diaphragm 2 to en-

sure that the pulse is collimated and

incident. The standard pulse is di-

vided into two identical pulses by a

50:50 beam splitter. One pulse passes

through the delay device composed of

mirrors M1 and M2 on the precision

displacement platform. The stroke of

the precision displacement platform is

20 mm and the sensitivity is better than

2 μm. The other pulse passes through mirrors M3 and M4, and the two pulses are focused on the BBO

crystal to generate the second-harmonic generation signal. The BBO crystal is fixed by an optical ad-

justment frame that can be precisely rotated. The optical paths of the two pulses from the beam splitter

to the BBO crystal are basically the same. The slit shields the fundamental frequency signal, and the

second-harmonic generation signal is finally received by the CCD. The measurement results are displayed

in the software in real time. The CCD model is BLU0708M30, which contains 5150 pixels. The size of a
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single pixel is 7×7 μm, and the wavelength response range is 300- 1100 nm. The camera is connected to

a computer through a USB 2.0 high-speed bus interface without a discrete capture card.

The optical components used in the experimental device are matched with a 800 nm center wavelength

of the femtosecond laser to be measured. In addition, because the measured femtosecond laser pulse has

a certain spectral width, the pulse width becomes wider when passing through some optical elements.

Therefore, the autocorrelator uses low-dispersion components, where the thickness of the beam splitter

BS is 0.15 mm, M1–M4 are all gold-coated mirrors, and the BBO size is 10×10×0.4 mm.

4. Testing Process and Analysis of Results

4.1. Testing Process

In this study, we transfer the CCD measurement data into the LabVIEW executable program in

the form of LabVIEW calling sub VI for data acquisition and analysis. A self-written pulse-width

measurement program is used to measure the femtosecond laser pulse output by a Ti:Sapphire laser

oscillator (Coherent, Mira-900) with a center wavelength of 800 nm, a pulse-width of about 90 fs, and a

repetition rate of 76 MHz. We use an InGaAs fiber spectrometer (StellarNet, BW-UVN-50) to measure

the spectrum of the laser pulse. The measured spectrum is shown in Fig. 3, with a center wavelength of

799.77 nm and a spectral width of 11.2 nm.

Before the test, first adjust the light path using the guiding light to ensure that the two pulses are

transmitted at the same height. Second, ensure that all the light spots are at the center of the mirrors,

and finally ensure that the two pulses intersect at the BBO crystal. After adjusting the optical path, the

femtosecond laser to be measured is placed on the coaxial position with the guiding light.

Before measuring the pulse width, we first adjust the power of the femtosecond laser to be measured to

800 mW to ensure that the reflectors, beam splitter, BBO crystal, and CCD camera in the autocorrelator

device work within the safety threshold. At the same time, a power meter is used to measure the

power of the two pulses. The power of the delayed beam is 382 mW and the power of the undelayed

beam is 366 mW. By rotating the angle of the BBO crystal to achieve a phase matching state, a blue–

Fig. 3. The spectrum of the laser pulse to be measured. Fig. 4. Second-harmonic generation signal spectrum
and spot diagram.
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violet second-harmonic-generation signal will be observed behind the crystal. By adjusting the manual

displacement platform to provide time delay, the second-harmonic generation signal can be observed,

when the micrometer reading is between 9.842 and 10.312 mm. Finally, we adjust the size of the slit

to shield the fundamental-frequency signal, and adjust the position of the CCD camera to make the

second-harmonic light signal displayed near the middle of the software interface. We test the spectrum

of the second-harmonic generation signal. The spectrum is shown in Fig. 4, and the central wavelength

is 397.80 nm; the second-harmonic generation spot is shown in the upper right corner.

In order to reduce the measurement error as much as possible, two relatively distant coherent points

are selected for calibration. When moving the displacement platform, the second-harmonic generation

signal will move to left or right on the software interface. At the first measurement point, the pixel

number, where the wave crest is located, is 1774. We input the reading of the displacement platform

micrometer at this time into the measurement program, which is 10.168 mm. At the second measurement

point, the pixel, where the wave crest is located, is 1504. We input the reading of the displacement

platform micrometer at this time into the measurement program, which is 10.252 mm. After completing

the online self-calibration, the measurement program shows that the average single-pixel accuracy of this

experiment is 1.049 fs. The self-calibration result is shown in Fig. 5.

Fig. 5. The result of on-line self-calibration.

5. Analysis of the Results

Because we use LabVIEW software to directly transfer the light intensity value of each pixel into the

LabVIEW executable program by calling sub-VI, the waveform of the second-harmonic signal will be

displayed in real time on the software interface. The number of pixels corresponding to the full width

at half maximum of the second-harmonic signal and the Gaussian pulse width of the femtosecond laser

can be obtained in 1 s. By fine tuning the displacement platform, the number of pixels corresponding

to the full width at half maximum of the second-harmonic generation signal displayed in real time and

the Gaussian pulse width of the femtosecond laser produced small fluctuations. During the adjustment

process, the minimum number of pixels corresponding to the full width at half maximum of the second-

harmonic generation signal is 64.2, and the Gaussian pulse width of the femtosecond laser is 95.3 fs. The

test results are shown in Fig. 6.
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Fig. 6. Test results of the pulse width.

The measured Gaussian pulse width of femtosecond laser is 95.3 fs, which is consistent with the actual

pulse width. However, due to the certain linewidth of the femtosecond laser pulse, the dispersion effect

cannot be avoided when the laser pulse passes through the splitter and nonlinear crystal. As a result,

the measured pulse width is slightly larger than the actual pulse width.

6. Conclusions

In this paper, we built a single autocorrelator based on noncollinear second-harmonic generation effect

for measuring the pulse width of femtosecond laser, and write a pulse-width measurement program based

on LabVIEW software, which can realize online analysis and processing of measurement data along with

real-time display. In the test, we used the online self-calibration method to obtain an average accuracy

of 1.049 fs/pixel. We employed this device to test a laser pulse with a center wavelength of 800 nm

and a pulse width of about 90 fs; the measured Gaussian pulse width is 95.3 fs. The test results show

that the device can accurately measure the pulse width of femtosecond laser in real time. We solved

the problem that the traditional autocorrelation instruments cannot monitor the femtosecond laser pulse

width in real time. It can provide practical testing methods and performance monitoring guarantee for

the development and application of femtosecond lasers.
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