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Measurement of spatiotemporal characteristics of femtosecond
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Abstract: To overcome the shortcomings of the single-shot
autocorrelation (SSA) where only one pulse width is obtained
when the SSA is applied to measure the pulse width of
ultrashort laser pulses, a modified SSA for measuring the
spatiotemporal characteristics of ultrashort laser pulses at
different spatial positions is proposed. The spatiotemporal
characteristics of femtosecond laser pulses output from the Ti:
sapphire regenerative amplifier system are experimentally
measured by the proposed method. It was found that the
complex spatial characteristics are measured accurately. The
pulse widths at different spatial positions are various, which
obey the Gaussian distribution. The pulse width at the same
spatial position becomes narrow with the increase in input
average power when femtosecond laser pulses pass through a
carbon disulfide (CS,) nonlinear medium. The experimental
results verify that the proposed method is valid for measuring
the spatiotemporal characteristics of ultrashort laser pulses at
different spatial positions.
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With the rapid development of the ultrafast laser
technology, the pulse width of ultrashort laser pul-

21 Ultrafast laser

ses has entered the attosecond field'
technology has broad application prospects in many
fields, such as optical communication, laser-plasma inter-
action, and pump-probe spectroscopy”™'. The ultrashort
laser pulse is used as a very short time probe, which pro-
vides an important tool for investigation in the microscop-
ic world. Before ultrashort laser pulses are used for prac-
tical applications, it is necessary to properly characterize
their main parameters, including energy, power, spec-
trum, spatial beam, temporal shape, pulse width and
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phase. It is easy to measure the energy, power, spectrum
and spatial shape directly, but it is more difficult to meas-
ure the temporal shape, pulse width and phase directly
due to the limitations of the instruments.

There are two types of methods for measuring the tem-
poral shape and pulse width. One is a direct electronic
technique, consisting of fast photodiodes and high-band-

width oscilloscopes'®

, which are limited to the several pi-
coseconds. Therefore, fast photodiodes and high-band-
width oscilloscopes are not suitable for recording the tem-
poral profile of an ultrashort (femtosecond or attosecond)
laser pulse. The only detector that reaches a time resolu-
tion below one picosecond is the streak camera!”, which
is also not suitable for measuring the temporal profile of
the ultrashort laser pulse. The other is the optical correla-
tion technique, mainly including intensity autocorrela-
tion[Sf}UJ [11-12]
solved optical gating (FROG)' and spectral phase in-
terferometry for direct electric-field reconstruction ( SPI-
DER) " The intensity autocorrelation technique uses a
model to retrieve the pulse shape according to the experi-
mental data.
characterizes the temporal shape of a complex pulse di-
rectly by measuring the sum-frequency signal light,
whose resolution primarily depends on the pulse width of
a probe pulse!"’. Unfortunately, the autocorrelation and
cross-correlation only measure the pulse shape and pulse
width,
FROG retrieves the electric field of ultrashort laser pulses
based on a complex iterative algorithm. SPIDER does not
give the pulse width information directly, but reconstructs
the pulse shape and pulse width by the Fourier transform.
FROG and SPIDER are very useful for measuring the am-
plitude and phase of the ultrashort laser pulse, but they
are more complex in experiment operations.

In all the above methods, the SSA’s operation is sim-
ple and convenient, and it is also suitable for measuring
the ultrashort laser pulse with a pulse width of hundreds
of femtoseconds. However, only one pulse width of the
whole beam is obtained when the SSA is used to measure
the pulse width of ultrashort laser pulses. In fact, pulse
stretching and compression are asymmetric, causing the
pulse widths at different spatial positions to be different
due to the effect of the residual spatial chirp. For the

, intensity cross-correlation
13-14]

, frequency re-

The intensity cross-correlation technique

and do not measure the phase characteristics.
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shortcomings of the SSA and the aforementioned reasons,
a modified SSA is proposed for measuring the spatiotem-
poral characteristics of the femtosecond laser pulse. The
proposed method not only measures the spatiotemporal
characteristics of a laser pulse at different spatial positions,
but also characterizes the temporal evolution of a pulse at
the same spatial position after nonlinear propagation.

1 Measurement Principle Analysis

SSA is used to measure the pulse width of ultrashort la-
ser pulses, which mainly measures the cross distribution
of the second harmonic (SH) beam. If the pulse has the
Gaussian time shape, the cross size D of the SH beam de-
pending on the pulse width T of base frequency laser

. . 7
pulse is written as'”!

T AtD
V22,
where Af is time delay, and Z, is the center of the SH

beam cross distribution. It should be noted that Eq. (1) is
correct under the condition of

(1)

nuT<<dtan( 71[/) (2)

where n is the refraction index of the nonlinear crystal; u
is the light velocity of the base frequency laser pulse in
the crystal; 7 is the pulse width of base frequency laser
pulse at FWHM; d is the beam diameter of the base fre-
quency beam at the FWHM of intensity; ¥ is the angle
between the two beams outside the crystal.

It is clear that direct measurement of At and Z; is rather
difficult. With the help of optical delay line, it is possi-
ble to change the value of Az. Simultaneously, the center
Z, of the SH beam is changed. If two centers Z;, and Z,,
are corresponding to the micrometric head positions L,
and L,, the time delay differential can be written as

2L, -Ly)

At, - At, = (3)

c

where c is the light velocity of the base frequency beam in
vacuum. On the other hand, the time delay differential
can be obtained from Eq. (1),

\27(Z, -Z,)

At, - At, D (4)
By Egs. (3) and (4), we can obtain
2L, -Ly) _2T(Zy, - Zy)
: = (3)
c D
By Eq. (5), the pulse width T can be written as
2D (L, -L
_V2D (L, -Ly) )

(Zm _Zoz)c

which is the basic expression for measuring the pulse
width based on the SSA.

The experimental setup of the SSA and the transverse
spatial intensities distributions of the SH beam are shown
in Fig. 1. In Fig. 1 (a), MI1-M5 are silver-coated plane
mirrors; BS is the beam splitter; DL represents delay
line; BBO is B-barium borate crystal; and A represents
the adjustable neutral density attenuator. Using the exper-
imental setup of Fig. 1(a), the initial pulse width of
chirp-free femtosecond laser pulse is measured. The
measured transverse spatial intensities distributions of the
SH beam are shown in Fig. 1(b). From Fig. 1(b), the
parameters are obtained as follows: Z;, - Z, = 0.315
mm, the cross size D of the SH beam at Z, and Z, are i-
dentical, D =0.225 mm, L, - L, =0.03 mm, ¢ =3 X
10 * mm/fs. According to Eq. (6), the pulse width T is
about 100 fs. The pulse width will be broadened when the
femtosecond laser pulse is added to an initial chirp. The
pulse width is also measured based on the experiment set-
up of Fig. 1(a). In the process of measuring, if the delay
line is invariable (L, — L, =0. 03 mm), Z, - Z, is also
invariable (Z,, - Z,, =0.315 mm). It was found that the
pulse width T varies with the cross size D of the SH beam
according to Eq. (6). For example, in the initial condi-
tion of D, =0. 225 mm, the pulse width 7|, =100 fs; if D
is increased (D, =0. 365 mm), the pulse width is es-
timated T, =
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Fig.1 Experimental setup of SSA and transverse spatial inten-
sity distributions of the SH beam. (a) Schematic diagram of SSA;
(b) Transverse spatial intensity distributions of the SH beam at delay L,
and L,
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(%)Tl = (83%) x 100 fs = 162 fs. Therefore, the
pulse width of the base frequency laser pulse is estimated
by measuring the cross size D of the SH beam directly. In
other words, the cross size D of the SH beam characteri-
zes the variation of the pulse width of the base frequency
laser pulse directly. During the SSA measurement, a col-
limated laser pulse is separated into two laser pulses by
the beam splitter, then only one SH beam is obtained af-
ter the BBO crystal due to the identical spatial shape of
the two laser pulses. So only one cross size D of the SH
beam is measured, which shows that only one pulse width
of the whole base frequency laser pulse is obtained. If the
experimental setup of the SSA is modified, a collimated
laser pulse is separated into two laser pulses by the beam
splitter, where one is used as the pump laser pulse and
the other is used as the probe laser pulse controlled by a
device. The spatial shape of the pump laser pulse is in-
variant, but the spatial shape of the probe laser pulse is
variant. Different cross sizes of the SH beam are obtained
when the probe laser pulse probes different spatial posi-
tions of the pump laser pulse ( base frequency laser
pulse). Therefore, the pulse widths of the base frequency
laser pulse at different spatial positions are measured indi-
rectly due to the differing cross sizes of the SH beam. At
the same time, the measured SH beam characterizes the
spatial distribution characteristics of the base frequency la-
ser pulse at different spatial positions directly.

2 Experimental Setup of Modified SSA

The experimental setup of the modified SSA and spatial
intensities distributions of the probe laser pulse after a slit
are shown in Fig.2. In Fig.2(a), Al and A2 represent
the adjustable neutral density attenuators and SM is the
spatial modulation. The femtosecond laser pulse is output
from the Ti: sapphire regenerative amplifier system ( Co-
herent Libra S), whose main parameters are as follows:
the pulse width is 100 fs; central wavelength is 800 nm
and then repetition frequency is 1 kHz. A collimated laser
pulse is separated into two laser pulses by a beam splitter,
where one is used as a pump laser pulse and the other is
used as a probe laser pulse that is controlled by a slit.
The reflectivity of the beam splitter is about 20% . The
sum-frequency light with the 400 nm wavelength is gener-
ated in the BBO crystal (7 mm x7 mm x 0.7 mm) by a
small angle nonlinear sum-frequency interaction between
the pump laser pulse and the probe laser pulse. The
charge-coupled device CCD ( Coherent Laser Cam-
HRTM, 1 280 x 1 024 pixel, resolution: 6.7 pum x 6.7
pm) has two functions. One is used to measure the spa-
tial characteristics of the pump laser pulse directly, and
the other is used to measure the pulse width evolution of
the pump laser pulse at different spatial positions indirect-
ly based on the principle in Section 1. As the probe laser

pulse is controlled by a silt, the transverse spatial profile
of the probe laser pulse after passing through a slit is ap-

proximately a sinc function distribution''”,

as shown in
Fig.2(b). The main peak becomes narrow and the side-
lobes are very weak with the increment of the slit width.
However, the intensities of the side-lobes increase gradu-
ally when the slit width is wider than 0. 67 mm. In order
to achieve the narrowest spatial distributions of the main
peak and ensure that the side-lobes have little effect on
the measurement results, the slit width is adjusted to 0. 67

mm (see Fig.2(b)).
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Fig.2 Experimental setup of modified SSA and spatial intensi-
ties distributions of probe laser pulse. (a) Schematic diagram of
modified SSA; (b) Variation of the spatial intensities distributions of
probe laser pulse with slit widths

3 Experimental Results and Discussion

3.1 Measurement of the spatial characteristics

The spatial intensity distribution of the pump laser pulse
with a cross-silk modulation and the measured spatial char-
acteristics of the pump laser pulse are shown in Fig.3. In
order to measure the complex transverse spatial characteris-
tics of the pump laser pulse, the slit is vertically placed.
The experimental measured transverse spatial distributions
of the modulation peaks of the pump laser pulse are shown
in Fig.3(b), which is almost the same as that in Fig. 3
(a). The BBO crystal is not sufficiently large for our ex-
periment and the edge spatial intensity of the pump laser
pulse is very weak, so Fig.3(b) does not characterize the
edge spatial characteristics of the pump laser pulse. The
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longitudinal spatial intensity distributions of the pump laser
pulse with a cross-silk modulation are also measured when
the slit is horizontally placed. Therefore, all the spatial in-
tensity distributions of the ultrashort laser pulse are meas-
ured accurately based on the modified SSA.

(b)

Fig.3 Experimental results of spatial measurement. (a) Spatial
intensity distribution of the pump laser pulse with a cross-silk modulation;
(b) Measured transverse spatial intensity distribution of pump laser pulse

3.2 Measurement of the temporal characteristics

The experimental measured temporal characteristics are
shown in Fig. 4. As the initial spatial modulation shape of
the pump laser pulse has little effect on the validity of the
pulse width measurement, for convenience of spatial ori-
entation, the pump laser pulse is added to a single silk
modulation during measurement, whose spatial intensity
distribution is shown in Fig.4(a). When the slit is verti-
cally placed, the pulse widths at different transverse spa-
tial positions between points A and B are measured as
shown in Fig.4(b), where the solid square boxes are the
experimental results and the solid curve is the Gaussian
fitting results. The pulse widths at different transverse
spatial positions obey the Gaussian distribution. The pulse
width of the pump laser pulse at the strongest spatial mod-
ulation position P, is measured and then the probe laser
pulse is moved in the transverse spatial direction step by
step. So the pulse width at different transverse spatial po-
sitions between points A and B are measured. The pulse
widths at transverse spatial positions are represented by
P,, P, and P,(see Fig.4(a)) are 95, 106 and 100 fs (see
Fig.4(b)), respectively. The pulse width at P, position
is the same as that measured by the SSA. Pulse broade-
ning and compression are asymmetric, which causes the
best compression in the central positions, thus the pulse
widths at edge positions are wider than those of central
positions due to the effect of the residual spatial chirp
(see Fig.4(b)). The pulse widths at different longitudi-
nal spatial positions are also measured when the slit is
horizontally placed. Therefore, the pulse widths of the
ultrashort laser pulse at all spatial positions are measured
based on the modified SSA.

Furthermore, the temporal evolution of the pump laser
pulse at P, position after propagating in the CS, nonlinear
medium is measured. The variation of the measured spatial
contrast with input average power is shown in Fig. 4(c),
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Fig. 4 Experimental results of temporal measurement. (a)

Spatial intensity distribution of the pump laser pulse with a single silk
modulation; (b) The measured pulse widths of pump laser pulse at dif-
ferent spatial positions between points A and B; (c) Variation of spatial
contrast with input average power; (d) Variation of the measured tem-
poral evolutions of pump laser pulse at P; position with input average

power

where the solid triangles are the experimental results and
the solid curve is the nonlinear fitting results. It is clearly
seen that the spatial contrast is increased with the incre-
ment of rising power, so the pump laser pulse generates a
small-scale self-focusing effect ( see Fig. 4 (c)). The
small-scale self-focusing effect enhances the spatial inten-
sity at P, position, which in turn affects the temporal evo-
lution at this position. The measured evolution of pulse
width at P, position is represented in Fig.4(d), where the
solid circle boxes are the experimental results and the solid
curve is the nonlinear fitting results. The pulse width be-
comes narrower with the increase in the input average pow-
er due to the spatiotemporal coupling effect'™ .

4 Conclusion

In this paper, a modified SSA is proposed for measur-
ing the spatiotemporal characteristics of a femtosecond la-
ser pulse at different spatial positions. After theoretical
analyses on the measurement principle, the spatiotemporal
characteristics of femtosecond laser pulses output from the
Ti: sapphire regenerative amplifier system are measured
by the proposed method. The experimental results show
that the complex spatial characteristics are measured accu-
rately when the femtosecond laser is added to a diffraction
modulation. The initial pulse widths of the whole beam at
different spatial positions are different due to the effect of
the residual spatial chirp, which obey the Gaussian distri-
bution. When the femtosecond laser pulse propagates in
the CS, nonlinear medium, the pulse width at the same
spatial position becomes narrow with the increase in the
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input average power due to the spatiotemporal coupling two-photon single ionization of He[J]. Optics Express,
effect. Therefore, the experimental results verify that 2011, 19(22): 21698 —21706.

the proposed method is valid for measuring the spatio- [10] Wei Y Z, Howard S, Straub A, et al. High sensitivity
temporal characteristics of ultrashort laser pulses at dif- third-order autocorrelation measurement by intensity mod-

ulation and third harmonic detection[J]. Optics Letters,
2011, 36(12): 2372 —2374.
Deng Y B, Yang H, Tang M, et al. Experimental re-

ferent spatial positions.
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