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delay of femtosecond laser pulses
in a quartz crystal

Baoshan Guo,1,2,5,* Tianyong Zhang,1,4 and Lan Jiang1,2,3,*
SUMMARY

Light with different frequencies has different propagation speeds when propagating in a medium.
Nonlinear optics indicates that the refractive index of the medium also varies with the intensity of light.
In this article, we have discovered an anomalous slow light phenomenon that is independent of light inten-
sity through multi-frame ultrafast imaging. The experimental results show that when coaxial 800-nm and
400-nm pulses simultaneously enter the quartz crystal, the time delay between the 800-nm and 400-nm
laser pulses is up to 5 times the normal value calculated by the dispersion theory. Moreover, this delay
is independent of the laser intensity, indicating that the anomalous slow light phenomenon does not orig-
inate from refractive index changes in nonlinear optics. This abnormal time delay effect may findmore ap-
plications in different fields, and its physical mechanism still needs further exploration.
INTRODUCTION

In linear optics, the rate of weak light passing through a medium is independent of light intensity.1,2 The refractive index nðuÞ is different for
light of different frequencies, which is known as the dispersion effect.3 Under normal dispersion, the refractive index of high-frequency (short-

wavelength) light is high and the propagation speed is low.4 For strong light, if the electric field strength of the light wave is greater than the

Coulomb field inside the atom, nonlinear phenomena will occur.5 The change in refractive index of the material caused by electronic polar-

ization in thematerial, called nonlinear optical phenomenon, is related to the high-order power En of the laser electric field, and the change in

refractive index further affects the speed of light propagation.6,7 For example, the optical Kerr effect (DnfE2) in a strong laser field, the

change in refractive index of a material Dn is proportional to the square of the laser electric field E2, which is also the laser intensity I .8–11

At present, a large number of experimental studies on light deceleration or light regulation rely on the regulation of the refractive index

of materials by the intensity of pump light.12–20

In this study, we experimentally measured the anomalous time shift of femtosecond laser pulses in quartz crystals. For the 800-nm and

400-nm laser pulses entering the quartz crystal simultaneously and coaxially, the time delay between the two output pulses is up to five times

the theoretical calculation value of dispersion. In other words, the excitation of the 800-nm pulse caused the propagation speed of the sub-

sequent 400-nm laser pulse to significantly slow down, resulting in an abnormal time shift between the two pulses.We used single-shot multi-

frame imaging technology to measure the time interval between subpulses and verified that this abnormal time shift phenomenon is not

caused by general nonlinear effects, as it is independent of pulse intensity. That is to say, the refractive index of quartz crystals has not

changed (Dn = 0Þ. This indicates that the additional time delay of the laser pulse we discovered is not caused by changes in the refractive

index of thematerial. And this time shift is very stable, which can be used to control the pulse delay time precisely. We used a pulse sequence

with time offset to continuously detect the evolution process of laser-induced plasma shock waves at frame intervals of 200-fs and 1.1-ps,

revealing the coupling effects between multiple plasma shock waves.
Principle and equipment

Generation of subpulses with different polarizations and wavelengths

A light-splitting scheme was applied to generate different laser pulses, and Figure 1 illustrates the principle underlying this scheme. Two

nonlinear crystals, b-barium borate (BBO) and quartz crystals, were used in the pulse generation process. A BBO crystal is a negative-uniaxial

material with type-I phase matching. A fundamental-frequency laser is an ordinary ray (o-ray) and obeys the principle of refraction, whereas a
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Figure 1. Principle of multipulse generation

(A–C) Phase matching and angle deviation in a BBO crystal.

(D) Birefringence of a quartz crystal.

(E) Generation of four probe subpulses. The circles represent the wavefront of an ordinary ray (o-ray), and the ellipses represent the wavefront of extraordinary ray

(e-ray) in (A), (B) and (E).
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frequency-doubled laser is an extraordinary ray (e-ray) that does not obey this principle.21 The o-ray is vertically polarized, whereas the e-ray is

parallel polarized. Accordingly, when a femtosecond laser pulse with a single polarization passed through the BBO crystal, it was frequency

doubled by the crystal; therefore, the fundamental-frequency and frequency-doubled lasers were noted to be two linearly polarized perpen-

dicular pulses. The refractive index values for 800- and 400-nm laser pulses traveling through the BBO crystal could thus be derived according

to the Sellmeier equation22 as follows:

n2
oðlÞ = 2:7359+

0:01878

l2 � 0:01822
� 0:01354l2 (Equation 1)
n2
eðlÞ = 2:3753+

0:01224

l2 � 0:01667
� 0:01516l2 (Equation 2)

where l is the incident wavelength of the laser (mm), no is the refractive index of the o-ray, and ne is the refractive index of the e-ray.

The two outgoing pulses were determined to have a time delay owing to the phase velocity mismatch BBO phasematching. To overcome

this, phasematchingmust be performed by adjusting the BBOoptical axis to a specific angle in accordancewith the polarization vector of the

fundamental-frequency laser. As illustrated in Figure 1A, the refractive index equation is nuo = n2ue ðqmÞ, where qm is the phase-matching angle.

The phase-matching equation is as follows:23

sin2qm =
n2
eð2uÞ

�
n2
eð2uÞ � n2

oðuÞ
�

n2
oðuÞ

�
n2
oð2uÞ � n2

eðuÞ
� (Equation 3)

By combining Equations 1 and 2, we calculated the refractive index values for the 800- and 400-nm pulses to be 1.6606 and 1.5679, respec-

tively. Moreover, the phase-matching angle was 29.179�.
As displayed in Figures 1B and 1C, the propagation directions of the 800- and 400-nm pulses differed because the direction of the 400-nm

wave vector was inconsistent with the light energy flow; this is known as the spatial walk-off effect. The walk-off angle a can be derived as

follows:24

tanðaÞ =
1

2
n2
oðuÞ

�
1

n2
eð2uÞ

� 1

n2
oð2uÞ

�
$sin2 2qm (Equation 4)

We thus calculated the walk-off angle to be 4.3752�. Moreover, on the basis of the thickness of the BBO crystal (0.3 mm), we determined

that the distance between the two beams was 0.02 mm, which was noted to be smaller than the beam diameter (8 mm) and could thus be

ignored.

In the quartz crystal, a pulse could be split into two pulses with a specific time delay through the birefringence effect. As illustrated in

Figure 1D, when the 800- and 400-nm lasers passed through the quartz crystal, four subpulses were generated: an 800-nm ordinary subpulse

(800-o), an 800-nm extraordinary subpulse (800-e), a 400-nm ordinary subpulse (400-o), and a 400-nm extraordinary subpulse (400-e). The

corresponding refractive index values could be derived as follows,25
2 iScience 27, 110316, July 19, 2024



Figure 2. Configuration of the multifrequency pulse framing imaging system

M1–M7: Mirror; BBO: b-barium borate crystal; S: sample; MO1–MO2: microscope objective; DM: dichroic mirror; PBS1–PBS2: polarizing beam splitter; CCD1–

CCD4: CCD cameras; IT1-IT4: imaging tube.
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n2
o = 1:28604141+

1:07044083$l2

l2 � 1:005859973 10� 2
+
1:10202242$l2

l2 � 100
(Equation 5)
n2
e = 1:28851804+

1:09509924$l2

l2 � 1:021018643 10� 2
+
1:15662475$l2

l2 � 100
(Equation 6)

The velocity of a laser pulse traveling through an anisotropic material such as a quartz crystal depends on both the phase and group ve-

locities. Owing to the dispersion of laser pulses, group velocity mismatches lead to different traveling times. Hence, the group velocity of

subpulses—not the phase velocity—should be used for calculations. In the literature, a conventional formula has been used to calculate

the group velocity in birefringent crystals,26 which is

vg =
c

n

�
1 � l

n
$
vn

vl

�� 1

=
c

n

�
1+

u

n
$
vn

vu

�� 1

(Equation 7)

where c is the velocity of light in vacuum (3.0 3 108 m/s) and n is the refractive index of no or ne.

Therefore, the group refractive index ng of each subpulse can be used to calculate the propagation time t in the quartz crystal,

ng = c
�
vg (Equation 8)
t = d$ng

�
c (Equation 9)

On thebasis of these formulas, we calculated thegroup refractive index values for the 800-o, 800-e, 400-o, and 400-e subpulses to be 1.5376,

1.5465 1.5572, 1.5668, respectively. By combining the thickness of the crystal (6.4 mm) and the group refractive index, we calculated the prop-

agation times of the 800-o, 800-e, 400-o, and 400-e subpulses to be 3.2802 3 10�11, 3.2992 3 10�11, 3.3220 3 10�11, and 3.3425 3 10�11 s,

respectively. The time interval between two adjacent subpulses was noted to be approximately 200 fs (Figure 1E).

Single-shot multiframe imaging system

Figure 2 presents the experimental setup used to separately image the four subpulses. Specifically, a femtosecond Ti:sapphire laser (Spitfire

Ace, Spectra-Physics, USA) was used to generate femtosecond pulses. Each of the pulses had a center wavelength of 800 nm, a width of 35 fs,

and a repetition rate of 1 kHz. After passing through the beam splitter, the pulses were divided into probe and pump pulses (see Figure S1,

supplemental information). Furthermore, amicroscopeobjective lens (103; NA= 0.25; Olympus, Japan) was used to focus the pumppulses to

a spot that was located 10 mmbelow the side surface of a fused silica sample (polished on three sides, 10mm3 10mm3 0.5mm). The 800-nm

probe pulses were first passed through a one-dimensional linear stage (KA1000, Zolix, Inc, China) to adjust the time difference between the

pump and probe pulses with a linear displacement accuracy of 1 mm. Subsequently, the probe pulses were frequency doubled to 400 nm by

the BBO crystal. The 800- and 400-nm probe pulses were then emitted simultaneously. Next, the two probe pulses were passed through the

birefringent quartz crystal to generate ordinary and extraordinary subpulses, namely 800-o, 800-e, 400-o, and 400-e subpulses. The four sub-

pulses were irradiated in the area where the pump laser interacted with the sample and passed through an imaging objective (403, NA = 0.4,

Olympus, Japan). The two 800-nm subpulses and the two 400-nm subpulses were then spatially separated into two groups by using a dichroic

mirror (cutoff wavelength = 560 nm). Subsequently, the pulses in each of the groups were further divided into individual subpulses with
iScience 27, 110316, July 19, 2024 3



Figure 3. Measurement of subpulse intervals by using the multiframe imaging system

(A) Definition of time zero between the pump and probe pulses.

(B–E) Propagation of laser-induced plasma in fused silica was observed for the 400-e, 400-o, 800-e, and 800-o subpulses. The white dotted line represents the

interface between air and the material. The colorbar T is the transmittance of the material to the probe pulses.

(F) Time evolution of the plasma front distance in fused silica.
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different polarizations by using a polarization splitter. Finally, the probe subpulses were detected using four identical charge-coupled device

(CCD) cameras (Imaging Source, DMK 23U445, Germany) to observe the interactions between the femtosecond laser pulse and the sample at

different times. To ensure that different CCDs obtain images of the same size, we maintained a consistent distance between each CCD and

the imaging objective, adjusted the size of the image through the imaging tube in front of the CCD, and ensured consistency in imaging for

each CCD by measuring the number of pixel points.
RESULTS AND DISCUSSION

Measurement and analysis of the time shift between subpulses

Wegenerated four probe subpulses with specific time delays by using the experimental setup displayed in Figure 2. Wemeasured the time

intervals between the subpulses according to the occurrence times of the same experimental phenomenon (i.e., plasma appearance) for

each probe subpulse. In general, when a femtosecond pulse is focused on fused silica, the plasma is excited and gradually propagates

inward.27,28 Accordingly, observing the time evolution of plasma transmissivity is an effective method of measuring the time interval be-

tween subpulses. As illustrated in Figure 3A, the diameter of the pump was 8 mm. By adjusting the one-dimensional linear stage, we

controlled the time delay between the probe subpulses and the pump pulse. According to the temporal sequence of the four subpulses,

we identified the 0.0 ps when the fourth pulse (400-e) coincided with the pump pulse. At this time, the plasma in the fused silica was excited;

however, the first three subpulses were not observed anything at this time because they were advanced in time than the 400-e. This is similar

to when we choose the last person in the team (400-e) as the benchmark, who can see the plasma excited by the pump (the 800-nm pump

pulse whose time not change), while the three in front are walking ahead and cannot see any information. When the team steps back a

certain distance, the third place (400-o) can see the phenomenon. Therefore, when the one-dimensional linear stage was moved backward

by 30 mm (0.2 ps), the third pulse (400-o) was captured in the samemanner as the 400-e pulse. Therefore, we concluded that the time interval

between the third and fourth pulses was 0.2 ps. Furthermore, we determined that the velocities of the plasma front for the first, second,

third, and fourth pulses were 1.90 3 108, 1.93 3 108, 1.92 3 108, and 1.92 3 108 m/s, respectively (Figure 3F). Although the transmissivity

of the excited plasma differed for different wavelengths, the calculated plasma propagation velocities were similar for all pulses and

approximated the propagation velocity of light in the fused quartz (2.06 3 108 m/s). This result demonstrates the feasibility of the exper-

imental setup.
4 iScience 27, 110316, July 19, 2024



Figure 4. Pulse interval measurements were obtained by observing the time evolution of laser-induced plasma in material

(A) Time synchronization of 400- and 800-nm probes emitted from BBO.

(B) Time interval observed after subpulses passed through a 6.4-mm-thick quartz crystal.

(C) Time interval observed after subpulses passed through a 12.8-mm-thick quartz crystal.
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The 0.2-ps time interval between the 400-o and 400-e subpulses (Figures 3B and 3C) was consistent for all polarizations at 400 nm. How-

ever, an assessment of the interval between the second subpulse (800-e) and the third subpulse (400-o) revealed that the plasma did not

appear until 1.4 ps (see Figure S2, supplemental information, for additional details). Therefore, the delay between the 400-o and 800-e sub-

pulses was 1.1 ps, which was inconsistent with that observed between the 400-o and 400-e subpulses, indicating that the group velocity dif-

ference between the two pulses changed considerably.

To explore factors contributing to the observed abnormal time delay, we first verified the synchronization of the 400- and 800-nm pulses

without using the quartz crystal (i.e., the probe pulses passed through only the BBO crystal). As illustrated in Figure 4A, the laser-induced

plasma in the fused silica affected the transmittance of the probe pulse (see Figure S3, supplemental information, for additional details). Un-

der excitation with the 400-nm pulse, the plasma appeared at 0.0 ps and propagated inward. Because the pulse broadened after passing

through multiple optical elements (i.e., it broadened to 115 fs; see Figure S4, supplemental information),29 we moved the one-dimensional

linear stage at steps of 15 mm (equivalent to a 100-fs time delay). Under excitation with the 800-nm pulse, although the plasma was not

observed until 0.1 ps, it had already propagated inward for somedistance. At 0.0 ps, weakly ionized plasmawas also observed. This was attrib-

uted to the low plasma density in that early stage; the plasma detection sensitivity was higher for longer-wavelength light. This thus explains

the time delay in the appearance of transmissivity between 400-nm excitation and 800-nm excitation. In summary, the 400- and 800-nm pulses

emitted from the BBO crystal were synchronized, with the synchronization error being %0.1 ps.

According to the theory of light propagation in quartz crystals, the time interval between pulses increases linearly with the crystal thickness.

Accordingly, we analyzed the differences in the time intervals between the four subpulses at different crystal thicknesses. At a crystal thickness

of 6.4 mm (Figure 4B), assessing changes in the transmittance of the plasma revealed that the time interval between the 400-o and 400-e sub-

pulses and that between the 800-o and 800-e subpulses were both approximately 0.2 ps. However, the time interval between the 400-e and

800-o subpulses was 1.1 ps. The darker colors in the figures are attributable to the low transmittance of the excited plasma under the 800-nm

pulse. At a thickness of 12.8 mm (Figure 4C), the time interval between the 400-e and 800-o subpulses increased to 2.2 ps. The time intervals

increased exponentially with the crystal thickness and followed a simple linear relationship.

When we changed the laser intensity, we observed that the time delay did not change. As displayed in Figure 5A, when the energy of the

400- and 800-nm pulses were 6:9 mJ=cm2 and 960 mJ=cm2, respectively, the plasma appeared after 0.2 ps under excitation with the 400-e

subpulse and exhibited an obvious change in transmittance. Moreover, under the 400-o subpulse, the plasma appeared at 0.4 ps. However,

under 800-e and 800-o subpulses, the plasma appeared at 1.5 ps and 1.7 ps, respectively. The time interval between pulses of the samewave-

length was still 0.2 ps; however, that between the 800-e and 400-o subpulses was 1.1 ps. When the energy of the 400- and 800-nm pulses was

increased to 14:8 mJ=cm2 and 1420 mJ=cm2, respectively (Figure 5C), the time intervals between the four subpulses remained unchanged. In

particular, when the energy was doubled, the time intervals still remained unchanged (Figure 5E). These phenomena were obviously different

from well-known nonlinear effects, which are closely related to the laser energy.
iScience 27, 110316, July 19, 2024 5



Figure 5. Time interval measurements for various probe pulse energy

(A) 6:9 mJ=cm2 for 400-nm pulse, 960 mJ=cm2 for 800-nm pulse.

(B) 10:2 mJ=cm2 for 400-nm pulse, 1140 mJ=cm2 for 800-nm pulse.

(C) 14:8 mJ=cm2 for 400-nm pulse, 1420 mJ=cm2 for 800-nm pulse.

(D) 17:0 mJ=cm2 for 400-nm pulse, 1510 mJ=cm2 for 800-nm pulse.

(E) 30:3 mJ=cm2 for 400-nm pulse, 1990 mJ=cm2 for 800-nm pulse.
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Quartz is an anisotropic material; hence, the 800-nm pulse clearly caused a change in its properties. This change caused the strong disper-

sion of the 400-nm pulse traveling through the crystal, in addition to inducing a decrease in group velocity. As displayed in Figure 1D, when

the 800-nm pulse passed through the quartz crystal, two 800-nm subpulses (i.e., 800-o and 800-e) were generated. We measured the time

delay between these subpulses by using an autocorrelator (GECO, Light Conversion, Lithuania), as presented in Figures 6A and 6A. The

time intervals between the 800-o and 800-e subpulses when they passed through the 6.4- and 12.8-mm-thick quartz crystals were approxi-

mately 200 and 400 fs, respectively, consistent with our calculations.

The quartz crystal is a wide bandgap material. In our experiment, the absorption of pump pulse should be caused by the nonlinear pro-

cess of multi-photon absorption. The four probe pulses were used to observe the absorption process of the pump pulse. The probe pulse

energy of 800 nm or 400 nm was much lower than the ionization threshold of quartz, making it impossible to excite plasma. Hence, the

probe pulses should only have a small amount of energy absorbed by the crystal and most of the energy is transmitted through the crys-

tal.30 According to the Classical Thomson scattering,31 electrons have scattering effects on low intensity light, and this is a linear process.

The kinetic energy and photon frequency of free charged particles do not change due to scattering. Therefore, the time interval between

800-e and 400-o should be the theoretical calculated value. However, the time interval between them increased by 5 times than the theo-

retical calculated value according to our observation experiment, which indicated that this was not a simple linear relationship. And if this

process was a nonlinear process, it should be closely related to pulse energy, and our experiments have shown that this time delay was

independent of the pulse energy. Therefore, it was not a traditional nonlinear effect related to light intensity.32 According to the exper-

imental results, the 800-nm probe pulse ahead has an impact on the subsequent 400-nm pulses, causing a decrease in its speed. When

a 400-nm pulse passes through, it appears to be coupled with the residual electromagnetic field of an 800-nm pulse. The delayed inter-

action between electric fields affects the propagation of 400-nmpulse, resulting in an increase in the time interval between 400-e and 800-o

subpulses.

In Figure 5, the time delay is independent of laser intensity, thus representing weak light propagation. Light is an electromagnetic wave

whose amplitude is the electric field strength.33,34 In our experiments, the energy density of the pulses was considerably below the ionization

threshold; hence, the intensity was unrelated to the laser propagation velocity. This phenomenon is similar to the phenomenon in which

sunlight traveling at different intensities in the same medium maintains a constant velocity. Increasing the intensity of the 800-nm pulse

increased the strength of the electric field caused by the excited electrons. This electric field in turn affected the intensity of the 400-nm

pulse, but the time interval between the 400- and 800-nmpulses did not change. Two pulses of the samewavelength follow the birefringence

effect. The oscillation frequency of the electric field excited by the 800-nm pulse affected electrons of a different frequency but did not affect

those of the same frequency.35 However, the interaction mechanism between these different frequencies should be further studied and

explained.
6 iScience 27, 110316, July 19, 2024



Figure 6. Measurement of pulse time intervals of 800-nm probe passing through quartz crystals of different thicknesses using an autocorrelator

(A) 6.4 mm crystal.

(B) 12.8 mm crystal. The green arrows represent the intensity of the superimposed 800nm o-ray, while the red arrows represent the 800nm e-ray.
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Ultrafast multi-frame observation of femtosecond laser–induced shock waves

On the basis of the measured time intervals between the probe subpulses, we continually observed the time evolution process of femto-

second laser–induced shock waves. As shown in Figure 7, the laser fluence was 2.56 3 103 J/cm2, and a single laser pulse was focused on

the side surface of a fused quartz (polished on three sides: 10 mm3 10 mm3 0.5 mm) by using a 103microscope objective lens. After being

ablated, the sample was moved to a new position for the next pulse ablation, and meanwhile moved to a one-dimensional linear stage to

obtain shock wave expansionmorphology under different probe delays.We defined the time of initial appearance of plasma filaments gener-

ated by the breakdown of air as 0.0 ps (Figure 7B). Before the appearance of these filaments, a hemispherical plasma shock wave appeared.36

When the laser pulse reached the surface of the material, the front of the pulse was reflected by the material surface. The air ionization

threshold near the surface was reduced by two to three orders of magnitude.37 The air molecules near the surface were ionized first, followed

by those farther away. Moreover, when a femtosecond laser arrived at the sample surface, the laser energy was absorbed by the material

within tens of femtoseconds. Subsequently, several free electrons were excited, and a small amount of plasma erupted from the material.38

These two plasma materials formed shock waves. As the probe time delay increased, the plasma filaments interacted with the shock waves,

forming two plasma waves propagating in opposite directions. Finally, owing to the continuous expansion of the material plasma shock

waves, the two plasma waves were eventually squeezed and evolved into one plasma shock wave.
Figure 7. Single-shot multiframe observation of the femtosecond laser–induced shock wave

The same row represented the images captured by four CCDs under the same pump pulse excitation, while different rows represented the images obtained by

pump pulse excitation at different probe delays. The yellow arrow represents the air plasma filament, and the white dotted line is the boundary between the air

and the sample.

iScience 27, 110316, July 19, 2024 7
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Conclusion

Wehave studied the evolution process of plasma filaments in a quartz crystal tomeasure the time shift of two-color probe pulses in the crystal.

We observed that the 800-nm pulse changed the transient characteristics of the crystal. The internal dispersion characteristics of the 400-nm

pulse had been enhanced. Therefore, the time delay between the 800-nm and 400-nm pulses was significantly increased compared to the

calculated value based on dispersion theory. In addition, we observed that the abnormal time delay between these pulses was independent

of pulse intensity, proving that it was not a traditional nonlinear effect related to light intensity (Dn = 0). One possibility is that the 800-nm

pulse has some kind of residual electromagnetic field and affected the subsequent 400-nm pulse’s propagation process. The delayed inter-

action between electric fields affects the transmission of the 400-nm pulse, increasing the time interval between 800-nm and 400-nm pulses.

However, further research is needed on the true physical reasons and why this phenomenon is independent of pulse intensity. We performed

single-shot multi-frame imaging experiments using pulse sequences with abnormal pulse delay effects, continuously observed the temporal

evolution of laser-induced plasma shock waves, and determined the coupling process of multiple shock waves.

Limitations of the study

Here, we provided an experimental demonstration of the abnormal time delay of femtosecond laser pulses in a quartz crystal. Further exper-

imental verification is needed to determine whether similar phenomena exist in other crystals. And the physical mechanism behind this

abnormal time delay effect still needs further investigation.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Quartz birefringent crystal Fujian Ultra Photonics Co., Ltd. https://www.u-photonics.com/

Fused silica HeFei Crystal Technical Material Co.,Ltd. http://www.ctmwafer.com/
RESOURCES AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Baoshan Guo

(gbs@bit.edu.cn).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Our study does not use experimental models typical in the life sciences.
METHOD DETAILS

As illustrated in Figure 2, it shows the configuration of themultifrequency pulse framing imaging system.We introduce in detail how to adjust

the optical components and to ensure their mutual cooperation, which can be used to control the time interval between the four subpulses

more precisely. First, the function of the polarization beam splitter is to separate two linearly polarized lasers that are perpendicular to each

other. Therefore, the S-polarized laser (the polarization vector is perpendicular to the plane determined by the incident laser and the reflected

laser) is reflected at an angle of 45�, and the P-polarized laser (the polarization vector is in the plane) is simultaneously transmitted. Because

the lasers in the entire system propagate in the same horizontal plane, the mirror surface is perpendicular to the laser propagation plane; that

is, the S-polarized laser is vertically linearly polarized, and the P-polarized laser is horizontally linearly polarized. Therefore, the perpendicular

subpulses with wavelengths of 400 nm and 800 nm from the uniaxial quartz crystal must be horizontally polarized and vertically polarized,

respectively. However, according to the birefringence phenomenon of the uniaxial quartz crystal, which occurs when a linearly polarized laser

is incident perpendicular to the mirror surface and forms an angle of 45� with the optical axis (in the mirror surface), the vibration direction of

the emitted extraordinary laser (e-ray) coincideswith the optical axis, and the vibration direction of the ordinary laser (o-ray) is perpendicular to

the optical axis. Therefore, to ensure that the final polarization directions of the pulses match those of the polarization beam splitter, the op-

tical axis of the quartz crystal is adjusted to be vertical; at the same time, the angle between the polarization state of 400 nm e-ray and the

horizontal line is required to rotate 45� counterclockwise. Therefore, the angle between the optical axis of the BBO crystal (in the mirror) and

the horizontal line is also rotated 45� counterclockwise. According to calculations in the previous section, when the polarization vector angle

between the BBO crystal and the linearly polarized laser is 29.2�, the phase matches; therefore, the angle between the initial fundamental-

frequency laser (800 nm linearly polarized) and the vertical line is 15.8� clockwise. The specific beam splitting propagation process is displayed

in Figure 1E. According to the order of time, the first and last beams are 800-nm o-ray, 800-nm e-ray, 400-nm o-ray, and 400-nm e-ray.
QUANTIFICATION AND STATISTICAL ANALYSIS

The Origin2018 was used for statistical analysis. The transmittance of the material to the probe pulses was calculated using Matlab

R2018b.
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