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Abstract: Ultra-short, ultra-intense lasers provide unprecedented experimental tools and extreme
physical conditions, enabling the exploration of the frontiers of basic physics. Recently, a multistep
pulse compressor (MPC) method was proposed to overcome the limitations of the size and the
damage threshold of gratings in the compressor for the realization of a higher-peak-power laser.
In the MPC method, beam smoothing is an important process in the pre-compressor. In this study,
beam smoothing based on prism pairs is investigated, and the spatial profiles, as well as spectral
dispersion properties, are analyzed. The simulation results demonstrate that the prism pair can
effectively smooth the laser beam. Furthermore, beam smoothing is found to be more efficient with a
shorter separation distance if two prism pairs are arranged to induce spatial dispersion in one or two
directions. The beam smoothing results obtained in this study will help optimize optical designs in
petawatt (PW) laser systems, thereby improving their output and operational safety.

Keywords: ultra-intense laser; prism; beam smoothing; compressor

1. Introduction

Ultra-intense femtosecond laser pulses can generate extremely physical conditions
for the exploration of the frontiers of basic physics and help reveal new phenomena of
matter. Consequently, it has attracted widespread attention in recent years [1–4]. Since the
chirped pulse amplification (CPA) method was proposed in 1985 [5], more than 50 lasers
worldwide have achieved peak powers of several hundred terawatts (TWs) and even
petawatts (PWs) [6–8]. Several hundred PW femtosecond (PW-fs) laser systems are being
developed or built in Europe (ELI-200PW [9]), Russia (XCLES-200PW [10]), the USA (OPAL-
75PW [11]), and China (SEL-100PW [12]). In a femtosecond PW (fs-PW) laser system, the
laser pulse is first stretched from femtosecond to nanosecond and subsequently amplified
using CPA or optical parametric chirped pulse amplification (OPCPA) [13] techniques,
wherein the chirped nanosecond pulse is compressed to an ultrashort femtosecond pulse
using a grating-based pulse compressor in the final stage.

In an fs-PW laser system, the compression system is usually a Treacy four-grating
compressor [14], wherein the first grating surface bears the largest input pulse energy, and
the fourth grating surface bears the shortest pulse duration or the highest peak power.
Thus, the damage thresholds of the first and fourth gratings limit the maximum input and
output pulse energy, respectively. The output laser beam of the main amplifier typically
has a large laser spatial intensity modulation (LSIM) owing to the pump laser, and hotspots
appear in the beam due to wavefront distortion at high spatial frequency, resulting from
the diffuse reflection of dust or defects in optical components. These strong LSIM or hot
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spots reach the damage threshold of the grating ahead of the average intensity and limits
the output pulse energy at the end of the laser system.

Recently, a novel optical design called a multistep pulse compressor (MPC) was pro-
posed to increase the input/output pulse energy of grating-based pulse compressors [15].
With the MPC method, beam smoothing based on prism pairs is an important process that
is used as the pre-compressor step. However, the beam-smoothing process has not yet
been thoroughly investigated. Because the prism pair introduces spectral dispersion to the
laser pulse with a relative broadband spectrum, this study analyzes the spatial properties
in conjunction with the spectral dispersion. The simulation results demonstrated that
beam smoothing based on prism pairs can be used to reduce the laser spatial intensity
modulation ratio (LSIMR) of the laser beam on the surfaces of the first and last gratings
in the compressor. Thus, the pulse energies of the incident and output laser beams can be
increased without damaging the grating. Additionally, this beam-smoothing-based prism
pair can be applied before the main amplifier to smooth the incident laser beam before the
large crystal for high-energy amplification to protect the expensive crystal.

2. Principle of Prism-Pair-Induced Spatial and Spectral Dispersions

A prism pair is a set of commonly used optical dispersion elements that has the
advantages of simple composition, flexible operation, low loss, and precisely adjustable
spectral dispersion. Negative spectral dispersion is typically induced by prism pairs to
compensate for the positive dispersion and achieve ultrashort laser pulses for small laser
beams in oscillators. Contrary to the induced useful negative spectral dispersion, the
induced spatial dispersion is harmful in many applications. Then, the laser beam passes
through the prism pair twice—forward and backward—to automatically compensate for
the prism-pair-induced spatial dispersion.

Recently, it was found that the induced spatial dispersion is also useful in laser
microscopy and laser micromachining applications [16,17]. In these applications, the laser
beam is intentionally introduced to an amount of spatial dispersion using a grating/prism
pair and then focused using a lens or other optical equipment. The purpose of this special
optical design is to achieve the highest focal intensity at the focal point only, so as to
ensure that the laser intensity near the focal point decreases rapidly. Thus, the optical
section capability will be improved near the focal point, resulting in increased resolution
and contrast in microscopy or micromachining applications. This method was named
spatiotemporal focusing [18,19].

Recently, it was reported that this spatiotemporal focusing can be used in ultrahigh-
peak-power laser systems with large beam sizes [20–23]. In this MPC optical design, the
intentionally induced spatial dispersion using a grating or prism pair was used to smoothen
the laser beam with large beam sizes to reduce its LSIMR [15].

In the spatial domain, the passing of a laser beam through a prism introduces angular
dispersion, which extends the laser beam in the angular dispersion direction owing to the
broad spectrum, and another prism with the same optical parameters is located parallel to
the first one to collimate the output laser beam. The optical setup of the prism pair with
two right-angle prisms for laser beam smoothing is shown in Figure 1a, where L is the
perpendicular distance between the two prisms, α is the apex angle of the two prisms, θs
and θl are the exit angles of the shortest and longest wavelengths, respectively, d is the
induced spatial dispersion width, w0 and w are the input and output laser beam widths
along the X-axis, respectively. The induced spatial dispersion width d can be expressed
as d = L(tan θs − tan θl)cos α. Considering the relationship between the exit angle of the
beam θ and the apex angle of the prism, as well as that between θ and the refractive index
of the prism pair at different wavelengths, the induced spatial dispersion width d can also
be expressed as follows:

d = L(
MS√

1−M2
s
− Ml√

1−M2
l

) cos α (1)
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Ms = ns sin(α− arcsin
sin δ

ns
) (2)

Ml = nl sin(α− arcsin
sin δ

nl
) (3)

where δ is the incident angle of the laser beam, and ns and nl are the refractive indices
of the prism pair at the shortest and longest wavelengths, respectively. Ms and Ml are
the dependent variables related to the incident angle and wavelength. According to the
above formulas, the induced spatial dispersion width d is only related to the perpendicular
distance between the two prisms L and the prism apex angle α when the wavelength range
and the incident angle are constant.

Figure 1. (a) Optical setup of the prism pair with two right-angle prisms for laser beam smoothing. L:
perpendicular distance between the two prisms; α: apex angle; d: induced spatial dispersion width;
w0 and w: input and output laser beam widths along the X-axis, respectively; θs and θl : exit angles of
the longest wavelength and the shortest wavelength, respectively. (b) Illustration of the principle
of beam smoothing caused by the convolution between spatial and spectral distribution of the laser
beam. A and B are two hot spots with full spectra in the laser beam.

From these equations, it is clear that d is linearly related to the distance L between the
two prisms, and also related to both the apex angle of the prism α and the exit angles of the
beam θ. The refractive index of the prism pair is constant at the same wavelength; thus, the
changing of the spectral range significantly affects d. When the induced spatial dispersion
width d is smaller than the laser beam size, the center part of the output laser beam has a
full bandwidth spectrum and no spatial dispersion, whereas the laser beam on both sides
exhibits spatial dispersion.

Owing to the angular dispersion of the prism pair, light with different wavelengths
will be output at different angles from the first prism and will be distributed at different
positions after being collimated by the second prism. The spatiospectral distribution of
the nearby spots of the incident laser beam will overlap in the output beam; therefore, the
intensity of the output laser beam is redistributed. Figure 1b illustrates this redistribution
principle using two nearby input light spots, A and B. Assuming that the laser spectra are
the same for all spots in the incident laser beam, both A and B will be extended from a spot
to a line with a length d. If the distance between A and B is smaller than d, there is spatial
overlapping of different wavelengths in the output laser beam for A and B. The process
depicted in Figure 1b, which induces spatial dispersion by angular dispersion, can also be
explained using convolution, as expressed in the following equation:

y(x) =
+∞

∑
−∞

f (n)h(x− n) = f (x)⊗ h(x) (4)

where f (x) is the incident laser intensity distribution function along the X-axis, the function
h(x) is the spectral intensity profile projected on the X-axis, and h(y) is the obtained output
smoothed beam profile on the X-axis. It is known that a convolution operator can smooth
figures or signals. The final laser beam intensity is obtained by accumulating the intensity
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of light that arrived at the same spatial position through the prism pair. Consequently, the
output laser beam is smoothed owing to convolution and intensity redistribution.

Hotspots are the typical damage risk for high-peak-power lasers owing to their small
beam size and local high intensity. Therefore, we assume that points A and B have a
diameter of 2× r; as a result, the peak power of the two hot spots is decreased by ap-
proximately 2× r× d/

(
π × r2) = 2/π × d/r times. After summing all the corresponding

spatio-spectral intensity values at every point on the extended output beam line, the beam
smoothing effect of the output laser beam is found to be related to the d/r ratio. This
indicates that both increasing d and reducing r have a significant effect on smoothing the
output laser beam. Specifically, inducing a larger spatial dispersion width d onto hotspots
with a high spatial frequency 1/r is easier to smooth.

In a PW laser, the laser pulse is usually chirped to the order of nanoseconds to avoid
laser-induced damage to the amplification crystal. Compared with the large spectral
dispersion of the input laser beam induced by the stretcher, the induced spectral dispersion
was negligible. For tens of femtosecond transform-limited laser pulses with a broadband
spectrum, the induced small spectral dispersion is important to achieve good compression
of the laser pulse. Based on previous works, the spectral dispersion induced by a single
pass of a prism pair can be expressed as follows [24]:

GDD =
λ3

2πc2
d2 p
dλ2 , (5)

TOD = − λ4

4π2c3

{
3

d2 p
dλ2 + λ

d3 p
dλ3

}
(6)

where GDD and TOD are the second-order and the third-order dispersions, respectively;
d2 p
dλ2 and d3 p

dλ3 are the second-order and the third-order derivatives of the optical path with
respect to wavelength, respectively; λ is the wavelength; c is the speed of light. Furthermore,
it was found that the combination of a prism pair and a grating pair can help to compensate
for the third-order dispersion and help to achieve a shorter compressed pulse duration
because the prism pair and the grating pair have the same signs for GDD and opposite
signs for TOD [14,24]. Note that the material dispersion of the prism pair discussed here
is relatively larger because of the large beam size induced by the large and thick prism;
therefore, the spectral dispersion will be seriously affected by the material dispersion
compared with the prism pair used for a small beam size, which is discussed in the
following section.

3. Simulation Results in Spatial Domain

In the specific simulation, the spatial profile of the incident beam is set as a 10th-order
flat top super-Gaussian beam with a beam size of 370 × 370 mm2, and the LSIMR of the
incident laser beam is set to be 2.0. The spectral shape of the input beam is set to be a
7th-order flat-top super-Gaussian; the spectral range is 825–1025 nm. The incident beam is
sampled at an interval width of 1 mm.

Using the ray-tracing method, the spatial distribution of different wavelengths in the
sampling point with a full spectrum is calculated individually. Finally, an output laser beam
with a new spatial distribution is obtained. The smoothing effect of the output laser beam
is discussed in detail by changing the parameters of the prisms and various combinations
of prism pairs.

3.1. One Prism Pair

In this study, the beam-smoothing effect of right-angle prisms with apex angles of
15◦, 20◦, 25◦, and 30◦ is simulated, and the value of LSIMR is used to characterize the
effect of beam smoothing. When the laser beam is incident at 0◦ on the right-angle prism
pairs but at different apex angles, the variations of LSIMR and the variation in the induced
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spatial-dispersion-width as the distance of the prism pair changes are shown in Figures 2a
and 2b, respectively.

Figure 2. (a) Variation of LSIMR of the laser beam, (b) variation of the induced spatial dispersion
width, (c) variation of LSIMR with the induced spatial dispersion width, (d) two-dimensional spatial
intensity profiles of the input laser beam, and (e) smoothed output laser beam. The one-dimensional
spatial intensity profiles (f,g) of the input laser beam and (h,i) the smoothed output laser beam.

In Figure 2a, LSIMR decreases rapidly from 2.0 to about 1.3, indicating that the prism
pair can effectively smooth the beam by inducing spatial dispersion. However, LISMR
drops from 1.3 to around 1.1 require a relatively long distance between the right-angle prism
pair. By comparing the curves of LISMR for different prism apex angles, it is concluded
that achieving the same LISMR requires that the prism pair distance for the apex angle of
30◦ is much shorter than that for 15◦. In Figure 2b, the induced spatial dispersion width
d increases linearly with the perpendicular distance of the prism pair L. Because the exit
angle of the light passing through the prism pair is related to the apex angle of the prism,
the same induced d requires that the distance of the prism pair L for an apex angle of 30◦

be much shorter than 15◦. For prisms with different apex angles, the curves of LISMR
show the same downward trend, and the trend changes are almost the same, indicating
that LISMR are closely related to the induced d. The results are shown in Figure 2c, which
further confirms that the prism pair can effectively smooth the laser beam.

By comprehensively comparing the induced spatial dispersion width and LISMR for
prism pairs with different apex angles, as long as the induced spatial dispersion width
d reaches approximately 60 mm, LISMR is reduced to approximately 1.1, and the laser
beam is well smoothed. Figure 2d–i show the one-dimensional (1D) and two-dimensional
(2D) spatial intensity profiles of the input laser beam and those of the smoothed output
laser beam. The input laser beam is well smoothed on the X- and Y-axes, and the LISMR is
approximately 1.1.

This discussion pertains to an ideal case with a smooth spectrum without spectral
intensity modulation. However, a completely smooth laser spectrum does not exist in
reality. Here, we simulate laser beam smoothing using modulated spectra. Figure 3a shows
the 1D shape of the ideal and modulated spectra. As the distance of the prism pair is
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increased, the LSIMR curves that a laser beam passed through a right-angle prism pair
with an apex angle of 20◦ are shown in Figure 3b. According to the simulation results, the
spectrum with intensity modulation does not have a significant influence on the LSIMR.
This is because the LSIMR is the convolution of the intensity of the incident laser beam
and the intensity of the spectrum of the laser beam. Figure 3c–h shows the 1D and 2D
spatial intensity profiles of the output laser beam smoothed by the input laser beam with
an ideal spectrum and modulated spectrum passing over a distance of 8 m prism pair with
an apex angle of 20◦. From Figure 3c–h, it can be seen more intuitively that the shape of the
spectrum has no effect on the smoothing beam.

Figure 3. (a) Super Gaussian spectrum and the modulated spectrum, (b) curves showing the variation
of the spatial intensity modulation ratio of the laser beam with the modulated spectrum and ideal
spectrum, (c,d) show two-dimensional spatial intensity profiles of the output laser beam with an
ideal spectrum and the modulated spectrum, respectively. The one-dimensional spatial intensity
profiles of the output laser beam with an ideal spectrum (e,f), and the modulated spectrum (g,h).

From the above analysis, the larger the induced spatial dispersion width, the greater
is the decrease in the LSIMR. A larger apex angle of the right-angle prism can help to
achieve a larger induced spatial dispersion width. Nevertheless, the right-angle prism pair
with a large apex angle may have total reflection when it is incident at 0◦, and dispersion
is induced into the right-angle prism pair only on the oblique side. Next, we determine
whether replacing the right-angle prism pair with an isosceles prism pair introduces a larger
amount of dispersion. The optical setup and simulation results are shown in Figures 4a
and 4b, respectively, where β is the apex angle of the isosceles prism. Compared with the
simulation results of the right-angle prism pair, the induced spatial dispersion width of
the isosceles prism pair with parallel incidence can be achieved using a longer prism-pair
distance, and isosceles prisms with parallel incidence do not have a better smoothing
beam effect than right-angle prisms. According to formulas (1)–(3), the induced spatial
dispersion width d is significantly related to the apex angle and incident angle of the prism.
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The larger the apex angle and zero incident angle, the better the beam smoothing effect. A
full-spectrum hotspot parallel enters the isosceles prism, and the induced dispersion width
is smaller than the induced dispersion width of right-angle prisms with zero incident angle
when the apex angle β = α. As a result, the shape of the prism pair has no effect on the
spatial dispersion.

Figure 4. (a) Optical setup of the isosceles prism pair for smoothing laser beam, and (b) the variation
curves of the spatial intensity modulation ratio and the variation curves of the induced spatial
dispersion width.

3.2. Two Prism Pairs in Same Direction

From the simulation results of the laser beam smoothing by a single prism pair, the
LSIMR decreases to approximately 1.1, which requires an induced spatial dispersion width
of approximately 60 mm. This means that a long distance between the prism pairs is
required to achieve these conditions. However, in reality, a long distance between prism
pairs limits the application of experiments. Here, there is an effective prism pair, where
the visual single prism is combined with two prisms to achieve a relatively larger apex
angle. Thus, it is possible to increase the induced dispersion width with a relatively small
experimental space. The optical setup is shown in Figure 5a, where the four prisms are
exactly the same, and ε is the apex angle. L1, L2, and L3 are the distances between the
prisms, and L = L1 + L2 + L3. Usually, L1 ≈ 0, L3 ≈ 0 and L = L1 + L2 + L3 ≈ L2,
which indicates the total distance between the first and fourth prisms. In this study, L1
and L2 are both set to 0.05 m, and the total distance L is changed by varying L2. There
are many combinations of prisms and various values of L1, L2, L3. L1 and L2 are not
necessarily equal; this is the result of the following display: In a real experiment, the
right-angle surface of the first prism is parallel to the right-angle surface of the second
prism, and the first prism is close to the second prism. The distance between the first
and second prisms could be adjusted. Similarly, the third and second prisms are placed
in the same way as above. To maintain the consistency of the propagation direction of
the input laser beam and output laser beam, the exit surface of the second prism and the
entrance surface of the third prism must be kept parallel. From the simulations of various
combinations of prisms, L2 contributes the most to the spatial dispersion width d, and the
contributions of L1 and L2 are the same. At this time, a single hotspot is extended into a
line with a length of d = dx1 + dx2 + dx3 ≈ dx2 and a width of 2× r, and the local intensity
is decreased by approximately 2(dx1 + dx2 + dx3)/(πr) ≈ 2dx2/πr, where dx1, dx2, and dx2
are the induced spatial dispersion widths along the X-axis by the prism distances of L1, L2,
and L3, respectively.
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Figure 5. (a) Optical setup of two prism pairs in one direction, where ε is the apex angle. L1, L2, and
L3 are the distances between prisms. (b) Curves of the spatial dispersion width of the laser beam
passing through single prism pair and double prism pair.

The simulation results showing the variation of the spatial dispersion width d with L
are shown in Figure 5b, where the apex angles of the prisms are 10◦ and 15◦. It is found
that the spatial dispersion width of two prism pairs is equivalent to that of a single prism
pair with twice the apex angle. This means that two prism pairs with an apex angle of 15◦

are equivalent to a single prism pair with an angle of 30◦. For a small apex angle prism of
15◦, when the spatial dispersion width reaches 60 mm or 10 mm, a single prism pair needs
a distance of 68 m or 12 m, respectively, whereas two prism pairs only need a distance of
16 m or 3 m. The results save 52 m or 9 m of prism pair distance, respectively, by comparing
a single prism pair of 15◦ with an induced spatial dispersion width of 60 mm or 10 mm.
Obviously, this combination of prisms not only reduces the spacing between prisms but
also retains the advantages of prisms with small apex angles.

3.3. Two Prism Pairs in the Perpendicular Directions

In the above simulation results, the two prism pairs can effectively smooth the beam
by inducing spatial dispersion along the X-axis. To introduce angular dispersion in two
axes and save experimental space, the other prism pair is placed perpendicular to the first
prism pair, which can induce spatial dispersion along the Y-axis direction. The optical setup
is shown in Figure 6a. It should be noted that the single hotspot is extended not into a line
but into an area of dx × dy after passing through two prism pairs, where dx is the induced
spatial dispersion width along the X-axis, and dy is the induced spatial dispersion width
along the Y-axis. Consequently, the overall induced spatial dispersion area is approximately
dx × dy. For a single hotspot with a diameter of 2× r, the local intensity decreases by
approximately dx × dy/

(
πr2). This ratio is only calculated for a single hotspot; the overall

effect is the superposition of convolution integrals, and the lowest value is reduced to the
average value, which is not infinitely reduced.

To maintain the small apex angle of the prism pair, a right-angle prism pair with an
apex angle of 15◦ is chosen in the simulation, inducing angular dispersion in both the X
and Y directions. This indicates that the spatial dispersion width reaches 60 mm, and the
laser smoothing effect is significant. Because the introduced spatial dispersion width is
divided into two parts in the X and Y directions, and the total spatial dispersion width
d = dx × dy is constant, using the inequality

√
ab ≤ (a + b)/2, it can be concluded that

when dx = dy, the dx + dy is the minimum, where a and b are real positive numbers. Thus,
the distance between the first prism pair with an apex angle of 15◦ is set to 9 m to introduce
a spatial dispersion width of approximately 8 mm along the X-axis. The perpendicular
distance between the second prism pair is also 9 m. As a result, a total prism pair distance
of approximately 18 m can smooth the laser beam to an LSIMR of 1.1, which significantly
reduces the total optical space. Figure 6b–g shows the 1D and 2D spatial profiles of the
input laser beam and those of the smoothed output laser beam in both the X- and Y-axes,
where the induced spatial dispersion width is 10 mm along the X-axis and 6 mm along
the Y-axis.



Photonics 2022, 9, 445 9 of 12

Figure 6. (a) Optical setup with two prism pairs that are located in both X- and Y-axes. (b) Two-
dimensional spatial intensity profiles of the input laser beam, and (c) smoothed output laser beam in
X- and Y-axes. One-dimensional spatial intensity profiles of (d,e) of the input laser beam and (f,g) the
smoothed output laser beam in the X- and Y-axes.

4. Simulation Results in Spectral Dispersion

The laser beam passing through the prism pair not only changes the spatial charac-
teristics of the laser beam but also affects its temporal properties. The spectral dispersion
induced by the prism pair of the output laser beam consists of the following two parts: the
material dispersion of the prism pair and the negative dispersion caused by the angular
dispersion of the prism pair. For the PW laser facility, the laser beam is relatively large,
and the prism pair used for beam smoothing also has a large optical size, which implies a
relatively thick optical path in the prisms. As a result, the positive dispersion induced by
the prism pair material is considerable, which is different from the prism pair with a small
size. The positive dispersion caused by the material is expressed as follows:

ϕ(ω) =
ω

c
n(ω)l (7)

GDDm =
d2 ϕ

dω2 =
λ3l

2πc2
d2n
dλ2 (8)

TODm =
d3 ϕ

dω3 = − λ4l
4π2c3

{
3

d2n
dλ2 + λ

d3n
dλ3

}
(9)

where GDDm and TODm are the positive dispersions of the second-order and third-order,
respectively. d2n

dλ2 and d3n
dλ3 are respectively the second-order and the third-order derivatives

of the refractive index to wavelength. l is the distance traveled in the prism pair.
For the negative dispersion from the angular dispersion induced by the prism pair,

the second-order dispersion GDD and the third-order dispersion TOD are simulated based
on formulas (5) and (6), respectively. In the simulation, the apex angle of the prism is 20◦,
the center wavelength is 925 nm, and the beam size is 370 × 370 mm2. The spectral shape
of the input beam is set to a 7th-order flat-top super-Gaussian, and the spectral range is
825–1025 nm. The GDD and TOD generated by material dispersion are related to the prism
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insertion; the first prism insertion is 10 mm, and the second prism insertion is 400 mm in
this simulation here. For a single prism pair, the induced GDD and TOD with a center
wavelength of 925 nm vary with the prism pair distance. Figure 7b shows the enlarged
part marked by the blue box in Figure 7a. As can be seen, the total introduced GDD and
TOD are both positive values at the beginning because the relatively large prism and thick
material induce positive dispersion. When the prism pair is spaced by approximately 0.9 m,
the angular dispersion induces negative dispersion, and the material-induced positive
dispersion is balanced, which induces a nearly zero GDD and TOD. In this case, the induced
spatial dispersion width d is approximately 1.3 mm. As the prism pair distance increases,
GDD and TOD become negative and increase linearly.

Figure 7. (a) Curves of the second−order and the third−order dispersions. (b) Magnified view of the
region indicated by the blue oval in (a).

In fact, the loss of the prism pair is low, and thus its absorption can be ignored.
The positive and negative values of the second-order and third-order dispersions can be
precisely adjusted by adjusting the prism insertion. In other words, the total dispersion of a
fixed small-distance prism pair can be adjusted positively and negatively by changing the
material dispersion, which can be changed by varying the passing through the length of the
prism pair based on formulas (7)–(9). According to the simulation results, the second-order
and third-order dispersions induced by prism pairs change continuously from positive
to negative with increasing distance between prism pairs. When the prism pair distance
reaches the meter-level unit, the second-order and third-order dispersions are both negative.
At this time, the positive dispersion introduced by the stretcher and the material dispersion
of the front components are pre-compensated. Meanwhile, we can fully compensate for the
negative chirp with a thick glass plate [25] so that the laser beam can be shaped spatially
without changing the temporal characteristics. Note that grating pairs together with prism
pairs are always used to fully compensate for the third-order dispersion of the whole
laser system to achieve a short pulse duration with broad spectral bandwidth because
the third-order dispersions induced by prism pairs and grating pairs are opposite [26].
Then, the prism pair added before the grating-based compressor helps compensate for the
third-order and even the fourth-order spectral dispersion in the PW laser [26,27].

5. Discussion and Conclusions

This study proposed a beam smoothing method based on prism pairs to reduce the
hotspot intensity in high-peak-power laser beams due to the diffuse reflection of dust
or defects in optical elements. The proposed method can prevent damage to the first
and fourth gratings in the grating-based compression system. Furthermore, the factors
influencing the smoothing beam based on the prism pair are explored. The simulation
results demonstrate that LSIMR is closely related to the induced spatial dispersion width.
The spatial dispersion width is found to be strongly correlated with the apex angle of the
prism pair, the distance between the prism pair, and incident beam characteristics.

The laser beam smoothing effect of single as well as dual prism pairs are simulated.
The two prism pairs proposed to introduce spatial dispersion can be divided into one
and two directions. The simulation results demonstrated that the smoothing effect of
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the two prism pairs can achieve a larger spatial dispersion width using a relatively small
experimental space. Finally, we simulate the spectral dispersion of the central wavelength
after passing through a prism pair. Combining both the grating and prism pairs will also
help compensate for the third-order spectral dispersion to achieve a short pulse duration
with broad spectral bandwidth.

A prism pair with a small apex angle has the advantages of no aberration, simplicity,
and energy efficiency and can be used for image transmission (without beam expansion).
In the next design, the spatiotemporal focusing technique is used to self-compensate for
the induced spatial dispersion during the post-compression process. In a real application,
the beam, after passing through the prism pair to induce the dispersion for smoothing the
beam profile, is filtered out at the edge to maintain the central region with full spectral
bandwidth. The temporal contrast can be affected by the spatiotemporal aberration. These
problems can be solved in the whole system design in Ref. [15] by a reflective deformable
mirror (DM). Actually, the induced spatial dispersion width is small in comparison to
the beam size, and the transmitted light owning small wavefront distortion. Therefore,
the use of a prism-pair smooth beam does not affect the characteristics of laser beams.
The method proposed in this study is applicable and of significance in ultrashort pulse
compression systems.
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