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基于束间动态干涉的快速匀滑新方法*

熊皓 1)    钟哲强 1)    张彬 1)†    隋展 2)    张小民 2)

1) (四川大学电子信息学院, 成都　610065)

2) (中国工程物理研究院, 绵阳　621900)

(2019 年 6 月 20日收到; 2019 年 12 月 19日收到修改稿)

针对高功率激光装置中靶面辐照均匀性的高要求, 提出了一种利用束间动态干涉改善辐照均匀性的快

速匀滑方法. 基本原理是利用共轭相位板阵列对存在一定波长差的多束激光附加相位调制, 从而使各子束在

远场两两相干叠加以产生动态的干涉图样, 进而引起焦斑内部散斑的动态扫动, 在 ps时间内抹平不均匀性.

以典型惯性约束聚变装置中的激光集束为例, 通过建立基于束间动态干涉的快速匀滑物理模型, 定量分析了

相位板类型、相位调制幅度和束间波长差等因素对焦斑动态干涉图样的影响及规律, 进而对其束匀滑特性进

行了讨论. 结果表明, 基于束间动态干涉的快速匀滑方法可以有效地实现多方向、多维度的焦斑内部散斑快

速扫动, 且通过与传统束匀滑技术的联用, 可以在更短的时间内达到更好的焦斑均匀性.

关键词：惯性约束聚变, 动态干涉, 束匀滑, 共轭相位板
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1   引　言

在惯性约束核聚变装置中, 实现点火对靶面的

辐照均匀性提出了极高的要求 [1]. 目前, 已发展出

多种空域 [2−4] 与时域匀滑技术 [5−7] 以改善靶面辐

照均匀性 . 其中 , 连续相位板 (continuous phase

plate, CPP)作为一种纯相位元件, 能有效控制焦

斑包络, 改善焦斑大尺度不均匀性. 然而, 由于激

光内部子光束相互之间的干涉, 远场焦斑内部存在

大量散斑, 从而会导致激光束与靶丸相互作用过程

中各种非线性不稳定效应的产生, 进而降低激光束

对靶丸的压缩对称性, 这对于点火的实现是极为不

利的 [8], 因而需要采用时域匀滑技术抑制散斑的存

在 [9,10]. 目前, 国际上主流的时域匀滑技术是光谱

角色散 (smoothing by spectral dispersion, SSD),

其基本原理是采用电光晶体对激光束进行相位调

制, 再利用光栅使相位调制脉冲产生色散, 从而导

致远场焦斑内部散斑沿光栅色散方向快速扫动, 以

在较短时间内抑制辐照不均匀性 [11,12]. 然而, 受限

于电光调制晶体的调制频率, SSD需要数十皮秒

时间以达到较稳定的匀滑效果, 而这一时间远大于

激光等离子体各种非线性不稳定效应的增长时

间 [13]. 此外, 1D-SSD的焦斑存在难以避免的条纹

状强度调制, 而 2D-SSD也会因远场发生干涉而使

得焦斑内部强度调制的匀滑不够充分 [14]. 我们

曾提出一种基于光克尔效应的径向匀滑 (radial

smoothing, RS)方案, 通过抽运光与光克尔介质的

作用对主激光束附加动态球面相位调制, 从而使焦

斑内部散斑沿径向扫动, 进而改善靶面辐照均匀

性. RS方案虽能实现 ps量级的超快速匀滑 [15], 但

其对抽运光源要求苛刻, 在工程实现上还存在困
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难. 文献 [16]还报道了一种通过 RS和螺旋相位板

的联用, 实现焦斑在径向和角向方向上 ps时间尺

度匀滑的方案. 因此, 发展 ps量级时间尺度的快速

匀滑新方案对于惯性约束聚变装置的发展具有重

要意义.

本文提出了一种基于束间动态干涉的快速匀

滑新方案. 该方案是利用相位板阵列对高功率激光

装置的激光集束进行相位调制, 并使各子束间存在

一定波长差, 从而使各子束在远场两两相干叠加产

生动态干涉图样, 进而引起焦斑内部散斑的动态扫

动, 在一定积分时间内改善靶面辐照均匀性. 动态

干涉图样的变化周期取决于子光束间的波长差, 因

而通过选取合适的波长差, 可在保证子光束相干性

的前提下实现皮秒时间尺度的超快速匀滑. 以典型

惯性约束聚变装置中的激光集束为例, 建立了相应

的物理模型. 在此基础上, 讨论了相位板类型、束间

波长差、相位调制幅度等参数对动态干涉图样的影

响, 并对快速匀滑新方案的束匀滑效果进行了分析. 

2   理论模型
 

2.1    束间动态干涉匀滑方案

基于束间动态干涉的快速匀滑方案的基本原

理 (图 1)是: 将每一激光集束分为两两组合的子光

束对, 每一子光束对均通过相同的 CPP和偏振控

制板 (polarization control plate, PCP)进行控制,

且使子光束的工作波长略有不同. 同时, 在 CPP

之后插入共轭相位板阵列, 使每一子光束对均附加

相应的相位调制. 由于各子束的工作波长不同并附

加了共轭的相位调制, 每一子光束对均通过干涉叠

加在远场形成随时间不断变化的干涉图样, 而同一

集束内部不同子光束对在远场进行非相干叠加之

后, 焦斑的形态变化更加复杂. 通过共轭相位板阵

列的不同设计, 可使集束焦斑内部的散斑发生多方

向、多维度的快速扫动, 从而在 ps积分时间内实现

对靶面光强分布的匀滑化.
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图 1    基于束间动态干涉的快速匀滑方案示意图

Fig. 1. Schematic illustration of smoothing by dynamic interference structures of beamlets.
 

本方案中, 束间波长差的不同决定了其相干时

间的大小, 进而决定了焦斑达到稳定匀滑效果所需

的时间. 例如, 当工作波长之差在 0. 1—1 nm之间

时, 可保证子光束之间的相干性, 并使焦斑达到稳

定匀滑效果所需时间在 4—0.4 ps之间, 即通过选

取合适的波长差, 可在保证相干性的前提下上实

现 ps时间尺度的超快速匀滑.
 

2.2    物理模型

以 2 × 2集束为例, 建立了基于束间动态干涉

的快速匀滑物理模型. 考虑到高功率激光装置中激

光束难以避免存在相位畸变 [17] 与振幅调制 [18], 集

束中单一子束近场的光场可表示为
 

Ej (x, y, t)

= A0 [1 + σ (x, y)] exp
[
−
(
x2N

w2N
x

+
y2N

w2N
y

)]
× exp (iφrandom) exp (iωjt) , (1)

φrandom (x, y)

式中 j = 1, 2, 3, 4, 代表集束内 4个子束. 在通过

PCP后, 子束 1和子束 3偏振方向沿 x方向, 子

束 2和子束 4偏振方向沿 y方向. A0 是归一化振幅,

s(x, y)是振幅调制, wx 和 wy 是近场激光束 1/e束

腰半径, N是激光束超高斯阶数.   是高

斯随机相位分布, 可用高斯随机相位屏模拟: 

φrandom (x, y)

= σlrandom (−1, 1)⊗ exp
[
−
(

x2

gx2
+

y2

gy2

)]
+ σhrandom (−1, 1) , (2)
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式中 sl 和 sh 分别是低频和高频的比例, gx 和 gy 分

别是 x和 y方向上的特征长度. wj 是子束 j的角频

率, 可表示为
 

ωj =
2πc
λj

. (3)

集束在通过相位板阵列后将附加上相应的相

位调制, 因而焦面光场可由Collins公式进行计算, 即:
 

Efj (xf , yf , t) =
1

iλ3ωjf
exp (ik3ωj2f)

×
∫ ∞

−∞

∫ ∞

−∞
Ej (x, y, t) exp [i (φj (x, y) + φCPP (x, y))]

× exp
[
− ik3ωj

f
(xxf + yyf )

]
dxdy, (4)

式中 (x, y), (xf, yf)分别为近场和远场空间坐标;

f为透镜焦距; jCPP(x, y)为CPP附加相位; jj(x, y)

是各子束由相位板所附加的相位调制. 当附加的相

位调制共轭时 , j1(x, y) = –j3(x, y), j2(x, y) =

–j4(x, y).

aj = (1/iλ3ωj) exp(ik3ωj2f)进一步令   , 由于波

长差极小, 可认为 a1 = a2 = a3 = a4 = a. 当不考

虑 CPP的作用, (4)式可写为 

Efj (xf , yf )

= a exp (iωjt)FT
{
exp

[
−
(
x2N

w2N
x

+
y2N

w2N
y

)]}
⊗ FT [exp(iφj (x, y))] . (5)

若将相位调制项的傅里叶变换写为 Bj(xf, yf)×

exp[ibj(xf, yf)], 则焦面瞬时光强分布可写为 

Ii (xf , yf , t)

= |Ef1 + Ef3|2 + |Ef2 + Ef4|2

= a2A1[B
2
1
+B2

3 + 2B1B3 cos (∆ωt+ b3 − b1)]

+a2A2[B
2
2+B2

4+2B2B4 cos (∆ωt+b4−b2)], (6)

式中 A1(xf, yf), A2(xf, yf)是与振幅分布有关的项;

Dw 为不同波长子束的角频率之差; 以子束 1为例,

不同的附加相位调制分布对应的参数 B1 和 b1 列

于表 1.
 
 

表 1    不同相位分布的二维傅里叶变换表达式
Table 1.    2D-Fourier transform of different phase distribution.

φ1(xf , yf ) B1(xf , yf ) b1(xf , yf ) 

x δ[xf/(λf) + 1/(2π)]δ[yf/(λf)] 0

–x2 π1/2δ[yf/(λf)] π2x2
f/(λ

2f2)− 3π/4 

−[h1(x/w)2 + h2(y/w)2] w2π(h1h2)−1/2  π2x2
f/(h1λ2f2w2) + π2y2f/(h2λ2f2w2)− 3π/2 

arctan(y/x) [−λf/(2π)]{δ[xf/(λf)]dδ[yf/(λf)]/dyf − iδ[yf/(λf)]dδ[xf/(λf)]/dxf} 

 
 

从 (6)式及表 1可以看出, 根据所附加相位调

制的不同, 不同波长子束在焦面干涉得到不同的光

强分布, 且由于时空耦合项的存在, 焦斑空间分布

会随时间发生变化, 其变化周期为
 

T =
2π
∆ω

=
2π(

2πc
λ3

− 2πc
λ1

) =
λ1λ3

c (λ1 − λ3)
≈ λ2

c∆λ
.

(7)

由此可见, 当附加 CPP相位时, 动态干涉将

引起焦斑内部散斑在不同方向上的扫动, 从而在

ps积分时间内改善靶面辐照均匀性.

于是, 焦面光强可表示为
 

I =
1

∆t

∫ ∆t

0

(
|Ef1 + Ef3|2 + |Ef2 + Ef4|2

)
dt. (8)

为进一步对动态干涉图样匀滑的束匀滑效果

进行定量分析 , 采用光通量对比度 (contrast)和

FOPAI (fractional power above intensity)对焦斑

均匀性进行评价:
 

Contrast

=

√∑
i

∑
j [Ii,j(xf , yf )− Imean (xf , yf )]

2
/NxNy

Imean (xf , yf )
,

(9)
 

FOPAI (I0) =

∫
A where I(x,y)≻I0

I (x, y) dxdy∫
A

I (x, y) dxdy
, (10)

式中 Imean(x, y)为平均强度, Nx 和 Ny 分别是 x和

y方向上的采样数. 光通量对比度表征了积分时间

内的激光束焦斑的均匀性, FOPAI则表征了焦斑

中热斑所占的比例, FOPAI曲线左移意味着焦斑

的匀滑效果越好.

利用建立的束间动态干涉快速匀滑物理模型,
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可对焦斑形态进行模拟和分析. 首先, 计算分析了

在不同类型相位板阵列下的束匀滑效果. 然后, 讨

论了相位调制 PV值和束间波长差对焦斑匀滑特

性的影响. 最后, 给出了典型参数下焦斑束匀滑特

性, 以及与经典束匀滑方案 2D-SSD联用的效果. 

3   束匀滑特性分析

主激光束的参数为: 激光集束子光束三倍频后

波长为 l3w1  =  l3w2  =  351 nm,  l3w3  =  l3w4  =

351.1 nm, 光束束腰宽度 wx = wy = 186 mm, 超

高斯阶 N = 6,  初始相位畸变 PV值为 2l.  2D-

SSD参数为 : 调制深度 d = 2.4, 调制频率 nm =

17 GHz, 总带宽约为 0.3 nm, 光栅色散系数 dq/dl =

2156.8 µrad/nm[19]. 计算中, 积分时间 Dt = 10 ps,

聚焦透镜焦距 f = 7.7, 光通量对比度的积分区域

取 80%环围能量区域. 

3.1    相位板阵列类型

图 2给出了不同相位调制方式得到的焦斑光

通量对比度随时间变化曲线. 从图 2可以看出, 当

j3(x, y) = –j1(x, y), 即子光束对附加的相位调制

共轭或互补时, 所得焦斑光通量对比度更低, 匀滑

效果更为理想. 因此, 我们选择附加共轭的相位调

制作为束间动态干涉匀滑的实现方法.
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图 2    不同相位调制所得焦斑光通量对比度随时间的变化

Fig. 2. The contrast of focal spots with different phase mod-

ulation.
 

我们还进一步计算了多种类型共轭相位调制

的焦斑, 并对其匀滑效果进行了对比. 图 3(a)—(d)
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图 3    不同类型共轭相位调制的动态干涉图样　(a)倾斜相位; (b)柱面相位; (c)椭球面相位; (d)涡旋相位

Fig. 3. Dynamic interference structures with different kinds of phase modulation: (a) Tilted phase; (b) cylinder phase; (c) ellipsoid

phase; (d) spiral phase. 
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给出了相位调制分别为共轭的倾斜相位、柱面相

位、椭球面相位和涡旋相位时, 4 ps积分时间内集

束在焦面的动态干涉图样. 从图 3可以看出, 共轭

的倾斜相位和柱面相位可实现焦斑在 x(y)方向的

运动, 而椭球面相位和涡旋相位则可分别实现焦斑

在径向和角向的运动. 由此可见, 采用不同类型相

位板对集束中两子束对附加不同类型的相位调制,

可实现焦斑内部散斑在多方向、多维度的扫动, 从

而更好地改善靶面辐照均匀性. 图 4(a)和图 4(b)

分别给出了不同类型相位调制进行组合所得到的

焦斑光通量对比度曲线. 其中, 倾斜相位和柱面相

位的方向是指相位变化方向, 椭球相位的方向是指

其长轴方向. 从图 4可以看出, 相比于附加单一类

型的相位调制, 由于不同类型相位调制的组合可实

现焦斑内部在多方向、多维度的扫动, 焦斑光通量

对比度能在更短时间内迅速下降, FOPAI曲线也

发生左移, 这表明焦斑均匀性得到明显改善.

基于上述结论, 我们以在 x方向和 y方向同时

附加倾斜相位的相位板阵列为例, 进一步分析了相

位调制 PV值和束间波长差对靶面辐照特性的影响. 

3.2    相位调制 PV 值

图 5给出了对集束附加不同 PV值相位调制

时焦斑的光通量对比度随时间变化曲线. 可以看

到, 当相位调制 PV值从 l 增大到 2l 时, 焦斑光

通量对比度曲线明显下移. 然而, 随着相位调制

PV值进一步增大, 焦斑光通量对比度曲线几乎没

有变化. 这是由于倾斜相位 PV值太小时, 子光束

对在焦面相干叠加产生的动态干涉图样变化范围

很小, 致使其在与 CPP联用之后, 焦斑内部散斑

的扫动范围过小, 不能充分抹平焦斑内部强度调

制. 然而, 当相位调制 PV值较大时, 焦斑内部散

斑扫动范围较大, 焦斑已经得到充分匀滑, 致使相

位调制 PV值的进一步增大并不能明显改善焦斑

均匀性. 此外, 如果相位调制 PV值过大, 焦斑包

络也会遭到破坏. 经综合考虑, 我们选取 2l 作为

动态干涉图样匀滑方法中相位调制的 PV值.

另外, 分析图 4(a)和图 5可知, 采用不同类型

的相位板阵列和增大相位调制 PV值虽然能在一

定范围内进一步改善焦斑均匀性, 但是焦斑光通量

对比度的值总是只能降低到 0.55左右. 这是由于

基于束间动态干涉的快速匀滑方法的焦斑只有部

分光强会随时间变化. 从 (6)式可以看到, 此方案

的焦面光强分布存在着时变项和非时变项, 即焦斑

内部既存在着随时间扫动的散斑, 也存在着不随时

间变化的散斑, 因此本方案所能达到的束匀滑效果

有限, 可考虑与传统时域束匀滑方案进行联用.
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图 4    不同类型相位板阵列的焦斑　(a)光通量对比度曲线和 (b) FOPAI曲线

Fig. 4. (a) Variation of contrast with integral time and (b) FOAPI curves with different phase plate array. 
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3.3    束间波长差

为了便于讨论, 在分析波长差的影响时, 我们

假设其中一子束经三倍频后波长为 l1 = 351 nm

保持不变, 而另一子束经三倍频后的波长为 l2 =

l1 + Dl. 图 6给出了在不同束间波长差情况下,

相同尺寸焦斑不同区域以及不同尺寸焦斑的光通

量对比度随时间的变化. 可以看出, 在三种情况下,

波长差 Dl 越大, 光通量对比度随时间下降越快,

并最终获得几乎相同的匀滑效果. 这表明束间波长

差越大, 焦斑达到稳定匀滑效果所需时间越短, 匀

滑速度越快. 此外, 在波长差相同时, 光通量对比

度达到稳定值所需时间均相等. 这是因为在本方案

中, 动态干涉实现了全焦斑范围散斑的扫动, 靶面

达到稳定束匀滑效果所需的时间等于动态干涉图

样的变化周期, 即 T ≈ l2/(Dl·c). 值得指出的是,

当 Dl = 0时 , 两子光束经三倍频后波长均为

351 nm, 它们在焦面进行干涉叠加后其光场的共

轭相位将相互抵消, 不会产生动态干涉图样, 因而

没有匀滑效果, 其光通量对比度不随时间变化.

为使集束中各个子束具有 1 nm左右波长差,

一种可行的技术途径是采用宽带可调谐光纤种子

源作为注入, 并通过闪耀光栅选频获得具有一定波

长差的相干子光束, 从而实现皮秒或亚皮秒时间尺

度的快速匀滑 [20−24]. 

3.4    焦斑匀滑特性分析

以 x方向和 y方向同时附加倾斜相位的相位

板阵列为例, 计算了相位调制 PV值为 2l、束间波

长差 Dl 为 0.1 nm时基于束间动态干涉快速匀滑

方案的焦斑匀滑特性, 并与典型束匀滑方案 2D-

SSD进行了对比.

在激光集束中, 使各子束对的 SSD光栅的色

散方向相互垂直, 可实现焦斑的二维匀滑 [25]. 图 7

给出了 10 ps积分时间内仅采用 CPP, 2D-SSD +

CPP, 束间动态干涉匀滑方案 + CPP以及将它们

联用得到的焦斑, 图 8则给出了相应的光通量对比

度曲线和 FOPAI曲线. 从图 7可以看出, 2D-SSD

以及共轭的倾斜相位均使焦斑内部散斑在 x, y方

向上得到抹平, 并且相比于 2D-SSD, 束间动态干

涉匀滑的焦斑没有明显的条纹状强度调制. 同时,

动态干涉匀滑方法对于焦斑大小以及焦斑包络影

响较小. 此外, 分析图 7(c)可知, 两种方案的联用

可使焦斑进一步得到匀滑, 均匀性得到极大改善.

分析图 8(a)可知, 束间动态干涉匀滑方案的

焦斑光通量对比度在较短时间内迅速下降到

0.55左右, 之后趋于稳定; 2D-SSD的焦斑光通量

对比度则振荡下降到低于 0.55的值; 二者联用的

焦斑光通量对比度可在更短时间内迅速下降到更

低的值. 这表明, 相比于 2D-SSD, 束间动态干涉匀

滑方案能在更短时间内改善焦斑均匀性, 但其匀滑

速度取决于子光束间的波长差. 此外, 图 8(b)中束
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图 6    不同波长情况下, 差焦斑光通量对比度随时间的变

化　(a) 600 µm × 500 µm焦斑 80%环围能量; (b) 600 µm ×
500 µm焦斑 30%环围能量 ;  (c)  350 µm × 350 µm焦斑

80%环围能量

Fig. 6. Variation of  contrast  with integral  time of  different

Dl:  (a)  80%  energy  of  the  600 µm ×  500 µm focal  spot;
(b) 30% energy of the 600 µm × 500 µm focal spot; (c) 80%
energy of the 350 µm × 350 µm focal spot. 
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间动态干涉匀滑与 2D-SSD联用的焦斑 FOPAI曲

线明显左移, 表明相较于其他两种方案, 二者联用

的焦斑内部热斑明显减少, 束匀滑效果得到极大改

善. 由此可见, 可将束间动态干涉匀滑方案作为现

有时域束匀滑技术的有效补充. 

4   结　论

针对惯性约束核聚变装置对提高靶面辐照均

匀性的高要求, 提出了一种基于束间动态干涉的快

速匀滑新方法. 该方法将惯性约束核聚变装置中的

激光集束分为两两组合的子光束对, 利用相位板阵

列对多束激光附加共轭或互补的相位调制, 并使子

光束之间存在一定波长差, 从而使各子束在远场两

两相干叠加以产生动态的干涉图样, 进而通过焦斑

内部散斑的动态扫动, 实时、动态地改变散斑的位

置和强度, 并在 ps量级积分时间内有效改善靶面

辐照均匀性. 与传统的 SSD匀滑方案相比, 束间动

态干涉匀滑具有以下特点: 1)通过不同波长子束

在远场动态干涉的方式实现焦斑在多方向的匀滑,

且束间波长差、相位板类型分别决定了匀滑速度和

匀滑方向; 2)将此方案与 SSD进行联用, 可在较

 

 

1.0

0.8

0.6

0.4

0.2

500

500

0

0

-500

-500

/mm


/
mm

1.0

0.8

0.6

0.4

0.2

500

500

0

0

-500

-500

/mm


/
mm

1.0

0.8

0.6

0.4

0.2

500

500

0

0

-500

-500

/mm

/
mm

1.0

0.8

0.6

0.4

0.2

500

500

0

0

-500

-500

/mm


/
mm

(b)

(c) (d)

(a)

图 7    不同匀滑方案的焦斑光强分布　(a)仅 CPP; (b) 2D-SSD + CPP; (c)动态干涉图样匀滑方法 + CPP; (d) 2D-SSD + 动态

干涉图样匀滑方法 + CPP

Fig. 7. Focused intensity distributions with different smoothing scheme: (a) CPP only; (b) 2D-SSD + CPP; (c) smoothing by dy-

namic interference structures of beamlets + CPP; (d) smoothing by dynamic interference structures of beamlets+2D-SSD + CPP. 
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Fig. 8. (a) Variation of contrast with integral time and (b) FOPAI curves with different smoothing scheme. 
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短时间内获得均匀性较好的焦斑, 从而大幅改善靶

面辐照特性, 因而该方案可作为现有束匀滑技术的

有效补充. 分析结果表明, 选取合适的束间波长

差、相位调制 PV值, 并对相位板阵列进行合理设

计, 可以利用束间动态干涉实现焦斑在多方向、多

维度的皮秒时间尺度的快速匀滑, 从而改善靶面辐

照均匀性.

参考文献

 Lindl J D, Amendt P, Berger R L, Glendinning S G, Glenzer
S H, Haan S W, Kauffman R L, Landen O L, Suter L J 2004
Phys. Plasmas 11 339

[1]

 Kato  Y,  Mima  K,  Miyanaga  N,  Arinaga  S,  Kitagawa  Y,
Nakatsuka M, Yamanaka C 1984 Phys. Rev. Lett. 53 1057

[2]

 Dixit S N, Thomas I M, Woods B W, Morgan A J, Henesian
M A, Wegner P J, Powell H T 1993 Appl. Opt. 32 2543

[3]

 Néauport  J,  Ribeyre  X,  Daurios  J,  Valla  D,  Lavergne  M,
Beau V, Videau L 2003 Appl. Opt. 42 2377

[4]

 Gao Y Q, Zhao X H, Jia G, Li F J, Cui Y, Rao D X, Ji L L,
Liu D, Feng W, Huang X G, Ma W X, Sui Z 2019 Acta Phys.
Sin. 68 075201 (in Chinese) [高妍琦, 赵晓晖, 贾果, 李福建, 崔
勇, 饶大幸, 季来林, 刘栋, 冯伟, 黄秀光, 马伟新, 隋展 2019 物
理学报 68 075201]

[5]

 Li F J, Gao Y Q, Zhao X H, Ji L L, Wang W, Huang X G,
Ma W X, Sui Z, Pei W B 2018 Acta Phys. Sin. 67 175201 (in
Chinese) [李福建, 高妍琦, 赵晓晖, 季来林, 王伟, 黄秀光, 马伟
新, 隋展, 裴文兵 2018 物理学报 67 175201]

[6]

 Rothenberg J E 1997 J. Opt. Soc. Am. B 14 1664[7]
 Gong T 2015 Ph. D. Dissertation (Hefei: University of Science
and Technology of China) (in Chinese) [龚涛 2015 博士学位论
文 (合肥: 中国科学技术大学)]

[8]

 Montgomery  D  S,  Moody  J  D,  Baldis  H  A,  Afeyan  B  B,
Berger R L, Estabrook K G, Lasinski B F, Williams E A 1996
Phys. Plasmas 3 1728

[9]

 Berger R L, Lasinski B F, Langdon A B, Kaiser T B, Afeyan
B  B,  Cohen  B  I,  Still  C  H,  Williams  E  A  1996 Phys.  Rev.
Lett. 76 3239

[10]

 Jiang Y E,  Li  X C,  Zhou S L,  Fan W, Lin Z Q 2013 Chin.[11]

Opt. Lett. 11 052301
 Regan S P, Marozas J A, Kelly J H, Boehly T R, Donaldson
W R, Jaanimagi P A, Keck R L, Kessler T J, Meyerhofer D
D, Seka W, Skupsky S, Smalyuk V A 2000 J. Opt. Soc. Am.
B 17 1483

[12]

 Regan S P, Marozas J A, Craxton R S, Kelly J H, Donaldson
W R, Jaanimagi P A, Jacobs-Perkins D, Keck R L, Kessler T
J,  Meyerhofer  D  D,  Sangster  T  C,  Seka  W,  Smalyuk  V  A,
Skupsky S, Zuegel J D 2005 J. Opt. Soc. Am. B 22 998

[13]

 Rothenberg  J  E  1995  Office of  Scientific   & Technical
Information Technical Reports, Monterey, CA, May 30−June
2 1995 p634

[14]

 Zhong  Z  Q,  Hou  P  C,  Zhang  B  2016  Acta  Phys.  Sin.  65
094207 (in Chinese) [钟哲强, 侯鹏程, 张彬 2016 物理学报 65
094207]

[15]

 Zhong Z Q, Yi M Y, Sui Z, Zhang X, Zhang B, Yuan X 2018
Opt. Lett. 43 3285

[16]

 Henesian M A, Haney S W, Thomas M, Trenholme J B 1997
Solid  State  Lasers  for  Application  to  Inertial  Confinement
Fusion:  Second  Annual  International  Conference  Paris,
France, October 22−25, 1996 p783

[17]

 Haynam C A, Wegner P J, Auerbach J M, Bowers M W, et
al. 2017 Appl. Opt. 46 3276

[18]

 Skupsky S, Short R W, Kessler T, Craxton R S, Letzring S,
Soures J M 1989 J. Appl. Phys. 66 3456

[19]

 Spaeth M L, Manes K R, Bowers M, Celliers P, Nicola J M
D,  Nicola  P  D,  Dixit  S,  Erbert  G,  Heebner  J,  Kalantar  D,
Landen  O,  MacGowan  B,  Wonterghem  B  V,  Wegner  P,
Widmayer C, Yang S 2016 Fusion Sci. Technol. 69 366

[20]

 Zheng W G, Wei X F, Zhu Q H, Jing F, et al. 2018 Matter
and Radiation at Extremes 2 243

[21]

 Cui Y, Gao Y Q, Rao D X, Liu D, Li F J, Ji L L, Shi H T,
Liu J N, Feng W, Xia L, Liu J, Li X L, Wang T, Ma W X,
Sui Z 2019 Opt. Lett. 44 2859

[22]

 Gou D D, Yang S G, Yin F F, Zhang L, Xing F J, Chen H
W,  Chen  M  H,  Xie  S  Z  2013  Acta  Opt.  Sin.  33  78  (in
Chinese) [苟斗斗, 杨四刚, 尹飞飞, 张磊, 邢芳俭, 陈宏伟, 陈明
华, 谢世钟 2013 光学学报 33 78]

[23]

 Spaeth  M L,  Manes  K  R,  Kalantar  D  H,  Miller  P  E,  et  al.
2016 Fusion Sci. Technol. 69 25

[24]

 Zhang  R  2013  Ph.  D.  Dissertation  (Hefei:  University  of
Science and Technology of China) (in Chinese) [张锐 2013 博
士学位论文 (合肥: 中国科学技术大学)]

[25]

物 理 学 报   Acta  Phys.  Sin.   Vol. 69, No. 6 (2020)    064206

064206-8

http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.1364/OL.43.003285
http://dx.doi.org/10.1364/OL.43.003285
http://dx.doi.org/10.1364/OL.43.003285
http://dx.doi.org/10.1364/OL.43.003285
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.1364/OL.43.003285
http://dx.doi.org/10.1364/OL.43.003285
http://dx.doi.org/10.1364/OL.43.003285
http://dx.doi.org/10.1364/OL.43.003285
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.1364/OL.43.003285
http://dx.doi.org/10.1364/OL.43.003285
http://dx.doi.org/10.1364/OL.43.003285
http://dx.doi.org/10.1364/OL.43.003285
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1103/PhysRevLett.53.1057
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.32.002543
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.1364/AO.42.002377
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.68.20182138
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.7498/aps.67.20180533
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1364/JOSAB.14.001664
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1063/1.871682
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.1103/PhysRevLett.76.3239
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.3788/COL201311.052301
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
http://dx.doi.org/10.1364/JOSAB.17.001483
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-22-5-998
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2633/0000/Two-dimensional-beam-smoothing-by-spectral-dispersion-for-direct-drive/10.1117/12.228271.short
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.7498/aps.65.094207
http://dx.doi.org/10.1364/OL.43.003285
http://dx.doi.org/10.1364/OL.43.003285
http://dx.doi.org/10.1364/OL.43.003285
http://dx.doi.org/10.1364/OL.43.003285
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3047/0000/Modeling-for-deformable-mirrors-and-the-adaptive-optics-optimization-program/10.1117/12.294258.short
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
https://www.osapublishing.org/abstract.cfm?uri=ao-46-16-3276
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.1063/1.344101
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
http://dx.doi.org/10.13182/FST15-136
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
https://aip.scitation.org/doi/full/10.1016/j.mre.2017.07.004
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://dx.doi.org/10.1364/OL.44.002859
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://www.opticsjournal.net/Articles/abstract?aid=OJ130609000036cJfLiO
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://dx.doi.org/10.13182/FST15-144
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1


Untrafast smoothing scheme based on dynamic interference
structure between beamlets of laser quad*

Xiong Hao 1)    Zhong Zhe -Qiang 1)    Zhang Bin 1)†

Sui Zhan 2)    Zhang Xiao -Min 2)

1) (College of Electronics and Information Engineering, Sichuan University, Chengdu 610065, China)

2) (China Academy of Engineering Physics, Mianyang 621900, China)

( Received 20 June 2019; revised manuscript received 19 December 2019 )

Abstract

Aiming  at  the  high  requirements  for  illumination  uniformity  on  the  target  in  laser-driven  inertial

confinement  fusion  (ICF)  facilities,  an  ultrafast  smoothing  method  based  on  dynamic  interference  structure

between beamlets  of  a laser  quad is  proposed.  The basic  principle  of  this  scheme is  to use a conjugate phase

plate  array  to  add  the  conjugate  phase  modulation  to  the  multiple  beamlets  of  a  laser  quad  with  a  certain

wavelength difference. Consequently, every two beamlets are coherently superposed in the far field to generate a

dynamic interference pattern, resulting in the fast redistribution of the speckles introduced by continuous phase

plate  inside  the  focal  spot  and  further  improving  the  illumination  uniformity  on  the  target  on  a  picosecond

timescale. The coherent beamlets with a certain wavelength difference can be generated by using a broadband

seed laser. Taking the laser quad of the typical ICF facilities for example, the physical model of the ultrafast

smoothing method based on dynamic interference structure of beamlets is built up. The influences of the phase-

plate  type,  the  peak-to-valley  value  of  the  phase  modulation  and  the  wavelength  difference  between  the

beamlets are analyzed quantitatively, and the smoothing characteristics of the focal spot are discussed in detail

and  compared  with  those  from  the  traditional  temporal  smoothing  scheme  such  as  smoothing  by  spectral

dispersion. The results indicate that the directions of the moving speckles in the focal spot are determined by

the phase-plate type. However, the required time to achieve stable illumination uniformity, i.e, the decay time,

is determined by the wavelength difference between the beamlets. Moreover, the illumination uniformity on the

target  becomes  better  with  the  increase  of  peak-to-valley  value  of  the  phase  modulation  at  first  and  then

remains almost the same. Thus, the ultrafast smoothing method based on dynamic interference structures with

well-designed phase arrays and wavelength combinations of the beamlets can realize the multi-directional and

multi-dimensional  speckle  sweeping inside  the  focal  spot,  and further  improving the  irradiation uniformity on

the  target  within  several  picoseconds  or  sub-picoseconds.  Combining  with  the  traditional  beam  smoothing

scheme,  better  illumination uniformity can be achieved on an ultrashort  timescale.  This  novel  scheme can be

used as an effective supplement to the existing temporal beam smoothing techniques.
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