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Improving attosecond pulse reflection by large angle incidence for a
periodic multilayer mirror in the extreme ultraviolet region
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The improvement of attosecond pulse reflection by large angle incidence for a periodic multilayer mirror in the
extreme ultraviolet region has been discussed. Numerical simulations of both spectral and temporal reflection characteristics
of periodic multilayer mirrors under various incident angles have been analyzed and compared. It was found that the
periodic multilayer mirror under a larger incidence angle can provide not only higher integrated reflectivity but also a
broader reflection band with negligible dispersion, making it possible to obtain better a reflected pulse that has a higher
pulse reflection efficiency and shorter pulse duration for attosecond pulse reflection. In addition, by increasing the incident
angle, the promotion of attosecond pulse reflection capability has been proven for periodic multilayer mirrors with arbitrary

layers.
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1. Introduction

In recent years, with the high-speed development of ultra-
fast optics, interest has been growing in manipulating attosec-
ond X-ray pulses, typically generated by high order harmonics
(HOH) of rare gases.'~”1 Unlike pulses in the spectral range
from the near ultraviolet (UV) to the near infrared (IR), the
spectrum of HOH is mainly located at the extreme ultraviolet
(EUV) or soft X-ray (SXR) region, in which most of the ma-
terials are nearly transparent and strongly absorbent. Thus,
conventional reflection mirrors, usually consisting of single
metallic layer (like Au), cannot achieve a high reflection for an
attosecond pulse generated from HOH according to the Fres-
nel formula.

As areliable reflector for attosecond pulse in the extreme
ultraviolet region, the multilayer mirror consisting of two al-
ternative metallic layers has typically been widely used in re-
flecting and shaping both a single attosecond pulse!®* and an
attosecond pulse train,['%! because of its high reflectivity in the
EUV and SXR region forming by coherent superposition of
reflection light for each layer. However, little research about
pulse reflection characteristics of EUV multilayer mirrors had
been conducted until Morlens et al. proposed the idea of com-
pressing a chirped attosecond pulse by aperiodic multilayer
mirrors (or chirped mirrors), which exhibit the powerful ca-
pability of controlling the spectrum and phase for an attosec-
ond pulse.l' 12 After that, studies of aperiodic multilayer mir-
rors applied to ultrafast optics have come out quickly both in

13141 and from experiments.!>~17]

theory!
Unlike the aperiodic multilayer, the periodic multilayer
cannot achieve flexible phase and spectrum control for inci-

dent attosecond pulse because of its limited independent vari-
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ables of multilayer structure, like bilayer number, period thick-
ness, and thickness ratio. However, periodic EUV multilayer
mirrors still showed wide applications in attosecond science,
especially in single attosecond pulse generation by filtering
and reflecting the cut-off region of the HOH.I'®-!®! Due to their
high reflectivity, large bandwidth, and negligible dispersion in
the Bragg reflection band,'®! which all benefit from the re-
flecting single attosecond pulse, especially the one without a
chirp. Furthermore, the simple structure of the periodic mul-
tilayer mirror also makes it easy not only for optimization of
design but also for realistic manufacture.

normal incidence is

In general, often preferred

for attosecond pulse reflection,
(8,18]

due to its small spa-
tial distortion. However, according to our previous
research,?%! the bandwidth of the Bragg reflection band, which
plays a most important role in determining the duration of the
reflected attosecond pulse, strongly depends on the bilayer
number of the periodic multilayer under normal incidence.
Therefore, if we want to reflect an attosecond pulse with a
short duration in a nearly transform-limited way, using the
multilayer mirror with few layers seems to be the only solu-
tion. However, it will lead to a low pulse reflection efficiency.
In other words, there is a tradeoff between pulse duration and
pulse reflection efficiency for the periodic multilayer mirror
under normal incidence.

A new idea based on a large angle incidence has been
proposed in this paper, which can guarantee not only nearly
transform-limited pulse reflection, but also high pulse reflec-
tion efficiency at the same time for periodic multilayer mir-
rors. According to our analysis, with the increase of incident
angle, pulse duration and pulse reflection efficiency of the re-
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flected attosecond pulse will be improved impressively when
using periodic multilayer mirrors to reflect a single attosecond
pulse.

2. Numerical approach

In order to simulate the process of reflecting an attosec-
ond pulse by periodic EUV multilayer mirrors, a common cal-
culation method, discussed in detail by Beigman et al. 21?1
has been used in our paper. This method needs to calculate
the complex amplitude reflectivity r(®) based on the transfer-
matrix method (TMM) at first, and then, to obtain the Fourier
components of reflected pulse E(®) by multiplying r(®) with
each Fourier component Ey(®) of the incident pulse, which
can be obtained from the incident pulse field Ey(¢) by a Fourier
transformation. Finally, inverse Fourier transforms with the
object of E(®) to obtain the reflected pulse field E(¢) and in-
tensity I(¢) (I(t) = E(t)E*(r)). The whole calculation proce-
dure can be expressed simply as follows:

Eo(w):/;Eo(t)exp(—iwr)dr, ()
E(0) = Ey(0)r(o), 2)
E(t) = %[wE(w)exp(iwt)dt. 3)

In addition, on behalf of describing the features of the at-
tosecond pulse quantitatively, three temporal parameters are
induced. The first one is the pulse duration 7, which describes
the effective width of intensity envelope () of the pulse:

T= /jo 1(£)dt /Inax. 4)

The second one is the pulse reflection coefficient Ry,
which is defined as the reflected-to-incident pulse energy ra-

RI—/ZI(t)dt//o;Io(t)dt. )

Lastly, the power reflection coefficient R, is defined as

tio

RP = RI(TO/T) = maX/IOInaX7 (6)

which will be used to evaluate the ability of the reflecting pulse
for multilayer mirrors, and 7y and Ipmax denote the duration
and peak intensity of the incident pulse, respectively.

In Fig. 1, the geometry of the periodic multilayer mir-
ror for an attosecond pulse reflection has been given. In or-
der to study how the incident angle O affects the attosec-
ond pulse reflection in a periodic multilayer reflection sys-
tem. An unchirped Gaussian pulse with 250 as the duration
(To = 250 as) centered at 93 eV has been used as the inci-
dent pulse in our simulation, according to Kienberger et al.’s
research.l®! In addition, the famous periodic Mo/Si multilayer
mirror has been chosen for attosecond pulse reflection, be-
cause of its great reflection performance in the EUV region

over the years. In Fig. 1, d; and d; are the thickness of the Si
layer and Mo layer, respectively, in periodic multilayer struc-
ture, and N denotes the bilayer number of periodic multilay-
ers. The optical constants of air, silicon, and molybdenum
(7ig, 7i1, and 7iy), which are necessary for calculating the com-
plex amplitude reflectivity r(®) of periodic Mo/Si multilayer

11231 Then, we can study the

mirrors, come from Henke et a
characteristics of attosecond pulse reflection for periodic mul-
tilayer mirrors under different incident angles 6, by comparing
the temporal parameters (7, Ry, and Rp) of each reflected at-
tosecond pulse. To make our simulation more realistic, the
interdiffusion effect between the Mo layer and the Si layer in
a multilayer structure has also been considered in our simula-
tion by using Aquila et al.’s model.>* which has been verified
effectively by the realistic design of the Mo/Si multilayer mir-
TOr.
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Fig. 1. (color online) The geometry of the periodic Mo/Si multilayer
mirror for attosecond pulse reflection.
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3. Results and discussion

3.1. Spectral response of periodic Mo/Si multilayer mir-
rors

To study how a large angle incidence can affect attosec-
ond pulse reflection in a periodic multilayer reflection system,
reflective characteristics of periodic Mo/Si multilayer mirrors
under various incident angles have been studied. In our simu-
lation, incident angles of 0° (normal incidence), 15°, 30°, 45°,
60°, and 75° have been considered. Besides, the situation of
total external reflection in the EUV region has also been con-
sidered for an attosecond pulse reflection, due to its extremely
high reflectivity across the broad reflection band. Also, be-
cause the total external reflection only happens at the surface
of the interface, a 100-nm Si layer is used for reflecting the
attosecond pulse in a total external reflection way.

To achieve total external reflection, the incident angle
should be larger than the critical angles 6, of the single Si
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layer, which can be calculated by:

0. =/2(1—n), )

where # is the real part of a complex index of refraction for
Si.25 For EUV radiation near 93 eV, 6, is about 89°. Thus, an
incident angle of 89.7°, which has been used for attosecond
X-ray free electron laser pulse reflection,!*®! is designed for
total external reflection, although such a large angle incidence
can cause serious wavefront aberration of the focused pulse
which is essentially a temporal broadening due to the spatial
inhomogeneity.[*’!

Furthermore, a series of periodic Mo/Si multilayer mir-
rors with different thickness of period d are designed, to make
sure their Bragg reflection peaks all center at 93 eV under dif-
ferent incident angles, according to the Bragg law

2dcos O = mA, ®)

where d, 6, m, and A represent a period of multilayer, incident
angle of beam, order of Bragg reflection, and wavelength of
incident light, respectively. Aiming to obtain maximum pulse
reflection efficiency, the highest reflectivity should be achieved
at the center energy of incident pulse for each periodic mul-
tilayer. Thus, the bilayer number N of each periodic multi-
layer should be designed properly to guarantee its maximum
peak reflection located at 93 eV. In Fig. 2, the dependence of
peak reflectivity Rpeak Of a periodic Mo/Si multilayer on bi-
layer number N has been shown for each incident angle 6.
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Fig. 2. (color online) The peak reflectivity Rpeak of the periodic multi-

layer mirrors versus the bilayer number N for each incident angles 6 (

from 0° to 75°).

From Fig. 2, we can see clearly that each R,y curve rises
with N at first, and then, achieves saturation after a certain
bilayer number Ngg, which denotes the effective number of
bilayers contributing to the reflectivity in the multilayer. In
addition, the periodic multilayer under a larger incident an-
gle needs a smaller Negs to achieve maximum peak reflectivity
Rpeak. In particular, for 8 = 0°, 15°, 30°, 45°, 60°, and 75°,
N =50, 50, 40, 30, 15, and 3 are needed to obtain a maximum
Rpeak, respectively, which will be used in our simulation.

In Fig. 3, the reflectivity curves of periodic multilayer
mirrors with enough layers have been exhibited in the fre-
quency domain for each incident angle (solid line). Fur-
thermore, the reflectivity curve of the total external reflec-
tion achieved by a 100-nm Si layer has also been plotted (the
dashed line). The dotted line in Fig. 3 denotes the spectrum of
incident attosecond pulse. The structure parameters of these
periodic Mo/Si multilayer structures are listed in Table 1, to-
gether with the center photon energy E., the full wave at half
maximum AFE, and the peak reflectivity Rpeak of the reflection
band, which have been used to describe the reflective charac-

teristics of periodic multilayer mirrors.

1.00

0.75

~= 0.50

80 85 90 95 100 105
EleV

Fig. 3. (color online) Reflectivity R of Mo/Si periodic multilayer mir-

rors versus incident photon energy E under different incident angles 6 (

from 0° to 89.7°). Dotted line of [y denotes the spectral distribution

of an incident pulse.

Table 1. The structural and spectral parameters of periodic Mo/Si mul-
tilayer mirrors under different incident angles.

0/(°) d/nm N EJeN  AE/eV Rpeak
0 741 50 93 370 71.07%
15 7.66 50 93 3.80 71.37%
30 8.51 40 93 478 71.66%
45 10.40 30 93 6.69 72.02%
60 15.03 15 93 11.02 71.32%
75 37.9 3 93 25 61.13%

89.7 100 1 (Si) 93 >30 79.17%

From Table 1, we can see that all peaks of reflectivity
curves are shown at 93 eV except the one under total external
reflection. Besides, the broadening of the reflection band is
obvious (from 3.7 to 25 eV) with the increase of incident an-
gles (from 0° to 75°). Moreover, for different incident angles,
all maximum Rpeax have nearly the same value (around 71%)
except the one under 75° incidence (about 61%), probably due
to the competition between Bragg reflection and total external
reflection in the periodic multilayer structure, which can be
verified by its irregular reflection band shown in Fig. 3.

In addition, when the incident angle reaches 60°, the
bandwidth of the reflection curve becomes larger than the
one of the incident pulse, which makes it possible to obtain
a transform-limited reflected pulse. This broadening effect
mainly comes from less effective bilayer number Ngg of pe-
riodic multilayer under a larger incident angle, due to the in-
versely proportional relationship between the bandwidth of the

014210-3



Chin. Phys. B Vol. 22, No. 1 (2013) 014210

Bragg reflection band and the effective bilayer number Ngrof
periodic multilayer mirrors.!?®! On the other hand, a single
Si layer under an incident angle of 89.7° also showed an ex-
tremely broad reflection band and high reflectivity across the
spectral range of the incident pulse, due to the total external
reflection effect.

However, only broadband reflection cannot guarantee a
short pulse duration for the reflected attosecond pulse. The ef-
fect of dispersion caused by reflective mirrors, which results
from the nonlinear relationship between the reflection phase
of the multilayer and the angular frequency of the incident
light, can also produce serious pulse broadening for the inci-
dent pulse.l*!??] The dispersion of the multilayer, also called

the group delay dispersion (GDD), can be written as!>’!
92
GDD = aTj;’ ©)

where  is the angular frequency of the incident light, and ¢ is
the reflective phase of multilayer, which can be easily obtained
by calculating the argument of complex amplitude reflectivity

" Im(r(w))
m(r(®
o= atrion )

For comparing dispersion characteristics of periodic mul-

(10)

tilayer mirrors under different incident angles, the GDD of pe-
riodic Mo/Si multilayer mirrors under 0° and 60° incidence,
together with a single Si layer under 89.7° incidence, have

been plotted in Fig. 4.
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Fig. 4. (color online) Group delay dispersion GDD of periodic Mo/Si
multilayer mirrors under 0° and 60° incidence together with group de-
lay dispersion of a single Si layer under 89.7° incidence versus incident
photon energy E. The dotted line of Jiypy denotes the spectral distribu-
tion of the incident pulse.

In Fig. 4, improvement of dispersion has been exhibited
clearly with increasing incident angle. Although three GDD
curves possess nearly zero dispersion at their reflection band,
GDD of the reflection mirror under 60° incidence and sin-
gle Si layer under 89.7° incidence show a much wider zero-
dispersion range than the one under 0° incidence (normal inci-
dence) in the spectral region of incident attosecond pulse (dot-
ted line), due to its broader Bragg reflection band. Moreover,

stronger dispersion oscillation at the band sides of the reflec-
tion mirror under 0° incidence, contributed by more effective
reflection layers Nggr, will lead to more serious pulse broaden-
ing for the incident attosecond pulse than other situations.

3.2. Temporal responses of periodic Mo/Si multilayer mir-
rors

Due to our previous discussion, the periodic multilayer
mirror under a larger incident angle can afford not only a wider
reflection band with high peak reflectivity, but also better dis-
persion features in the Bragg reflection band, providing the
potential of obtaining a high-efficiency reflected pulse with-
out obvious broadening. By using the simulation method de-
scribed in Section 2, the temporal responses of periodic multi-
layer structures have been studied for different incident angles.

In Fig. 5, reflected pulses from periodic multilayer mir-
rors under different incident angles have been calculated for
the incident Gaussian pulse with 250 as duration. The situa-
tion of total external reflection has also been considered in this
simulation (the dashed line). All periodic multilayer structures
are the same as the ones showed in Fig. 3. It is clear to see that,
with the increase of the incident angle, the peak intensity of
the reflected pulse becomes higher, and the duration becomes
shorter, showing an obvious improvement in attosecond pulse

reflection.
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Fig. 5. (color online) The intensity envelope 7 of reflected pulses under
different incident angles 6 (from 0° to 89.7°) in time domain.

By using Egs. (4)—(6), the temporal parameters of re-
flected pulses can be calculated, and have been listed in Ta-
ble 2.

Table 2. The temporal parameters of the reflected pulse for periodic
multilayer mirrors under different incident angles.

0/(°) T/as R R,
0 621 31.62% 12.71%
15 590 33.28% 14.09%
30 510 38.86% 19.05%
45 410 48.92% 30.13%
60 314 62.10% 49.42%
75 290 58.15% 50.2%

89.7 245 83.88% 85.56%

In Table 2, when the incident angle increases from 0° to
89.7°, the duration 7 of the pulse response reduces from 621

014210-4



Chin. Phys. B Vol. 22, No. 1 (2013) 014210

to 245 as (transform-limited pulse). Furthermore, the power
reflection coefficient R, which is used to evaluate the ability
of the reflecting pulse for multilayer mirrors, also shows im-
pressive development with the increasing incident angle (from
12.71% to 85.56%), proving that the periodic multilayer under
alarger incident angle owns a better pulse reflection capability.
The singular point of Ry at 75° results from the competition of
Bragg reflection and total external reflection in the multilayer,
which leads to the decrease of integrated reflectivity for the
incident attosecond pulse.

To further verify the better performance of large angle in-
cidence for attosecond pulse reflection, temporal pulse reflec-
tion parameters of periodic multilayer mirrors with different
layers have been displayed in Fig. 6.
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Fig. 6. (color online) (a) Duration 7 and (b) power reflection coefficient
R, of reflected pulses versus the bilayer number N of periodic multi-
layer mirrors under different 6 (from 0° to 75°).

In Fig. 6, duration 7 and power reflection coefficient R;,
of reflected pulses in the periodic multilayer reflection systems
have been plotted with a changing bilayer number N of peri-
odic multilayer mirrors. The incident angles from 0° to 75°
have been considered. From Fig. 6, we can see that all curves
go up with N at the beginning, and then, get to saturation at
certain bilayer number. The power reflection coefficient R}, al-
ways shows a better performance with a larger incident angle
6 for arbitrary N. When N is small, the duration 7 of reflected
pulses for different incident angles are almost the same, be-
cause of broad enough reflection bands for an incident pulse
afforded by periodic multilayer mirrors. Then, when N be-
comes larger, multilayers under large incident angles will give
out smaller 7 due to its relatively large bandwidth.

4. Conclusion

In summary, the improvement of attosecond pulse reflec-
tion by a large angle incidence for periodic Mo/Si multilayer
mirrors has been proven in this paper. The broader reflec-
tion band with a high reflectivity has been obtained by the
periodic multilayer mirror under a larger incident angle in the
frequency domain, which guarantees a better pulse reflection
capability for attosecond pulse reflection in the time domain.
Furthermore, such an effect of improving the attosecond pulse
reflection has also been verified effectively for periodic multi-
layer mirrors with arbitrary layers, exhibiting its wide applica-
tion in single attosecond pulse reflection.
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