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12 We propose a new model enabling the extraction of the
13 phase of a multilayer mirror from photocurrent measure-
14 ments in the soft x rays. In this range, the effects of the mean
15 free path of the electrons inside the stack can no longer
16 be neglected, which prevents the phase reconstruction by
17 conventional photocurrent measurements. The new model
18 takes into account this phenomenon and thus extends up to
19 the x rays the applicability range of the technique. This ap-
20 proach has been validated through a numerical and exper-
21 imental study of chromium/scandiummultilayers used near
22 360 eV. To our knowledge, this work constitutes the first
23 measurement of the phase of a multilayer mirror in the soft
24 x-ray range. © 2015 Optical Society of America
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25 mirrors; (230.4170) Multilayers.
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27 Multilayer mirrors have proven to be promising candidates for
28 transporting and shaping attosecond pulses in the extreme ul-
29 traviolet and x rays (XUV) [1–3]. As opposed to conventional
30 XUV multilayer mirrors, attosecond multilayer optics must be
31 characterized both in reflectivity and phase to ensure an effi-
32 cient reflection of the light pulses. Phase characterization of
33 the mirror can be performed through the measurement of
34 the reflected attosecond pulse [2,3]. A powerful alternative con-
35 sists of measuring the surface photocurrent, that is, the amount
36 of electrons emitted at the surface of the stack under irradiation.
37 Indeed, the formation of a standing wave inside the multilayer
38 under XUV illumination naturally relates the surface photocur-
39 rent to the phase of the mirror [4]. This approach has been
40 successfully used in the past to measure the phase of multilayers
41 below 120 eV [5–8]. However, extending the photocurrent
42 technique to higher energies has remained challenging.
43 Indeed, one necessary condition to recover the phase from
44 the photocurrent is that the collected electrons only originate
45 from the surface of the stack. For higher photon energies,
46 however, the electron mean free path (MFP) in the material

47becomes comparable to the period of the optical field inside
48the multilayer, which prevents a direct phase extraction. This
49limitation is so unfortunate that strong efforts have been made
50to extend attosecond sources to higher energies, with spectra
51already observed in the water window (280–530 eV) [9].
52Transporting and tayloring such pulses with multilayer mirrors
53thus requires an adaptation of phase metrology techniques to
54this spectral range.
55In this Letter, we propose a model for photocurrent mea-
56surements giving access to the phase of a multilayer mirror even
57when the effects of the electron MFP cannot be neglected. We
58demonstrate the approach experimentally by measuring the
59phase of two periodic chromium/scandium multilayer stacks
60designed to reflect light near 360 eV. An estimate of the elec-
61tron MFP in the surface layer is also deduced from these mea-
62surements. To our knowledge, this constitutes the first
63measurement of the phase of a multilayer mirror in the
64water-window spectral range.
65In a multilayer stack under irradiation, a standing wave ap-
66pears due to the superposition of the incident and reflected
67waves, the amplitudes of which are, respectively, denoted
68Ai�ω; z� and Ar�ω; z�, with ω being the angular frequency
69and z being the depth in the stack, the surface being at
70z � 0 [see Figs. 1(a) and 1(b)]. In that case, the photocurrent
71i�ω� measured at the surface of the sample with a picoammeter
72reads

i�ω� �
Z

0

−∞
e−z∕αC�ω; z�jAi�ω; z� � Ar�ω; z�j2dz; (1)

73where α represents the MFP and C�ω; z� is the electron yield of
74the material, that is, its ability to create photoelectrons [4,10].
75Equation (1) gives a rigorous expression for the photocurrent
76but does not relate it to the phase of the stack. Therefore, in the
77conventional approach, one assumes that the MFP is suffi-
78ciently small compared to the variations of the standing wave,
79that is, that all the electrons detected at the surface see a stand-
80ing wave reading as C�ω; 0�jAi�ω; 0� � Ar�ω; 0�j2. When
81compared to a reference current iref obtained from a sample
82made of the same surface material as the stack under test
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83 (i.e., the same c coefficient) and having a negligible reflectivity,
84 the normalized photocurrent η is obtained [5–8]:

η � i�ω�
iref �ω�

≈ 1� R�ω� � 2
ffiffiffiffiffiffiffiffiffiffi
R�ω�

p
· cos ϕmir�ω�; (2)

85 where R � jAr∕Aij2�ω; z � 0� and ϕmir � φr − φi corre-
86 spond, respectively, to the reflectivity and phase of the
87 multilayer stack. Consequently, the latter phase can be straight-
88 forwardly obtained by expressing ϕmir�ω� as a function of
89 η�ω� and R�ω�, which are two measurable quantities.
90 This formalism works well for photon energies below
91 100 eV. However, as the period of the standing wave decreases
92 with the wavelength, thickness of layers becomes of the order of
93 magnitude of the MFP (a few nanometers) [11]. Therefore, the
94 electrons experience a standing wave that is no longer constant
95 with z before they reach the surface. In the model proposed
96 here, we instead consider that the standing wave near the sur-
97 face locally takes the form of an oscillatory field of constant
98 frequency and amplitude. The input and output waves
99 Ai;r�ω; z� now read jAi;r�ω; 0�j · exp�i�φi;r�ω; 0� � kz − ωt��,

100 with k � k 0 � ik 0 0 � ω
c �n 0 � in 0 0� cos θ, θ being the angle of

101 incidence of the beam on the mirror. The term c is now con-
102 sidered to be independent of z, which can be fulfilled by de-
103 positing a top layer thicker than α or by assuming that C is the
104 same for all materials. Inserting these expressions into Eq. (1)
105 and using the slowly varying envelope approximation, one can
106 factorize out of the integral the terms varying slowly with z. η
107 now reads 1� R � 2

ffiffiffi
R

p R
e−�α−1�2 k 0 0�z cos�ϕmir � 2 k 0z�dz.

108 Finally, using trigonometric relations, one can rewrite it in
109 the compact form:

η � 1� R � 2
ffiffiffi
R

p
·
cos ϕmir − γ sin ϕmir

1� γ2
; (3)

110 with γ � 2k 0∕�α−1 � 2k 0 0�. If assuming that the penetration
111 depth of the XUV radiation in the material is much larger than
112 the MFP (k 0 0 ≪ α−1), γ simplifies into 2k 0α. For photon en-
113 ergies ≲100 eV, the period of the standing wave is sufficiently
114 large so that γ ≪ 1 and η takes the form given in Eq. (2),
115 whereas γ ≈ 1 for higher energies.
116 In order to validate this model, we perform numerical sim-
117 ulations shown in Figs. 1(b) and 1(c). We use a homemade
118 matlab code based on the iterative approach using the optical
119 constants from the CXRO database. The chosen mirror is a
120 chromium/scandium (Cr/Sc) multilayer stack (20 periods of
121 1.2 nm of Cr/1.2 nm of Sc, capping layer of 1.9 nm of Si
122 �1.5 nm of SiO2 ) at 45° incidence angle). In these conditions,
123 the standing wave depicted in Fig. 1(b) is obtained inside the
124 stack. We then calculate the normalized photocurrent for
125 various MFP using (i) the rigorous photocurrent integration,
126 that is, Eq. (1) assuming the c coefficient constant with z;
127 (ii) the simplified model assuming a zero MFP described by
128 Eq. (2); or (iii) the new model described by Eq. (3).
129 According to the results in Fig. 1(c), for α � 0 nm, the three
130 models agree perfectly. Interestingly, slightly increasing the
131 MFP up to 0.1 nm induces a visible shift of the integrated pho-
132 tocurrent that is well reproduced by the new model. It is re-
133 markable to see that even a small MFP can create significant
134 deviations from the simplified model. When increasing the
135 MFP further, the characteristic oscillations of the photocurrent
136 undergo a phase shift close to π∕2, as well as an attenuation.
137 Once again, these features are perfectly retrieved by the new

138model. These observations can be explained by Eq. (3).
139When increasing α, the term γ sin ϕmir tends to dominate
140cos ϕmir and thus to phase shift η by π∕2. At the same time,
141the term 1∕�1� γ2� induces an overall attenuation of the sig-
142nal. For MFP ≥ 5 nm, the integrated photocurrent is even
143more attenuated, but the new model becomes unable to fully
144reproduce it, indicating that the slowly varying envelope
145approximation is no longer valid.
146The main advantage of the new model compared to the rig-
147orous photocurrent integration is that Eq. (3) can be inverted in
148order to express ϕmir�ω� as a function of R, γ, and η, leading to

ϕmir�ω� � arccos

�
A� γ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

1� γ2
− A2

r �
; (4)

149with A equal to η−1−R
2
ffiffiffi
R

p .
150Compared to the simplified model, the only extra quantity
151required to extract the phase is the factor γ � 2α ω

c n
0 cos θ,

152which is the index of refraction n 0 of the material composing
153the top layer and the MFP α. The first one can be obtained
154from tabulated values, and the second one can be measured
155independently or considered as an adjustable parameter during
156the phase reconstruction.

F1:1Fig. 1. (a) Principle of a surface photocurrent measurement.
F1:2(b) Evolution of the standing wave inside the stack (dashed line) com-
F1:3pared to the range of influence of various MFP (shaded curves).
F1:4(c) Normalized photocurrents η�ω� obtained with the rigorous inte-
F1:5grated model described by Eq. (1) (continuous lines) and with the
F1:6new model described by Eq. (3) (dotted lines) for various MFP.
F1:7The photocurrent obtained with the simplified model [Eq. (2)] is also
F1:8given for α � 0 nm (dashed line).
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157 We now illustrate this phase-extraction procedure experi-
158 mentally with two periodic Cr/Sc multilayer structures similar
159 to the one described in Fig. 1. Both stacks (20 and 50 periods)
160 are capped by ∼2 nm of silicon. The multilayers were chosen
161 to obtain a Bragg’s peak around 364 eV at 45° incidence for
162 s polarization. Both stacks were deposited on a silicon substrate
163 using magnetron sputtering. The deposition parameters for the
164 Cr/Sc multilayer are given in [12].
165 Metrology has been performed using Cu K α grazing
166 incidence x-ray reflectometry measurements. Fitting of the
167 experimental data gives ∼1.2 nm for Cr, ∼1.22 nm for Sc,
168 ∼1.97 nm for Si, and ∼1.41 nm for SiO2. The interfacial
169 roughness is estimated at ∼0.4 nm for all of the interfaces.
170 We take into account the roughness in our simulations by using
171 the Nevot–Croce factor.
172 As shown in Eq. (4), the phase extraction requires measuring
173 both the at-wavelength reflectivity R�ω� and the normalized

174photocurrent η�ω� of the sample. Such measurements were
175performed at the BEAR beamline at ELETTRA [13]. The
176experimental polarization fraction is 90% S; 10% P, which
177was taken into account in simulations of the reflectivity and
178photocurrent in Figs. 2 and 3.
179The measured reflectivities agree very well with the theoreti-
180cal ones; see Fig. 2(a) in the case of the 20 periods stack and
181Fig. 3(a) for the 50 periods stack.
182The reference photocurrent iref is conveniently obtained by
183measuring the photocurrent of the same sample set at an in-
184cidence angle where the Bragg’s law is not fulfilled. In the
185present case, for an incidence angle of 10°, the reflectivity be-
186comes 10 to 104 times smaller than at 45°, as shown in the inset
187in Fig. 2(a) for the 20 periods Cr/Sc stack. Finally, the normal-
188ized photocurrent η is defined as i∕iref · cos�45°�∕ cos�10°�,
189where the extra factor accounts for the variation of the inter-
190action volume with the incidence angle [6]. The experimental
191normalized photocurrents η are depicted in Figs. 2(b) and 3(b).
192Interestingly, when compared to the photocurrent predicted
193by Eq. (2) for a zero MFP, the measured signal exhibits the
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F2:1 Fig. 2. Properties of the 20 periods Cr/Sc multilayer stack.
F2:2 (a) Theoretical (dashed line) and experimental (continuous line) reflec-
F2:3 tivity at 45° incidence angle in linear (main panel) and logarithmic
F2:4 scales (inset). The dotted line in the inset corresponds to the measured
F2:5 reflectivity at 10° incidence angle. (b) Measured (continuous line) and
F2:6 theoretical (dashed lines) normalized photocurrents η�ω� for various
F2:7 mean free paths α. (c) Simulated (dashed line) and experimental phase
F2:8 of the mirror retrieved with Eq. (4) if assuming a mean free path of
F2:9 2.5 nm.
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F3:52.8 nm. In (c), an experimental mean free path of 2.8 nm is assumed
F3:6for the phase reconstruction.
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194 same attenuation and phase shift as expected from our model.
195 We now use the new Eq. (3) to simulate the photocurrent for
196 various MFP. The value of α that best fits the experimental
197 curve lies in the range 2.5–2.8 nm for both multilayer
198 stacks. In that case, the simulated normalized photocurrents
199 are barely distinguishable from the measured curves. Such
200 MFP values in a silicon oxide layer are consistent with those
201 found in literature [14,15].
202 The phase of the mirror is deduced from Eq. (4) using the
203 measured R and η and the value of α mentioned above. The
204 phase obtained for each mirror is reported in Figs. 2(c) and
205 3(c). The characteristic phase behavior of a periodic stack is
206 retrieved, that is, a linear phase across the Bragg’s peak
207 surrounded by Kissing fringes.
208 We believe that these results constitute a proof of principle
209 of the phase measurement of multilayers in the soft x-ray range,
210 and there is certainly room for improvements. Specifically, it
211 can be seen that the noise level on the phase is rather high,
212 especially in the case of the 20 periods stack. This is mainly
213 due to the level of photoelectrons measured by the picoam-
214 meter. This could be improved by increasing the integration
215 time of the photocurrent. However, all things being kept equal,
216 we have observed in practice that the photocurrent starts de-
217 creasing slowly after illuminating the sample for more than
218 10 min with the synchrotron beam [16]. Although the origin
219 of this phenomenon remains unclear, we assume a surface
220 modification under irradiation. In the present case, this limited
221 the integration time to 1 s per photon energy value.
222 To conclude, we performed what we think is the first phase
223 measurement of a multilayer mirror in the soft x rays. To do so,
224 we used the photocurrent technique and developed a new
225 model accounting for the mean free path of the electrons,
226 which becomes nonnegligible at these energies. This approach
227 has been validated experimentally by using two Cr/Sc periodic
228 stacks. These results pave the way toward the development of
229 phase-controlled mirrors at much higher energies such as
230 chirped mirrors for attoscience and polarizing mirrors and
231 could also be of benefit to the metrology of refraction indices
232 in this range.

233Funding. Agence Nationale de la Recherche (L’ Agence
234Nationale de la Recherche) (ANR3113EQPX30005).
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