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S1. Validity of a scalar wave simulation

The maximum aspect ratio of the IP-CZP presented in this paper is as high as 31.5. Validity using the
diffraction integration (Egs. (7) to (12), and Fig. 3) for such a high aspect ratio should be confirmed.
According to previous works, when the zone plate thickness, tin, is larger than (2Ary)%/2, the volume
diffraction theory is required to calculate diffraction efficiency (Kang et al., 2005, Kang et al., 2006).
If this condition is applied to the presenting case of tantalum zone plate (Ary= 84 nm and A = 0.124
nm), (2Ary)%/A = 228 pm, with which the aspect ratio is ~2700. Therefore, the volume diffraction theory
is not necessarily needed for the presenting case. In order to reinforce the validity, calculations have
been done on the diffraction efficiency both by the coupled wave theory (Maser and Schmahl, 1992,
Schneider 1997, Koyama et al., 2008) and the scalar diffraction theory (Center for X-Ray Optics,
Schnopper et al., 1977) for a tantalum zone plate. Figure S1 shows comparison between efficiency
changes calculated by the coupled wave theory (red) and the scalar diffraction theory (blue) for the case
of Ar =84 nm. The bottom and top abscissas are tantalum zone thickness and the corresponding aspect
ratio, respectively. The difference appears when the aspect ratio exceeds ~100. These calculation results

reinforce the validity adopting the diffraction integration in this paper.

S2. Properties of composite zone plates

Composite ZPs (CZPs) with the same design parameters with the IP-CZPs are also of interest. A CZP-
A and a CZP-B have the same parameters with ZP-A and ZP-B, respectively, except that £ = . The
calculation results relating to Ars and DoF are summarized in Table S1 and relating intensity are
summarized in Table S2. Due to the constructive interference between iZP and 0ZP, both Ares and DoF
become smaller than those of iZP-only. Similarly, Ima and lin become about 1.5 and 1.3 times larger
than those of iZP-only for CZP-A and CZP-B, respectively. On the other hand, the normalized intensity
by the area of CZPs becomes smaller to be about 0.9. This is because of the nature of a CZP that the
contribution of outer ZP to efficiency is much lower as being proportional to 1/9%(rn o,® - 'n_in?) than

the contribution of inner ZP as being proportional to ry in?.
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Table S1  Summary of the calculation results relating to Ars and DoF.
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- Aes FWHM DoF DoFEq.(4) DoF/ 1.22Arg, vl
(hm)  (nm) (um)  (um) DoF(izP) ~ (nm) Aves(iZP)

CZP-A 93 76 162 188 0.70 102 0.91

CzP-B 95 79 185 197 0.80 102 0.93

Table S2  Summary of the calculation results relating to intensity. The values are relative values to

those of iZP-only

ZP Imax Iint NOI’ma"ZEd Iint
CZP-A 1.47 1.48 0.90
CZP-B 1.32 1.32 0.92
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Figure S1 Comparison between efficiency changes calculated by the coupled wave theory (red) and

the scalar diffraction theory (blue) for the case of Ar = 84 nm. The bottom and top abscissas are zone

Ta zone tickness (um)

thickness and the corresponding aspect ratio, respectively.
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