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Supplementary Table 1| Optical parameters of the focusing mirrors in coherent diffractive imaging (CDI) used for LCLS, European-XFEL, and SACLA.

1 5
PB/SFX E -XFEL
CXI.LCLS . S /.S uropean . MAXIC-S SACLA
100 nm focusing K—B mirrors pm-scale focusing 100 nm scale focusing
CDI Focus characterization CDI CDI CDI
Measured’ Wavefront assessment’ Wavefront assessment’ Measured’ Design and calculation’ Measured
Focal lengths: Source to mirror centre ~440 m 894.779 m, 896.459 m 915.484 m, 916.584 m 140 m, 140.19 m
(Design)
esign
Mirror centre to focus 09m,0.5m (Same as on the left) (Same as on the left) 24.005 m, 22.325 m 33m,22m 0.19m,0.10 m
Demagnification ratio ~1/489, ~1/880 ~1/37.3, ~1/40.2 ~1/277.4, ~1/416.6 ~1/736.8, ~1/1401.9
Focus: Size (FWHM) 522 nm (*1) 118 nm x 81 nm (a) 113 nm X 79 nm (a) 3 pum x 3 pm 250 nm x 160 nm 110 nm x 60 nm
Pul 0.66 mJ (*1) at 5.5 keV (2.25 mJ (*2) at 8.5 keV) (3 mJ (*3) at 8.5 keV) 0.54 mJ at 6 keV ~0.5 mJ at 5 keV 0.061 mJ at 4.05 keV
ulse ener;
& (7 x 10" photons) (2 x 10'? photons) (2 x 10'? photons) (6 x 10" photons) (5 x 10" photons) (9 x 10" photons)
Photon densit
(photons um'zypulse'l) 1.9 x 10" (b) (>8.8 x 107) (*4) (1 x 10" (*4) 6x10" ~5 % 10" (*7) >4 x 10"
Beamline transmission
(a ratio of pulse energies at focus to source) (20% (Assumed)) (*5) (48% (Assumed)) (*6) (Not shown) 22% ~20% 13%
Source: Size (FWHM) ~70 pm ~60 pm ~60 um ~50 pm ~50 um ~80 um
Pulse energy 3.29mJ (4.73 mJ) - 25mJ ~2.5m] 0.47 mJ
Photon densit
(photons um'zypulse'l) 7% 10° (9 x 10%) - 9x10* ~9 x 10° 1x10°
Total gain 3 5 | 3 4
3x10 (1 x10°) (*4) - 7% 10 ~5% 107 (*7) >4 x 10

(a ratio of photon densities at focus to source)

The first and second values in the table cells for the focal lengths, demagnification ratios, and focus sizes are for horizontal and vertical focusing, respectively.

The values in bold were directly characterized experimentally.

(a) Values characterized by wavefront sensors.

(b) Value characterized by CDI measurement of a virus.

(*1) Calculated values using the photon density at the focus characterized by the CDI measurement of a virus and the assumed beamline transmission of 20%. In Supplementary Reference 2, the calculation depends on the assumed beamline
transmission: the focus size scales as the square root of the beamline transmission, and the pulse energy is proportional to the beamline transmission. For example, the focus size is given by 117 (369) nm (FWHM) when assuming a beamline
transmission of 1% (10%).

(*2) Calculated values using the assumed beamline transmission of 48%.

(*3) Typical LCLS (upstream) pulse energy.

(*4) Calculated values using the beam profile characterized by wavefront sensors and the assumed pulse energy at the focus. The photon density at the focus has not been fully evaluated in CDI configurations.

(*5) Supplementary Reference 2 shows the estimation of focus size with different assumptions on beamline transmission, including the 20% transmission listed here. Beamline transmission is not known.

(*6) Calculated value when assuming the reflectivity of two flat offset mirrors (0.995 x 0.995), the average reflectivity of the K—B mirrors (0.98 x 0.98), and the acceptance loss of the K—B mirrors (0.50).

(*7) Comparison of these calculated values with the corresponding measured values in other columns needs care: the deviation from ideal focusing causes decreases in photon density at the focus and the total gain.



Supplementary Note 1: Numerical simulations of coherent diffraction patterns to estimate spatial
resolution for a low-density object.

We have conducted simulations using a Rice Dwarf Virus (RDV) as a model virus to estimate an image
resolution with the developed system. As in the previous study®, the RDV particle was modeled as a
homogeneous sphere with a diameter of 71 nm and a mass density of 1.381 g cm™ (Supplementary Figure
la). For comparison, we also prepared an electron density model of the two bipyramidal AuNPs
(Supplementary Figure 1b) based on the reconstructed image. The two models have almost the same number
of electrons: 8.2 x 107 for RDV and 8.5 x 107 for AuNPs.

We calculated coherent X-ray diffraction (CXD) patterns of the model objects for two cases where they
are placed in a vacuum and solution (Supplementary Figure 2). The incident fluence was set to 9.1 x 10'2
photons um™ pulse™!, which was experimentally estimated from the central intensity of the reconstructed
CXD pattern. Poisson noise is included in the calculation. The scattering intensities of the model virus
without facets are weak at high momentum transfer. In addition, the diffraction intensities of the AuNPs are
similar in a vacuum and solution, while the model virus shows weaker diffraction intensities in a solution
than in a vacuum.

Supplementary Figure 3 shows the scattering curves of the model virus obtained by circularly averaging
the CXD patterns in Supplementary Figure 2a and 2b. The single-shot spatial resolutions estimated solely
from the scattering intensities are ~4.8 nm in a vacuum and ~9.3 nm in a solution, when using a threshold
of, e.g., five photons per Shannon pixel on the scattering curves (a criterion for single-shot resolution
proposed in Supplementary Reference 9; The criterion corresponds to 0.8 photons per 11x11 pixels in our
simulation.). It is noted that a much lower threshold of, e.g., 0.16 photons per Shannon pixel (0.04 photons
per simulation pixel of Supplementary Reference 10) is used in three-dimensional reconstruction from many
CXD patterns of reproducible samples'®. In practice, it is necessary to consider parasitic scattering noise

contained in the experimental data.
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Supplementary Figure 1 | Electron density models. (a) Rice Dwarf Virus (RDV). (b) Two bipyramidal
AuNPs. The scale bars are 20 nm.
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Supplementary Figure 2 | Coherent X-ray diffraction patterns. These are calculated with an incident
fluence of 9.1 x 10'> photons pm™ pulse’. (a) and (b) Diffraction patterns of the model virus
(Supplementary Figure 1a). (¢) and (d) Diffraction patterns of the model AuNPs (Supplementary Figure 1b).

The sample objects are placed in a vacuum (a and ¢) and in a solution (b and d).
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Supplementary Figure 3 | Circularly averaged scattering curves of the model viruses. The horizontal
dashed line corresponds to five photons per Shannon pixel, a threshold for single-shot resolution proposed

in Supplementary Reference 9.
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Supplementary Figure 4 | Coherent X-ray diffraction patterns from AuNPs. (a) Measured result
(replication of Figure 4b of the main text). (b) Calculated result (replication of Supplementary Figure 2d).

(¢) Profiles along the lines indicated in a and b.
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Supplementary Figure 5 | Energy dependencies of efficiency for various factors. Total efficiency has a
maximum at around 4 keV. Transmission curves of beam intensity/position monitor and Be windows
overlap each other. Coherent scattering cross-sections are assumed to be proportional to the X-ray
wavelength squared'!. Diffraction signals from objects are collected by the multiport charge-coupled device

(MPCCD) detector system'?.
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Supplementary Figure 6 | Measurement results of stitching interferometer (SI) and scanning probe
profilometer (zero-method scanning-probe profilometer (ZSP)). The substrate surface of the horizontal
focusing mirror was measured in the fabrication process using computer-controlled figure-corrections. (a)
Residual figure error profiles of the last three figure-correction processes. The 3rd figure-correction was the
final figuring process. (b) and (¢) Measured profiles with the SI and ZSP, respectively, after the 1st figure-
correction in a. ‘Residual figure error (combined profile of SI and ZSP)’ in ¢ is replication of the residual
figure error profile ‘After 1st figure-correction’ in a. The two-dimensional profile of a residual figure error

after the final figure-correction is shown in Figure 1(c) of the main text.
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Supplementary Figure 7 | Lateral profiles and reflectivity of (Cr/C)3p multilayer. (a) Lateral profiles of
multilayer period. (b) Reflectivity of (Cr/C)3p multilayer measured and calculated at a photon energy of
8.048 keV (Cu Ka). The laterally graded multilayer was coated on a flat Si wafer at the same time as the
vertical focusing mirror. The calculated reflectivity was obtained by the multilayer model as follows: (1)
Material structure is (Cr/C)3p on a Si substrate. (2) Ratio of (Cr layer thickness)/(Period) is 0.48. (3) Only
the topmost C layer is assumed to have a thickness of 4.3 nm. (4) Density of C and Cr are 2.5 and 7.15 g
cm™, respectively. (5) Interdiffusion/roughness is 0.34 nm (r.m.s.). Because the illumination width at this
reflectivity measurement was 3 mm in the longitudinal direction, the reflectivities for a multilayer period
from 6.57 to 6.69 nm are averaged. This multilayer has a lateral graded structure in the longitudinal direction
having the lateral profile as shown in a. The reflectivity was measured in the orthogonal geometry (in the
short axis direction) at 8.048 keV (Cu Ka). (¢) Calculated reflectivity of the vertical focusing mirror at an
interdiffusion/roughness of 0.3 nm (r.m.s.). Due to the index of refraction of the multilayer materials used,
the third-order Bragg peak is not exactly at a photon energy of 12 keV. Therefore, the third-order harmonic

from the undulator source with a photon energy of 12 keV does not fulfill the Bragg condition.
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