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FEL source amplification

The FEL source module is implemented using FAST which is a set of codes for analysing the FEL amplification process in
the framework of 1D and 3D models using different techniques described in.'=> Analytical techniques implemented in these
codes allow one to analyse beam radiation modes (eigenvalue equation), and the amplification process in the linear stage of
amplification (initial-value problem). Numerical simulation codes allow one to simulate the FEL process using both steady-state
and time-dependent models. An approximation of a uniformly focussed electron beam is used. The field solver uses an
expansion of the radiation in the azimuthal modes. Calculation of the radiation fields is performed using retarded potentials. The
code can simulate amplification processes in helical and planar undulators. Simulation of higher odd harmonics in the planar
undulator geometry is also possible.’ The code has been thoroughly tested in the high gain exponential regime using analytical
results for the beam radiation modes (complex eigenvalues and eigenfunctions).! Start-up from shot noise and the linear stage
of amplification in FAST has been also tested using three-dimensional analytical results for the initial-value problem* which can
also be simulated with an artificial ensemble,®” and with tracing the actual number of electrons in the beam.® The latter option
is straightforward and transparent: the simulation procedure corresponds to real electrons randomly distributed in full 6D phase
space. This allows us to avoid any artificial effects arising from standard procedures of macroparticle loading as described in.®

The baseline parameters of the European XFEL have undergone several revisions: in 2006, 2010, and 2014.°-13 The
operating range for bunch charge is from 20 pC to 1 nC, peak current is 5kA, and normalized rms emittance is between
0.3 mm-mrad and 1 mm-mrad depending on the bunch charge. The tunability range of SASE1/2 undulators, in terms of the
undulator parameter, is 1.65 - 4 (Amax/Amin = 3.5). Supplementary Fig. S1 shows the operating range of SASE1/2 in terms of
the radiation energy and the number of photons in the pulse for a bunch charge of 0.1 nC. The operating wavelength range is
defined by the operating range of the undulator gap and the requirement of saturation at the full undulator length. Note that both
quantities are scaled approximately proportionally to the bunch charge. Four electron energies are fixed at preferred operating
points: 17.5GeV, 14 GeV, 12 GeV, and 8.5 GeV that provide the most flexibility for conducting experiments.'*

The choice of the operating point for imaging experiments is the subject of compromise between the number of photons,
radiation wavelength, pulse duration, and coherence properties of the radiation.'>~!” The number of photons per pulse varies by
an order of magnitude, from about 10'! at 0.1 nm radiation wavelength and up to 1.4 x 10'? at 0.6 nm radiation wavelength for
a 100 pC electron bunch charge. The pulse duration and the number of photons scale approximately proportionally to the bunch
charge. The dependence of the number of photons on the electron energy is rather weak. The spatial coherence of the radiation
improves for higher electron energies and longer wavelengths. On the other hand, resolution of image reconstruction decreases
with the increase in radiation wavelength.

For this case study, we fixed the photon energy to S keV and operate at the 12 GeV point in the electron energy. Simulations
have been performed for two sets of the electron beam baseline parameters corresponding to a bunch charge of 100 pC and
250 pC.'8 FAST produces a three-dimensional array of the radiation field which can then be traced by the propagation module
through the beam optics. Photon beam properties in saturation for the bunch charge of 100 pC are compiled in Supplementary
Table S1. The photon energy specified corresponds to the ‘resonant wavelength’ used as the FAST input parameter.

The evolution of pulse energy along the undulator is shown in Supplementary Fig. S2 at three operating points for various
bunch charges. The best coherence can be achieved at the saturation point (about 60 m), but the simulation was conducted at the
over-saturated point (106 m) for higher fluence.

The temporal and spectral structure of the radiation pulse for a single shot is shown in Supplementary Figs. S3 and S4,
respectively. When we trace the amplification process beyond saturation, we observe a lengthening of the radiation pulse.
This happens due to two effects: First, parts of the electron bunch with small current start to bring the FEL process into the
saturation regime in the longer undulator. Second, slippage of the radiation takes place leading to lengthening of the radiation
pulse. While the energy in the radiation pulse continues to grow, the coherence time drops as we can see from the spectrum
broadening in Supplementary Fig. S4. The degree of transverse coherence drops as well.?



Table 1. Photon beam properties in the saturation for SASE! at the European XFEL

Parameter Units Value
Energy of electrons GeV 12

Bunch charge nC 0.1
Radiation wavelength nm 0.25
Photon energy keV 4.96
Pulse energy mJ 0.4

Peak power GW 45
Average power w 11
FWHM spot size um 37
FWHM angular divergence urad 3.7
Coherence time fs 0.25
FWHM spectrum width, dw/w % 0.24
FWHM radiation pulse duration fs 9
Number of longitudinal modes  # 37
Fluctuations of the pulse energy % 5.5
Degree of transverse coherence  # 0.9
Degeneracy parameter # 1.3 x 10'0
Number of photons per pulse # 5x 10!
Average flux of photons phot./sec 1.4 x 10'®
Peak brilliance* # 1.4 x 10%
Average brilliance* # 3.5 x 107

*Units of phot./sec/mm?/rad’/0.1% bandwidth.
Averaged characteristics are calculated for 27,000 pulses per second.
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Figure 1. An overview of the photon beam properties of the European XFEL for SASE1/2 in the saturation with bunch charge
at 0.1 nC; (a) contour plot of the pulse energy, and (b) contour plot of the number of photons in the pulse. Units for the pulse
energy and brilliance are in mJ.

Propagation through optics

SASE FEL radiation has an almost full transverse coherence, such that wave optics is a natural and reliable way to deal with
interference effects. The wavefront simulations presented here were performed using the near field approach implemented in
the Synchrotron Radiation Workshop (SRW) software package.!® For high-level Python based access to SRW functions, the
WPG framework?’ was used that also includes the HDFS5 interface support and set of XFEL-specific routines.

For small emission and observation angles, the free space propagation of the transverse components in the frequency
domain from a point ry towards a point r can be described in terms of the Huygens-Fresnel principle by an integration over the
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Figure 2. Average energy in the radiation pulse versus undulator length. Color codes (black, red, and green) refer to the bunch
charges at 20 pC, 100 pC, and 250 pC, respectively. Electron energy is 12 GeV. Radiation wavelength is 0.25 nm.

plane X; perpendicular to the z-axis

E| (r;,0)~ 2_77;];//6%[(xz_xl)2+<y2_yl)2]El(r1,(L))dE]. 60

where ¥; is a plane of the initial wavefront, d¥; = dxidyi, |r, — r1| = \/Azz + (2 —x1)2+ (y2—y1)?], and k = @/c is the
wave vector. This can be numerically solved by means of a 2D FFT. This approach was successfully applied for modelling and
prediction of FEL wavefronts after propagating through real grazing incidence mirrors and CRLs. A good agreement with
experiment was observed, for instance, in ref.2!

Beamline components, such as apertures, absorbers, CRLs, and ultra-smooth mirrors with residual height errors, can be
described as complex, thin optical-element propagators:

E/L(xava) :P(xayzw)El(xvya (I)) (23)

P(x,y) = A(x,y, @) exp[if (x,y, ®)], (2b)

where the amplitude A(x,y) corresponds to an aperture/obstacle mask or absorption in an absorber plate and f(x,y) corresponds
to the modification of the wave field phase. For simulation of focusing elliptical grazing incidence mirrors, a thick element
propagator based on the local stationary-phase approximation®> was recently included in SRW package and used in the Prop
module. Wavefront distortions caused by the grazing incidence mirror’s residual height errors, known from surface metrology
measurements, can be taken into account in form of an achromatic phase screen:

flx,y, @)= —ZA—EZAh(x,y) sin, 3)

where 0 is the grazing angle at the mirror, and Ah(x,y) are the residual surface height errors provided by metrology measure-
ments.
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Figure 3. Temporal structure of a single pulse at different stages of amplification. The pulse at the saturation point (Undulator
length = 60 m) is shown on the left column. The pulse at the over-saturated point (106 m) is shown on the right column. Top
and bottom rows represent bunch charges at 100 pC (9 fs pulse) and 250 pC (30 fs pulse), respectively. Electron energy is

12 GeV. Radiation wavelength is 0.25 nm.

For the over-saturated mode that we used in simulations, the coherence time was about 0.2 fs for 9 fs pulse duration and
about 0.25 fs for 30 fs pulse. As one can see in Supplementary Fig. S5, the beam parameters after propagation through the
beamline preserve the main features of the mother pulse, while the beam centre of mass is focused down to a sub-micrometer
spot, matching well the size of a typical object. The X-ray intensity in the focal spot at the sample is smooth, symmetric and
very uniform along the pulse (Supplementary Fig. S6). In contrast, the phase of the wavefront varies in a random manner along
the pulse duration and may also occasionally display a weak variation in the transverse direction.

Photon matter interaction

For implementing the photon matter interaction module, we utilized XMDYN,?? a simulation tool developed for modeling the
dynamics of matter induced by intense X-ray irradiation which has already been successfully used to interpret high intensity
spectroscopy measurements>>~2> as well as low intensity (synchrotron) data.”® XMDYN is a Monte Carlo-Molecular Dynamics
based particle approach. One run generates temporal snapshots of a single trajectory which is a realization of the temporal
evolution of the system affected by stochastic damage processes. The initial sample is described as a set of individual atoms in
their neutral ground state as described by the Protein Data Bank (PDB) file. The hydrogen atoms, missing in the PDB file,
are added using the ‘openbabel’ package.?’-?® Afterwards, a random orientation in SO(3) is enforced on the whole molecule.
The dynamics of the bound electrons are not calculated. Instead, the occupation number of the atomic orbitals is tracked
(following all intermediate states) for each atom. The electronic configuration can change due to stochastic ionization or inner
shell relaxation events. XMDYN takes into account photoionization and all possible Auger and fluorescent decay channels for
a given electronic configuration by assigning probability rates to the processes. The corresponding decays are exponential
in time, but only one of them occurs in a specific realization. It is chosen based on random number generation (Monte Carlo
block). The required physical parameters (cross section and rate data) are calculated with XATOM,? an integrated toolkit for
X-ray and atomic physics applying the ab-initio Hartree-Fock-Slater model.?%-3°
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Figure 4. Spectral structure of a single pulse at different stages of amplification. The pulse at the saturation point (Undulator
length = 60 m) is shown on the left column. The pulse at the over-saturated point (106 m) is shown on the right column. Top
and bottom rows represent bunch charges at 100 pC (9 fs pulse) and 250 pC (30 fs pulse), respectively. Electron energy is

12 GeV. Radiation wavelength is 0.25 nm.

The real space dynamics of the atoms, ions and electrons ejected from the atoms are modelled using classical Newton’s
equations (Molecular Dynamics block). Coulomb forces act between charged particles. Chemical bonds are neglected between
non-hydrogen atoms. This approximation is accurate enough if the sample is intensely ionized within a short time interval.>?
The equations of motion are solved with a multiple-time-step Position Verlet algorithm?! using sub-attosecond timesteps.
Free electrons can further ionize atoms and ions via secondary (impact) ionization. The cross sections are calculated with the
Binary-Encounter-Bethe model.*> While the main channels of ionization for the non-hydrogen atoms are photoionization and
Auger decay, for hydrogen these processes are negligible. On the other hand, charge migration effects may remove the (only)
electron from hydrogen if it is close to a highly charged ion. Therefore we assume a priori that the electron of a hydrogen was
transferred promptly to a neighboring ion having equal to or higher than +2 charge.

Snapshots of the time evolution are recorded. They contain all atomic positions and a table of the scattering form factors for
all ion species that are present at each given timestep. For realistic simulations, the contribution of the inelastic (incoherent
Compton) X-ray scattering should be added to the patterns. It is necessary if the energy resolution of the X-ray imaging
detector is too low to extract the effect of Compton shift and broadening from the data.’® This is usually the case for 2D X-ray
detectors). The elastic scattering factors and the inelastic structure factors for the atoms and ions were calculated with the
XATOM toolkit.*3 As the chosen photon energy was far from all photoionization edges, we neglected the effect of anomalous
diffraction.>*

The simulation details of our study case are as follows. Nitrogenase iron protein (PDB:2NIP, chemical composition:
Cy717Hs151N7350,230S 46Fe4, Weight: 64 kDa) was chosen. As the spatial X-ray intensity gradient appears at a larger length-
scale than the size of the sample, spatially homogeneous intensity was assumed within the irradiated molecule. Further, we
assumed in all runs that the sample experienced the highest fluence of the pulse (which refers to an experimental scheme in
which only scattering patterns containing the largest total photon count are kept for processing). For both 9 fs and 30 fs pulse
duration cases, one thousand (1000) radiation damage trajectories were calculated, saving one hundred and fifteen (115) and one
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Figure 5. Slice-to-slice shift of the pulse center of mass after propagation through the optics. The slice times are color-coded
and the intensities are represented by the size of the circles. A protein molecule of 80 A is also shown for scale. Note the shift is
much smaller than the spot size.

hundred and one (101) intermediate steps respectively. As the number of trajectories is larger than the number of pulse instances,
we reused simulated pulses from the PROP module with different random seeds of the Monte Carlo block in XMDYN. The
trajectories were propagated for the duration covered by the PROP module output, that was 26 fs and 64 fs respectively. The
simulation of one trajectory with 0.78 as timestep took then 1 and 4 hours, respectively, using GPU acceleration on a TESLA
2090 card.

Diffraction

The Diffr module, which calculates the diffraction from a sample and propagates it to a 2D detector, was implemented using the
SingFEL software suite.>

The weighted mean of the SASE photon energy spectrum of the pulse can be used to shorten the calculation time of the
coherent diffraction pattern (rather than using the entire spectrum of the SASE pulse). The weighted mean photon energy E is
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Figure 6. Intensity and phase maps of the SASE FEL X ray slices in a 9 fs pulse before and after propagating through the
optics. The phase is color-coded. The distances between slices are about 0.2 fs.

given by
,; w;E;
E="F—, )
X ow;
j=—o0

where w; and E; are the jth weight and photon energy components of the SASE spectrum, respectively. The weighted mean
SASE wavelength is then

hce
A= 5 )

The polarization factor’® is

cos? 1 + sin? p cos? 26, (6
where (1 is the polarization angle with respect to the horizontal plane and 26 is the angle between the beam and the observation
directions. For horizontally polarized x-ray (¢ = 0), the polarization factor is unity. The intensity scattered into a unit solid
angle at angle 20 is

L, = (0052 u+ sin’ u cos’ 29)

)

\w‘ ~to ‘l\)‘ ato
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where r is the distance between the interaction region to the pixel center and 7, is the classical radius of the electron (2.81 8¢ 1om)

= (to/4m)(* /m), @®
where (o = 1/(c?&), e is the electric charge, m is the mass of the electron, c is speed of light and & is the vacuum permeability.
Hence the intensity scattered into a pixel can be expressed as a differential Thomson scattering cross section per electron
A .
Lptia = %rﬁ (cos? -+ sin? pcos26)
r
= QrZ (cos® u +sin? pLcos?20) )

dGT(G)

=Q
dQ

where an analytical formula for the solid angle Q of a square pixel®’ is
Q = 4arcsin (sin2 (x) , (10)
and

Oc:arctan(1>7 (1D
2r

with w is the pixel width.

The atomic form factors, which in general change as the XFEL propagates through the sample, are input from the PMI
module as a function of time 7 and reciprocal space sin 6 /A. This is consistent with the convention used in Cromer-Mann and
Waasmaier-Kirfel coefficients’®

5
FOsin0/A,1) =Y ai(t)exp [—b;(t)(sin0/21)*] +c, (12)
i=1

for 0 < sin®/A < 6.0A .

From Bragg’s Law, ¢/2 = sin 0 /A where g = v/h? + k? + [? is the reciprocal space modulus. Each detector pixel intersects
the 3D reciprocal space (h,k,!) defined by the diffraction geometry. The form factor f(sin6/A) is equivalent to f°(g/2). The
structure factor for a given electronic configuration c is

n

F.(q/2,t) = Z exp [2mi(hxej +kyej +1zej)] (13)

where fCOj is the atomic form factor for the jth atom. Total coherent (Rayleigh) scattering cross section per atom over time is
given by

Gun = [ _dor(8)|F.a/2.0) dr, (14)
and total incoherent (bound- and free-electron Compton) scattering cross section per atom over time is defined as

Oinc = /jo dogn(0) [Sc(q/2,t) +N{™(1)] dt, (15)

where S is the Compton scattering factor and ch "¢ is the inelastic scattering from free electrons. For X-rays, the differential
Klein-Nishina (free-electron Compton) collision cross section per electron *-*? can be simplified to
dO'KN(Q) _ dO'T(9> (16)
dQ dQ
Therefore, for a polarized X-ray pulse interacting with a molecule in some initial electronic configuration ¢ over time, the mean
number of scattered photons I, arriving at a detector pixel at position ¢/2 of projected solid angle Q from both coherent and
incoherent scattering is given by eqn. 17.

1020 =22 ™ 1) (1R (a/2.0)7 + Scla/2.0+ M=) ) a7
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where [;(t) is the number of incident photons per unit area. The diffracted intensity is sampled according to Poisson statistics.
A circular beamstop and a horizontal detector gap masks the corresponding pixels. For coherent scattering only simulation,
Sc(gq/2,t)+ N/ "“(t) is removed in eqn. 17. Note that the photon energy from the incoherent scattering would deviate slightly
from the incoming photon energy, which is not accounted for in this module. This effect is, however, negligible, as such a small
energy difference is in practice not detectable by 2D area detectors used for CDI.

In our case study, a single diffraction pattern of an exploding protein, as seen by the detector, is calculated as the incoherent
sum of diffraction patterns at each instance in time during the entire duration of the XFEL pulse. In order to keep the calculation
tractable, we (1) use the mean photon energy of the X-ray pulse instead of the entire SASE spectrum, (2) downsample the
effective detector pixel size, (3) generate multiple diffraction patterns per PMI trajectory, and (4) decrease the number of
temporal samples of the radiation damage process.

The mean photon energy is defined in eq. 4, and this simplification is expected to have little effect on the validity of the
simulations for photon energies away from absorption edges of atoms in the sample. Near edges, the full spectrum could be
used at the expense of computational time.

We derive the speckle width in the reconstructed intensity to determine the feasibility of downsampling the effective detector
pixel size. The maximum scattering angle to the edges of the detector 6,,,, and the scattering angle subtended by a single pixel
0,ix are given by

0,,4x = arctan (pn/2> , (18)
d
and
6,ix = arctan (g) , (19)

where n is the number of pixels along the edge of the detector, p is the pixel size and d is the sample to detector distance. In
physics, the maximum scattering vector g,,,, and the half period resolution d,;, are defined as

.
dmax = T s (Gmax/z) 5 (20)
and
2
din = . 21)
zqmax

It is conventional to omit the factor of 27 in crystallographic definitions of g,,, and d,,;,. The speckle width is defined as

2
AQSpeckle = W (22)

Reciprocal spacing per voxel is given by

ag =T, 23)
pmax

where pyax = floor [Opax/ BPiX] is the half number of voxels along the edge of the reconstructed intensity. Finally, the number
of pixels per speckle width is given by

Agspecki
Ngpeckle = %- 24)

In the simulations, we set the detector distance d to 13 ¢m (which is the minimum distance at the SPB/SFX endstation). The
AGIPD detector’s pixel size p is 200 um. We downsample by a factor of 6 so the effective pixel size is 1200 pm. The simulated
detector has 81 x 81 effective pixels which sets the detector resolution at the edge to 3.5A at 5 keV. This sampling change
reduces the number of pixels per speckle width (eq. 24) to 3.4 pixels which is still greater than the required oversampling of 2.

We sample every 10" time slice of a 9 fs FDHM pulse (1.99 fs interval) and every 3" time slice of a 30 fs FDHM pulse
(2.29fs interval). From 1,000 PMI trajectories, we calculate 200 independent diffraction patterns by randomly rotating the
sample (i.e. a total of 200,000 patterns each) in SO(3). We use eq. 17 to calculate the diffraction patterns. The sparseness of the
photons arriving at the detector is shown in Supplementary Fig. S7. Simulations for 9 fs and 30 fs cases took 4 days and 9 days,
respectively with 63 parallel jobs. If the radiation-induced atomic movements were not significant, an effective scattering factor
introduced in*' could have been used to shorten the computation time.
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Figure 7. Number of photons vs resolution for 9 fs and 30 fs pulse cases.

Orientation recovery

EMC*? is an iterative, de novo reconstruction of a three-dimensional (3D) diffraction volume W = {Wj}, comprising Ewald-
sphere sections sampled at orientations j, that is most compatible with a set of 2D diffraction patterns K = {K; }. It determines
the compatibility between each Kj and each W; via a Poissonian log-likelihood function Q(Kj|W;). In the EMC algorithm, this
is done in three iterative steps. An Expansion step projects the diffraction volume into Ewald sphere sections (W — W;|K)
quasi-uniformly distributed over the SO(3) rotation group. The Maximization step that follows maximizes the expectation of
individual Ewald sections given the collected patterns K via this likelihood function (W; — VT/]-). Finally, the Compression step

inserts the Ewald sections back into an updated 3D diffraction volume (Wj — W).

Our implementation of EMC uses the Poissonian log-likelihood function in,** which were also discussed plainly with two
minimal models.*>>** This is appropriate because our diffraction patterns are photon-limited with no explicit spurious back-
ground noise. More sophisticated implementations of EMC can recover the pulse-to-pulse intensities,*> particle conformations*®
and deal with spurious background photons.**

We reconstruct the 3D diffraction volume with progressively finer rotation group sampling, up to 36540 quasi-uniformly
distributed quaternions in SO(3).*> The progress of the reconstructions is monitored through the numerical change in the
updated diffraction volume in Supplementary Fig. S8. Each time this numerical change falls below a threshold of 4 x 103 per
voxel, the reconstruction would proceed with a finer rotation group sampling (‘quat’ labels in Supplementary Fig. S8 mark these
refinements). A single reconstruction attempt terminates when this threshold is breached at the finest rotation group sampling
or a maximum number of iterations has been performed, whichever occurs sooner. Typical single reconstructions in this paper
took around 30 hours to finish on eight Intel Xeon X7542 2.6 GHz cores running an OpenMP implementation of EMC.

Planar sections of the iteratively reconstructed 3D diffraction volume are informative diagnostics (Supplementary Fig. S9).
From these we can detect if reconstructions are resolution-limited, when intensity speckles have been defined, and if its speckle
contrast is sufficient for phase-retrieval. Sections of earlier iterations in Supplementary Fig. SO tend to be more rotationally
averaged. The effects of the missing data regions in the detector (Fig. 8) on the assembled diffraction volume is also apparent in
low spatial frequencies of Supplementary Fig. S9.

The top panel of Supplementary Fig. S10 shows another diagnostic of EMC, which measures how often each diffraction
pattern’s most likely orientation changes within the diffraction volume with each iteration. An important caveat: in EMC
each diffraction pattern K is added to new diffraction volume W not only at the most likely orientation j’, but across all
orientations j appropriately weighted by the conditional probability that it arises from each orientation in the current model W.
This probablistic interpretation of orientations is typical of Bayesian algorithms. Hence, Supplementary Fig. S10 is merely a
simplified proxy to visualize the extent that each pattern’s conditional probability has been resolved by looking its most likely
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Figure 8. Numerical convergence of the de novo reconstruction of a scatterer’s three-dimensional diffraction volume, as the
rotation group sampling of this volume is gradually increased (e.g. quaternion refinement level 5 — 9). The fluctuations in the
iteration time are due to an optimization in EMC’s Maximize step: each pattern is only added to the new diffraction volume at
orientations that are significant in the current diffraction volume.

orientation.

Finally, the bottom panel of Supplementary Fig. S10 shows how the average mutual information per pattern changes with
iteration. This plot, though more technical, has a simple diagnostic interpretation. The stability of this mutual information
plot implies that the conditional probabilities for the datasets K have converged. Notice that even though the error metric in
Supplementary Fig. S8 has converged near iteration 40, the fluctuations on the mutual information in Supplementary Fig. S10
informs us that the likelihood of model W is still struggling to accommodate the datasets within a limited number of orientations.
Only when the rotation group sampling increases do these fluctuations damp out in Supplementary Fig. S10.

Phase retrieval

In the Born approximation, the coherent scattering measured on our detector is derived from the scatterer as if it imparts only a
pure phase on the incident x-ray plane wave, shown in Eq. (14). Combining this with Eq. (13), the assembled 3D diffraction
intensities I}, are equivalent to the Fourier intensities of the scatterer’s electron density function. Phase retrieval algorithms
iteratively update a guess of the electron density x(r) by composing two projection operators in a specific recipe. First, the
Fourier projection operator projects x(r) to satisfy the constraint | F[x(r)]| = v/Teop Via

. N Ico I*j[x(r)] if Ico
Pr [x(l‘)|w/lcoh} _ 1 | Ve M heon >0 (25)
Fx(r)], otherwise

where F [] and F! [-] are the Fourier transform and inverse Fourier transform operators. The second projection operates in real
space, by projecting x(r) to real-valued densities within a compact support S:

x(r), ifreSandx(r)eR

135 ()1 = 0 otherwise

(26)

Phase retrieval seeks the family of solution electron distribution function x(r) that satisfy both the Fourier and real space
constraints, or more formally, the case when 6 — 0 in

‘ﬁp [ﬁsmr)ﬂ _f(r)‘ = 3. 27)
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Figure 9. Central slices of iteratively reconstructed three-dimensional diffraction volume. Each section is labeled by the
dimensionless spatial frequencies, iteration numbers and rotation group sampling (quat5-9).

In case where the Fourier and real space constraints become incompatible such that § > 0Vx(r) in Eq. (27), the search for
X(r) may not succeed altogether. This occurs when incoherent scattering from free and bound electrons are added to the
diffraction patterns via Eq. (17), or with photon shot-noise, or when the 2D diffraction from differently damaged scatterers are
incoherently added together to produce assembled 3D intensities. These cause a mismatch in the Fourier reciprocity between
measured diffraction Iye,s and desired electron densities, quantified by 8 in Eq. (27). Furthermore, typically the support S'in P
is initially unknown and estimated with the autocorrelation support obtained from the diffraction intensities F [ meas] Overall,
the mismatch between Iy and Ioon can destabilize phase retrieval algorithms.

For sufficiently small mismatches, a lower-resolution estimate of undamaged density can still be recovered. One method for
doing so is the modified Elser’s Difference Map,*® which iteratively advances towards the solution ¥(r) via the update

X1 (r) = x,(r) + & (28)
where

X (1) = ax, (1) + (1 — &) P [xa (1)) (29)

& = Pr [zﬁs[xn(r)'] ()| = Bsla()] . 30)

In our implementation we have optimized oz = 0.2. Notably, o = 0 reduces to a special case of the Difference Map.*’
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Figure 10. Orientation certainty and mutual information of individual patterns given an iteratively improved 3D diffraction
volume. Top: diffraction patterns are sorted within each rotation sampling block (quat*) by the orientation index of the final

iteration within that block. Orientations are indicated on a gradient color scale. As the reconstructed diffraction volume

converges, so do the most likely orientations of each pattern. Bottom: Average mutual information of each pattern across all

orientations, divided by the entropy of the rotation group sampling. While a value of unity indicates perfect orientation

certainty, this is also typical of overfitting to noisy and incomplete data. Patterns with zero mutual information have completely
unknown orientations. Unlike the top panel, values on the vertical axes do not label specific patterns because we separately

sorted the columns by the mutual information per pattern for each iteration.

Ideally, the search in Eq. (28) should terminate only when g, in Eq. (30) vanishes, but because of the constraint mismatch

above we consider the search to have converged when &, takes on the smallest value within a fixed number of iterations.

Realistically, our goal in iterative phase retrieval is to find reproducible features that are constrained by the assembled
measurements. It is non-trivial to determine if a set of noisy assembled 3D intensities has a unique solution electron density.

We adopted the following approach that avoids over-fitting, and also averages away transient, spurious features.

1. Obtain the autocorrelation support A by applying two-means clustering of F [Imeas)- We uniformly contract A by a factor

of two to obtain the initial support Sp.

2. Repeat this sub-routine one hundred times :

e Let S; be the most updated support. Initialize xo(r) on a cubic array with random numbers.

e Run iterative phase retrieval described in Eq. (28) for 500 iterations, and save the Fourier estimate

E =B [2133[x,,(r)'] X (r)
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with the smallest €, in Eq. (30). In a similar bit-retrieval problem studied in,%Y this selection criteria can yield
phases closest to the correct one even when the measurements are very noisy.

3. These five hundred {E’} from randomly initialized xo(r) in step 2 are averaged to give the electron distribution functions
(E"(r))s00.

4. We threshold (E’(r))s00 at the 7% level and convolve it with a 5 x 5 X 5-voxel volume to update the support from
Si = Sit1.

5. Repeat steps 2-4 until (E£’(r))s0o changes minimally between repetitions. The reconstructions in Fig. 7 in the main text
were the resultant (E'(r))soo at the end of ten such repeats.

0.0016
0.0014
0.0012+

0.0010¢F

rms change in 3D contrast, €

phasing iterations

Figure 11. The plot of € in Eq. (30) in a hundred randomly initialized phasing reconstructions (super-imposed lines). Fourier
estimates from the iterate with the lowest € in each reconstruction trial are added together to produce the average densities in
Fig. 7 in the main text.

Figure 12. Reconstructions in the 9 fs case (with Compton scattering), processed with two different shrinkwrap trajectories.
Starting from Sy derived from the autocorrelation support, the support was independently refined from two ensembles of
randomly initialized reconstructions using the prescription described above. Electron densities of the average reconstruction at
the 5% and 15% levels (orange and blue, respectively) are rendered in both cases.
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