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(heavy atom: S) 

– simulated datasets @ 6 keV 
– LCLS datasets @ 6 keV

High-intensity phasing (HIP)

 > Multiwavelength anomalous diffraction (MAD): well-established 
phasing method with synchrotron radiation, employing the dispersion 
correction of x-ray scattering from heavy atoms 

 > Karle–Hendrickson equation: the key formula in MAD 

 > Generalized Karle–Hendrickson equation: the key formula in MAD at 
high x-ray intensity, including ionization dynamics 

 > 3 unknown variables: solvable with 3 measurements  

 > MAD coefficients are known: expressed by time evolution of form 
factors; to be measured or calculated 

 > Bleaching effect by high x-ray intensity: new path to phasing ➔ HIP
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Abstract

Conclusions

Introduction

Theory  
We implement an integrated toolkit, XATOM, to treat x-ray-induced 
processes based on nonrelativistic quantum electrodynamics and 
perturbation theory within the Hartree–Fock–Slater model. 

Physical processes 

 > Photoionization 

 > Auger (Coster–Kronig) decay 

 > Fluorescence 

 > Shake-off 

 > Elastic x-ray scattering; inelastic x-ray scattering 

 > Resonant elastic x-ray scattering (dispersion correction) 

Using the plasma extension, these processes can be treated with 
screening effect in a plasma environment. 

Damage dynamics 
To simulate electronic damage dynamics in intense x-ray pulses, 
we use the rate equation approach with photoionization cross 
sections, Auger rates, and fluorescence rates, for all possible n-hole 
electronic configurations for all possible +n charge states. 

Applications 

 > Ionization, relaxation, and scattering dynamics at high intensity  

 > Charge distribution analysis of noble gases in XFELs 

 > Photoelectron / Auger / fluorescence spectra 

 > Multiwavelength anomalous diffraction at high intensity 

 > Ionization potential depression for ions embedded in plasmas

XATOM toolkit

High-intensity phasing  
with x-ray free-electron lasers

X-ray free-electron lasers (XFELs) show promise for revealing 
molecular structure using serial femtosecond 
crystallography (SFX), but the associated phase problem remains 
largely unsolved. Many of the ab initio methods that are used for 
phasing diffraction data collected with synchrotron radiation employ 
anomalous scattering from heavy atoms, for example, 
multiwavelength anomalous diffraction (MAD). Because of the 
extremely high intensity of XFELs, samples experience severe and 
unavoidable electronic radiation damage, especially to heavy atoms. 
The scattering factors of heavy atoms are dramatically changed due 
to ionization during an intense x-ray pulse, which hinders direct 
implementation of those phasing techniques with XFELs. A 
generalized version of MAD at high x-ray intensity has been 
proposed previously, suggesting that element-specific and fluence-
dependent electronic damage could be used to determine phases. 
Here, we show two recent results towards a new high-
intensity phasing (HIP). We demonstrate that simulated SFX data 
of Cathepsin B can be phased by the different ionization degree of S 
atoms between two datasets at low and high x-ray fluences, similar 
to the technique of radiation induced phasing. We present 
an experimental evidence of the different ionization degree of Gd 
atoms between two datasets obtained from a Gd derivative 
of lysozyme microcrystals, which is used to identify the positions of 
the Gd atoms. New opportunities and challenges of high-intensity 
phasing methods with XFELs will be discussed.

 > Electronic radiation damage: unavoidable at high x-ray intensity 

 > Turning electronic radiation damage into an advantage for phasing 

 > Generalized Karle–Hendrickson equation in extreme conditions of 
ionizing radiations: to be used not only in phasing but also in 
refinement 

 > High-Intensity Phasing (HIP): new opportunities for solving the 
phase problem in nanocrystallography with XFELs 

 > Outlook: new software developments for better ionization model

References 
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bismuth crystal confirmed the ability of the EOS
measurement to accurately determine the shot-to-
shot time delay (30).

In this study, fs laser pulse excitation of
bismuth changes the equilibrium structure of the
unit cell and leads to coherent vibrational motion
(31–33) (Fig. 1, C and D). This coherent motion
generates large-amplitude oscillations, in partic-
ular Bragg peaks such as the (111) reflection (34).
This experimental observation of strong ~300-fs
period oscillations in the (111) Bragg diffraction
intensity rigorously demonstrated the utility of EOS
as a timing diagnostic (29, 30). These measure-
ments also provided a detailed characterization of
the excited state potential, further demonstrating
the utility of ultrafast x-ray scattering for the

study of structural dynamics. Coherent vibration-
al motion in a ferroelectric crystal has also been
observed with ultrafast x-ray diffraction by using
laser-sliced x-ray pulses from a synchrotron (35).
X-ray slicing sources represent an important
development in ultrafast x-ray science with per-
formance attributes distinct fromXFEL sources. A
complementary discussion of nonthermal melting
and displacive excitations, as well as a discussion
of data analysis, can be found in the Supporting
Online Material (SOM) text.

Coherent X-ray Imaging with
Atomic Resolution
Electromagnetic radiation can be used to im-
age objects with a spatial resolution ultimately

limited by the wavelength, l, of the radiation. Im-
age formation can be simply described as inter-
ferometry; the light scattered by an object must
be recombined so that it interferes at the image
plane. Performing this reinterference directly
with an aberration-free lens makes diffraction-
limited imaging possible with visible radiation.
In the simple case of illumination with a coherent
plane wave, the achievable resolution equals d =
l /sin q, where q represents the highest scattering
angle collected by a lens or detector. At x-ray wave-
lengths, however, manufacturing lenses that ac-
cept and redirect light scattered at high angles
becomes increasingly difficult. Focal sizes of tens
of nanometers can be achieved (36), but atomic-
resolution lenses do not appear feasible.

Imaging at near-atomic res-
olution can be achieved without
lenses by conducting the rein-
terference of the scattered light
computationally. The numeri-
cal determination of the image
from the measured x-ray scat-
tering pattern requires that the
phase of the diffracted light be
determined in order to apply
the correct phase shift to each
reinterfering spatial frequency.
Because the detection of the
scattering pattern only mea-
sures the intensity of the scat-
tering radiation rather than the
amplitude, no phase informa-
tion can be directly measured.
Avariety of methods have been
developed for alleviating the
information deficit in crystal-
lography, such as examining
the wavelength dependence of
the diffraction pattern near an
atomic absorption edge or by
knowing part of the structure
or a similar structure. With co-
herent diffractive imaging, an
alternative route to reconstruct-
ing the scattered x-rays into an
image can be used.

Sayre has noted that the
continuous diffraction pattern
of a coherently illuminated unit
cell contains twice the informa-
tion obtained from the diffrac-
tion pattern of a crystalline
arrangement of identical copies
of that unit cell (2, 37). If ade-
quately sampled, this pattern
provides the exact amount of
information needed to solve the
phase problem and determinis-
tically invert the x-ray scatter
pattern into an image of the scat-
tering object. The past several
decades have seen substantial
advances in the experimental
and numerical techniques re-

Fig. 2. Schematic depiction of single-particle coherent diffractive imaging with an XFEL pulse. (A) The intensity pattern
formed from the intense x-ray pulse (incident from left) scattering off the object is recorded on a pixellated detector. The pulse
also photo-ionizes the sample. This leads to plasma formation and Coulomb explosion of the highly ionized particle, so only
one diffraction pattern [a single two-dimensional (2D) view] can be recorded from the particle. Many individual diffraction
patterns are recorded from single particles in a jet (traveling from top to bottom). The particles travel fast enough to clear the
beam by the time the next pulse (and particle) arrives. The data must be read out from the detector just as quickly. (B) The full
3D diffraction data set is assembled from noisy diffraction patterns of identical particles in random and unknown orientations.
Patterns are classified to group patterns of like orientation, averaged within the groups to increase signal to noise, oriented
with respect to one another, and combined into a 3D reciprocal space. The image is then obtained by phase retrieval.
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Figure from Gaffney & 
Chapman, Science 
316, 1444 (2007).

Femtosecond x-ray nanocrystallography 
 > One bottleneck of x-ray crystallography is the need for large-scale 
high-quality crystals, which are very difficult to be grown or are simply 
not available in many cases of interest. 

 > The unprecedented high x-ray fluence from XFELs provides a 
sufficiently large number of photons to enable structure determination 
from diffraction measurements of streams of single molecules and 
nanocrystals. 

 > Due to an extremely high fluence that is ~100 times larger than the 
conventional damage limit, samples are subject to severe damage. 

 > The ultrashort x-ray pulses generated by XFELs enable us to carry 
out “diffraction-before-destruction” within femtosecond timescales to 
suppress nuclear motion. 

 > Electronic radiation damage is unavoidable, which is characterized 
by multiphoton multiple ionization via a sequence of one-photon inner-
shell ionizations and relaxations. 

 > Another bottleneck of x-ray crystallography, the phase problem, 
remains largely unsolved for femtosecond x-ray nanocrystallography.  
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The ground-state configuration for neutral Fe, 

Fe: 1s22s22p63s23p63d64s2 

For electronic damage dynamics of a Fe atom, 27,783 coupled 
rate equations are solved.
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HI-RIP simulations 

L. Galli et al. , J. Sync. Rad. In press (2015)  

LF : low fluence   HF : high fluence 

16 

Phasing solution depends on the RIP peak height and on the quality of the datasets 

Least number of patterns needed per dataset: 

Derivatized 
lysozyme 
(heavy: Gd) 
– LCLS datasets @ 8.5 keV

Gd-lysozyme 
at low fluence

Gd-lysozyme 
at high fluence
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XMDYN: molecular 
dynamics for all particles 
(Zoltan Jurek)

XMOLECULE: detailed 
description on molecules 
(Yajiang Hao, Ludger Inhester, 
Kota Hanasaki)

Dependence of 
MAD coefficients on 
photon energy (ω) 
and fluence (F)

Towards HI-RIP (high-intensity radiation-damage-induced phasing)  
 > Selective ionization of heavy atoms by using high x-ray intensity 

 > Targeting S atoms in native proteins 

 > Like RIP (radiation-damage-induced phasing), 
but no chemical rearrangement during the x-ray 
pulses 

 > Like SIR (single isomorphic replacement), but 
no atomic replacement in sample preparation 

 > Simulation of scattering patterns: stochastic 
ionization to every single atom in the sample 

 > Substructure determination and phasing with 
simulated LF/HF datasets using standard 
software adopted for RIP

Substructure determination

Phase determination

sulfur does not decrease linearly with increasing fluence, but
its relative change is the highest between 5 ! 1012 and
1013 photons mm"2 (see Fig. 1). In general, a larger number of
patterns improves the quality of the HI-RIP solution because
of improved averaging of errors in the Monte Carlo integra-
tion of intensities.

5. Discussion and conclusions

The success of the HI-RIP technique relies on the relative
strength of the scattering factors of the heavy atoms at the two
fluences used, and on the accuracy of the structure factor
measurement. The former is mainly related to the specifica-
tions of the experimental facility, such as the available photon
flux and bandpass, its shot-to-shot variation and the spatial
photon distribution inside the beam profile. The latter is
influenced by errors introduced by the SFX technique, such as
reflection partiality, inhomogeneous crystal size or quality and

non-isomorphism. The Monte Carlo
integration of intensities can help to
average out these error sources, but
a large number of observations are
required. Noise was added to the simu-
lations reported here, which yielded
data with merging statistics similar to
those found with experimental data, but
the simulations make several assump-
tions that might be difficult to achieve
using current FEL technology. First, it
is possible that the shot-to-shot varia-
tion in intensities might contaminate the
high-fluence diffraction data with data
recorded at lower fluences, reducing
the ionization contrast. This could be
avoided by equipping the beamline with
a beam diagnostic monitor after the
interaction region, which could be used
to sort the diffraction snapshots as a
function of the pulse fluence. Second,
the actual beam profile is not a top-hat
function but has wings of lower intensity
surrounding the focus. Crystals which
pass through these regions would be
exposed to lower intensities than those
passing through the focal spot.
Currently there do not exist published
beam profiles for either of the optical
layouts at CXI. We have, however, used
our workflow to make crude estimates
of the effect of a more Gaussian beam
profile, by considering high-fluence
datasets created by averaging intensities
from snapshots at three different
photon flux densities: 1013, 5 ! 1012 and
1012 photons mm"2. Since the low-
fluence data are only affected by a
negligible ionization effect, a single set

at 1011 photons mm"2 was used. It was seen that, using 50000
patterns, phasing is still possible as long as less than 40% of the
reflection intensity measurements are generated from the tail
of the beam. In particular, a dataset composed of 20000
patterns at highest fluence, 20000 at medium and 10000 at low
fluence showed a RIP peak height of about 21 and a best
wMPE of about 20# (roughly twice as large as in the pure
beam case). Doubling the number of low-fluence patterns at
the expense of higher fluence data reduces the RIP contrast
much below 16!, so that no phasing is possible. This indicates
that the HI-RIP method can tolerate a more Gaussian beam
profile. The simulation, however, does not fully model the case
of a Gaussian beam of the same (or smaller) size as the
crystalline sample, where the single diffraction pattern will
contain both high-fluence and low-fluence scattering. This
condition must be modeled with a new set of equations, by
introducing different electronic responses to various X-ray
fluences over the sample. Experimentally, these problems

radiation damage
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Figure 4
RIP peak height, best weighted mean phase error (wMPE), and the number of substructures having
a correctness greater than 80%, as a function of the number of patterns used. The corresponding
low fluence is written in the grey boxes, while the high fluence is shown with different colours (see
legend on the bottom-left corner).

Files: s/xh5042/xh5042.3d s/xh5042/xh5042.sgml XH5042 FA IU-1510/13(16)1 159/52(16)1 () XH5042 PROOFS S:FA:2015:22:2:0:0–0

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

sulfur does not decrease linearly with increasing fluence, but
its relative change is the highest between 5 ! 1012 and
1013 photons mm"2 (see Fig. 1). In general, a larger number of
patterns improves the quality of the HI-RIP solution because
of improved averaging of errors in the Monte Carlo integra-
tion of intensities.

5. Discussion and conclusions

The success of the HI-RIP technique relies on the relative
strength of the scattering factors of the heavy atoms at the two
fluences used, and on the accuracy of the structure factor
measurement. The former is mainly related to the specifica-
tions of the experimental facility, such as the available photon
flux and bandpass, its shot-to-shot variation and the spatial
photon distribution inside the beam profile. The latter is
influenced by errors introduced by the SFX technique, such as
reflection partiality, inhomogeneous crystal size or quality and

non-isomorphism. The Monte Carlo
integration of intensities can help to
average out these error sources, but
a large number of observations are
required. Noise was added to the simu-
lations reported here, which yielded
data with merging statistics similar to
those found with experimental data, but
the simulations make several assump-
tions that might be difficult to achieve
using current FEL technology. First, it
is possible that the shot-to-shot varia-
tion in intensities might contaminate the
high-fluence diffraction data with data
recorded at lower fluences, reducing
the ionization contrast. This could be
avoided by equipping the beamline with
a beam diagnostic monitor after the
interaction region, which could be used
to sort the diffraction snapshots as a
function of the pulse fluence. Second,
the actual beam profile is not a top-hat
function but has wings of lower intensity
surrounding the focus. Crystals which
pass through these regions would be
exposed to lower intensities than those
passing through the focal spot.
Currently there do not exist published
beam profiles for either of the optical
layouts at CXI. We have, however, used
our workflow to make crude estimates
of the effect of a more Gaussian beam
profile, by considering high-fluence
datasets created by averaging intensities
from snapshots at three different
photon flux densities: 1013, 5 ! 1012 and
1012 photons mm"2. Since the low-
fluence data are only affected by a
negligible ionization effect, a single set

at 1011 photons mm"2 was used. It was seen that, using 50000
patterns, phasing is still possible as long as less than 40% of the
reflection intensity measurements are generated from the tail
of the beam. In particular, a dataset composed of 20000
patterns at highest fluence, 20000 at medium and 10000 at low
fluence showed a RIP peak height of about 21 and a best
wMPE of about 20# (roughly twice as large as in the pure
beam case). Doubling the number of low-fluence patterns at
the expense of higher fluence data reduces the RIP contrast
much below 16!, so that no phasing is possible. This indicates
that the HI-RIP method can tolerate a more Gaussian beam
profile. The simulation, however, does not fully model the case
of a Gaussian beam of the same (or smaller) size as the
crystalline sample, where the single diffraction pattern will
contain both high-fluence and low-fluence scattering. This
condition must be modeled with a new set of equations, by
introducing different electronic responses to various X-ray
fluences over the sample. Experimentally, these problems

radiation damage
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Figure 4
RIP peak height, best weighted mean phase error (wMPE), and the number of substructures having
a correctness greater than 80%, as a function of the number of patterns used. The corresponding
low fluence is written in the grey boxes, while the high fluence is shown with different colours (see
legend on the bottom-left corner).
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(Left) Correlation coefficient 
ratios with SHELXD as a 
function of scaling factor k,  
(Right) Correctness of sub-
structures as a function of k, 
purple: correctly identified, 
black: not identified

Phased difference (Fo–Fo) Fourier map 
superposed to the CatB model. Contoured at 
4.5σ. S atoms are represented by yellow sticks.

Phased difference (Fo–Fc) Fourier map 
superposed to the Gd-Lys model.  
Data to 1.9 Å, contoured at 4.5σ. ➔ 8.8~12e–

Anomalous refinement of f’ and f’’
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Towards HI-SAD (high-intensity single-wavelength anomalous diffraction) 

Experimental analysis

Towards HIP (high-intensity phasing) with experimental data

 > Low-fluence: Gd-derivatized lysozyme ➔ 391,214 patterns collected 

 > High-fluence: native (Gd-free) lysozyme ➔ 591,966 patterns collected 

 > Demonstrate an experimental evidence of a scattering strength contrast between LF/HF datasets 

Issues on discrepancy between theory and experiment 

 > ionization dynamics based on an atomic model 
    – relativistic treatment for heavy atoms 
    – molecular environment 
    – local plasma environment / collisional ionization 

 > unknown x-ray beam profile 

 > self-gating of the Bragg peaks 

 > ionization-induced fluctuation 
at high x-ray intensity 

 > crystal size 

 > scaling procedure 

LF HF

HA-deriv. HA-free

– =

substructure

Scattering strength after volume 
averaging over spatial and 
temporal profile of the x-ray beam:

The LF/HF contrast depends on the 
spatial shape of the x-ray beam and on 
the Bragg termination effect.

5e–

conventional 
crystallographic software

full expression from 
generalized KH equation
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LF HF

LF HF

R(solve) 0.338 0.355

R(free) 0.264 0.457

Least # of patterns needed per dataset
Theoretical estimation: 11~25e–

Experimental analysis: 5~12e–

SAD phasing with Phenix

Substructure determination with experimental data 

CXI beamline, 6 keV, 40 fs pulse duration, 3 mJ pulse 
energy, 0.1 µm focus 

HF: est. 4×1012 ph/µm2 ➔ ~37,000 patterns collected 

LF: 5~15% ➔ ~32,000 patterns collected

Galli et al., (in preparation).

Galli et al., J. Synch. Radiat. 
(in press, 2015).

Galli et al. (submitted, 2015).

RIP phasing with SHELXE
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