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High-Energy Density Science

Applications and potential of XFEL radiation for foams and
hydrodynamic instabilities
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Initial seeds are amplified during the convergence

RTI growth starts from ablator

(1) RTI at ablation front surface roughness (and imprint
surface modulations in Direct Drive)
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Laser imprint is only visible after RTI amplification

Velocity modulation

y (microns)

Shock Modulation Measurements
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Hydrodynamic instabilities are seeded by shock
modulations. In direct drive, the dominant source
is laser imprint, while target imperfections—
such as shell defects, ice roughness, and

-200 0
mounting features (fill tube, stalk, tents)—also X (microns)

contribute to nonuniformities in both direct and

indirect drive. Shock modulations are measured
using the 2D velocity interferometry system for

any reflector (VISAR) or OMEGA high-resolution
velocimeter (OHRV) diagnostics.

J Could we find a way to initialize DD hydro simulations with the speckle pattern of the drive
beam ?
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Advanced IFE concepts rely on ablators with internal defects,
microstructures

Stitching artifacts

FIG. 2. The oriz%ind prototype 2PP PDD-WF capsule (A. Haid, GA) presented
by Olson ef al.” was not gas-tight due to stitching artifacts as evidenced by an
x-radiograph.
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X-ray phase contrast imaging for optically thin sample

~Electron density «—— refraction

n=1—>‘6+i,6’k

absorption— ~|on density

Free propagation

-
SN

Absorption Phase

— A

| Detector

~— Xrays

Transport of intensity equation:

zly6
leper(,9,2) = Ioexpl—u R(x,y)] = = = Viexp[-u R(x, )]

Transmission « Phase »
Grating X-ray interferometry (ex: Talbot):
2nx AV
[(x,y,2) = Ixpc;(x,y,2z) + B(x,y,2) - sin + d)samp]
Werr

With I the illumination function, u = 4;"‘3/11 the absorption coefficient, and
Wz the effective angular resolution, R(x, y) the integrated thickness of the sample

r, A2
(‘,0\6 6= ;n Me

0/ 2 .
g™ §=1-Re 1—L-(1—i@)

2 2
w +vei w

Signal (a.)
oo o

" Xerays
™ Hz=DR

8th International Conference on Frontier in Diagnostic Technologies - 19-21 oct 2026

DRESDEN
concept

SCIFNGF AKD



Propagation-based X-ray phase contrast imaging analysis -
Z
Ixpci(x,y,2) = lpexpl—p R(x,¥)] — TOViexp[—u R(x,y)]

How to <
- extract 27T
Free propagation
M (ibsamp? qbsamp = 7.]. 6dz
/ \ With § = constante :
Absorption Phase Psamp = ZALSR(JC, y),  with R the projected thickness
r
[ A — For collimated beam
| Detector | 1 Fllxpcr (2, v, 2p) /1]
A R(x,y,zp) = —ln(T‘l{u
Yoo U zpblk, |* +u
Zp For diverging beam, ,
1 FIM* - Ixpci (X, ¥, 2p) /o] , T
Ry (x,y,zp) = —In (T‘l {u , With M the magnification
v MoV 500 = 250k, [2/M +

= _nu'R(xry) . .
— Xerays ‘ Tsamp =€ ’ Low-pass filter : the postprocessing
b _ 2mé R(x,y). will always be lower resolution than
mr A ’ the raw data

Drawback of the method: 4 and § have to be known | & N\ cr——=

*D. Paganin, et al, Journal of Microscopy, 206: 33-40, (2002) 8th International Conference on Frontier in Diagnostic Technologies - 19-21 oct 2026




Example of RTI developments observed at the BL3-EH5 SACLA

s T 1.0 , —T v
Transmission CHBr/foam Projected phase CHBr/foam

XPCI after 3.5 0.40 - 0.9 0.40 - —5
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0.30 0.30 E
25 - 0.7 + -15 4
2 = g
2_02 0.6 7 -20 %
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15% 055 —25 73
s - g
0.4 -30 8
1.0 a

0.3 -35

0.5
0.2 —40
0.0 0.1 0.2 0.3 0.4 0.5
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Post processing: F. Barbato from data in 2G. Rigon et al, Nature Communication, 12, 1,
(2021)

XPCI enables net enhancement of interfaces due to réfraction happening at the edges of the RTI fingers.

No additional features which is not already enhanced and visible in the raw image will be added after the phase retrieval
compared to transmission.
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X-ray grating interferometry analysis using FFT

I(x,y,z) = A(x,y,2z) + B(x,y,2) - sin[g]
S
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Transmission (mass density):
A . ] .
T = Aper, with A = Ixpc(x,y,2) B(x,y,z2) - sin[p]| =Be'?
ref
using:
Dark field (small angle X-ray scattering): In(Be'®?) = In(B) + igp,
14 B 1 . B . e i ! i i
DF = ln( Per) _ ln( per _), with V = Z the fringe visibility The fringes’ amplitude and phase can be splitted.
Vref Bref T 4 Not of caution : ¢ still needs to be unwrapped

Phase difference (electron density):
AP = QPper — Pref = mﬂ,with @ the interferogram’s phase, and ¢ the X-ray wavefront's phase
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Preliminary ttess of simultaneous phase, transmission, and dark
field in single shot at SACLA XFEL
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* At equal spatial resolution, dark field imaging shows increased sensitivity

V.Bouffetier et al, Rev. Sci. Instrum. 96, 123508 (2025)
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Compound refractive lens based imaging

* Point projection scheme

s D \
— gra’lcing
a -'T Sample E
f ——---l.l..l‘l..l-‘|il f i
CRL stack
dt
; : S+D
magnification: M = —
* Direct imaging scheme
2 D :
grating
Sample “'—-'v E
dt
Sample position : ~ + - = =
Plep s D f
. . D D—
magnification: M = — = Tf

*E. Galtier et al, Scientific Reports 15.1 (2025): 7588.

€ L >
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THE II_\_ITEsACTION EHAEER : SUB-MICROMETER RESOLUTION IMAGING PLATFORM

3 schemes:

= Point-projection (CRL4a):
< 1lum - 100 um FoV on target

® Imaging (CRL4b):
>100um FoV on target

®m  Combination of both (CRL4a + CRL4Db):
<lum — 100 um FoV on target

In all cases we attain resolution < 1um (limited by
SASE bandwidth)

* Optique Peter microscope:
- Zyla camera: 6.5um pixel size
- microscope objective 2X, 7.5X, 10X

For Imaging demonstrated:
~500 nm with SASE
~200 nm monochromated beam
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i
X-ray imaging in IC1

Wire compression using RELAX laser

** Imaging shocks in polystirene generated with

_ _ _ _ _ _ DIPOLE laser using Talbot interferometry
*Direct imaging: **Direct vs Talbot imaging:
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Free propagation imaging vs grating interferometry
Grating interferometry enables better sensitivity to retrieve features not visible even with propagative
XPCI

Grating interferometry

173 um

A
\4

205 um
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Phase imaging of shocks with Talbot Grating Interferometry

Comparison of differential phase from grating Comparison of differential phase from grating
interferometry vs simulated absorption imaging interferometry vs volumic mass maps
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Additional images and descirptions in C. Parisuana et al, PoP, (2025) * Simulation: T. Goudal

The greater sensitivity in phase contrast imaging enables a more direct comparison between simulations and
experiments thanks to the greater details in hydrodynamic structures
15 S I A=
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Advanced characterization of turbulent mixing with X-ray interferometry

Postprocessing: M.P. Valdivia

Density retrieval from phase maps

n.dz
9.75

— )

Po

e
6.93

P 4.11

1z-WO 1z0T]

“Local” density ~ 2.0 x1022 cm"3

1.29

-1.53

=> mix of ~30% foam ~70% pusher T 5%

Retrieval of electron density from phase maps
(as shown above) and ion density from transmission
will enable to retrieve local average Z to characterize

the mixing induced by RTI.

DRESDEN
ccccc ") HzZDR

8th International Conference on Frontier in Diaghostic Technologies - 19-21 oct 2026



Conclusions and perspectives

XFEL provide highly coherent light which is ideally suited for phase sensitive imaging
XFEL light can enable submicron resolution down to a few hundred nm (no motion blurr)
Advanced phase imaging techniques enable to retrieve subtil changes in density maps

3D probing may enable to improve our understanding of plasma hydrodynamics in near
future
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i
XFEL facilities may enable to overcome 2D probing limitations

Talbot-¥PCl cold target Transmission (normalized) Talbot-XPCI: Y-gradient Talbot=-XPCl; Phase Integrated
d. overlapping TPP lattice drawing b. g 35 mgiem? tited lattice C. P = 35 mgfem * tilted lattice d. py=35 mgfom ¥ tilted lattice

Pa = 35 mgfem 2 tilted lattice t=21ns t=21ns te2lns

T T T

-

C. Parisuana et al, PoP, 2025

(b)
: é ¢ 2D MHz detectors
_ Crystal beam splitters _» Sample ;{ﬂ::cliiirr::rtabeam

Dyramic Direct X-ray beam SPBfSFX 1 \ _- % H E:H E

Sample X-ray pulse train ‘. \ Cr 440 x .
Direct X-raybeam C(111) Lave C* (220), Lave  Bentcrystal N\ vac ce scintillator

w1 1:1 optcal taj
Beam Splitters T LA

10 Hz sCMOS camera

. . . . . . . Spectrometer
Pablo Villanueva-Perez et al, Megahertz X-ray Multi-projection imaging, arxiv, (2023)

Instabilities are inherently 3D. 2D maps from radiography only offer limited information due to
depth integration over the target

3D imaging will be tested at HED in spring 2027 to overcome this aspect
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