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A major limitation to the use of coherent X-ray diffraction imaging (CXDI) for

imaging soft materials like polymers and biological tissue is that the radiation

can cause extensive damage to the sample under investigation. In this study,

CXDI has been used to monitor radiation-induced structural changes in metal-

coated poly(methyl methacrylate) microspheres. Using a coherent undulator

X-ray beam with 8.10 keV photon energy, 14 tomograms at a resolution of

�30 nm were measured consecutively, which resulted in an accumulated dose

of 30 GGy. The three-dimensional images confirmed that the polymer core

was strongly affected by the absorbed dose, giving pronounced mass loss.

Specifically, as the metal–polymer composite was exposed to the X-ray beam, a

bubble-like region of reduced density grew within the composite, almost filling

the entire volume within the thin metallic shell in the last tomogram. The bubble

seemed to have its initiation point at a hole in the metal coating, emphasizing

that the free polymer surface plays an important role in the degradation process.

The irradiation of an uncoated polystyrene microsphere gave further evidence

for mass loss at the free surface as the radius decreased with increased dose. The

CXDI study was complemented by X-ray photon correlation spectroscopy,

which proved efficient in establishing exposure dose limits. Our results

demonstrate that radiation-induced structural changes at the tens of nanometer

scale in soft materials can be followed as a function of dose, which is important

for the further development of soft-matter technology.

1. Introduction

Understanding and mitigating the effects of radiation damage

are important for X-ray microscopy, in particular when dealing

with soft systems like biological and organic materials that

have low radiation tolerance (Jacobsen, 2016). Also, in related

fields like medical imaging, reducing the radiation dose is of

prime importance (Fazel et al., 2009). Therefore a compromise

must be found between acceptable radiation doses and the

desired imaging resolution. It is clear that given a certain

maximal radiation dose for a specimen there is a corre-

sponding limit to the imaging resolution that can be obtained

(Howells, Beetz et al., 2009). In recent years, X-ray microscopy

and tomography techniques have made significant strides

towards imaging at <10 nm resolution (Miao, Ishikawa et al.,

2003; Takahashi, Nishino et al., 2010; Takahashi, Zettsu et al.,

2010; Xu et al., 2014; Holler et al., 2014). New microscopy

approaches like coherent X-ray diffractive imaging (CXDI)

suffer from similar limitations when it comes to radiation
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damage affecting the image resolution as more established

phase-contrast X-ray microscopy techniques. To circumvent

the radiation damage problem, concepts like serial crystal-

lography are currently being developed to image atomic-scale

features with extremely bright beams, exploiting series of

(nearly) identical samples. Although the imaged sample is

likely to be destroyed when exposed to the intense X-ray

beam at X-ray free-electron sources, each scattering pattern

can be recorded over a period shorter than the time the

sample takes to decompose (Schlichting, 2015). By repeating

the imaging-before-destruction process for a large number

of samples, sufficient scattering signal can be collected for

analysis (Schlichting, 2015). However, serial crystallography

requires a large number of identical samples, and is thus only

suitable for well defined and reproducible molecules, like

folded proteins. Although several studies focus on the relation

between beam damage and image quality in X-ray imaging

(Howells, Hitchcock et al., 2009; Starodub et al., 2008;

Jacobsen, 2016; Shen et al., 2004; Howells, Beetz et al., 2009),

there is still a need for systematic experimental studies that

investigate the radiation effects in situ.

CXDI is a microscopy technique utilizing coherent X-ray

scattering in the far-field regime to image the sample (Miao,

Ishikawa et al., 2003; Sayre & Chapman, 1995; Sayre et al.,

1998; Chapman et al., 2006; Miao, Amonette et al., 2003;

Rodriguez et al., 2015; Shapiro et al., 2005). The recorded

diffraction patterns are fed into a numerical iterative phase-

retrieval algorithm, which iterates by Fourier transformations

between real space and reciprocal space while applying

suitable constraints to reconstruct real-space images of the

electron density. Because the technique is sensitive to the

phase shift of the X-ray photons propagating through the

sample, it is well suited for imaging samples consisting of light

elements, where the absorption contrast is too low to give a

sufficient signal-to-noise ratio. CXDI has proven to be well

suited for imaging biological samples (Shapiro et al., 2005;

Song et al., 2008; Nishino et al., 2009; Jiang et al., 2010). Several

studies have shown that CXDI is capable of sub-10 nm reso-

lution in 2D and 3D (Miao, Ishikawa et al., 2003; Takahashi,

Nishino et al., 2010; Takahashi, Zettsu et al., 2010; Xu et al.,

2014). However, these high-resolution studies have been

performed on radiation-tolerant inorganic test samples with

large scattering cross sections, typically silver or gold.

Achieving high resolution of samples consisting of lighter

elements has proven more challenging (Jacobsen, 2016).

The spatial-temporal correlations of a series of scattering

patterns, often applied to dilute solutions, can be studied by

X-ray photon correlation spectroscopy (XPCS) (Sutton et al.,

1991; Leheny, 2012; Livet, 2007; Grübel & Zontone, 2004).

For ergodic systems, the intensity auto-correlation function

g2(q,�) can be analyzed through well established analytical

expressions to extract, for example, diffusion constants. In the

current case of structurally rigid degrading composites, the

assumptions of independent scatterers and an ergodic system

are clearly not fulfilled because most of the scattering material

(composite core and shell) is spatially fixed during the

measurement. However, the decay of g2(q,�) can provide

information about the temporal stability under the exposure

to the X-ray beam, as we shall demonstrate.

While it is true that X-rays generally interact weakly with

materials, the ionizing nature of high-energy photons induces

radiation damage in the irradiated material. Particularly for

soft organic materials, including biological samples, radiation

damage can be the limiting factor to the spatial resolution

(Howells, Beetz et al., 2009). Considerable efforts are thus

invested into methods for reducing the absorbed dose. It is

instructive to recall that radiation damage can broadly be

categorized into primary and secondary effects (Jacobsen,

2016). Primary radiation damage is caused directly by

absorption of X-ray photons, producing free radicals and local

defects, like chain scission in the case of polymers. The

absorption cross-section of X-ray photons depends only on the

specific element and the radiation wavelength, and it is thus

generally not possible to prevent primary radiation damage.

The secondary radiation damage, on the other hand, refers to

the diffusion of free radicals in the material specimen, causing

additional damage, including mass loss. The secondary radia-

tion damage can be strongly suppressed by various means, like

replacing the ambient oxygen-containing atmosphere by inert

gases (typically He, N2 or Ar) to reduce the formation of

oxygen radicals, or by cryogenically cooling the sample to

reduce the diffusion rates (Schlichting, 2015).

Here, we present a quantitative microscopy study of metal–

polymer composite microspheres, with particular attention

given to the radiation-induced mass loss. The samples studied

were monodisperse polymer spheres, also known as Ugelstad

spheres (Ugelstad et al., 1980). These beads can be function-

alized or coated with different materials depending on their

application. Ugelstad beads have applications in diverse areas

of science and technology, e.g. in conductive adhesives in the

electronic industry (Kristiansen et al., 2004, 2005), for separ-

ating bio-reactive molecules (Ugelstad et al., 1993), for fluor-

escence tracking inside cells (Rembaum et al., 1982) and in

cancer therapy (Anderson et al., 1989). Both metal-coated and

bare Ugelstad spheres were studied in the present work. A

typical polymer used for these beads is poly(methyl-metha-

crylate) (PMMA). PMMA is known to be susceptible to

radiation damage: fragmenting the polymer backbone creates

by-products such as H+, CH2
+, CH3

+ and CHO+ (Tinone et al.,

1994) and the polymer experiences mass loss (Beetz &

Jacobsen, 2003; Coffey et al., 2002). It is also known that one of

the primary radiation damage mechanisms is the breaking of

C O bonds, as this degradation is independent of the sample

temperature (Beetz & Jacobsen, 2003). The oxygen mass loss

is, however, correlated to the temperature, and the mass loss

can be strongly reduced by decreasing the temperature (Beetz

& Jacobsen, 2003). The results and methods presented here

can be generalized to estimate the radiation sensitivity for

future CXDI experiments where soft organic, including

biological, materials are imaged. By using the experimental

synchrotron techniques of 3D CXDI and XPCS, the degra-

dation process of the polymer core could be followed at

about 30 nm resolution, sufficient to directly observe the

mass loss.
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2. Experimental setup

2.1. Sample systems

The sample systems studied were (i) composite metal-

coated Ugelstad polymer microspheres and (ii) bare

(uncoated) Ugelstad polystyrene (PS) microspheres. Both

were prepared by the Ugelstad technique (Ugelstad et al.,

1980). The composite microspheres consisted of a PMMA

polymer core of 3 mm diameter and three layers of coating.

The supplier (Conpart AS, Skjetten, Norway) specified the

thicknesses of the coatings to be made of 100 nm nickel, 20 nm

gold and 35 nm SiO2, with nickel being the innermost coating,

and SiO2 the outermost. The uncoated PS sphere had a

diameter of 1.19 mm. The spheres were electrostatically

sticking to a 100 nm-thick Si3N4 membrane, purchased from

Silson Ltd, and placed on a rotation stage as indicated in Fig. 1.

2.2. Coherent X-ray microscopy

The experiment was performed at the ID10 beamline at the

ESRF in France. The X-ray beam energy was selected by a

Si(111) monochromator after collimation by two sets of high-

power slits and focused by compound refractive lenses (CRLs)

(Lengeler et al., 2005), located at 53.5 m from the undulator

source. The sample was positioned 7.5 m downstream from the

CRLs. The longitudinal coherence length was �0.5 mm and

the transverse coherence length was �5 (25) mm in the hori-

zontal (vertical) plane. The coherent part of the beam was

selected by roller-blade slits (Bolloc’h et al., 2002) with a

10 mm � 10 mm opening 55 cm upstream from the sample. A

flight tube was positioned between the sample and detector, to

reduce air scattering and absorption. The scattering patterns

were collected by a Maxipix detector with 55 mm � 55 mm

pixel size (Ponchut et al., 2011). The intense direct beam was

blocked by a beam stop to prevent damage to the detector. For

the experiments with composite microspheres the photon

energy was 8.10 keV (� = 0.153 nm), the sample detector

distance L = 3.235 m, and the photon rate of the beam was

5.6 � 1010 s�1. For the experiments on bare PS spheres the

photon energy was 7.00 keV (� = 0.177 nm), L = 2.615 m and

the photon rate 2.0 � 1010 s�1.

To directly monitor the evolution of radiation damage

in 3D, 14 consecutive 3D tomograms were collected of a

composite microsphere. Each scan consisted of rotating the

sample about the y-axis from �81.0� to 62.9� with respect to

the incoming beam, in 0.33� steps. At each projection angle, a

scattering pattern was recorded using an exposure time of

0.9 s. In addition, the microsphere was realigned in the beam

every ten projections, so the total exposure time of the sample

to the X-ray beam was roughly 480 s per tomogram.

The reconstruction algorithm used in this work is the

Hybrid Input–Output (HIO) plus Error Reduction (Fienup,

1982), and the Shrink-Wrap algorithm (Marchesini et al., 2003)

for support refinement. The numerical CXDI reconstruction

applies constraints in both real and reciprocal space. The first

constraint is that the scattering pattern of the reconstructed

object should match the measured scattering pattern, and the

second is that the sample is limited by a support that repre-

sents the area/volume of the sample in the field of view. As

discussed by Thibault et al. (2006), the reconstructed image

can be decomposed into a sum of functions (or modes),

because of the linearity of the Fourier transform. If a mode is

constrained in space to be within the sample support, and the

Fourier transform of this mode only has non-zero amplitude

values where the scattering pattern is not measured, then this

function is called an ‘unconstrained mode’. Unconstrained

modes might appear superposed on the constrained modes

forming the imaged object, and can cause unrealistic density

variations in the reconstructions. Non-measured scattering

angles can be caused by gaps between detector modules, or by

a beam stop blocking the lowest scattering angles. The upper

bound to the number of unconstrained modes M can be

calculated as (Thibault et al., 2006)

M ¼
NS NC

N 3
; ð1Þ

where NS is the number of voxels inside the support, NC is

the number of unmeasured frequencies and N 3 is the number

of voxels in the reconstructed cubic field of view.

The reconstructed tomograms showed artifacts caused by

unconstrained modes as described above. The unconstrained

modes manifested themselves as unrealistically high-density

values in the core of the sphere. The reconstruction was

expanded in Hermite polynomials as carried out by Thibault et

al. (2006), but in our case only the eight strongest uncon-

strained modes were subtracted from the reconstruction to

reduce the strongest artifacts, despite the high number of

unconstrained modes in our reconstruction (>1000), as

calculated from (1).

For the bare PS sphere, 165 scattering patterns were

recorded, each with an exposure time of 20 s, resulting in a

total accumulated exposure time of 3300 s. The size of the

sphere could be measured by fitting the form factor of a

perfect sphere to the experimental scattering pattern. The
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Figure 1
Sketch of the experimental setup. The micro-composite sample to be
studied was electrostatically sticking to a silicon nitride membrane and
illuminated by coherent X-rays. The membrane was placed on a stage
which could be rotated about the y-axis. The scattering patterns were
collected by a Maxipix detector. The L-shaped beam stop is indicated
in green.



measured 3D electron density distribution in the spherical

composites allowed the absorbed radiation doses to be

precisely estimated.

2.3. XPCS

For the XPCS analysis a series of 10000 scattering patterns

from a metal-coated polymer sphere was recorded with an

exposure time of 2.0 s per frame, so that the total exposure

time was 20000 s. The scattering patterns were analyzed using

in-house XPCS software to calculate the correlation function

g2 as described later.

3. Results and discussion

3.1. Experimental coherent scattering patterns

A representative scattering pattern of a metal-coated

PMMA sphere obtained with 2.0 s exposure time is given in

Fig. 2(a). The concentric intensity circles around the scattering

pattern center are consistent with the imaged metal-coated

bead having a spherical shape. The discontinuous speckled

pattern at high q arises because of imperfections in the sphere.

A clear beating is seen in the scattered intensity, caused by the

thin metallic coating, which is also seen in the azimuthally

integrated intensity (cf. Fig. 2b).

For estimating the absorbed dose, a model of the multilayer

sphere was constructed with the radially varying electron

density �e(r) fitted to the experimental scattering pattern. For

optically thin objects the paraxial transmission function of an

object can be calculated in the projection approximation

(Dierolf et al., 2010) [see also (Skjønsfjell et al. (2018) for a

discussion],

Tðx; yÞ ¼ exp
2�i

�

Z �
�ðrÞ þ i�ðrÞ

�
dz

� �
: ð2Þ

Here, � is the wavelength of the X-ray beam, � and � are the

decrements of the refractive index n = 1 � � + i�, and the

X-rays are considered to propagate in the z-direction. � is

given by � = 2�re�e=k 2 (Als-Nielsen & McMorrow, 2011),

where re = 2.82 � 10�15 m is the Thomson scattering length,

and k = 2�/�. The wavefront  just after the object is then

given as the product between the incoming wavefront  0,

often taken to be a plane wave, and the transmission function,

 =  0T. In the Fraunhofer regime, the recorded scattered

intensity pattern I at the detector a distance L from the sample

can then be calculated as the absolute square of the Fourier

transform of  . Note that if the phase shift experienced by the

X-ray beam upon traversing the sample is small, and the

kinematical approximation can be used, then the scattered

intensity is given by the absolute square of the Fourier

transform of the electron density distribution.

The fitted electron density and azimuthally integrated

intensity of the experimental and theoretical scattering

pattern can be seen in Fig. 2(b).

3.2. 3D CXDI of mass loss

The series of 3D tomograms revealed directly how a metal-

coated sample was affected by beam damage at a resolution of

�30 nm. The exact same sample was imaged repeatedly, and

only the accumulated exposure time of the bead to the X-ray

beam differed between the tomograms. Fig. 3 shows cross

sections at the same plane through the imaged particle, for six

selected 3D tomograms. The zebra-like intensity variations are

known to arise from missing low-q data, caused primarily by

the missing wedge and the beam stop

(Thibault et al., 2006). More interest-

ingly, one can see that a bubble of

reduced density develops in the poly-

meric core of the composite. Because

the only parameter that changed

between the tomograms was the inte-

grated exposure time, it is clear that

the low-density region was caused by

radiation damage. The bubble grew

monotonically larger for each subse-

quent tomographic measurement. Fig. 4

shows a 3D rendering of the bubble

inside the bead developing as a function

of exposure time. Because of the

faint density differences between the

polymer and the bubble, the segmenta-

tion was performed manually. Despite

the inherent ambiguity in the exact

interpretation of each individual tomo-

gram, the mutually consistent 3D

reconstructions establish the presence

of a growing low-density bubble. After

an integrated exposure time of 6720 s

one can see that the bubble of low-

research papers

J. Synchrotron Rad. (2018). 25, 1162–1171 Eirik Torbjørn Bakken Skjønsfjell et al. � In situ coherent X-ray diffraction imaging 1165

Figure 2
(a) A typical experimental scattering pattern from a metal-coated microsphere. The sample is close
to a perfect sphere as seen from the concentric circles. The speckles originate from structural
imperfections, mainly in the metallic coating. The direct beam was blocked by a beam stop,
indicated by the green rod. The color scale gives the log10 value of the photon count per pixel per
second. The white half-circles represent q = 0.018 nm�1, 0.03 nm�1 and 0.05 nm�1. The inset gives a
magnified view of the region within the square, highlighting the concentric scattering rings.
(b) Azimuthally integrated intensity of the experimental scattering pattern, and the calculated
scattering pattern from the model sphere. The radial electron density of the model sphere is shown
in the inset. The intensity beating, with period q’ 0.055 nm�1, is caused by the metallic coating. The
fit is in good agreement with the experimental data. A constant background of 3.5 counts s�1 has
been added to the fitted curve.



density polymer fills almost the entire core of the sphere, as

indicated in Fig. 4(e).

Already in the first tomographic reconstruction, as seen

in Fig. 4(a), the micro-composite had a sizable internal bubble.

This initial bubble might be caused by the radiation dose

delivered when aligning the sphere in the X-ray beam, and

when pre-imaging the particle with

scanning electron microscopy (results

not shown). From the 3D images, it is

evident that the bubble was developing

from a hole in the coating marked with

the blue arrow in Fig. 4( f). The fact that

the bubble had a comparably large size

already in the first tomogram testifies

that performing high-resolution imaging

on these particles is challenging because

of the radiation damage.

The polymer–bubble boundary

moved several pixels, corresponding

to about 50 nm, between each recon-

structed tomogram. Note that the

reconstructed images necessarily repre-

sent an averaged structure during the

time span of the tomographic measure-

ments; it is fascinating that the CXDI

reconstruction algorithm is able to

provide sharp 3D images of an object

that principally changes between each

X-ray exposure. Consequently, it is also

important to compare single exposures,

during which the structure changes

negligibly.

Azimuthally averaged scattering patterns for a fixed

projection angle of ’ = 0� from the series of tomography

measurements were fitted in the same way as the scattering

pattern in Fig. 2(b). For the last tomographic exposure, models

where the density of the polymer core was 65–75% of the

original polymer density gave good fits to the experimental
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Figure 3
Tomographically reconstructed slice of the sphere in the xy-plane after cumulative exposure times of (a) 960 s, (b) 1920 s, (c) 3360 s, (d) 4320 s, (e) 5760 s
and ( f ) 6720 s. (Corresponding doses: 4.2, 8.6, 15, 19, 26, 30 GGy.) A region of low-density polymer is developing in time, starting from the lower left
region of these projections, as highlighted by the red arrows. The color bar gives the electron number density per cubic Ångström.

Figure 4
A series of 3D semi-transparent renderings of the polymer core. The same microsphere was exposed
to the X-ray beam for (a) 480 s, (b) 1440 s, (c) 2880 s, (d) 4800 s and (e) 6720 s. (Corresponding
doses: 2.2, 6.5, 13, 22, 30 GGy.) The painted semi-transparent silver color illustrates the metal
coating, the green color represents the polymer core and the aqua color represents polymer of
reduced density. After almost two hours of integrated exposure, the bubble fills 97% of the volume
inside the metal coating, as seen in (e). ( f ) An xy-cross section of the first tomogram (t = 480 s)
showing a hole in the coating, indicated by the blue arrow. The hole in the coating appears to be the
initiation point of the bubble. The color bar gives the electron number density per cubic Ångström.



scattering pattern (not shown). However, the changes between

the averaged scattering patterns from the different tomo-

graphy series were not large enough to draw clear-cut

conclusions, as demonstrated in Fig. 5. The scattering curves

are all similar, suggesting that conventional SAXS analysis is

not capable of resolving the density transformation in the

polymer core. Our understanding is that in the conventional

SAXS approach the slight changes cannot be discerned in the

azimuthally averaged (1D) single projections owing to insuf-

ficient signal-to-noise ratio. On the other hand, CXDI involves

both phase retrieval, more than 430 projections and no

azimuthal averaging, allowing the object to be reconstructed

in 3D. The subtle density changes, notably the bubble

formation, can be discerned precisely because the CXDI

analysis allows the electron density to be visualized in 3D.

The volume of the bubble inside the microsphere as a

function of exposure time is plotted in Fig. 6. One can clearly

see that the bubble inside the microsphere is increasing as a

function of time, consistent with radiation-induced mass loss.

The fitted line in Fig. 6 is given by

Vbubble ¼ V0

n
1� exp � t � t0ð Þ=�0

� �o
; ð3Þ

where t0, �0 and V0 are fitted to be �680 s, 2350 s and 16 mm3,

respectively, and t is the cumulated exposure time. The time

constant �0 corresponds to a dose of 11 GGy. Describing the

bubble volume in this form is motivated by the fact that it

exhibits a smooth development towards the total polymer

volume V0. V0 matches well with the measured volume of the

initial polymer core of 15.5 mm3, and t0 gives an estimate of the

effective exposure time prior to the start of the experiment.

There is a clear correlation between the development of the

bubble and the outer boundary of the high-density polymer.

The transformation from high- to low-density polymer starts

at a hole in the metallic coating, where the polymer is exposed

to air. During the X-ray exposure the boundary between the

high-density polymer and low-density polymer moves,

suggesting that the mass loss occurs where the high-density

polymer is exposed to the low-density polymer.

3.3. Mass loss from an uncoated PS sphere

How the bare (uncoated) PS sphere lost mass and literally

shrank as a result of the radiation exposure can be seen in

Fig. 7. The radius of the particle decreased as the accumulated

dose increased, and the development was linear. Note that this

is consistent with the results presented above for PMMA: the

radiation-induced mass loss takes place at the free surface.

For the bare polymer particle, this implies a regular decrease

of the radius with time.

As a consistency check, we note that as mass is lost from the

PS sample the scattered intensity should decrease. For the

data in Fig. 7, the radius decreased from 0.57 to 0.47 mm over

the course of the experiment (3300 s). This corresponds to the

volume decreasing to 56% of its initial value. As the SAXS

intensity is proportional to the square of the particle volume,

the scattered intensity should drop to I/I0 ’ 31%. As seen

in Fig. 7(d), the integrated scattered intensity in the forward

direction (q ’ 0) falls off by 44%, consistent with the fact

that the radius of the sphere decreases and there being less

material to scatter.

3.4. XPCS analysis

Radiation dose is proportional to the number of absorbed

photons and hence to the exposure time. During the XPCS

measurements the sample was continuously illuminated by

X-rays. Following the almost linear decrease of the scattered

intensity with exposure time (Figs. 7c and 7d), it is clear that

the radiation damage is a continuous process which suggests

a connection between the exposure time and the intensity

correlations to be established. In other words, we assume that

as a first-order approximation the response to an additional

radiation dose is the same independently of the accumulated
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Figure 5
Azimuthally averaged scattering patterns from different tomogram series.
The integrated scattering patterns are taken for the same sample
projection angle ’ = 0�. There are only small differences between the
scattering curves. The black vertical lines have been added to help see
that the local scattering maxima are at the same position for all scattering
curves. Each scattering curve has been offset by a factor of five. The
corresponding doses are 2.2, 8.6, 17, 26 and 30 GGy.

Figure 6
The volume of the low-density polymer-bubble inside the microsphere
grew monotonically as a function of exposure time. After an exposure
time of 6000 s the bubble filled essentially the entire volume inside the
metal coating. The extrapolation to Vbubble = 0 at negative times gives an
estimate of the radiation dose incurred by the preliminary scanning
electron microscopy and X-ray alignment steps.



dose. These considerations motivated a separate set of XPCS

measurements using the same experimental setup as for the

CXDI, to study in more detail the temporal intensity corre-

lations.

Based on long experimental time series (hours) of repeat-

edly capturing 2.0 s exposure diffraction patterns for a metal-

coated PMMA sphere, the normalized correlation function

g2(q,�) /g2(q,0) was obtained using XPCS analysis. The inten-

sity auto-correlation function g2 calculated from the two-

dimensional scattering patterns is defined by

g2ðq; �Þ ¼

D
IqðtÞ Iqðt þ �Þ
� �

q

E
t

IqðtÞ
� �2

q;t

; ð4Þ

where Iq(t) is the intensity at scattering vector q at time t. � is

the lag time, h. . .iq and h. . .it denote averaging over scattering

vector and time, respectively. The measured temporal corre-

lation functions are shown in Fig. 8(a). Most importantly, it is

seen that there is full correlation at all q for correlation times

� < 100 s, and g2 > 0.9 for � < 103 s. This suggests a limit to the

exposure time that can be used for tomographic reconstruc-

tion, consistent with the fact that an exposure time per

tomogram of 480 s as used in this work provided good

tomograms. It is intuitively reasonable that the intensity

correlations at the highest q values, corresponding to the finest

structural details, should drop first,

which is indeed seen to be the case (cf.

Fig. 8). The non-monotonic intensity

I(q) caused by the shell (cf. Fig. 2) adds

complications, which is likely the reason

for the oscillations seen in the correla-

tion value g2. We observed that the

correlation had a minimum at the

intermediate q ’ 0.050 nm�1. This is

shown in Fig. 8(a), and is also shown

with the four displayed q in Fig. 8(b).

This minimum at q ’ 0.050 nm�1

corresponds to the first minimum of the

envelope function of the scattering

pattern, as is seen in Fig. 2(b). It is likely

that the scattering pattern at this

minimum is more sensitive to changes in

the polymer density, therefore causing a

decay of g2(q,�) at shorter delay times.

To test the hypothesis that the

minimum of the correlation function at

q ’ 0.050 nm�1 is caused by changes in

the polymer, we numerically simulated

a series of scattering patterns from an

idealized metal-coated polymer sphere

where the density of the polymer

decreased with time. The initial electron

density of the sphere is shown in

Fig. 2(b). A model of the sphere moti-

vated by the 3D CXDI measurements

was constructed and the simulated

density of the polymer in the core was

forced to decrease in a similar way as the low-density polymer

region was observed to develop in the 3D tomograms. The

low-density region in the polymer was assumed to develop

from a hole in the coating, as shown in Fig. 8(c). 5000 scat-

tering patterns were calculated with each scattering pattern

having an exposure time of 2.0 s. The total exposure time to

the bead was thus 10000 s. To mimic the mass loss, the density

of the polymer within a radius

r tsimð Þ ¼ r0 1� exp �tsim =tdð Þ
� �1=3

; ð5Þ

centered at the hole in the coating, was set equal to 75% of

the original polymer density. Here, tsim is the exposure time,

r0 = 3.3 mm and the time constant td = 7800 s.

The XPCS results from the dataset simulating the scattering

patterns from a sphere where the polymer is gradually

removed are shown in Fig. 8(d). One can see that the model

qualitatively reproduces the observed trends, in particular

the minimum in correlation time at the intermediate q ’

0.050 nm�1, supporting the hypothesis that the main features

of g2(q,�) are indeed caused by the decreasing polymer

density in the core of the composite. It is emphasized that only

changes in the polymer density were simulated in the model.

No statistical noise in the number of photon counts, changes in

the metal and SiO2 coatings or instabilities in the X-ray beam
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Figure 7
Scattering results for an uncoated PS sphere. (a) A representative scattering pattern. The color bar
indicates the log10 photon count per pixel accumulated over 20 s. (b) A selection of azimuthally
integrated scattering patterns, multiplied by q4 to emphasize the Porod character of the scattering.
One can see that the spatial period of the intensity oscillations increases with the accumulated
exposure times, meaning that the sphere radius decreases. Each curve has been offset by a factor
of ten for visibility. (c) Radius of the PS sphere as a function of accumulated exposure time. The
decrease of the radius is well described as a linear function of time. (d) Scattered intensity in the
forward direction. The scattered intensity was found by fitting the form factor of a perfect sphere to
the experimental data. One can see that the scattered intensity falls for increasing absorbed dose,
consistent with having less material scattering.



were accounted for, all factors that would have contributed to

reducing the correlations from the unrealistically high values

towards the experimentally measured correlation values.

Note that the exact polymer density development in the

composite measured by XPCS is unknown. No 3D CXDI

measurement of the sphere was obtained, and one thus cannot

know if the sphere used in the XPCS measurement degraded

in a similar way as the sphere that was imaged multiple times

in 3D by CXDI. Differences between the experimental and

simulated dataset can be due to the fact that the sphere used in

the XPCS experiment degraded somewhat differently from

the sphere used in the 3D measurements. However, CXDI

measurements of both coated and uncoated polymer spheres,

previous observations (Bø Fløystad et al., 2015) and the

qualitative agreement between the CXDI and XPCS suggest a

similar degradation mechanism for all spheres, where any free

polymer surface acts as a site for mass loss.

For ordinary time-independent computed tomography

reconstructions, the object under study cannot change signif-

icantly during the data acquisition, to prevent the recon-

structions from becoming ambiguous. Assuming continuous

irradiation, this effectively sets an upper limit to how long

each computed tomography measurement can last. As this

study demonstrates, CXDI allows discerning faint features

that are not readily available from the raw data or conven-

tional SAXS analysis. On the other

hand, CXDI requires skilful data

analysis and time-consuming data

reconstruction. XPCS analysis as

expressed in equation (4), however,

gives in a straightforward manner an

estimate for the structural changes for

a given q during a time window �. The

elegance of using XPCS as an analytical

tool for monitoring beam damage or

other gradual structural changes in

conjunction with CXDI experiments

should thus be clear.

3.5. Final discussion

It is known that PMMA and PS are

susceptible to beam damage, and, when

breaking molecular bonds in the

polymer, by-products such as H+, CH2
+,

CH3
+ and CHO+ are produced (Tinone

et al., 1994). Of course, the scattering

experiment presented here does not

have the resolution to monitor mole-

cular processes, but the mass loss

implied by the transformation from

high- to low-density polymer is readily

observed. The exact molecular-scale

nature of the polymer transformation

from the high- to low-density state is

not clear.

It can be theorized that the absorbed

photon energy causes the temperature of the entire micro-

composite to rise, causing the polymer to melt. The melting

temperature Tm of PMMA is 378–433 K (Wypych, 2012), and

it seems unlikely that the particle would reach such high

temperatures by being exposed to the monochromatic X-ray

beam, in particular when considering the fact that the total

dose is delivered over a timespan of many hours. Yet, it has

been demonstrated that the melting temperature of PMMA

depends on the radiation damage, where higher doses give

lower melting temperature (El-Kholi et al., 2000). It is possible

that the absorbed dose causes the long polymer chains to

break, which lowers Tm and makes it possible for the polymer

to melt (Ponomarenko et al., 2011). The fact that the bubble of

low-density polymer progressed from a hole in the coating

might then be explained by the exposure of the polymer to a

free surface (air) relaxing the constraints of motion, and thus a

region of high mobility is created in the polymer close to the

air–polymer interface (Keddie et al., 1994). Surface melting of

polymers close to the polymer–air boundary because of the

increased mobility and reduced melting temperature caused

by irradiation is well known (Crist, 2003). When the exposed

polymer has melted, the mobility constraint decreases at the

polymer melt–solid polymer interface, causing more of the

solid polymer to melt. The polymer melt will thus grow as a

bubble in the core of the particle, as observed by the CXDI
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Figure 8
(a) 3D surface plot of the correlation value as a function of scattering vector q and correlation time
�. (b) Correlation curves for selected q, showing that the correlation drops significantly after�100 s
(450 MGy). (c) Mass-loss model for the XPCS simulations. The polymer is drawn in green, while the
metal coating is gray. The polymer within the volume delineated by r(tsim) was set equal to 75% of
the original polymer density, where tsim represents the accumulated exposure time. The scattering
pattern from the model was calculated at each time step for use in XPCS analysis. (d) Correlation
function from the simulated dataset. The scattering pattern from a sphere where the polymer
density was gradually decreased was calculated, and the XPCS functions were extracted. The
correlation functions have a minimum at q ’ 0.05 nm�1, as in the observed XPCS curved from the
experimental data.



measurement. A detailed study of the heating process of the

imaged particle by the X-ray beam has not been performed in

this study. It has been noted by others that heat-transfer

models are complicated when dealing with micro- or nano-

sized objects irradiated by synchrotron radiation (Ponomar-

enko et al., 2011; Vladimirsky et al., 1989).

As an alternative mechanistic model for the radiation

damage, one can consider electrically charged polymer frag-

ments, literally chopped off by the X-ray beam, to fly away

from the sample. Clearly, also from this viewpoint, the

presence of a free surface is necessary for the reaction to

proceed. Note that these models are not mutually exclusive.

Further work should be put into understanding the nature

of the low-density region of the polymer core. As discussed,

the density is found to be too high for the composite core to

be fully void. Our best guess is that the ionizing X-ray beam

changes the low-density structural stable network of the highly

cross-linked polymer to be sufficiently porous to allow short

polymer fragments to escape. A possibility for detailed studies

could be to use either Raman scattering or near-edge X-ray

absorption fine structure (NEXAFS) simultaneously with 3D

CXDI. From Raman and NEXAFS one can obtain quantita-

tive information regarding different molecular bonds and

configurations. If one can correlate the development of the

new molecular bonds with the low-density polymer from the

3D images, one might be able to gain further insight into the

low-density polymer. This would, however, require a dedi-

cated setup. The polymer spheres would in addition need to be

smaller and without a metal coating to allow sufficient trans-

mission of the X-ray beam at the energy levels corresponding

to the covalent atomic bonds in PMMA (250–700 eV).

4. Conclusion

We have demonstrated using 3D CXDI how a metal-coated

polymeric microsphere is degraded by mass loss when exposed

to an intense X-ray beam for an extended period of time. It

was seen from the 3D image analysis that polymer degradation

with mass loss from inside the composite is the dominant

radiation damage mechanism at the spatial resolution of our

experiment. A low-density polymer region developed in the

composite core as the radiation dose was increased. It was

clear from the tomograms that the low-density polymer

started to develop near a hole in the metallic coating of

the particle. Consequently, minimizing the exposed polymer

surface by an intact shell would presumably lead to reduced

secondary radiation effects.

We have also demonstrated that XPCS can be a valuable

tool for tracking structural changes in solid materials. XPCS is

also particularly convenient for establishing ‘safe’ maximum

exposure times for a given category of sample to maintain full

correlation at a given q. The XPCS correlation curves g2(q,�)

are qualitatively in full agreement with CXDI: the main

features could be traced back to the polymer mass-loss in the

core of the particle. Establishing a full quantitative under-

standing of the XPCS data would require the additional

consideration of the stochastic aspects of the scattering

process, notably temporal and spatial fluctuations in the

sample density and in the incoming beam.

Using the same radiation dose for simultaneously imaging

and damaging the micro-composite, we demonstrate that

high-resolution 3D images monitoring the radiation-induced

structural decay can be obtained. It is thus possible to make

reliable conclusions regarding radiation damage at the tens of

nanometer scale in polymeric materials as a function of dose,

which is important for further development of soft-matter

nanotechnology.
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