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ABSTRACT

X-ray self-heating is a common by-product of X-ray Free Electron Laser (XFEL) techniques that can affect targets, optics, and other irradi-
ated materials. Diagnosis of heating and induced changes in samples may be performed using the x-ray beam itself as a probe. However, the
relationship between conditions created by and inferred from x-ray irradiation is unclear and may be highly dependent on the material
system under consideration. Here, we report on a simple case study of a titanium foil irradiated, heated, and probed by a MHz XFEL pulse
train at 18.1 keV delivered by the European XFEL using measured x-ray diffraction to determine temperature and finite element analysis to
interpret the experimental data. We find a complex relationship between apparent temperatures and sample temperature distributions that
must be accounted for to adequately interpret the data, including beam averaging effects, multivalued temperatures due to sample phase
transitions, and jumps and gaps in the observable temperature near phase transformations. The results have implications for studies employ-
ing x-ray probing of systems with large temperature gradients, particularly where these gradients are produced by the beam itself. Finally,
this study shows the potential complexity of studying nonlinear sample behavior, such as phase transformations, where biasing effects of
temperature gradients can become paramount, precluding clear observation of true transformation conditions.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0215908

I. INTRODUCTION

In recent years, there have been an increasing number of
extreme conditions and high-temperature experiments at X-ray free
electron laser (XFEL) facilities using x rays to both probe and heat
samples.1–8 Volumetric x-ray heating of exposed materials, to levels
as high as 103–106 K, is known to occur under intense XFEL irradi-
ation.6,9,10 Irradiated samples will exhibit thermal gradients due to
beam intensity profiles, inhomogeneous sample absorption, and
transport processes. These gradients can then affect probed condi-
tions, particularly where the spatial extent of the thermal gradient
is comparable to that of the probing radiation, including in single
pulse,6 pump-probe,7,11 and pulse train1,2,4 measurements. While
averaging schemes to address the effects of temperature gradients
exist,4,6 their viability is poorly tested particularly where nonlinear
behavior, such as phase transformations, may occur.

Here, we discuss the role of thermal gradients in an XFEL
experiment using a MHz x-ray pulse repetition rate and time-
resolved X-ray diffraction (XRD) measurements. Previous studies
have shown that samples under such high-rate x-ray exposure
exhibit cumulative heating1,2,4 broadly consistent with the predic-
tions of numerical models9 [e.g., Fig. 1(b)]. We further explore the
relationship between the states observed within heated samples and
the underlying temperature distribution using the phenomenology
of a phase transformation occurring under known conditions.
Benefits and limitations of using x-ray self-heating measurements,
i.e., with x-ray heating of and probing of samples concomitantly,
are discussed.

Titanium was chosen as a test subject as it has a known phase
transition at moderate temperatures. Under ambient conditions, Ti
exhibits a hexagonal-close-packed crystal structure, known as the
α-Ti phase, and undergoes a high temperature phase transition to
body-centered-cubic β-Ti at Tα!β ¼ 1143 K.12

In this study, we performed time-resolved XRD of
MHz-pulsed x-ray heated free-standing Ti. The dynamics and
timescale at which the β phase is formed under heating are deter-
mined. Under constant (in this case, zero) pressure, we expect that
continuous heating of the sample beyond the transition tempera-
ture should prompt a transformation to the high-temperature
phase. However, a more complex behavior is observed. Numerical

models are employed to investigate the heating and cooling dynam-
ics of pulsed x-ray heating and the effects of spatial temperature
gradients on apparent temperature, as probed by XRD. The data
presented here were collected as part of a community proposal per-
formed at the European XFEL.13

II. SAMPLE PREPARATION AND METHODOLOGY

The experiment was performed in interaction chamber 2
(IC2) at the HED instrument, which is located at the end of the
SASE2 branch of the European XFEL, Germany.1,2,14–17 Figure 1
(a) shows a simplified schematic of the setup used in this experi-
ment. Each x-ray pulse train consists of 216 pulses at a 1.13 MHz
repetition rate with individual x-ray pulse lengths of tens of fem-
toseconds and 886 ns between each pulse. The x-ray energy was
measured to be 18.105 keV with a wavelength of 0.685 Å. The
intensity of pulses varies within each train and from train to
train. An energy monitor (XGM) upstream of the experimental
chamber is used to establish the relative energy on target per
pulse.1,2,18 An XFEL focal spot size of 50 μm full-width half
maximum (FWHM) was determined from round-edge scans of
the XFEL beam spot.1

A single piece of ultra-pure 5 μm thick Ti foil (Goodfellow)
was mounted inside IC2. IC2 was kept under vacuum throughout
each exposure to a pulse train and samples were taken to remain
at zero pressure (transient isochoric pressure perturbations are
ignored). Figure 1(b) shows the predicted temperature history of
the Ti foil under x-ray heating assuming constant x-ray pulse
energy throughout the pulse train. In this study, two heating runs
are discussed, at user-selected beam transmissions of 1% and 10%
of maximum power, set by trial and error in order to resolve
phase transitions within our experimental timeframe.

An Adaptive Gain Integrating Pixel Detector (AGIPD)
“mini-half” 500 k,19 located outside of IC2 behind an Al window,2

was used to collect angle-dispersive XRD, with a 2θ Bragg angular
coverage between 7� and 24�. The area covered by AGIPD is
shown in Fig. 1(a). The AGIPD is capable of collecting diffraction
data up to 4.5 MHz and was used at 1.1 MHz here, allowing for
pulse-resolved XRD measurements, using a sample-detector
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distance of 482.83 mm and the XRD pattern from a LaB6 standard
as the calibration.

Azimuthal integration of the XRD data yields a 1D pattern of
the intensity as a function of 2θ.20 The intensity, 2θ position, and
width of each diffraction peak were determined through a
least-squares fit of a Gaussian model. The unit-cell volume for the
α-Ti phase was determined from the most intense peaks visible

within the range of the AGIPD [(01�10), (0002), (10�11)]. The
(0002) peak was not used if it overlapped with the β-Ti (110) peak
on the 1D pattern. The β-Ti unit-cell volume was calculated using
the position of the (110) reflection. Due to temperature gradients, a
unit-cell volume that is measured represents the average over the
probed volume of each phase. Temperature is determined from the
unit cell volume and the thermal expansion equation of state (EoS)
for each phase, with a random error in temperature of �25 K,
assessed from the fitting precision.

Finite element analysis (FEA) was performed in cylindrical
symmetry about the beam in a constant geometry, including con-
ductive and radiative heat transfer,1,4,9 although the former (con-
duction through the foil) dominates. The 5 μm thick Ti foil is wide
enough in the model (300 μm radius) to eliminate any edge effects
and is surrounded on both sides by vacuum. With an absorption
length of 105 μm21 (absorption coefficient of 9524 m�1), energy is
effectively deposited homogeneously as a function of depth in the
foil, and temperature gradients occur only in the lateral (radial)
direction due to beam intensity variance and heat conduction over
time. We use a density of 4.5 g/cc, assumed constant in the model
given that deviations from this value with temperature22,23 have a
negligible impact on simulations. For the heat capacity at constant
pressure, we use the NIST three-part Shomate model for solid
Ti,24,25 i.e., in α-Ti separate models for 300 , T , 700 K and
700 K , T , Tα!β and in β-Ti the model for T . Tα!β (also
used in the case of melting); we note that the models were broadly
similar if constant heat capacity (the ambient value of 525 J/kg K)
was used instead. Thermal conductivity is taken as 20W/mK,
which represents a suitable average over high temperature
values.26 The beam fluence on target delivered per pulse is
assessed from the upstream XGM energy monitors, a Gaussian
beam profile on target,9 and the beamline transmission (typically
�20%–30% estimated in contemporaneous experiments1,4). The
beam diameter was initially taken to be 50 μm FWHM, as mea-
sured. The diameter and beamline transmission were varied to
improve model agreement with the data in the 10% run. Two
models are presented here that match the data satisfactorily well,
with a 50 μm FWHM spot and 19% beamline transmission for a
train average of 2.2 and 20 μJ/pulse on target (for 1% and 10%
attenuation experiments, respectively); and a somewhat better
optimized model, with a 75 μm FWHM spot, 35% transmission,
and 3.9 and 36 μJ/pulse.

In order to compare the FEA model with the data, the appar-
ent temperature that x rays would probe at each time, Tavg , was
computed from a beam-intensity weighted average over the sample
temperature gradient, T(r, z), as4

Tavg ¼ 1
N

ð
V
2πr T r, zð Þ exp � r2

2σ2
G

� �
dz dr, (1)

where σG is the Gaussian width parameter of the beam9 and the
volume integrated V is that probed by the x rays in a given mea-
surement. Here, this volume is that of a given phase or structure
that gives rise to a particular diffraction signature, which is used to
infer the unit cell volume, thermal expansion, and temperature
experimentally. For a single-phase material, the volume is just the

FIG. 1. Experimental setup and predicted temperature of a Ti foil. (a)
Experimental setup. The full detection area of the AGIPD is shown with a repre-
sentative pattern, with the Debye–Scherrer rings of the α and β phases labeled.
(b) FEA modeled peak sample temperature of a Ti foil under irradiation by 112
XFEL pulses at 1.1 MHz assuming a constant energy of 1 μJ per pulse on
target. The inset shows the temperature response for the first five pulses. The
vertical dashed lines indicate the timings of the XFEL pulses with the peak tem-
perature in the sample probed by the XFEL pulses indicated with stars.
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sample volume. For a multiphase system, the volume is restricted
to the region of stability of the given phase; this is defined by the
range of temperature at which that phase is stable. Hence, the
apparent temperature can become multivalued as different phases
naturally appear in different temperature domains and, hence,
exhibit different average temperatures. The normalization factor
1=N is determined computationally from a reference integration
over identical volumes at a fixed temperature.

We further compared the FEA calculation with the experi-
mental data through a forward computation of the diffraction
pattern based on the sample temperature gradient from the FEA
model. In the simulated XRD, we included relevant effects modify-
ing the diffraction intensity, including the Debye–Waller factor
(which reduces the diffraction intensity at higher temperatures),
local thermal strain (which affects density and, hence, attenuation),
attenuation differences depending on the diffraction angle and
position in the sample, the spatial distribution of the x-ray probe,
and appropriate mass weighting of the probed volume. Incident
fluences were low compared to the saturation regime;8,27 therefore,
electronic excitation was not considered.

III. RESULTS

A. X-ray diffraction

Under x-ray irradiation, the first pulse in the pulse train probes
the ambient sample at room temperature. From the peak positions
of the (01�10), (0002), and (10�11) reflections of the α phase, the
unit-cell volume is determined. The ambient volume of the α phase
in the 1% run is 35.30 Å3. During heating, the unit-cell volume
expands to 35.43 Å3 after 120 pulses, or 106.6 μs, but does not
increase further after this point (see Sec. III B for details).

When the XFEL beam transmission is increased to 10%, the Ti
foil undergoes a phase transformation to the high-temperature β
phase. Figure 2 shows the ambient XRD pattern with the three dis-
tinct peaks of the α-Ti phase. The ambient unit cell volume is deter-
mined to be 35.28 Å3. The first appearance of the (110) peak of the
β phase emerges after 36.3 μs (or 42 pulses) and overlaps with the
(0002) peak from the initial α phase. For all three reflections of the α
phase, the Debye–Scherrer rings showed good powder statistics, i.e.,
homogenous rings, whereas the (110) reflection of the β phase
showed more spotty rings suggesting larger crystallites in the high
temperature phase (Fig. 3). As the Ti sample was further heated with
time, the amplitude of the (110) reflection of the β phase grew,
dwarfing the (0002) reflection of the α phase. The spotty texture of
the (110) β reflection compared to the powder-like texture of the
(0002) α peak allowed for a clear distinction between the two over-
lapping peaks, as shown in Fig. 3. After 50.5 μs (or 63 XFEL pulses),
the (0002) peak of the α phase is completely indistinguishable from

FIG. 2. Integrated x-ray diffraction patterns collected from pulses 1, 42, 58, and
201 (or at time 0, 36.3, 50.5, and 177.2 μs) are shown for the 10% power
dataset. Observed reflections from the α-Ti and β-Ti phases are labeled. The
normalized intensity (y axis) of subsequent patterns is shifted for better visibility.

FIG. 3. Two-dimensional x-ray diffraction patterns in 2θ vs azimuthal angle
space, collected from pulses 41 (a), 42 (b), and 58 (c) (or at time 35.4, 36.3,
and 50.5 μs) in the 10% power dataset. Observed reflections from the α-Ti and
β-Ti phases are labeled.
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the (110) reflection of the β phase in the 1D pattern. The sudden
appearance of the (110) reflection of the β phase in pulse 42 indi-
cates that between XFEL pulse 41 and 42, a sufficient volume of
Ti has transformed for the detection of the β phase with XRD.

Figures 4(a) and 4(b) show the XRD from the full heating
cycle of the Ti foil at 10% transmission. A close-up of the (110)
reflection from the β phase is shown in Fig. 4(c). After formation
of the β phase, the (110) reflection rapidly increases in amplitude
while also shifting to a lower two-theta value with time, indicating
a volume expansion. At the same time, volume expansion of the
alpha phase ceased.

The temperature is determined from the measured volume of
the α and β phases of Ti and their known volumetric thermal
expansion [Fig. 4(d)]. We use the thermal EoS of α-Ti described by
Zhang et al.28 and a constant thermal expansion of the β-Ti phase
as given by Senkov et al.23 For the 1% transmission run, the
thermal expansion of the volume of the α phase suggests that the
sample temperature reaches a maximum of about 456 K (Sec. III B).
For the 10% transmission run, the α phase reaches a maximum tem-
perature of 755 K with a measured volume of 35.70 Å3 and the
β phase has a maximum temperature of 1679 K with a measured
volume of 37.02 Å3. When the β phase is first observed, at 36.3 μs,

FIG. 4. X-ray heating and diffraction data of a free-standing Ti foil, with an x-ray beam transmission set to 10%. (a) Azimuthally integrated XRD data as a function of time
(or pulse). The reflections from the α-Ti and β-Ti phases are shown in blue and red, respectively. (b) Same as (a) but with fitted peak positions overlaid. The dashed lines
show the 2θ range shown in (c). Fluctuations in the XFEL pulse energy, in a single pulse train, are accounted for by normalization of the peak intensity by employing pho-
todiode records, which were absolutely calibrated against XGM values.18 (c) Close-up of the β-Ti phase, with the measured position of the (110) reflection shown in red.
The position of the (0002) reflection of the α-Ti phase is shown in blue. (d) Calculated temperature of the α-Ti and β-Ti phases. The measured energy on target (XGM) is
shown for reference, calculated from the SASE2 XGM18 multiplied by a baseline beamline transmission of 30% and the user selected transmission (10%). The dashed
line in indicates 1143 K, the reported temperature of the α–β transition in Ti.
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the temperature of the β phase is 1170 K, whereas the temperature of
the α phase, at this time, is 714 K.

The above temperatures represent the averages over the tem-
perature distribution in each phase. This distribution was examined
by considering changes in the peak width, i.e., thermal broadening.
Peak broadening due to temperature was analyzed for the case of
the α-Ti (10�11) and (01�10) peaks at 10% XFEL power since the
signal is strong enough to resolve the peak shape precisely and the
data exhibit good powder diffraction. The thermal gradient in the
sample was estimated from the symmetric broadening of the fitted
peak width, assuming a linear addition of the thermal broadening
component (FWHMth) and initial (instrumental) width (FWHMi).
Each reflection is treated independently to one another. The
maximum and minimum temperature then probed by the XFEL
beam can be determined from the maximum and minimum
volume, respectively, estimated using 2θ central peak positions and
downshifting and upshifting, respectively, by FWHMth=2. Figure 5(a)
shows how the measured FWHM of the (10�11) and (01�10) peaks
increases as the Ti foil is heated, as a result of thermal broadening.
The maximum and minimum temperature of the α phase indicated
by the broadening is plotted in Fig. 5(b).

When β-Ti appears in the XRD, the temperature range in the
probed α-Ti phase should reach its maximum (i.e., 300 K for the
unheated portion of the sample, close to the beam edges, and
1143 K for the hottest part of the sample, close to the α–β transi-
tion temperature). As expected, this time correlates with the
detected temperature range also reaching a maximum value.
Furthermore, the maximum and minimum temperatures detected
at later times in α-Ti remain in close agreement with the α–β
phase transition temperature and room temperature, respectively.

Thermal broadening for the spotty β-Ti peaks was also mea-
sured; however, a much smaller range of temperatures than the α
phase was observed [Fig. 5(b)]. Minimal or no broadening in the
peak shape was found for the first 25 μs after the β phase was
formed, suggesting that initially, we are observing individual crys-
tallites of β-Ti at a constant temperature.

Thus, the peak shape data can directly determine the tempera-
ture range of heated phases, including the phase transition tempera-
ture, with a precision of order �100 K in this case, even using a
first-order approximation of symmetric, Gaussian-like broadening,
and considering other requirements, such as an ideal powder signal.

B. Numerical modeling

Figure 6 shows results from finite modeling analysis of serial
heating of the Ti foil at 1% and 10% XFEL beam transmission,
compared with XRD data. As previously introduced, the tempera-
ture response of the foil under irradiation was calculated using two
different XFEL beam FWHM (50 and 75 μm), and the parameters
for each were set primarily to match the 10% data. Specifically, the
aim was to optimize the match of simulated Tavg to best reproduce
the XRD-determined temperature evolution for both the α-Ti and
β-Ti phases.

In both experimental runs, the temperature of the α phase is
observed to first increase with time as more XFEL pulses have been
incident on the sample and then reach relatively constant values at
later times. In the case of the 1% data, FEA predicts that this effect

results from the gradual approach to an equilibrium between pulse
heating and inter-pulse cooling,9 combined with some decrease in
pulse energy over the train [Fig. 4(d)]; no sharp changes are seen.
In the case of the 10% data, there is a sharp kink in the temperature
trend predicted for α-Ti, and a plateau at later times, associated
with the onset of the solid–solid phase transition.

During the run at 10%, the β phase will start to form when
the maximum temperature (Tmax) within the foil, i.e., at the center
of the Gaussian beam profile, crosses the high-temperature phase
boundary. As the sample is further heated, the volume of material
transformed into the β phase grows, while its average and
maximum temperature increase.

In the 50 μm diameter beamspot simulation, the model indi-
cates that the sample does not melt during the experiments.
However, with the larger beamspot, the melting point is just
reached after �120 μs (Tmax . 1941 K), manifesting itself as a sec-
ondary plateau in the model, now in the β phase, due to a second
phase transformation to liquid.

The larger diameter beamspot simulation is considered to
match the data somewhat better. The agreement of Tavg with the
experimental plateau in the α-Ti temperature after �36 μs is closer,

FIG. 5. Thermal broadening of the α and β phases. (a) Fitted peak FWHM of
the (01�10) and (10�11) peaks of α-Ti and the (110) peak of β-Ti. (b)
Temperature of the α-Ti and β-Ti phase from the fitted peak position (black),
with temperature maximum and minimum inferred from peak broadening given
in red and blue, respectively.
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and this model produces a plateau also in the β phase, which
matches an apparent plateau or limit in the β-Ti temperature after
120 μs. However, the general features of the model are similar in
both simulations.

The FWHM of the radial temperature distribution in the foil
after a single XFEL pulse is comparable to the FWHM of the XFEL
beam profile, i.e., in the smaller diameter, 10% simulation, the
FWHM of the beamspot and the thermal gradient is 50.0 μm, and
both are Gaussian in shape (Fig. 7). However, after 216 pulses, the
radial temperature distribution in the foil exhibits an 87.5 μm
FWHM, significantly broader than that of the beam profile,
although it maintains a Gaussian shape. The radial broadening is
due to conduction outward into the bulk Ti with time and leads to
reduced local temperature gradients.

The directly calculated diffraction pattern on the basis of the
FEA modeled temperature gradient (Fig. 8) is normalized to match
the most intense α-Ti peak. The data show generally good agree-
ment of peak intensities for α-Ti, with some initial texture in the
foil indicated by a minor peak amplitude mismatch. The apparent
temperature from fitting the model peaks (995.0 K at the time of the

last XFEL pulse) is in good agreement with the average [Eq. (1)]
model temperatures (989.5 K at the same time), showing the com-
plementarity of these two approaches for representing the apparent
temperature, at least where good averaging over continuous

FIG. 6. XRD and FEA temperature of a Ti foil during irradiation with 216 XFEL
pulses at 1% (a) and 10% (b) XFEL beam transmission. The maximum temper-
ature (Tmax ) and the average temperature of the α (Tα

avg) and β (Tβ
avg) phases

are shown as red, blue, and green lines, respectively. The FWHM of the XFEL
beam used in the FEA models shown here was 50 μm (solid lines) and 75 μm
(dashed lines). The XRD-determined temperature of the α (open circles) and β
(crosses) phases is shown.

FIG. 7. Results of FEA for 5 μm of a Ti foil under irradiation by 216 XFEL pulses at
10% power. (a) XFEL beam profile as a function of the radial distance from the
center of the beam. The FWHM of the XFEL beam is 50 μm. (b) Axial and radial
temperature distribution after a single XFEL pulse (1� 10�8 s after initial x-ray expo-
sure). (c) The radial temperature gradient after a single XFEL pulse. The FWHM of
the temperature gradient in the radial direction is 50 μm. (d) Axial and radial tempera-
ture distribution after 216 pulses (1:9� 10�4 s after initial x-ray exposure). (e) The
radial temperature gradient after 216 pulses. The FWHM of the temperature gradient
in the radial direction is 87.5 μm. There is no temperature gradient in the axial direc-
tion. The radial position at which the temperature in the foil is equal to the average
temperature of the α and β phases is marked as Tα and Tβ , respectively. T pt indi-
cates the radial position where the temperature inside the foil is equal to the tempera-
ture of the phase transition between the α and β phases.
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temperature distributions can be assumed. The agreement becomes
somewhat poorer as beta-Ti is formed, with sharper peaks in the
experiment than in the simulation, which will be discussed below.

IV. DISCUSSION

Our findings explore the potentially complex relationship
between the apparent temperatures measured in heated samples
and the temperature distributions within the probed area for the
common case of self-heating of targets during probing by x-ray free
electron laser radiation. Radial beam intensity gradients, continu-
ous pulsed heating, and thermal conduction within samples all
contribute to the temperature variation and measured values.

In the present example, individual temperature excursions
during heating events are small [Figs. 1(b) and 6] compared to the
overall rise in temperature. This occurs because the beam profile is
large in size compared to the characteristic heat diffusion distance9

between heating events, d � ffiffiffiffiffiffiffiffi
κ=R

p
, where κ is the thermal diffu-

sivity (�8.4 mm2/s for Ti) and R is the repetition rate (1.13 MHz),
or d � 3 μm. Simulations with beam focal sizes comparable to d
generate significantly greater transient temperature variations. The
high thermal inertia of the freestanding foil, compared with a
system undergoing rapid cooling into surrounding materials,9 also
contributes to the relatively gradual heating. In this case, the shape
of the temperature distribution evolves slowly (Fig. 7) and

exclusively due to lateral heat diffusion in the foils due to insignifi-
cant radiative losses.

During heating to high temperature, at �36 μs where the
phase transition initiates, the bulk of the probed volume remained
in the α phase with an average temperature of �700 K. The
thermal EoS of the β phase gives a temperature of 1150–1170 K at
similar times (Fig. 4). This suggests that as the peak temperature of
the hot spot crosses the high-temperature phase boundary from the
α to the β phases (1143 K), the material locally transforms while
the material toward the edges that is colder stays in the α phase. At
this moment, several temperatures converge, i.e.,
Tβ
avg ¼ Tmax ¼ Tα!β . Only at this specific time is the sample

maximum temperature determined directly from diffraction peak
position. As further heating occurs, the volume of the β phase
grows, and the beam weighted average temperature in this phase
diverges from the maximum. Spotty diffraction, from individual β
crystallites in the temperature gradient, contributes to some irregu-
lar variation in the probed temperatures for this phase, but pro-
duces values between Tα!β and Tmax , as expected.

That the apparent temperature of the β phase upon formation
can be so much higher than that of the α phase, rather than
showing the α phase approach the transition temperature, is clari-
fied by examination of the FEA models. For example, when the
sample peak temperature reaches Tα!β , the α phase volume frac-
tion at Tα!β is precisely zero (occurring only on the central axis of
the beam) and, therefore, cannot be detected in this limit with vol-
umetric probes, such as XRD. However, the distribution of phase
temperatures, up to the transition temperature in this case, is still
potentially detectable through examination of the diffraction
lineshapes.

The biasing of apparent sample temperatures as a result of
thermal and beam gradients is observed despite this relatively
gradual heating, where the formation of steep gradients by fast
cooling9 is inhibited. Similarly, as time progresses and heat con-
ducts laterally, the temperature gradient of the probed region,
within the beam FWHM [Fig. 7(a)], decreases dramatically from
50%–100% of the maximum [Fig. 7(c)] to >82—100% in the case
of the smaller diameter beamspot simulation [Fig. 7(e)]. Yet, there
is little corresponding reduction of the biasing effects [Fig. 6(b)].
Thus, biasing can be present even in the case of small temperature
gradients.

The large thermal gradients within the sample place limita-
tions on the accuracy of phase transition boundary identification,
as apparent temperature measurements for a particular phase can
sample the bulk average temperature rather than the hottest tem-
perature a phase exists at. Similarly, the emergence of a high-
temperature phase can occur only above the phase transition boun-
dary, which can lead to an apparent jump in the temperature
between two phases, rather than a continuous temperature evolu-
tion, as expected thermodynamically.

This becomes important when XRD measurements are used
to establish heating in samples. For example, in Ref. 2, using XFEL
probing to study dynamic compression in a diamond anvil cell, a
preliminary x-ray exposure prior to dynamic compression is con-
ducted to assess the magnitude of x-ray heating. In such an experi-
ment, the existence of thermal gradients within the sample would
lead to a broadening of XRD peaks as a result of probing a

FIG. 8. Simulated XRD pattern (red dashed) of a Ti sample at ambient condi-
tions, and after irradiation by 216 XFEL pulses, for the 50 μm FWHM beamspot
simulation. The measured integrated XRD pattern is shown in black. Also shown
is a simulation, including a beam tail (blue dashed), comprising 99% intensity
from the 50 μm diameter beamspot and 1% intensity from a 150 μm diameter
beamspot.
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distribution of temperatures and an underestimation of the peak
sample temperature from peak positions alone. This could in turn
influence assessed pressures during dynamic compression; for
example, if phase transformation pressure varied with temperature,
the pressure of the first appearance of a phase will correspond to
either the minimum or maximum sample temperature, not the
average temperature, and, therefore, depends on the Clapeyron
slope of the phase transformation and the full temperature range in
the sample. This effect can be characterized through analysis of the
peak shape and numerical modeling.

While some sluggish phase transitions are known for Ti,29 we
do not believe this plays any role in our measurements as we
observe the high-temperature β phase transition at the expected
temperature.30 Similarly, timescales are long compared to lattice
thermalization timescales. Thus, equilibrium thermal and thermo-
dynamic conditions are probed in these experiments.

While initial numerical models adequately described the
observed thermal response of the samples, the adjustment of model
beam properties, such as focal spot FWHM, improved the quantita-
tive match to the observed temperature evolution. In particular, a
beam broader than the one measured experimentally predicted a
larger gap between the observed temperatures of the α and β
phases, which is more consistent with the observations. This dis-
crepancy is likely due to the model assuming a perfect Gaussian
profile. In contrast, the true beam profile is closer to that of a
double Gaussian, with a significantly larger tail.1,31 As temperature
determinations from XRD probe the average temperature, the
larger beam tails can reduce the apparent temperature as more cold
material would be included in the average, which is approximately
modeled here using a broader Gaussian beam profile. Other factors
could also bias the measurement to colder temperatures, such as
the Debye–Waller effect.

When forward modeling the x-ray diffraction data from FEA
models (Fig. 8), accounting for details such as the local probe
intensity, the Debye–Waller factor, and temperature-dependent
x-ray attenuation, we observe reasonable agreement with the exper-
imentally measured diffraction patterns both for the initial (cold)
pattern and the final (heated) pattern. This is particularly true for
the α-Ti phase where the peak shift and broadening are comparable
between the simulated and measured patterns. However, the simu-
lated pattern exhibits a moderately larger peak shift, consistent
with the average of the simulated temperature distribution [Eq. (1)]
also implying a higher apparent temperature than observed [Fig. 6(b)].
Improvements in the agreement between simulation and experi-
ment, i.e., a reduced peak shift and broader peaks, can be achieved
by broadening the sampling of the temperature distribution used to
model the diffraction, for example, by including a tail on the beam
profile, thereby adding more cold material to the average (Fig. 8).
In the case of the β-Ti phase, more significant differences between
simulation and experiment are encountered. Although the simu-
lated peak shift in this phase is smaller than the experimental shift,
again consistent with weighted average findings [Fig. 6(b)], the
experimental peak is also much sharper, and weaker than expected,
which we attribute to the spotty β-Ti patterns (Fig. 3). The texture
and poor grain statistics in the β phase limit the diffraction sam-
pling of the temperature gradient, and given that models assume
proportionate sampling of the computed continuous gradient, this

leads to a poorer comparison between the data and models. In fact,
the FEA model generally predicts a larger domain of β-Ti with time
and an increase in the temperature range between the peak sample
temperature and that of the α–β phase transformation. This is not
observed in our experiment, in which the temperature gradients
probed by x-ray diffraction in β-Ti are small at all times (Fig. 5).
This may be due to the presence of smaller grains with weaker scat-
tering power under certain conditions.

The model also assumes a stably aligned and focused train of
pulses arriving at the sample. Other experiments have shown that
the beam pointing and the focal shape during the pulse train are
generally reproducible31 such that the beam position instability
cannot explain the general behavior of the features observed in the
diffraction. However, some amount of drift in the position or shape
could contribute to the detailed characteristics of the data, such as
including more colder material in the diffraction averaging. Finally,
the α phase temperature does not simply stop increasing during
heating, and then increase sluggishly, as modeled; rather, it
decreases somewhat (Fig. 6), producing a dip later in the record
(near 130 μs). Remarkably, the dip is directly correlated with the
maximum modeled sample temperature. This feature may also be
related to the adequacy of our beam or averaging model or other
effects, such as thermal stress in the sample.

V. CONCLUSION

We have examined how, under irradiation by a series of XFEL
pulses, a titanium sample undergoes serial volumetric heating. The
apparent temperature evolution of the sample—based on x-ray dif-
fraction measurements from this same pulse train—is compared to
numerical models, giving insight into the temperature dynamics
within the sample and effects of large temperature gradients on
apparent temperature. Good agreement is found between the
XRD-determined and model-predicted temperature evolution.

We observe in Ti the emergence of the high-temperature β
phase at a completely different apparent temperature to the low-
temperature α phase. The prominent radial temperature gradient
within the foil gives rise to the large apparent temperature difference
between the two phases. That is, the first-order temperature-driven
phase transition exhibits discontinuous behavior in apparent tem-
peratures despite the presence of a continuous temperature distribu-
tion, with limiting temperatures of the low-temperature phase well
below the known transition temperature. This is even the case after
heat conduction has reduced temperature gradients in the probed
region to relatively small values. Hence, treating observed conditions
as simple averages over irradiated samples is not effective where
rapid, nonlinear changes in state, such as phase transformation,
occur, as these need to be accounted for explicitly in averaging
schemes along with the impact on specific measurements.

Our findings support future experimental measurements for
more complex and unknown systems, particularly where accurate
temperature assessment is critical to establishing the conditions
explored using XFEL irradiation.
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