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The dynamics of the diffraction peak shape during pulsed heat load on mosaic

single-crystal tungsten were measured at the ‘Plasma’ scattering station on the

eighth beamline of the VEPP-4 synchrotron radiation source at the Budker

Institute of Nuclear Physics. The observed evolution of the diffraction peak

shape agrees with theoretical predictions based on calculations of deformation

caused by pulsed heating. Three clearly distinguishable stages of the diffraction-

peak evolution were found, correlating with the evolution of temperature and

deformation distributions. The residual plastic deformation increased with

subsequent heating pulses.

1. Introduction

The best results on heating and magnetic confinement of

fusion plasma have been demonstrated at facilities based on a

tokamak geometry of the magnetic field (Ongena et al., 2016).

The H-mode (a promising regime of plasma confinement in a

tokamak) is accompanied by repetitive transient ejections of

plasma on the divertor (Wagner, 2007). The pulsed behaviour

of the plasma load on the divertor plates significantly inten-

sifies the erosion of the material (De Temmerman et al., 2018).

Each pulse of the plasma load is a short intense flow of plasma

particles to the material. In addition to more complex effects

of the energetic particles, the plasma load leads to pulsed

heating of the material. A sharp rise in the temperature of the

thin surface layer is one cause of the intensification of erosion

and mechanical destruction of the material. Cracking of the

tungsten surface by pulsed heat loads has been observed

experimentally (Linke et al., 1992; Huber et al., 2014;

Loewenhoff et al., 2015). Theoretical simulations demonstrate

that the cracking is caused by plastic deformation occurring

during heating and resulting in the formation of tensile

stresses after cooling (Arakcheev, Huber et al., 2015;

Arakcheev, Skovorodin et al., 2015). Note that several long-

term heating–cooling cycles also result in cracking (so-called

‘self-castellation’; Panayotis et al., 2017) and the mechanism of

tensile stress formation is similar to the case of pulsed heat

load (Hirai et al., 2016).

The difference between steady-state and pulsed heating

appears in the thickness of the heated layer. In the case of
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pulsed heating, the thin heated layer causes greater residual

stresses for the same surface temperature rise. The stresses are

localized in the heated-up surface layer due to the dependence

of the plastic deformation on the local temperature rise only

(Arakcheev et al., 2015). Thus, the distributions of the stresses

and deformations are localized near the surface and decrease

rapidly with depth. The distributions determine the para-

meters of the cracking. Consequently, to study the cracking it

is necessary to measure the depth distributions of the defor-

mations and stresses. In addition, the measurements should be

time-resolved during heating because the cracking parameters

depend on the details of the temporal dependence of the load.

A suitable diagnostic based on the diffraction of synchro-

tron radiation has been proposed (Arakcheev et al., 2016). The

diagnostic does not require measurements at several different

inclinations of the sample, as in the classical method of resi-

dual stress measurements in polycrystalline samples (Makhlaj

et al., 2009). The new diagnostic allows time-resolved

measurements during pulsed processes. The main restriction

of the diagnostic is that only a single crystal is used as a

sample. The restriction is significant because usually real

divertors are polycrystalline. However, at least the elastic

properties of single-crystal tungsten are almost isotropic

(Anderson & Brotzen, 1982), which means that the spatial

distributions of stresses during elastic deformation under

pulsed heating are similar in single-crystal and polycrystalline

tungsten.

Our previous work demonstrated measurement of the

dynamics of the change in the scattering angle (Arakcheev et

al., 2016), whereas calculation of the deformation distribution

requires data on the change in the shape of the diffraction

peak. This article presents the first results of the measure-

ments of diffraction peak shape during pulsed heat load on

a sample.

2. Experimental

2.1. X-ray diffraction

We use the method of measurement of material deforma-

tion based on X-ray diffraction in a single crystal. According

to the laws of diffraction, the angle of incidence to a crystal

plane is equal to the angle of reflection. Thus, a rotation of the

atomic lattice plane because of deformation of the material

leads to a change in the scattering angle. Note that the change

in the scattering angle (and in the interplanar spacing) results

in a change in the energy of the X-rays forming the diffraction

peak according to the Bragg condition. Thus, it is necessary to

use polychromatic synchrotron radiation to prevent disap-

pearance of the diffraction peak during pulsed heating.

The deformation of a material caused by pulsed heat load is

the result of differential thermal expansion. In the case of a

short-pulsed heat load, the deformation is mostly displace-

ments perpendicular to the exposed surface and the local

relative strain is determined by the local temperature rise

(Arakcheev, Huber et al., 2015; Arakcheev, Skovorodin et al.,

2015). According to the solution of the linear elasticity

problem, the elastic deformation is determined by the

following expression:

"zz ¼
1þ �

1� �
� ðT � T0Þ; ð1Þ

where "ij is the deformation tensor, z is the normal to the

exposed surface coordinate, � is Poisson’s ratio, � is the linear

coefficient of thermal expansion, T is the local temperature

and T0 is the initial (base) temperature. Other components of

"ij equal zero.

Let us calculate the change in the angle ’ between the

crystal diffraction plane and the exposed surface, caused by

the pulsed heat load. The tangent of the angle ’ is the ratio of

the cathetus perpendicular to the surface to the cathetus

parallel to the surface. According to the known deformation,

the specific elongation of the former is described by equation

(1) and the length of the latter stays fixed. So, the tangent of

the angle ’ changes according to the following expression:

tanð’Þ ¼ ð1þ "zzÞ tanð’0Þ ¼ 1þ
1þ �

1� �
�ðT � T0Þ

� �
tanð’0Þ;

ð2Þ

where ’0 is the initial value of ’ before the pulsed heating.

Assuming that the change in ’ is small, we expand tan(’) into

a series to the first order:

tanð’0Þ þ
1

cos2ð’0Þ
ð’� ’0Þ ¼ 1þ

1þ �

1� �
� ðT � T0Þ

� �
tanð’0Þ:

ð3Þ

After cancelling the zeroth order we obtain an expression for

the change in the angle ’:

’� ’0 ¼
1þ �

2ð1� �Þ
� ðT � T0Þ sinð2’0Þ: ð4Þ

While the local orientation of the crystal plane changes, the

scattering angle of X-ray diffraction, 2�, changes twofold:

�2� ¼
1þ �

1� �
sinð2’Þ� ðT � T0Þ: ð5Þ

Note that if the elastic deformation turns to plastic deforma-

tion, Poisson’s ratio � should be taken equal to 1/2. Expression

(5) demonstrates the maximum change in the scattering angle

at the same heating for ’ = 45�. It also shows that the change

in scattering angle caused by elastic deformation is linear with

respect to the local temperature. This means that a spatial

variation in temperature in the sample results in the occur-

rence of different scattering angles for polychromatic

synchrotron radiation. The method of calculation of X-ray

diffraction on the basis of local properties is acceptable

for a material considered as a mosaic of slightly misoriented

single crystals (James, 1950). The method assumes a kinetic

approach (incoherent superimposition of scattering inten-

sities). Diffraction in a deformed single crystal can be repre-

sented as a reflection on a bent atomic lattice plane (Fig. 1).

Experiments using the geometry of diffraction were carried

out at the ‘Plasma’ scattering station on the eighth beamline

of the VEPP-4 synchrotron radiation source at the Budker
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Institute of Nuclear Physics. The scheme of the experiments

coincides with that presented by Arakcheev et al. (2016). The

experiments were performed with polychromatic synchrotron

radiation from the wiggler (Vobly et al., 2018). The photon flux

from the VEPP-4M storage ring is presented by Zolotarev et

al. (2016). The distance from the synchrotron radiation source

to the sample is close to 40 m.

The chosen sample orientation relative to the beam ensured

Laue reflection 110, with the corresponding photon energy

below the W K edge (69.525 keV) to minimize attenuation

in the material. The cross section of the initial beam of

synchrotron radiation was 1 mm � 1 mm, so the angular

spread of the initial synchrotron radiation was less than 0.002�.

The most intense diffraction peak 110 was measured. The

scattering angle 2� corresponding to the energy and diffrac-

tion peak was about 4.5�. The choice of 100 single-crystal

tungsten was in order to provide the presence of a (110) plane

inclined at 45� to the surface and the absence of a preferential

direction for plastic deformation along the surface.

We used the one-dimensional detector DIMEX to measure

the dynamics of the diffraction peak shape (Arakcheev et al.,

2017). The distance from the sample to the detector was about

300 mm. The detector yielded 30 frames containing signals of

512 channels. The width of each channel was 100 mm.

2.2. Pulsed heating

The pulsed heating of the sample was performed by a free-

running Nd:YAG laser. The spike regime of the heating does

not significantly change the result of the measurements

compared with temporally uniform heating because the

temperature distribution difference takes place only in a thin

surface layer. The duration of the heating pulse was about

140 ms. The 50 J laser radiation was focused to a 5 mm-

diameter spot on the sample surface. The heated area was

greater than the synchrotron radiation beam cross section

(1 mm � 1 mm), so the heating by laser radiation within the

synchrotron radiation beam cross section was quite uniform.

The emissivity for the 1064 nm wavelength radiation is about

0.4 (De Vos, 1954). The heating parameters make it possible

to estimate the surface temperature rise as 2000�C. Thus,

according to formula (5), the estimated change in the scat-

tering angle is 1�, but the non-uniformity of the laser-energy

release in the heating spot may lead to a substantial inaccuracy

in this estimation.

According to expression (5), a change in the diffraction

peak shape can be observed only when there is a significant

difference between the temperatures of the front and back

faces of the sample. The distance of the temperature propa-

gation during pulsed heat load is given by the following

formula:

L ¼ ��ð Þ1=2; ð6Þ

where L is the typical distance of temperature propagation,

� is the thermal diffusivity and � is the duration of pulsed

heating. The distance L for tungsten under heating for 140 ms

is about 200 mm, so the sample thickness was chosen to be

equal to 200 mm. Note that this value is close to the attenua-

tion distance for the energy corresponding to the used

diffraction peak (below the energy of the W K-edge).

Formula (1) assumes heating of a thin surface layer of a

thick sample. To bring the heating of a thin sample to the

assumed one, we fixed the sample along the perimeter of the

heated spot. This prevents the sample from bending and

shifting along the surface (Arakcheev, Skovorodin et al., 2015).

3. Results and discussion

We measured the dynamics of the 110 diffraction peak of a

200 mm-thick W(100) single crystal according to the method

presented in the previous section. Fig. 2 shows the dynamics of

the peak shape, as well as the initial and final states of the

peak. The initial state of the peak was measured before the

pulsed heating and the final state was measured after a time

long enough to reach thermal equilibrium at room tempera-

ture. The width of the initial state of the diffraction peak

exceeds by far the angular spread of the initial synchrotron

radiation, so the latter can be neglected for analysis of the

results of the experiments. Three stages in the evolution of the

diffraction peak can be clearly distinguished here: heating

of the surface, equalization of the temperature distribution

normal to the surface (along the depth), and cooling to room

temperature.
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Figure 1
Sketches of the diffraction in a single mosaic crystal exposed to a pulsed
heat load. (a) Diffraction before heating. (b) Diffraction during pulsed
heating.



3.1. Heating

In the first stage, approximately from 0 to 140 ms (heating by

the laser pulse), the surface temperature increases and the

thickness of the heated layer grows. The scattering angle of the

X-rays grows with temperature in the heated layer according

to expression (5). Consequently, part of the initial diffraction

peak moves to the right in Fig. 2. At this stage the temperature

of the back of the sample stays close to the initial value, which

means that layers with all temperatures from the initial one

to the instantaneous maximum one are present in the

temperature distribution. Therefore, the signal of the scat-

tered radiation covers the whole range from the initial posi-

tion to the moving right-hand side of the diffraction peak. The

deformation distribution is determined by the quite sharp

distribution of temperature. As a result, the diffraction peak is

complex and non-bell-shaped.

Another feature of this stage is the almost constant position

of the initial diffraction peak. The peak position near 4.7�

is the result of diffraction by the single crystal at the initial

temperature. So, while the thickness of the layer at the initial

temperature decreases because of propagation of the heat

front, the amplitude of the peak also decreases. The constancy

of the peak position confirms the absence of sample bending.

Thus, all the changes in the diffraction peak shape are caused

by local rotation of the diffraction atomic lattice plane. The

observation of the change in shape of the diffraction peak is

direct evidence of the predicted effect of atomic lattice-plane

rotation induced by local heating because bending of the

sample cannot result in the formation of the observed complex

shape of the diffraction peak. Qualitatively, a bent sample

should just add angular spread of the scattered synchrotron

radiation.

Note that the peak of concern at the position of the initial

diffraction peak disappears at the end of the first stage, which

is an accidental coincidence. Indeed, the heating duration

is set by external influences, while the duration of the

temperature propagation across the sample depends on the

sample material and thickness. The coincidence in this parti-

cular case was due to the optimization of the demonstration

experiment.

3.2. Equalization of temperature

Equalization of the temperature distribution perpendicular

to the surface occurs at the second stage (approximately from

140 to 240 ms). At the beginning of the equalization, the depth

distribution of the temperature is non-uniform: the heated

side is hot and has an increased scattering angle, whereas the

other side has almost the initial temperature and, conse-

quently, the initial value of the scattering angle. Equalization

of the temperature means that the colder layers warm up and

the hotter layers cool down. Thus, the change in scattering

angle is positive at small scattering angles and negative at

greater scattering angles. As a result, the diffraction peak

becomes narrower (see Fig. 2). However, at the end of this

stage, the diffraction peak is wider than the initial peak due to

the presence of plastic deformation.

J. Synchrotron Rad. (2019). 26, 1644–1649 Aleksey S. Arakcheev et al. � Dynamic observation of diffraction on heating 1647

Figure 2
Initial state, final state and dynamics of the 110 diffraction peak of
200 mm-thick 100 single-crystal tungsten during pulsed heat load. The
heating started approximately at 0 ms and finished at 140 ms.



The evolution of the diffraction peak shape slows down

significantly after the second stage because further tempera-

ture distribution is caused by heat removal around the sample

surface. The heat removal around the surface and then to the

sample holder is much slower than the equalization of the

temperature distribution normal to the surface because the

heat has to be transported over a much longer distance. There

are no noticeable changes in the diffraction peak shape in the

subsequent 14 frames, which are not shown in Fig. 2.

3.3. Cooling

The evolution of the diffraction peak shape during the third

stage (cooling to room temperature) was not measured

because the cooling requires much more time than the other

stages and the detector used was not suitable for long

measurements. The final state of the diffraction peak shape

was measured several seconds after the end of the heating,

when the sample temperature had returned to room

temperature. According to the relation between the

temperature and the scattering angle, the latter decreases after

cooling. However, the diffraction peak did not return to the

initial position, implying the formation of residual plastic

deformation.

Note that the initial and final states are static, so the

diffractograms were measured much more accurately.

3.4. Static measurements

Two more heating pulses were made. The dynamics of the

diffraction peak shape were similar to that during the first

heating pulse. There was a more remarkable point in the

changes in the final diffraction peak shapes and positions after

the second and third pulses (Fig. 3). The consistent shift

towards larger scattering angles after each pulse means that

each pulse leads to an increase in plastic compression along

the surface. The dependence of the residual deformation on

the depth leads to broadening of the diffraction peak. The

increase in the diffraction peak width after each heating pulse

is clearly seen in Fig. 3. Evidently, the duration of pulsed

heating (�140 ms) is not long enough to attain plastic defor-

mation corresponding to the maximum reached temperature.

Therefore, the previously used approach of static calculations

of plastic deformation (Arakcheev, Huber et al., 2015;

Arakcheev, Skovorodin et al., 2015) is not valid for quite short

pulsed processes.

4. Summary

Measurements of the dynamics of diffraction peak shape

during pulsed heat load were carried out at the ‘Plasma’

scattering station on the eighth beamline of the VEPP-4

synchrotron radiation source. Changes in the diffraction peak

shape were clearly seen. The changes agree qualitatively with

the theoretical predictions, and the change in the scattering

angle is in agreement with the estimation.

Three stages in the evolution of the diffraction peak can be

clearly distinguished: heating, equalization of the temperature,

and cooling. The observed change in the diffraction peak

shape confirms that the driver is rotation of the atomic lattice

plane rather than bending of the material. Moreover, the

constancy of the initial diffraction peak position means that

the bending is negligible.

Measurements of the diffraction peak before and after

several heating pulses have demonstrated that pulsed heating

for 140 ms was not long enough to reach the final value of

plastic deformation. This should be taken into account for the

correct simulation of the pulsed heat load on divertor plates in

fusion reactors.
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