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Abstract

A number of experiments to be performed on the planned Linac Coherent Light Source (LCLS)
will have to use various types of reflective optics (see, e.g., [1]). On the other hand, LCLS will operate at a
rate of 120 x-ray pulses per second. Therefore, when considering effects leading to the damage to its optics,
one has to be concerned not only with a possible damage within one pulse, but also with effects
accumulating during many pulses. We identify and analyze two of such effects: a thermal fatigue, and the
intensity-dependent radiation damage.

The first effect is associated with thermal stresses and deformations that occur in every pulse. The
heating of the surface layers of the optics leads to a peculiar distribution of stresses, with a strong
concentration near the surface. The quasistatic analysis of this problem was presented in [2]. In the present
study, we show that transients in both transverse and longitudinal acoustic perturbations play a significant
role and generally worsen the situation. If the maximum stresses approach the yield strength, the thermal
fatigue causes degradation of the surface within a few thousands pulses.

The second effect is related to formation of clusters of ionized atoms which lead to gross
deformation of the lattice and formation of numerous vacancies and interstitials. At maximum LCLS
fluxes, the number of displacements per atom may reach values exceeding unity during a few hours of
operation of LCLS, meaning degradation of reflective properties of the surface of the optics. We derive
constraints on the admissible fluence per pulse and suggest ways for decreasing the impact of the multi-
pulse effects.

1. Introduction

A number of experiments to be performed on the planned Linac Coherent Light
Source (LCLS) will have to use various types of reflective optics (see, e.g., [1]). On the
other hand, LCLS will operate at arate of 120 x-ray pulses per second. Therefore, when
considering effects leading to the damage to its optics, one has to be concerned not only
with a possible damage within one pulse, but also with effects accumulating during many
pulses. We identify and analyze two of such effects. a thermal fatigue, and the intensity-
dependent radiation damage.

Table | Parameters of the 8-keV LCL S beam [3]

Pulse Total number of | Beamradius, | Beam fluence per | Energy per | Rep. rate,
duration, photons per r, um pulse, pulse, E,mJ | f, Hz
fs pulse, P Ny,=P/ar®,cm™

230 2-10"% 60 1.8-10% 26 120

The first effect is associated with thermal stresses and deformations that occur in
every pulse. The heating of the surface layers of the optics leads to a peculiar distribution
of stresses, with a strong concentration near the surface. The quasistatic analysis of this
problem was presented in [2]. In the present study, we show that transients in acoustic
perturbations play a significant role and generally worsen the situation. If the maximum



stresses reach the yield strength, the thermal fatigue causes degradation of the surface
within asmall number of pulses[4].

The damage that has been discussed in Ref. [2] is not caused by the spallation
process considered, e.g., in Refs. [5,6]: the spallation threshold is much higher than that
obtained in our paper.

The second effect is related to formation of clusters of ionized atoms which lead
to gross deformation of the lattice and formation of numerous vacancies and interstitials.
As the probability of forming two ionized atoms at a short distance from each other
increases as a square of the intensity., the mechanism that we consider is rate-dependent
and is specific for very high fluences. We present a preliminary analysis of this
mechanism for the parameters of the LCLS beams. At maximum LCLS fluxes, the
number of displacements per atom (dpa) may reach values exceeding unity during a few
seconds of operation of LCLS, meaning degradation of reflective properties of the
surface of the optics.

We derive constraints on the admissible fluence per pulse and suggest ways for
decreasing the impact of the multi-pulse effects.

2. Transient effectsin thermal stresses

In this section, we consider effects occurring tens of picoseconds and later after
the x-ray pulse. At this late stage, the energy delivered by the x-ray beam is thermalized,
and a macroscopic description of the deformations and stresses becomes adequate. The
concern discussed in Ref. [2] is that these stresses may exceed the yield strength of the
material.

We now switch to a discussion of typical spatial and temporal scales of the
elasticity theory problem that we are going to consider. For typical materials (e.g.,
Aluminum and Beryllium), the incident beam at a grazing incidence penetrates the mirror
by a distance which is a fraction of a micrometer [5]. The absorption process is
dominated by photo-absorption. For 8-keV x rays, the photoel ectrons have an energy of ~
5-6 keV. They deposit their energy at the depth which is typically somewhat greater than
photo-absorption depth for a grazing incidence [5,7]. The electron range is between one
micrometer and a fraction of a micrometer, depending on the material. So, the initially
heated layer will be ~ 1 um thick [5].

Various characteristic times that we will be referring to, are defined as follows.
The sound propagation time over the thickness of the heated layer:

d

-y (1)
|
where ¢ is the thickness of the heated layer, and s, is the sound velocity for longitudinal
acoustic waves; the sound propagation time over the x-ray beam radius,
r
= r 2
|
wherer is the beam radius; the thermal conduction time over the thickness of the initially
heated layer,

ty

to

d2

e 3)

by



where y is the thermal diffusivity. Table Il contains numerical values of these times for
various materials under the assumption that d=1 um, and r=60 um.

TABLE Il Characteristic macroscopic timesfor various materials

t., NS t., NS Ty, NS
Al 0.17 10 5.7
Be 0.08 4.8 9.6

The heating of the surface layer leads to a generation of thermal stresses which
may cause degradation of the optical properties of the surface layer within some number
of pulses or, in the extreme cases, during a few pulses [4]. One can identify three
characteristic phases in the evolution of thermal stresses. The first corresponds to the
times shorter than t, (but, of course longer than a few picoseconds required for the
macroscopic description to become valid). The second corresponds to the times
comparable to ty, and the third corresponds to the times much longer than t, and
approaching t, and t,, (The latter two times, as seen from Table Il, are comparable to
each other).

The stressed state we are dealing with is, generally speaking, not a state of a uni-
axial compression or expansion. The stress tensor has several comparable components
[2]. In such a case, one can use the Von Mises criterion for the threshold of plastic
deformations (see, e.g., [8]), namely that, for the stress tensor reduced to the principal
axes, with the principal stresses being o,, 0,, 0;, the onset of plasticity corresponds to

1

E[(01—02)2+ (02_03)2 "‘(03_(’1)2]=G‘2 (4)

where G isauni-axial yield strength.

During the first stage, the heated layer does not have time to expand, i.e., the
strains are still zero, despite the heating. This corresponds to a state of a hydrostatic
compression, where the principal values of the stress tensor are all equal [9] and are
related to the temperature increase by

aE0T
0,=0,=03=- 5)
3(1-2u)
where E is the Young modulus, u is the Poisson ratio, « is the volumetric thermal
expansion coefficient, and ST is the temperature increase after the x-ray pulse. At this
stage, according to the Von Mises criterion, thereis no plastic deformation

At the second stage, the material begins to move in the x direction, because of
very large gradients of stresses in this direction, whereas displacements in they and z
directions remain negligible. Finally, at the third stage, the material reaches an elastic
equilibrium in the near-surface layer comparable to the beam radius. This stage was
considered in Ref. [2].

In this paper we concentrate on the second stage. According to its definition,
during the second stage displacement vector has only x component, u,, and in the strain
tensor one can neglect all the components but
oy,

dX

(6)
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In this case, the general stress-strain relations yield:

G, = aEdT N E(1-u) u 0
31-2w) (@A+w)d-2uw)
aEST Eun

O, =0,=- + U, (8
31-2w) (@A+w)d-2uw)

Expressing o,,(=0,) and o,,(= o) in terms of o,(=o,), and substituting the result in Eq.
(4), onefinds the following yield criterion:

Lo 20+ T 6 ©)
1-u 3

To find the left-hand-side (LHS), one has to solve dynamic equation that takes
into account the acceleration/deceleration of the material in the x direction. We can use
here the acoustic approximation, because the variation of the density of the material that
lead to reaching the yield strength, are in the range of afraction of a per cent. (Note that
in [5] a much higher heating and, accordingly a large variation of the density, exceeding
10%, was considered; the plastic deformations occur actually much earlier, so that there
is no need to solve a non-linear problem). For the temperature not varying with time (as
in the case that we are considering), the wave equation for the sound wave can be written
as.

o, 90,
ot -5 % (19
with

@+ wE-20)p

Initial conditions correspond to a zero initial displacement and zero velocity. The
first of them can be expressed in terms of o, by virtue of Eq. (7) which shows that, at
t=0, o, is determined by Eq. (5). The second initial condition can be formulated in terms
of g, by differentiating Eq. (7):

90, _  EQ@-w) adu, (12)
ot (L+w@-2u) ot
We see that the second initial condition can be presented as (9o, /dt)[,_,=0. The
boundary conditions are that o, vanish at the free surface (x=0) and at the infinity. The
solution of this problem at x>0, t>0is:
oE

O, =— S-2) [0T(x—§t) + 8T (x+ §t) 8T (=x+ §t) + 8T (-x - §1)] (13)
where the function dT(X) is defined as follows: it is the real temperature distribution at
x>0 and is zero at x<O0.

Consider, as an example, a step-wise temperature distribution with the width d:
0T=0T, at 0<x<d, and 6T=0 outside this interval. The stresses at several consecutive
moments, aswell asthe LHS of Eq. (9) at the same moments are shown in Fig, 1. What is
important, is that the LHS of Eq. (9) reaches the highest value during the transient stage,
at the times t~t,. This maximum value is 1.5 times higher than in the steady state that is
established at t exceeding afew t (this steady state was studied in Ref. [2]). This brings
up more stringent conditions for the avoidance of plastic deformations and the thermal
fatigue.




Numerical factor that determines the stiffening of the constraints compared to the
steady-state analysis depends on the shape of the temperature distribution and may be
equal to 1. This happens, in particular, for the linear temperature distribution,
0T=0T,(1-x/d) at O<x<d, and 6T=0 outside this interval. For a Gaussian distribution,

dT xexp(-x*/d?), the numerical factor is 1.2. This case isillustrated by Table I1l. The
allowable temperature increase presented in the paper is evaluated from the equation

ST* = 31-wG (14)
1.20E

TABLE Il Somethermo-mechanical parametersof aluminum and beryllium

Parameter Notation and Magnitude
units Al Be
Volumetric thermal a, UK 6.9-10° 3.1510°
expansion coefficient,
AVIN=0AT
Y oung modulus E, n/m? 6.9-10" 30-10%
Yield strength* G, nim? 30-10’ 150-10’
Poisson ratio u 0.37 0.2
L ongitudinal sound speed S, , km/s 6 12.5
Transverse sound speed S,, km/s 3 8.8
Density 0, glem? 2.7 1.85
Thermal capacity C,, J(cm*°K) 25 3.3
Thermal diffusivity X, CMP/s 0.87 0.52
Meéelting temperature T., K 930 1560
Allowable temperature oT* K 80 320
increase per pulse
Allowable dose, eV/atom D, ev 0.021 0.053

*The number for aluminum corresponds to an aluminum alloy with 2.2 % of copper and 0.2-0.5 % of
chromium.

We see that the onset of plastic deformations corresponds to a very modest dose,
well below the dose required for melting (Cf. Ref. []). The density variations produced at

the critical temperature increase are small.
The density variation corresponding to the onset of plastic deformation can be

found from the general expression dp/p =-u,, by substituting to the RHS an expression
for u,, obtained from Egs. (7) and (9). The result reads:
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Relative density variations do not exceed 0.6%. This justifies the use of a linear
(acoustic) model.

I11. Rate-dependent for mation of point defects

In this section, we consider avery different damage mechanism that occurs during
the x-ray pulse and shortly thereafter. It is related to formation of defects (voids and
interstitials) caused by ionization and excitation of the atoms in the crystalline lattice
(e.g., [10,11], and references therein). In such a case, because of the change of the atomic
configuration, the interaction of the atom with the surrounding atoms changes, creating
local deviation from the equilibrium crystal lattice. With some probability, this non-
equilibrium state may relax to the state where a point defect isformed, e.g., an interstitial.
The probability of this event is relatively low, because the interaction potential of an
excited or ionized atom with surrounding neutral atoms is relatively small, in the range of
1 eV, even for the closest neighbors situated at the inter-atomic distance a.

Had two ioized atoms been formed at a distance of even (2-3)a, their interaction
potential would be substantially larger, in the range of a few eV. This high repelling
potential would cause formation of defects with a high probability, ~ 1. However, at the
“normal” fluences formation of close pairs of ionized atoms occurs with a negligible
probability, because an ionized state recombines much quicker than a closed ionized
neighbor can be formed. and this process does not play any significant role.

The situation changes dramatically at extremely high intensities characteristic of
LCLS. Asthe pulseis shorter than or comparable to the recombination time of an ionized
atom and, on the other hand, the fluence is very high, there is a substantial probability
that two ions will be formed at a distance comparable to a. In this case, the interaction
potential is substantially higher, in the range of 10 eV, If this happens, then, with a
probability approaching 100%, the two ions will blow-up the lattice in their and form
point defects. In fact, more than one dpa may occur per one close ion pair, but we will be
working under the most optimistic assumption that only one dpa occurs.

In what follows, we provide a qualitative, phenomenological description of this
process. We consider materials with moderate-to-low atomic number, from beryllium to
silicon, and photon energies in the range of 8 keV characteristic of the LCLS facility. In
this case, the absorption occurs predominantly via the ionization (see, e.g., Ref. [5] and
references therein). As the photon energy greatly exceeds the ionization potential, the
initially formed electrons produce a number of secondary ionizations. We shall
characterize this phenomenon by a number K of the ionizations per the initial photon; K
istypicaly in the range of several hundreds. (Cf. detailed calculations for diamond, for
lower energy electrons, presented in Refs. 10-11).

The number density of the atoms is related to the atomic weight A and the mass
density p of the material by

n=p/Am,. (16)
For arough preliminary estimates, we will ignore the details of the crystal structure and
characterize the medium just by the average inter-atom distance

a=n"3, (17)



We designate the photon fluence (number of photons per unit area normal to the beam
direction) as N,;,, and the attenuation coefficient (an inverse e-folding length of the beam)
by w.

The number of absorption events occurring per unit volume during the pulse is
uN ;.. An average distance between the absorption pointsis

8o = (N ) (19)
An energetic electron formed in such a point causes secondary ionizations in its vicinity
[10, 11]. The primary electron experiences scattering, so that the area where secondary
ionizations occur can be roughly characterized as a sphere of a radius |, of order of a
fraction of arange of the primary electron. According to Refs. 5-7, this distance for 6-7
keV electrons is ~ 0.5-1 um. We assume that a,, is less than |;. In this case, the
ionizations from the neighboring absorption points overlap, forming a quasi-
homogeneous distribution of the ionized atoms. Aswe will see shortly, the condition

li<@ass (19)
indeed holds. The number density of ions formed per unit volume after the passage of the
X-ray pulseisthen, obvioudly,

n, = KuN (20)
We neglect here the recombination, which isjustifiable for the LCLS pulse length. These
ions are randomly distributed over the volume. The average distance between theionsis

a =" =(KuN,, )" (21)
One can note in passing that, in the case opposite to (19), i.e., at low fluence per

pulse, secondary ionizations occur in separate clusters around the absorption points (Fig.
2). The ionization density inside the clusters is less than the estimate (20) by a factor

(aabs”i)g'

We are interested in the ion pairs situated at the distance less than a certain
number C of the inter-atomic distances a:

I=Ca (22)
with C being equal to 3-4. Note that the distance | is much less than the typical Debye
radius for silicon and diamond (Cf. Ref. 10-11), so that the interaction between the ions
in a close pair occurs without screening. Beryllium is a highly conducting metal and
screening in it may play arole. For now, however, we ignore this effect and just caution
that the screening may change our predictions.

With the interaction energy of afew electon-volts, the time within which the ions
and surrounding atoms will move around is of order of the inter-particle distance a
divided by the velocity corresponding to the interaction energy. The latter is ~ 10° cm/s,
so that for the size of the zone involved ~ 107 cm, the characteristic time will be ~ 100 fs,
i.e., shorter than recombination time.

According to the previous discussion, if two ions appear at the distance less than |,
point defects (interstitials and voids) are formed, whereas for the pairs formed at larger
distances the interaction energy is too small to produce defects. The close pairs
constitute asmall fraction 3 of the total number of ions; thisfraction is, obviously,

p=nl*=ncia®-c* (23)
n



The total number of point defects formed per unit volume of the material per one pulseis
pn.. [We remind of our assumption that only one displaced atom is formed by every close
ion couple; in reality, more than one defect can be formed.] The fraction ¢ of the
displaced atoms compared to the total number of atomsis

2

€= Bﬂ = (f(%)
n n

Table IV represents numerical values of various parameters for beryllium and silicon.

(24)

TablelV. Rate-dependent for mation of the defectsfor the 8-keV beam*

p,glem® | n,em® | a=n™3, | u,cm® | a,,cm | a,cm €
cm
S 2.33 5-10% 2,7-10° 143 0.7-10° | 1.2-10" | 1.05-10°
(C=2)
C 3.5 1.7510® | 1.8-10% 15.3 1.510° | 25107 | 3.3-10°
(Diamond) (C=3)
Be** 1.85 1.2:10® 2-10°® 19 3-10° 5.1-:107 | 1.08:10°
(C=3)

* All the derived parameters are obtained for the fluence of N, =2-10"° cm and K=200.
* *Beryllium is a metal where the screening may reduce the repulsion effect.

The results obtained mean that, within 10° pulses (~ 10 seconds of LCLS
operation) every atom in the silicon optics will be displaced from itsinitial position. For
the diamond, the same will occur within less than an hour.

4. Discussion

We have considered two mechanisms that may lead to a degradation of the LCLS
optics within some number of pulses, ranging from a few thousands to several millions
(which correspond to a few seconds to a few hours of the LCLS operation). One of the
mechanisms is a thermal fatigue, which leads to a gradual cracking and the loss of
smoothness of the surface of the reflective, grazing incidence optics. This mechanism
works on the time-scale of order of a nanosecond. The limiting fluence depends on the
thermal expansion coefficient and the material strength. The best performance can be
expected from beryllium.

The second mechanism is of a non-thermal nature and acts during the pulse and
immediately after it, before the recombination of the ionized atoms occurs. We have
identified key parameters determining such a damage and can, in particular, expect that
beryllium will be much more resilient than silicon or carbon. We aso note that even for
beryllium the rough estimate of the number of pulses within which dpa becomes ~1
corresponds to only a few hours of the LCLS operation. We emphasize that this result
was obtained under an optimistic assumption that the close ion pair forms only one
displaced atom. Although we have primarily concentrated on the reflective optics, this
second mechanism works also for transmission optics, e.g., zone plates.
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Fig. 1 Stresses produced by the step-wise temperature distribution
(shaded). The x-coordinate is normalized to the initial width d; the
stressisnormalized to (1-w)aEdT,/3(1-2u). The pictures
correspond to t=0, d/4s, d/2s, 3d/4s,, d/s;, and t>> d/s, L.h.s. of
Eq. (9) isshown by athick line. Later in time, the bi-polar acoustic
pulse formed at t=d/s; moves to the right (and outside the picture),
without further change of the shape. It leaves behind a static thermal
stress analysed in Ref. 2. Note that, at the intermediate times, the
L.h.s. of Eq. (9) is 1.5 times higher than at the | ater static stage,
meaning that plastic deformations occur at alower temperature.

Fig. 2. Absorption process at low (a) and high (b)
intensities. In the first case the distance a, between
absorption points is much greater than the radius of the
ionization cluster |,. In the second case, with the same radius
of the cluster, the distance between their centers becomes
small, and the clusters overlap.






