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Abstract
We study ultrafast x-ray scattering from a laser-driven MgO crystal that provides us an
information about electronic structure of the laser-driven crystal. Relying on a derived theoretical
description of the light-matter interaction and calculating scattering spectra, we analyze how the
results depend on essential parameters of the driving laser pulse and the probe x-ray pulse.
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1 Introduction

In order to understand different processes in atoms, molecules and materials, different techniques
are used including light scattering. There is a growing interest in probing microscopic details of
light-matter interaction. For this reason, we consider x-ray scattering from the cubic wide-bandgap
MgO crystal affected by an optical electromagnetic field. We study a process, in which the electronic
system of the crystal under the influence of an optical pump pulse, is probed by means of x-ray
scattering. This provides us information about the excited electronic structure of the solid.

In the present work, we study how a scattering signal depends on properties of the x-ray and the
optical pulses. First, the dependence of the signal on pump pulse polarization, intensity and fre-
quency are demonstrated. Second, we show how the probe pulse duration affects the scattering signal.

The pump pulse is an intensive electromagnetic field with the photon energy of 1.55 eV that excites the
electronic system. The interaction between the pump pulse and the electronic system is described
within the Floquet-Bloch theory. The probe pulse with the photon energy of several keV has a
Gaussian shape. The interaction between the probe pulse and the electronic system is described
within the first-order perturbation theory.

2 Theory of X-ray scattering from laser-driven system

The interaction between the electronic system of the MgO crystal and the optical single-mode elec-
tromagnetic filed is described in a nonperturbative way using the Floquet-Bloch approach [1],[2].
We refer to a laser-driven system as an electronic system entangled to the optical laser field. We
treat the x-ray pulse within the first-order perturbation theory. Within the perturbation theory we
obtain the probabilities to scatter a photon with an initial wave-vector k;, to the state with a final
wave-vector Kg;.
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2.1 Pump pulse

The Hamiltonian of a laser-driven (LD) system describing the interaction between the electronic
system and a single-mode electromagnetic field is

ﬁLD = ﬁel+ﬁem+ﬁinta (1)
[:[em = W&LU,SO&no,soa (2)
A 1 A A A A

i = - [ drd ()R (0)p)i(). 3)

Here, ﬁez is the Hamiltonian of the electronic system, flem is the Hamiltonian of the electromag-
netic field, and ﬁmt describes the interaction between the electromagnetic field and the electronic
system. @, (d,s) creates (annihilates) a photon with wave vector & and polarization s. We as-
sume that only kg, sp mode with corresponding polarization vector ¢, and the energy w = |Kolc,
where c is the speed of light, is occupied. A(r) is the vector potential of the electromagnetic field,
p is the canonical momentum of an electron, ¢/ (r) (¥ (r)) is electron creation (annihilation) operator.

Let |®,,) be an eigenstate of ]:Iel with eigenenergy E,, , |N — p) be a Fock state of the mode kg, sq
and |W;) be an eigenstate of H;p. |W;) can be represented as
|W;) can be represented as

(Wr) = Crl®n) [N — p). (4)

1

Assuming that /N —  ~ /N, the Hamiltonian is

E+ (N —2)uwl T 0 0 0
Tt E+ (N —1)wl T 0 0
0 Tf E + Nuwl T 0 -
0 0 Ti E+ (N +1)wl T
0 0 0 Tt E + (N + 2)wl

where E is a diagonal matrix with the diagonal elements being the eigenenergies F,, of the H,,
I and O are unit and zero matrices, correspondingly, T is a matrix with elements 7,,,,, where

21 A ; N
nw=%ﬁm/fﬂ%wwwmmmeM%v

Further, we have to diagonalize this matrix. As it not possible to solve this problem for an infinite
matrix, it’s size has to be limited. Therefore, we introduce the notation i, where 2p,,., + 1 is
the amount of blocks of the matrix.

Due to the periodicity property of the Hamiltonian the coefficients satisfy the following relation

Iy
Cyar =C (5)

nu+AR
where [ is a reference state.
Thus, each Floquet eigenstate Wz, with an eigenvalue E7, has a 'replica state' Wy, ~with a cor-

responding eigenvalue Fr, = Ej, + Auw. Therefore, physically different Floquet states can be
characterized in the range E € [0,w].
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2.2 Probe pulse

When the LD system is probed by means of high-energy nonresonant x-ray scattering the total
Hamiltonian of the whole system is given by [3]

FI = ALD + [f[x + [A{x,int (6)

FIX = Z ka&LX’SX&kX,sX (7)
ky,sx

~ 1 A ~

Hoim = 55 [ @1 (0A2@)5 () (®)

where H, is the Hamiltonian of x-ray field, f{x,int is the interaction Hamiltonian between the electronic
system and the x-ray field in a high-energy nonresonant regime, A, is the vector potential of the
x-ray field. The probe x-ray pulse has a Gaussian shape

2 o =0)”
E(t) = | = oe E 9)
&

We diagonalize Hamiltonian H;p of a laser-driven crystal using a basis

2.3 Basis

|S0m,k>|N - /~L>7 (10)

where ¢, k) is an eigenstate of a one-body field-free Hamiltonian H., of an electron in a crystal, k
is a Bloch vector. According to the Bloch theorem, wave functions can be represented as

Som,k<r) = eikrum,k@)v
=u

Umx(T) = Unmx(r + R).

One-body eigenstates of the Hamiltonian H are

i) = Z Cin,k,u‘@m,kHN — ) (11)

m,p

i

with energies €; . The coefficients ¢, ,

are the solutions of the equation
> {mad (N = plHIN = 1) omr 1) o ey = EikConsc (12)
m’ !

They also have a periodicity property
C:g,k/ﬁ—Au = Cn?ff(,u' (13)

2.4 Scattering probability

The probability of ultrafast x-ray scattering from a laser-driven crystal can be represented as the
sum of two terms, namely, quasi-elastic and inelastic ones. Quasi-elastic means that an LD system in
the Floquet state I, after interaction with light changes its state to a state I, in other words, the
transitions only between physically equivalent replica states are taken into accoint. Wheareas, the
inelastic term represents transitions between all non-replica states, namely from I, to Ja,s, where

Iy # Jo.
P(vaﬁs) = Pq.e. + pine.a (14)
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Apw)?r2 2
P =R ¥ P ity T e @) (15)
ge. — 40 Cm’,k,u—i—Aucm,k,ue € m'm\ &, 5
i)k7m7m,nu‘
; . : (wsh+ej ik —ei et Auw)?r) 2
x Apwty — ik, 2
-Pine. = PO Z Z C]m’,k,,quA,uc'erL,k,,ueZ Hive 8in2 Om’m(k7 G) (16)

i3,k - Apmm/,u

where i is an occupied one-body Floquet state, j in an unoccupied one,

O (K, G) = Nowi / drul ()i (r)eST,

j (87)2I5In 2 g |(€xin» €x) ] wr.

e (27)2w? 3

Wsh = Wk, — Win.-

P

r.e. and P, represent quasi-elastic and inelastic scattering probability, correspondingly.

3 Analysis

We introduce the notations G(w) = e™sms and Bay = % 2 uinnChnepOmm(k, G).

; /
Z7k7m7m M

3.1 Time-unresolved signal

In this work, we study how the expression for the scattering probability in Eq. (15) changes for long
probe pulses. The time-independent part of the quasi-elastic term can be represented as

. 2
P;Zfiep =P Z G(2(wsp + Apw)). (17)

Ap

Ba,,

The time-dependent part of the quasi-elastic term can be represented as

Pre. =P Y BAuB*Au+6eimmg(wsh + Apw)G(wep, + Apw 4 dw). (18)
Ap 6#£0

Let us consider a probe pulse with duration 7, such that Gaussian functions G(ws,) and G(wg;, + 0w)
do not overlap with each other for every ¢ # 0, so that their product is zero. This leads to

P;{z%’ =0. (19)

Finally,

305 iGe|? _ @sntdu?ry
Pq.e, = PO Z NC@” / d I‘p(r, A/J)e (& 4ln?2 (20)

Ap u.c.

where

plr, Ap) = (U, [0 ()i (1))

=2 Y s anCnic i gc(E) i (T).
i,k mm/,u

(21)
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3.1.1 Electron density

Electron density of the LD system can be represented as

p(I‘, t) = Z eiA}Mtﬁ(ra A:u) (22)
Ap

Let us show that p(r,t) is real. In expression for p(r, —Apu) we substitute u — p + Apu.

ﬁ(rv _A/JJ) = Z Ci;’kquucinkyuin’k(r)umk(r>
i,kmm/,
' ik i 1 <23)
= Z Cm’k,ucmk,u+Auum’k (r)umk (I') :
i, k,mm/ (u+Ap)
Since u changes from —oo to +oo, and substituting m — m’,m’ — m, we obtain
ple,=Ap) = % O e Chpt A Ui (T) e () (24)
i, k,m,m’
- K Z , Ci;kzk,ucin’k,u+A,uuink(r)um'k(r) (25)
i,kmm/ u
, : f
(5 it D) (1)) (20)
i,k,mm’ pu
= p(r, Ap)f. (27)
Thus,

Thus, we conclude that the electron density p(r,t) = 3 e2#!5(r, Au) is real as it should be.
Ap

3.1.2 Calculation parameters

If not stated differently, all the below is studied for the Bragg peak G = (0,0, 2), probe-pulse duration
7, = 6 fs, pump-pulse frequency w = 1.55 eV, pump-pulse polarization e = (0,0, 1) and pump-pulse
intensity Ip = 2 - 10'2%;

cm?”

3.1.3 Convergence study

In order to obtain the wave functions in Eq. (4), we need to diagonalize the Hamiltonian in the
Floquet-Bloch representation, which is an infinite matrix. To solve this problem by numerical calcu-
lations, we need to limit the size of the matrix by some finite integer. The question is how big the
matrix should be to represent the true physical behavior of the system. For this reason we make a
convergence study with respect to fimax, which determines the amount of blocks of the Hamiltonian
matrix. We also investigate, how many conduction bands of the crystal, we should take into account.

First, we study the minimum required number of conduction bands. Figure 1 shows the plot of the

scattering signal from electrons in the MgO crystal taking into account 10, 15 and 20 conduction
bands.
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Figure 1: Convergence study with respect to the number of conduction bands (c.b.)

It follows from Figure 1 that signals calculated with 15 and 20 conduction bands almost coincide.
Thus, we will use 15 conduction band for further calculations.
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Figure 2: Convergence study with respect to 4z

For 15 conduction bands, we make a convergence study with respect to pipax. From Figure 2, we
conclude that the calculation is converged for fi,,4, = 40. Thus, we will use this value for further
calculations.

Now we study the inelastic scattering case. Figure 3 shows the plots of the inelastic signals for
different number of conduction bands.
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Figure 3: Convergence study with respect to the number of conduction bands (c.b.)

We see from Figure 3 that the inelastic signal converges faster for lower energies. The inelastic signal
induced by the transitions from valence bands to conduction bands. The signal for higher energies
comparing to the signal for smaller energies is much more sensitive to the number of the conduction
bands we take into account.

3.1.4 Time evolution

T = %’r is the time period of the optical field oscillation. As you one can see from Eq. (22), w is also
a period of the electron density oscillation. Evolution in time for the quasi-elastic and the inelastic
signals are represented in Figure 4.
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(a) (b)
Figure 4: (a) Time evolution of the quasi-elastic signal. (b) Time evolution of the inelastic signal.
As we can see from Figure 4, there is no time dependence for the quasi-elastic scattering term as

well as for the inelastic one. Thus, the total probability (intensity) do not evolve in time for the
probe-pulse duration of 6 fs.
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3.1.5 Dependence on the pump-pulse intensity
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Figure 5: Dependence of the quasi-elastic signal on the pump-pulse intensity. I = 2 - 10'2 CIfn/Z.

We study how the signal changes for different intensities of the pump pulse. As we can see from
Figure 5, the intensities of the peaks monotonically decrease with the order of the peaks at low inten-
sities of the pump pulse. Thus, the interaction between the pump pulse and the electronic structure
of the crystal can be described within the perturbation theory. Whereas, at higher intensities the
Floquet’s theory is necessary.

3.1.6 Symmetry

Let us study the symmetry property of the signals. One can see from Figures 1, 2 and 4a that
the quasi-elastic signal is symmetric with respect to ws — wy,. However, the inelastic signal is not
symmetric as follows from Figures 3 and 4b. In an inelastic scattering process, the energy of the
electronic system is increased and the signal is located in wy — wj, < 0 area. We compare the quasi-
elastic and inelastic signals for G and —G on Figure 6. As we can see, signals on Figure 6 are
absolutely equal for both G and —G.
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Figure 6: Signals corresponding G = (0,0, 2) and G = (0,0, —2) Bragg vectors. (a) The quasi-elastic
signal. (b) The inelastic signal.
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3.1.7 Pulse duration

Let us study how the signal changes with respect to the probe pulse duration. We consider three
different values of the pulse duration 7, = 6 fs,7, = 9 fs,7, = 12 fs and draw the plots for the
quasi-elastic, inelastic and total signals.
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Figure 7: The quasi-elastic signals for different probe pulse durations.
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Figure 8: The inelastic signals for different probe pulse durations.
From plots in Figure 7, we see that on the peaks in the quasi-elastic signal become more narrow

and distinguishable. It follows from Figure 8 that the inelastic part of the signal decreases while the
pulse duration increases.
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Figure 9: The total signal and quasi-elastic part of it at pulse duration 7, = 12 fs

Let us compare the total signal and quasi-elastic part of the signal on Figure 9. We study how the
difference between the total signal and the quasi-elastic part will change in respect to probe pulse
duration. We compare the intensities of the first, second and third peaks corresponding to w;, — 1.55
eV, wi, — 3.1 eV and wj, —4.65 eV scattering energies. Figures 10, 11 and 12 show the ratios between
the total signal and the quasi-elastic part of the signal for the first, second and third peaks. From
Figures 10 and 11 we conclude that the total signal and the quasi-elastic signal at win — w and
win — 2w almost coincide for probe-pulse durations 7 > 24 fs. This means that the inelastic signal
can be spectroscopically separated from the quasi-elastic signal at these probe-pulse durations. We
can not make such a conclusion from Figure 12 because the intensity of the peak is too small.
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Figure 10: The ratio of the total signal to the quasi-elastic one for the first peak (w = 1.55) depending
on the probe-pulse duration.
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Figure 11: The ratio of the total signal to the quasi-elastic one for the second peak (w = 3.1)
depending on the probe-pulse duration.
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Figure 12: The ratio of the total signal to the quasi-elastic one for the third peak (w = 4.65)
depending on the probe-pulse duration.

3.1.8 DPolarization

Let us now consider how the signal depends on the pump pulse polarization. The vector e represents
the pump pulse polarization. We study how the quasi-elastic part of the signal changes with respect
to the polarization vector e = (cos ¢, 0,sin ¢) where ¢ € [0,90]. Figure 13 shows the dependence of
the intensity of the first-order quasielastic Bragg peak on the angle .
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Figure 13: The dependence of the first-peak intensity of the quasi-elastic part of the signal on the
polarization of the pump pulse e = (cos p, 0, sin @)

The behavior can be described by an analytical function. For instance, the dependence for G =
(2,0,0) first peak can be represented as I(¢) = 4.3-107% cos? ¢. Figure 14 and 15 show the dependence
of the intensity of the second-order and the third-order quasi-elastic Bragg peak on the angle ¢.
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Figure 14: The dependence of the second-peak intensity of the quasi-elastic part of the signal on the
polarization of pump pulse e = (cos ¢, 0, sin ¢).
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Figure 15: The dependence of the third-peak intensity of the quasi-elastic part of the signal on the
polarization of pump pulse e = (cos ¢, 0, sin ).

3.1.9 Pump pulse frequency

We study how the signal depends on the pump-pulse frequency. Figures 16 and 17 show the quasi-
elastic and the inelastic signals at two pump-pulse frequencies: w = 1.55 eV and w = 3.1 €V.
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Figure 16: The quasi-elastic part of the signal at two pump-pulse frequencies of 1.55 eV and 3.1 eV.
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Figure 17: The inelastic part of the signal at two pump-pulse frequencies of 1.55 eV and 3.1 eV.

3.2 Time-resolved signal

The quasi-elastic part of the scattering probability can be represented as

Ppe. = Fo Z Z BAHB*AMMe*i‘S“Q(wSh + Apw)G(wsh + Apw + 0w). (29)
Ap 6§

As one can see, the time-dependent part is determined by the product of two Gaussian functions.
Depending on the pulse duration 7,, the product of two Gaussian functions could be zero or not zero.
There are two limit cases. The first one is defined by

G(wsn)G (wan + dw) ~ G*(wa) = G(2wa) (30)

for 6 < 4.
It means that we can not distinguish the positions of two Gaussians. The second one is defined by

G(wsh)G(wsp, + 0w) =~ 0 (31)

for 6 > d5. With these limits, the quasi-elastic probability can be represented as

o1 )
Poe. = PG (20) 3 (3 BauBiyese ™ )+
[0]=0 ~ Ap
P )
+P S (X BauBhse ™G + M)l + Mg+ 00))
6]=01+1 * Ap

(32)

The dependence of limits ¢; and d2 on 7, and w is the following:

o = m0d<4'3> dy = mod(m) (33)

WTp WTp
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Examples for w = 1.55 eV are:

form,=11s,01 =2 0y =4,
for 7, =041s,01 =6 0, =09,
for 7, = 0.1 fs, 01 =27 9 = 33.

For 7, > 3.3 fs — o = 1 and the probability F,. becomes time-independent. This case was studied
in Section "time-unresolved signal”.

The time evolution of the signal from %T to T repeats the evolution from 0 to %T in the opposite
direction as demonstrated on Figure 18. Thus, we observe the time evolution of the system within
the interval [0, %T] Assuming the probe-pulse duration 7, = 1 fs , we calculate the time evolution
of the scattering signals at different G vectors. Figure 19 shows how the quasi-elastic signal evolves
in time for both G = (0,0,2) and G = (0,0, —2) Bragg peaks.
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Figure 18: The time evolution of the total signal (a) from 0 to 37 and (b) from 17 to T
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Figure 19: The time evolution of the quasi-elastic signal from from 0 to 3T for (a) G = (0,0,2) and
(b) G = (0,0, —2).

In order to take a closer look on the time evolution of the scattering signal, let us study on Figure
20 the difference between the two quasi-elastic signals shown on Figure 19.
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Figure 20: The difference between the quasi-elastic part of the signals with G = (0,0,2) and G =
(0,0,-2).

As one can see, the quasi-elastic signal for Bragg peak G = (0,0, —2) in the time moment ¢, is
equal to the quasi-elastic signal for Bragg peak G = (0, 0, 2) in the time moment ¢, + %T. The same
conclusion can be made for the inelastic signal as can be seen from Figures 21 and 22. Figure 23
shows how the total signal evolves in time for both G = (0,0, 2) and G = (0,0, —2) Bragg peaks.
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Figure 21: The inelastic signals at different time points. (a) Signal corresponding to G = (0,0, 2).
(b) Signal corresponding to G = (0,0, —2).
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Figure 22: The difference between the inelastic part of the signals with G = (0,0,2) and G =
(0,0,-2).
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Figure 23: The time evolution of the total signal from from 0 to 3T for (a) G = (0,0,2) and (b)
G = (0,0,-2).
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4 Conclusion

We studied ultrafast x-ray scattering from a laser-drivel MgO crystal. The signal dependence on
significant parameters of the laser-driven system and probe pulse was shown. The dependence on
pump pulse polarization, frequency and intensity were shown. In particular, we demonstrated that
the probe-pulse duration determine the time-resolution of the signal.
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