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Abstract: Scattering of ultrashort X-ray pulses (USP) is an important component of the diffraction
analysis of matter using modern USP sources. Usually, the specific scattering of such USPs is not
taken into account to determine the structure of a substance. Taking into account the specifics of
scattering on complex structures will give more accurate results when deciphering complex structures.
In this work, it is shown that when X-ray USPs are scattered on diamond with NV centers, it is
necessary to take into account the pulse duration. The results obtained can be very different from the
widely used theory of diffraction analysis, which confirms the need to take into account the specifics
of USP scattering when diagnosing complex structures. It is also shown that scattering spectra are
quite sensitive to the concentration of NV centres in the diamond structure and this can be used in
diffraction analysis.

Keywords: Diamond; NV centre; ultrashort pulse; scattering; scattering spectra; X-ray diffraction
analysis.

1. Introduction

X-ray diffraction analysis of matter (XRD) using ultrashort pulses (USP) has now
gained great importance [1–3]. Indeed, using such USPs it is possible to investigate the
structure of matter with high temporal and spatial resolution, as the technical capability
exists to carry out such investigations. One of the most promising sources of USP are
free-electron XFELs [4]. Investigations at such facilities are currently carried out using
femtosecond pulses. At present, attosecond pulse generation is being reported by advances
in X-ray free-electron lasers [5,6]. Here also a subfemtosecond barrier with a high peak
power has been achieved, which allows one to study excitation in a molecular system, the
motion of valence electrons with high temporal and spatial resolution, for example [7].
As powerful sources of USP are created, there is a need for new theoretical approaches
that take into account the specific interaction of such USP with complex structures [8,9],
including promising materials for quantum technologies. To such materials, for example,
can be attributed diamond with NV centres. The NV centre (nitrogen-vacancy centre) in
diamond is one of the many point defects in diamond, which appear when the carbon atom
is removed from the lattice node and the resulting vacancy binds with the nitrogen atom.
The defect is unique in that its individual centre electron spins are easily manipulated
by light, magnetic, electric and microwave fields, allowing quantum information (qubits)
to be written on the centre nucleus spin. Such manipulation is possible even at room
temperature [10,11]. Of main interest for quantum technologies are the so called NV−

centres (commonly denoted as NV), which have an extra electron located at the vacancy
site and form a pair with spin S = 1 with one of the vacancy electrons.

Ultra-high resolution diffraction analysis of such structures is a promising trend in
modern physics. Such analysis is based on scattering of X-rays by various periodic and
complex structures. Usually, in the theoretical analysis of XRD scattering of X-ray ultrashort
pulses are described as scattering of plane waves of infinite duration in time [3,12]. In
other words, the specificity of USP scattering on such structures is not taken into account,
which leads to inaccurate use of well-known approaches in XRD [3,8]. The femto- and
especially attosecond time-resolved scattering processes on such structures have not been
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well studied and are being actively developed nowadays [8,13–23]. It has recently been
shown that the scattering of attosecond USPs on DNA nucleotides may differ significantly
from the previously known XRD theory [24,25]. Thus, the study of USP scattering on
diamond with NV centres, taking into account the specificity of their scattering, is an
important task.

In this paper, the specificity of USP scattering on diamond with NV centres will be
investigated. The results obtained have rather simple analytical form and can be applied
for calculation of scattering spectra not only with NV centres but also for other colour
structures in diamond. It is shown that the scattering spectra are sensitive to the number
of NV centres in the diamond. Moreover, it is shown that the consideration of the USP
durations leads to a marked difference of the theory presented here to the previously
known and widely used one.

Further we will use the atomic system of units: h̄ = 1; |e| = 1; me = 1, where h̄ is the
Dirac constant, e is the electron charge, me is the electron mass.

2. USP scattering on diamond with NV centres

Consider a diamond with an NV center on which the USP falls in the direction b f n0.
As a computational example, consider the system shown in Fig (1). The duration of

(a)

(b)

 USP

 USP

n0

n0

Figure 1. The USP falling on the presented system, in case (a): A diamond lattice unit cell with one
NV center, where blue is carbon atoms (C), purple is a nitrogen atom (N), and yellow is a vacancy;
(b): a diamond lattice with one NV center for 8 unit cells (2×2×2).

such a pulse τ, which we will consider many times shorter than the characteristic atomic
time τa ∼ 1, i.e. τ � τa. This condition will allow us to use the sudden perturbation
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approximation. In this approximation the eigen Hamiltonian of the system can be neglected,
since the electron in the atom does not have time to evolve under the action of the USP
field because the momentum interaction with the electron in the [26] atom is too fast. It
should be added that the condition τ � τa to use our approximation is not strict. In the
case of X-ray USPs, as was shown in [18,26], it is sufficient to assume that ω0τa � 1, where
ω0 is the carrier frequency of the incident USPs. This condition is already satisfied for
X-ray USPs. We choose the electromagnetic field strength of the USP in the general form
E(r, t) = E0h(t− n0r/c), i.e. we will consider spatially inhomogeneous, where E0 is the
field amplitude, and h(t− n0r/c) is an arbitrary function defining the shape of the USP,
c is the speed of light (in a.u. c ≈ 137). We will consider the USP fields not so strong as
to account for the magnetic field of the USP, i.e., we will assume that E0/c2 � 1 or in
intensity units I� 1025W/sm2. In this case, as was shown in [24,25], the scattering spectra
(scattered energy USP to a unit solid angle in a unit frequency interval) can be represented
as

d2ε

dΩkdω
=

[E0n]2

(2π)2
|h̃(ω)|2

c3

[
s

∑
i=1

Ne,i NA,i(1− |Fi|2) +
s

∑
i,j=1

δi,jNe,i Ne,jFiF∗j

]
, (1)

where h̃(ω) =
+∞∫
−∞

h(η)eiωηdη, and p = ω
c (n− n0) has the meaning of recoil momentum

when a USP is scattered on a bound electron; Ne,i is the number of electrons in the atom i
variety; NA,i is the number of atoms i variety; Fi =

1
Ne,i

∫
ρe,i(r)e−iprd3r is the form factor of

the i atom of the variety with electron density ρe,i(r). The factor δi,j = ∑Ai,A′ j e
−ip(RAi−R

A′ j
)

depends only on the coordinates of atoms i of the variety (with number Ai) whose position
is determined by the radius vector RAi. Of greatest interest for XRD is the τω0 � 1 case (τ
is the pulse duration, ω0 is the USP carrier frequency). If we assume that τ → ∞, i.e. the
radiation source is continuous, we get the well-known XRD theory. It is this theory that is
used in XRD even in the case of ultrashort pulses, without taking into account the specifics
of USP scattering.

Using Eq. (1) we can obtain a physically measurable value (scattering energy to a unit
solid angle)

dε

dΩk
=

[E0n]2

(2π)2c3 τ
∫ ∞

−∞
| f̃ (x)|2dx

[
s

∑
i=1

Ne,i NA,i(1− |Fi(p0)|2) +

s

∑
i,j=1

γi,j(p0, pτ)Ne,i Ne,jFi(p0)F∗j (p0)

]
,

γi,j(p0, pτ) = ∑
Ai,A′ j

e
−ip(RAi−R

A′ j
)
∫ ∞
−∞ | f̃ (x)|2e

−ixpτ(RAi−R
A′ j

)
dx∫ ∞

−∞ | f̃ (x)|2dx
. (2)

where Fi(p0), δi,j(p0); p0 = ω0
c (n − n0) and pτ = 1

cτ (n − n0); h = e−i(ω0t−k0r) f ((t −
n0r)/τ), where the f function defines the USP profile, then we get f̃ ((ω − ω0)τ) =∫ ∞
−∞ e−i(ω−ω0)τη f (η)dη is the Fourier transform of the function f (η). The electron density

of such atoms ρe,i(r) =
Ne,i
4πr ∑3

k=1 Ak,iα
2
k,ie
−αk,ir, where Ak,i, αk,i are constant coefficients (for

all varieties of atoms with number i) defined in [27]. The result is a simple expression for

Fi = ∑3
k=1

Ak,iα
2
k,i

p2+α2
k,i

. Next, we need to determine the form of the incident USP, which we

choose as a Gaussian form h(t) = e−i(ω0t−k0r)e−α2(t−n0r/c)2
, where α = 1/τ, k0 = n0ω0/c.

The Gaussian USP is chosen as one of the best known for describing USP. For example, in
[28] an exact description of the subcyclic pulse beam (SCPB) was found, where in the case
considered in this paper (ω0/α� 1) the solution has the form of a Gaussian impulse. In
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the chosen USP case, we obtain h̃(ω) =
√

π
α e−(ω−ω0)

2/4α2
. Consider the case of multi-cycle

momentum, i.e., when ω0/α� 1, which is mainly used in diffraction analysis of matter.
Using the Eq. (2) we obtain

dε

dΩk
=

[E0n]2

4c3α
√

2π

[
s

∑
i=1

Ne,i NA,i(1− |Fi(p0)|2) +
s

∑
i,j=1

γi,j(p0, pτ)Ne,i Ne,jFi(p0)F∗j (p0)

]
,

γi,j(p0, pτ) = ∑
Ai,A′ j

e
−ip(RAi−R

A′ j
))

e
− 1

2 (pτ(RAi−R
A′ j

))2

. (3)

In our case s can be considered equal to 2, since the presented system can be represented
by two independent atoms: carbon (C) and nitrogen (N). It should be taken into account
that the place where there is a vacancy is empty, i.e. there are no atoms there. Eq. (3)
takes into account the specificity of USP scattering on the system under study. Indeed,
in this expression there are characteristics responsible for the duration τ of the USP. If in
this expression we take into account only the coherent USP scattering term (the second
sum in Eq.(3)) and we take τ → ∞ away, we obtain the well-known expression for
the scattering of long duration (monochromatic) X-rays [25]. Indeed, at τ → ∞ the
expressions for pτ = 1

cτ (n − n0) → 0 and Eq. (3) becomes proportional to τ (Fermi’s
golden rule). Thus, the main difference between the Eq. (3) from the previously known
theory is determined by the factor γi,j(p0, pτ), analysis of which determines the difference
of our theory from the previously known one. It turns out that this difference is mainly
observed when using attosecond and shorter pulses. Indeed, at such pulses when τ . 1

the factor e
− 1

2 (pτ(RAi−R
A′ j

))2

is close to unity at quite small RAi −RA′ j (groups of units, tens
and hundreds of atoms). In this case on such atoms, where RAi − RA′ j is small enough,
the scattering is coherent, otherwise the factor γi,j(p0, pτ) quickly tends to zero and the
scattering goes in more complicated way. In the case of continuous radiation (when τ → ∞)
the coherent radiation comes from all atoms. Qualitatively, this can be explained quite
simply. The portion of the atoms in the matter that falls within the spatial region of size of
the USP (∼ cτ) emits coherently. This is a very important specification, because if some
region with NV centers does not fall into such a size (∼ cτ), the results of our theory and
the previously known one will be very different. This, in turn, will lead to incorrect use
of the previously known theory of diffraction analysis (XRD) of matter. As an example,
let’s take the USP scattering calculations on the systems presented in Fig.1. Calculation of
scattering spectra using Eq. (3) are shown in Fig.2 and Fig.3. The pulse falls as shown in
Fig.1 with photon energy h̄ω0 = 7.46 keV, pulse duration τ = 10(as). The results in Fig.3
are presented in relative units normalized to the maximum value of the spectrum. Let us
show that using USP scattering is sensitive to finding NV centers in the diamond, even at
low concentrations. To do this, let us show the difference δ (normalized to the maximum
value of the spectrum, i.e. δ =

([
dε

dΩk

]
NV
− dε

dΩk

)
/
[

dε
dΩk

]
max

) between scattering spectra

of diamond lattice with NV center and diamond lattice. The results of the calculations are
shown in Fig. 4 From Figs. 2-4 one can see that the scattering spectra are quite sensitive to
the NV centers in the diamond structure, i.e., sensitive to the concentration of NV centers
in the diamond. Indeed, comparing the graphs in Figs. 3 and 4 one can see that for case (a)
the spectral values do not differ by more than an order of magnitude, and in case (b) by
more than 2 orders of magnitude.

3. Discussion and Conclusion

Thus, using Eq. (3) we obtained two important results. The first result is responsible
for the necessity to use the theory of USP scattering on complex multi-atomic systems
developed in this work and in [24,25] in the case of using attosecond pulses. We have
shown that when using attosecond pulses, the previously well known XRD theory can
carry significant errors and it is necessary to use the theory developed here. The theory
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(a) (b)

Figure 2. The figures show 3D USP scattering spectra: (a) a diamond unit cell with an NV center (see
Fig. 1 (a)) and on the diamond structure presented in Fig. 1 (b).
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Figure 3. The figures show 2D USP scattering spectra presented as contour plots: (a) a diamond unit
cell with an NV center (see Fig. 1 (a)) and (b) this on the diamond structure presented in Fig. 1 (b).

developed here should be used in the case of USP scattering on a diamond structure
with NV centers when the parameter γi,j(p0, pτ) differs from unity. The reason why the
parameter γi,j(p0, pτ) may differ from unity arises when the spatial pulse duration (∼ cτ)
is comparable or smaller than the size of the NV centers being studied in the diamond
structure. This can be when the NV centers are concentrated in some region in the diamond.
It should be added that nowadays more and more attention is paid to single NV centers and
their relatively small groups, as well as their orientation in the diamond structure. In order
to study such NV centers in the diamond structure using attosecond pulses, the theory
developed here should be used. The second important conclusion is that the USP scattering
spectra are quite sensitive to the concentration of NV centers in the diamond structure.
This leads to the fact that USP scattering can be used to determine the concentration of NV
centers. It should be added that determining the concentration of NV centers in a diamond
structure is a rather difficult task, which is relevant at present.
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Figure 4. The figures show the contribution to the scattering spectra of a diamond lattice with a
single NV center (presenting the calculation of the δ parameter) as 2D contour plots: (a) a diamond
unit cell with an NV center (see Fig. 1 (a)) and (b) this on the diamond structure presented in Fig. 1
(b).
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