PHYSICAL REVIEW ACCELERATORS AND BEAMS 25, 120702 (2022)

Superradiant parametric x-ray emission
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We compute a spectrum of parametric x-ray radiation inside a crystal from a bunch of electrons, which is
periodically modulated in density. We consider that the bunch of electrons is exiting from an x-ray free-
electron laser (XFEL) channel. We demonstrate that in the case of a resonance between the frequency of
parametric x-ray radiation and a frequency of modulation of an electron bunch, the sequence of strong
quasimonochromatic x-ray pulses is formed—superradiant parametric x-ray emission (SPXE) with
frequencies that are multiples of the modulation frequency. The number of photons in the pulse of
SPXE in the case of extremely asymmetric diffraction is comparable with the photon number in the pulse of
an XFEL. Moreover, the SPXE is directed under the large angle to the electron velocity and every harmonic

in the spectrum is emitted under its own angle.
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I. INTRODUCTION

Parametric x-ray radiation (PXR) is a well-known
mechanism of radiation from charged particles propagating
in a periodic medium [1-8]. Its qualitative properties are the
emission of quasimonochromatic x-ray beams under the
large angle to the electron velocity and the possibility to
continuously tune the frequency of the radiation by simply
rotating a crystal. As was first demonstrated in the work [9],
when the electron density in the bunch reaches a critical
value, the parametric beam instability can arise in analogy
with the self-amplified spontaneous emission (SASE) in the
undulator of an XFEL. This process leads to a spatial
modulation of an electron beam and the generation of a
coherent x-ray radiation under the scale of the crystal
length, which is much smaller than the typical XFEL
undulator lengths. However, under the currently experi-
mentally accessible electron-beams densities, the length
under which the parametric instability can be achieved is
substantially larger than the x-ray absorption length in the
crystal. Therefore, when an electron beam initially does not
contain any modulation, it is almost impossible to realize
the SASE mechanism inside a crystal.
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Before discussing the superradiant parametric x-ray
emission (SPXE), let us briefly revise how the undulator
is used in the XFEL case [10]. On one hand, due to the
SASE mechanism, the electron bunch, whose density was
initially uniformly distributed, is transformed into a
sequence of minibunches that leads to the spatial modu-
lation of the electron density with the period d,. This period
is directly defined by the period of the undulator and
defines the typical size of the minibunch. For the typical
parameters of an XFEL, the size of the minibunch
dy~ 1078 cm. Therefore, for the total bunch length
L,~10™ cm, the total number of minibunches
K ~10* > 1. Later when the bunch propagates inside
the undulator, coherent radiation is formed (superradiant
emission [10]) with the frequency wg = 27/d, [11] and
with the intensity proportional to the square of the number
of electrons in the bunch. The coherent radiation is
propagated in a small cone along the electron velocity.
The coincidence (resonance) between the modulation
frequency of the bunch and the frequency of the emitted
photons happens automatically since the beam modulation
and the emission frequency are determined by the same
undulator radiation mechanism.

We also mention here that the secondary use of a
modulated beam from an XFEL was analyzed in the work
of the backward Compton scattering [12] and prebunched
beam for XFEL [13].

Now let us consider the SPXE case when we suppose
that an electron beam becomes modulated in density inside
the undulator and in the end enters the crystalline target,
where the PXR is generated with the frequency wpg
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dependent on the crystal structure and the angle g between
the crystallographic planes and the electron velocity. As
was recently demonstrated in the work [14], the highest
intensity of PXR is reached when the electrons propagate in
the grazing geometry, i.e., in a thin layer inside the crystal
parallel to the crystal-vacuum interface and the x-ray
photons are emitted under the large angle 20y to the
electron velocity (PXR-EAD). The angle g can be chosen
in such a way that the resonant condition wy = wg 1is
fulfilled. As a result, in addition to the main XFEL pulse, a
generation of SPXE will happen with the intensity also
proportional to the square of the number of electrons in the
bunch. According to Ref. [1], the spectral density of PXR
photons emitted by a single electron can be larger than the
corresponding density of the wundulator radiation.
Consequently, the number of SPXE photons can exceed
the corresponding number of the XFEL ones. Besides, the
SPXE photon pulse is directed under the large angle to the
electron velocity, which enlarges the applicability of the
XFEL by the creation of the additional exiting channels of
x rays. Figure 1 presents the qualitative picture of processes
that lead to the SPXE pulses in the XFEL channel.

It is important to notice that the bunch of electrons
remains modulated while it moves within the electromag-
netic field of the XFEL pulse. For this reason, the crystal
should be located directly near the exit from the undulator.
At the same time, a part of XFEL photons will be reflected
from the crystallographic planes of the crystal in the same
direction as SPXE. The relative number of such photons
with respect to the number of SPXE photons is determined
by the reflection coefficient. This coefficient can be esti-
mated as the ratio of the angular width of the Darwin step [15]
(~1073) to the angular width of the XFEL pulse (~1073).

In our work, we describe a generation mechanism of
SPXE and theoretically study characteristics of this new
type of coherent x-ray radiation pulse that is emitted at a
large angle to the direction of the electron velocity. The
intensity of this pulse is proportional to the square of the
number of electrons in the bunch and its characteristics are
comparable with the parameters of the main XFEL pulse,
which is directed along the electron velocity. SPXE pulses
can be used for the creation of additional windows for
XFEL with analogous applications [12]. Moreover, the
higher harmonics of SPXE can be used for the generation

Qualitative scheme of the processes which lead to the generation of SPXE pulses in the XFEL channel.

of the pulses of harder x rays and they do not require
changing the energy of the electron bunch.

The paper is organized as follows: In Sec. II, we provide a
qualitative analysis of the process of the formation of SPXE
within a kinematic approximation, which is applicable to thin
crystals. In Sec. III, we employ a dynamical theory of
diffraction and demonstrate that the intensity of SPXE
reaches its maximum when the electron bunch propagates
the crystal with a length larger than the extinction length.

II. QUALITATIVE ANALYSIS

A. Method of the equivalent photons

We start the analysis of SPXE from its qualitative
estimation by means of a simple and effective method
of the description of electromagnetic processes of rela-
tivistic charged particles interacting with the medium,
namely the method of equivalent photons (pseudo-
photons, Weizsacker-Williams approximation) [16—18].
This approach is based on the observation that the self-
field of a relativistic charged particle is equivalent in its
characteristics to the beam of pseudophotons with a
spectral-angular distribution n(k) and a narrow angular
divergence ~y~!, which is determined by the relativistic
gamma factor of the particle y = E/m [11]. As a result, the
differential cross section dos, of a transition i = f between
the initial i and final state f of a charged particle moving
with a velocity v and interacting with the medium is
represented as

dos, = n(k)doly (w.k | )dwdk . (1)
where dof.’;.’ is the cross section of the same transition
for a photon with the frequency @ and the wave vector
k= (wv/v,k,).

In this framework, PXR can be considered a diffraction
of a beam of pseudophotons on the crystallographic planes.
The spectral-angular distribution n(k) of pseudophotons
for a single charged particle is well known [16—-18] and is
given by a smooth function of the frequency of the
pseudophotons. For relativistic particles, the wave vector
k of a pseudophoton can be approximated as k~k, =
wv/v with |k | < ko. As a result, PXR peaks are deter-
mined by the frequencies wg when the wave vector k
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FIG. 2.
Ls ~ 1072 cm is the radiation absorption length.

satisfies Bragg’s condition. Consequently, the emitted
photons are propagating in the directions of k, + g, where
g is one of the reciprocal lattice vectors of a crystal. As was
demonstrated in Ref. [14], PXR will have the highest
intensity when an electron moves in a crystal in a thin layer
near the crystal surface, EAD geometry, and the emitted
radiation can exit the crystal without absorption, see Fig. 2.

When we now consider an electron bunch consisting of
N electrons uniformly spread in space, the total field will be
given by an incoherent sum of fields from each electron.
Therefore, the spectral-angular distribution of the pseudo-
photons is simply defined by the sum of contributions from
each particle and equals Nn(k).

However, if the electron beam was moving through
the undulator due to the SASE mechanism, it became
modulated. Accordingly, its density becomes a periodic
function of the longitudinal coordinate with the period d,.
Consequently, this suggests that we might expect the
coherent summation of individual fields from every elec-
tron. This results in the substantial modification of the total
spectral distribution of pseudophotons in which we expect
to see peaks with the amplitude proportional to the square
of the number of particles in the beam. The frequencies of
these spikes are harmonics of the frequency w,. If the
frequency of one of the peaks coincides with the frequency
wg, we should expect to see the resonant increase in the
intensity of diffracted pseudophotons. This corresponds
exactly to the SPXE pulse. The SPXE emission happens
when Bragg’s condition 2kyd sin 8z = 2z for the reflec-
tion of pseudophotons from the crystallographic planes is
simultaneously fulfilled with the coherence condition of
the radiation from electrons of different minibunches
kodo = 27[, that iS,

2d sin 0 = d, (2)

see Fig. 2.

Scheme of the photon generation in the case of PXR-EAD geometry. L, ~10™* cm is the modulated bunch length,

B. Electromagnetic field of the electron bunch

Let us now investigate this process in more detail. In the
range of frequencies, which are much smaller than the
particle energy E, i.e., ® < E the spectrum of pseudopho-
tons can be obtained via classical description [16]. The
vector A(r, t) and scalar ¢(r, t) potentials from a beam of
particles with charge ¢, that move uniformly in vacuum are
defined by the Maxwell equations

N
A = —471'60 Zva5(" — V.l _ra)’ (3)

N
O = —4meq Y 8(r —vat —r,). (4)

where [ is the d’ Alembert operator [J = 0% /0> — V2, the
sum runs over all particles and each particle is located at the
initial position r, and has the velocity v,,.

The Fourier transform of Egs. (3) and (4) allows one to
find the potentials and calculate the electromagnetic fields.

E(r.t) =) E,(r.1). (5)
Ea(r, ) - _éiﬂg I%I(!‘i:‘)lz)eik(r—vnt—ru)’ (6)
H(r,t) = Zva x E,(r,1). (7)

Now we estimate the fields in Eq. (5). For this, we
consider that the electron beam has a small angular
divergence, such that the velocity of each particle can be
presented as
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v, =v+V,, v, <, (8)

2
1—U2:%E}/_2<<1. 9)

We direct the x axis along the mean velocity v of the
bunch and suppose that the particle angular divergence
is small with respect to this axis, i.e., 8, <y~', where
the angle 6, defines this angular divergence. The
fluctuations of the absolute value of the velocity are
related to the nonmonochromaticity AE of the beam
v, —v| #y2AE/E < y~2. Taking this into account, we
can represent the components of the fluctuation vector v/, of
the particle velocity with the accuracy up to y~2 as

viz =40, __aem 93 :egz—'—egw (10)

0,=0,e +0,e, (11)

where e,, e, e, are the unit vectors (see Fig. 2).
In this approximation, the denominator of the field
amplitude in Eq. (6) equals to

k)ch—Z + (kL - kxoa)2 (12)

and demonstrates that the main contribution to the field
amplitude comes from the values

ki
0 ~—n~y L, 13
==Y (13)

For these angles, the field to an accuracy y~! becomes
transverse since |E,| ~y~!|E | and reads

N
EJ_(r7 t) :ZEHJ_(r7 t)’ (14)
leo <kJ_ 0k>zkrvt—r)
E 1) = ;
=g | " e, k8,
H(r,t) =vxE,|(r,1). (15)

C. Spectral density of the equivalent photons

The projection of the energy flux of the electromagnetic
field on the x axis is determined by the following
expression [16]:

1 0 o
m— / dzdydi|EH], / dxdydi|E |

~

)(ki _ abkx)eik(rb—r(,)eixk(v;—v’h)

which can be split into the sum of two parts
Im= Hsp + Hcoh- (17)

The incoherent (spontaneous) flux I, is given by the part
of the sum when the summation indices coincide, i.e.,
a = b. After integration of this part over the variable
(k, —0,k,) = k, the standard expression of the spectral
density of pseudophotons for the homogeneous electron
beam is obtained [16]

SP

1)271' N/dk k2y~? +k2] /a)nsp(a))da);

2
2651, (18)

nip(@) = N Tw o

where |k —6,] < wy™!, N is the total number of electrons
in the beam, and m is the mass of the electron.

dk ’
2220 Z Z/ ka—2 + kl -k 0,)*)(K2y2 + (ky — k,0,)%)

(16)

The coherent part is given via the following expression:

Moy = =50 / dk|F(K)[2.
Qvr?

N
(kJ_ - 0akx>
F(k) =
&) za: Gy 4 (k. — k0,)*

e—ikraeixkvﬁl’ (19)

where v, = v0,. To compute the form factor F(k) of the
beam, we need to average the obtained expression over
the distribution on the coordinates r,, and the angles 8, of the
electrons in the beam. For this, we can employ the theory of
the SASE mechanism of the XFEL, which yields the
following expression for the desired distribution [10,19]:

1

p(0) = — e~ (@H8)/o0 (20)
no?
| U LSO |
flr)=— e~ (@) oy — Z e~(=ldo)/ot —(21)
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Here the quantity o, defines the angular spread of the
direction of the velocity, o, is the variance of the
distribution over the transverse coordinates, d, is the
period of the oscillations of the modulated bunch of
length L, = Kd,. It is also assumed that the parameter o,
that defines the fluctuations of the period of the oscil-
lations o, < d, and the number of the minibunches
K > 1. In addition, the distribution functions are nor-
malized to unity.

Having this distribution, we can approximately substi-
tute the summation over the discrete index a by the
integration over the continuous variables

SN / drd0f (r)p(@). (22)

Let us now compute the integrals over the coordinates
and angles. The coordinate part is simple and is given via
the Fourier transform of the Gaussian integral

/ dr f(r)e *r =

K
e—(kf+k§)a§/4i§ :e—ik,JdOe—k,%a%/rl
=0
1= eiL,,kx

_ (ko4 _ - ¢
—¢ v)0y _
K (1 — eidoks)

e~kiot/4(23)

The averaging over the angular spreads is reduced to the
following integral:

_ / 9" 1 (6.6

ke mo2(y2+ (0, —0)*)°

)eixkxwkﬂ

(24)

where 6, = k| /k. To compute this integral, we first note
that the characteristic angular spread of pseudophotons
is determined by the parameter 6, ~y~'. Consequently,
if the condition 6 ~ ¢, < y~! is fulfilled, we can ignore
the influence of the angular spread of the electron on the
angular spread of pseudophotons. This condition can be
fulfilled for realistic emittances of electron beams [20].
As a result, in this approximation, the desired integral is
given by

1 0k 2,292
— Tk ,—(xkv)’ei0;/4 25
e LI
ke (r+67) #)

As aresult, we can find the expression for the coherent part
1., of the pseudophotons flux

02 ~(xkv)20262 /2-02K>52 /2
dk, | do
/ / ¢ y2 +63)?

iLyk,

l1—e

K1 = ok et (26)
f— e X

X

We first evaluate the integral over the angles

02 202
— [ do,— Tk o6 (27)
/ o)

with a* = 1/2[(xkv)?c2 + k?63]. The evaluation of this
integral is done in the following way:

00 u )
J = ﬂ'/ du——s——e 4!
0 (™ +u)?

—a’u -2 ,—d*u
(e e (e }/ 14
=x du——5——— dx————
M (r>+u A (r2+ u)z]

= 7[—e“ 7" Ei(=a*y~?)(1 + y2a?) - 1]. (28)
In this equation, Ei(x) is the integral exponential func-
tion [21].

Thus, the coherent part of the spectral density of the
pseudophotons is represented in the following way
k, =w/v;K = L”)

N2e d2 2,2 4. - —
ncoh( ) 271'(1)1())2P[ e’ El(_az}/ 2)(1 +7r 2a2) - ”
1= elwa/v 2 5
X m exp[—a) O /27] } (29)

The spectral density n., (@) of coherent pseudophotons
has sharp maximums when the frequency @ = 2zl/d,, | =
1,2, ... and the result can be represented in the following
form:

N2€ d2 2.
zﬂwl?zp[ e Ei(=a’y?)(1 + y2a?) ~ 1]

ncoh( )

Zﬂzlzaz/d(z) .

5 EK: 58111;[ ol = 2ml/dy) /2] _

=1 [do(a)—Zﬂl/dO)/2v}

(30)

The factor e=279¢/4% < 1 as we supposed that fluctuation

of the modulation period defined by the parameter
0. < dy/2r. These fluctuations are conditioned by the
stochasticity inherent to the SASE mechanism.

Let us compare the contributions from the coherent
neon(®) and incoherent ny,(w) parts of the spectral den-
sities in Eq. (18). For this, we choose the distribution of the
pseudophotons of the LCLS XFEL [20] facility. The typical
electron energy is £ = 6.7 GeV which corresponds to the
electron gamma factor of y &~ 13111. The parameters ¢, =
10*and 6, = 2 x 1073 cm, parameter a’y~> ~ 0.2. Let the
bunch charge be Q = 0.2 nC that corresponds to N =
1.2 x 10° electrons. The duration of the photon pulse
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FIG. 3. The incoherent and two harmonics of the coherent

pseudophotons spectral densities. The inset demonstrates the
zoomed-in peak structure.

we can choose to be 25 fs, which corresponds to the
modulated bunch length of L, = 8.3 x 107 cm and the
period of the modulation dy = 107® cm with the parameter
6, = 107° cm. In Fig. 3, we plot the incoherent and two
harmonics of the coherent spectral densities of the pseu-
dophotons of a modulated beam with these parameters.
Finally, the typical frequency spread for the XFEL pulse
Aw/wy~ 107 and the frequency w, = 6.28 x 10% cm™.
By using a spectral density ny,(w) from Eq. (18), we can
evaluate the number of the incoherent pseudophotons in

wo 52

this interval as the integral Ny, = [ "2 ny,(w)dw~

2]
ng, (o) Aw. Thus, we can estimate the number of incoher-
ent photons in the following way:

2¢2Aw, E
Ny = ngp(@p)ho = N=O=21n = — 11 x 105, (31)
T o @

where E = my is the energy of the electron.
This number is significantly smaller than the correspond-
ing number of photons emitted by the XFEL pulse [20].
At the same time, the integration of the coherent
distribution in the vicinity of the resonant frequency w; =
2xl/d, can be fulfilled by means of the formula

sin[Ly (@ = 27l/dg)/20] L,
Sin2[do (@ — 271/dy)/20] ~2m}({é5(a) 2zl/dy),

Ly, > d,. (32)

The usage of Eq. (32) in Eq. (30) and integration of N, =

Ao
82 oo (@)dw & 2x0Ly, | d2non () yield the number

@o=

of pseudophotons in the first harmonic (I = 1)

N%ej 1
Ncoh = J (lnﬁ— C - 1) ~59 x 1011;
oL, azy
aly? <1, (33)

Here C =~ 0.577 is the Euler constant. The number N, is
comparable with the number of photons in the undulator
XFEL pulse. In addition, the number of pseudophotons,
corresponding to the second harmonic (I =2) is 10
times less.

As was discussed above, the reflection from the crys-
tallographic planes leads to the conversion of the pseudo-
photons into real photons and corresponds to the SPXE
process. The reflection coefficient of the pseudophotons
from the crystallographic planes is a function of the
pseudophoton frequency. Consequently, the intensity of
the SPXE will reach its maximum when the maximum of
the spectral density of the pseudophotons coincides with
the maximum of their reflection coefficient. If the position
of a crystal is chosen as shown in Fig. 2, the pseudophotons
whose wave vectors k satisfy Bragg’s condition with one of
the reciprocal lattice vectors g of the crystal will have
maximal reflection coefficient, i.e.,

2k,-g+g> =0, (34)

where kg = wyv/v.

This means that the crystal should be oriented in such a
way to the electron bunch that the angle between the
electron velocity and the reflection plane equals

.9
On = 7 35
p = arcsin 2o (35)
and the SPXE pulse will propagate in the direction of
ko + g under the angle 26y with respect to the electron
velocity, see Fig. 2.

III. DYNAMIC THEORY OF SPXE
A. Electromagnetic field of SPXE

The analysis conducted in the previous sections is valid
for the situation when the crystal is thin enough and the
diffraction can be investigated in the framework of the
kinematic theory. However, the intensity of SPXE reaches
its maximum value when the electron propagates the
distances in the crystal larger than the corresponding
extinction length and consequently, the field created by
the particles should be investigated in the framework of the
dynamical diffraction theory [15].

This case for regular PXR was investigated in many
works and the spectral-angular distribution of the emitted
number of PXR quanta was obtained (see [1] and the
references therein). The direct generalization of that results
for the case of modulated beam leads to the following
general expression for the spectral-angular distribution of
the emitted number of quanta of SPXE photons:
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FIG. 4. The geometry for the dynamical diffraction theory of SPXE.
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r (1) =r, +v,t, k=-k, k' = wn, (36)

where k' is the wave vector of the photons emitted in the

solid angle dQ, E,fsr)(r, ®) is the solution of the Maxwell
equations, which describes the diffraction of the plane
wave e,e’®” with the polarization e; on the crystal and
possesses the asymptotic of the plane wave and an
outgoing spherical wave. The use of the wave vector

k = —k' and the field E,(J) is related to the fact that for
the radiation exited from the crystal, one should exploit
the reciprocity theorem of optics [22] that relates the

waves with different asymptotics, i.e., E,ij) = E(__k)j In
addition, it was recently demonstrated that the intensity
of the PXR reaches maximal values in the so-called
grazing geometry when extremely asymmetric diffrac-
tion (EAD) happens. In this geometry, an electromag-
netic wave is incident on the crystal under a small angle
toward the crystal surface. For this reason, in addition to
the diffractional reflection, we need to take into account
a specularly reflected wave [15]. For the case of PXR,
this means that the bunch of electrons is moving along
the crystal surface inside the crystal and the vector k, =
k + g is antiparallel to the electron velocity, i.e., k,||(—v)
(see Fig. 4).

To find the field created by the particle inside a crystal,
we can use the results from Ref. [23] where a two-wave
approximation [1,15] of the dynamical diffraction theory
was employed according to which the field within the
crystal is expressed as

E (r.w) = e,Epe™ + ey By e, (37)

k,=k+g. (38)

Here e, and e, (s = 1, 2) are the polarization vectors of the
incident and the diffracted waves (Fig. 4). Their amplitudes
satisfy the algebraic system of homogeneous equations

2
<_.‘1 -1 _)(0> Ekys - CxZgEkx = 07 (39)

where k) = w, yy, and y, are the Fourier components of the
crystal susceptibility y(r)

2(r) = ype”. (40)
g

The coefficient ¢, = 1 for the ¢ polarization (s = 1) and
¢y = cos 20y for the x polarization (s = 2) of the incident
and diffracted waves, respectively. In addition, we note that
the waves of different polarizations propagate independ-
ently if we neglect terms of the order of ~|y,|?> in the
Maxwell equations [14,15,24].

The field amplitudes in vacuum and in crystal should
satisfy the boundary conditions on the crystal-vacuum
interface such that the total field intensity is continuous.
Additionally, one needs to take into account in vacuum not
only an incident wave but also a specularly reflected

diffracted wave E,(:f) = elsE,(:f) expli(k +g|) -1+ iky.z],

9 9
kg, =
tions of the vectors on the crystal surface. As a result, the

following expressions for the field inside and outside the
crystal were found [23]

k§ — (ky +g)? where k| and g| are the projec-

E,(i) _ eseik-r + eISE§~YP)ei(kH—O—gH)Teik;zz’ >0, (41)
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(+) ik —ik ig-
B, = e®r " et (e,E, + €),E,, ),
p=12

<0,

(42)

where the x axis is directed along the propagation direc-
tion of the electron bunch and the z axis is directed
perpendicular to the crystal surface. The coordinate x is
changing in the limits 0 < x < L, with L being the crystal
length, Fig. 2, and the point z = 0 denotes the crystal
surface with z < 0 as the crystal and z > 0 as vacuum. The
quantities €, define the wave vector inside the crystal and
are determined from the condition that the system of
homogeneous equations (39) has a nontrivial solution.

The Q is normal to the crystal surface. The field amplitudes
EWP), E,., and E,, are found from the boundary con-
ditions. According to the boundary conditions, the in-plane
component k| of the wave vector is conserved. Finally, it
was found that the main contribution to the number of

emitted photons is given by the amplitude E;; which reads

CsHy

s - £ 43

gl ap +)(0 ( )
(k+g)* -k

aB — TO . (44)

Here the coefficient ag defines the deviation from the
Bragg’s condition.

B. The radiation spectral-angular distribution

As in the case of kinematic theory, we can split the total
intensity in Eq. (36) into coherent and incoherent parts. The
latter part corresponds to the situation when in the double
sum we select only the terms with identical indices, i.e.,
a = b. This contribution is proportional to the number of
electrons in the bunch N and corresponds to the sponta-
neous parametric x-ray radiation (PXR):

NP ) ‘ 2
aa)gg _ 40_712 / ELD (r(1), wveitds|
r(t) =ry+vt. (45)

The integral over the electron trajectory was computed in
Ref. [23], which yields the

PNP N e [(0y —0,y)* + (0, — 0,,)*cos?20]|x,|*
00,00, " Arhc [y 2 + (6, — 04y)7 + (6, — 0..)2 — 12

1

— o~ Lkoxg10u]
we—xoko\m\‘ (46)

X010y

In this equation, the angles 6, @ are the angular variables
of the electron and the emitted photon correspondingly
(Fig. 4). They define small deviations of the electron

velocity and the photon wave vector from the ideal values.
Therefore, we can introduce the following quantities:

92
v, = v<1 —é’)ex +0, (e,) =0;

2
k = k()(l - %) + k()o, (k00) = O,

o+ (ko+g) v=0  2(kog)+g*=0. (47)

The integral over @ and averaging over the electron
angles were computed in Ref. [23]. For example, for Si
crystal, the characteristic value of the photon number for
PXR in EAD geometry is

Npyg 22 x 1075 x N~ 0.3 x 10, (48)

for the bunch with charge O, = 0.2 nC,i.e.,, N = 1.3 X 10°.

A detailed comparison of the theoretical and experimen-
tal results for the spontaneous PXR in the EAD geometry
has been considered in the paper [25].

This value is comparable with the value of spontaneous
pseudophotons defined by Eq. (31) that is the crystal is
working as the reflective mirror for this interval of the
pseudophoton spectrum.

Now let us come back to compute the coherent part of the
distribution. We also perform the same substitution from
the summation over the discrete index by the integration
over the electron distribution. In this case, the calculation is
reduced to the calculation of the following averaging with
the distribution functions of the bunch:

2 A7coh 2
O Nilos  n €@

nan N2 )P (49)

42" ¢

R =y [ <§ij,£i><ra<r>’w)vael‘w'>dr, (50)

92
va:v<1—2“>+1)0a, v-0,=0. (51)

Here we considered that the electron velocity has devia-
tions from the x axis and these deviations are described by the
0,,. The vector v is the mean velocity of the electron bunch
and is directed along the x axis (Fig. 4).

As was already discussed, the SPXE emission is related
to the motion of the bunch of electrons in a thin layer inside
the crystal parallel to the crystal-vacuum interface. In this
case, the electron velocity is perpendicular to the normal Q
to the crystal surface, i.e., v-Q = 0. We are interested in
the diffracted wave, that is the wave which is propagating in
the direction k, = k + g. Consequently, the main contri-
bution is given by the E,;; amplitude. Therefore, the field
which is entering into the desired averaging reads
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E](c-;-) (l'a(l‘), a))eiwt = elsEgls exp{i(a) +kg V= C()Q : 0613)[
+ ivk, - 0,1 — ik, - vi03/2

+ikg-ra—ik0ra-Q€1S}. (52)

According to the results of Ref. [23], the SPXE peak is
located near the direction defined by the conditions Bragg’s
diffraction condition

(k+g)* -k _

0. (53)
kg

ag =

The Cherenkov radiation condition

k+g)v=—ky=-o. (54)
The condition that extremely asymmetric diffraction hap-
pens, i.e., the diffracted wave is propagating in the direction
of k,, which lies in the crystal plane defined by the normal
to the crystal surface Q

(k+g)-Q=0. (55)

Taking into account these considerations, we can re-
present the vector k, in the following way:

® 62
k, = _FV(I_?> Y0b,  0-v=0. (56)

With this, the form factor of the bunch is defined by the
following integral with the accuracy ~6°:

L
Fs (CU, 0) == / dtels . vﬂei(a}-ﬁ-k!]v—wQ'Geh)t‘]’
0 ag +xo
ioth?
2

J= /drad0af(ra)p(0a) exp{imH@at+

+io(—x, + 0ra)} (57)
The evaluation of the integral J over electron angle and

coordinates with the Gaussian distribution [Egs. (20) and
(21)] yields

0*1?0%c? 0*@el  w’o?
J=exp{-— a__ -2 0
p{ 41+ iwtol) 4 4 }
1= eiL,,(u
X— 58
K(] _ eldoa)) ( )

The maxima of J as a function of @ are located on the
frequencies w of the radiation, which is proportional to the
frequencies of the modulation of the electron beam, i.e.,
® = wyn, where wy = 2x/d,. In addition, it follows from
Eq. (58) that the major contribution to the coherent pulse of
SPXE comes from the part of an electron trajectory and

scattering angles for which the following conditions are
fulfilled:

wibo, < 1, (59)

wloy, < 1. (60)

Since the angular spread o, of ultrarelativistic electrons
in the beam of XFEL is significantly smaller than the
angular spread of PXR photons, for which 0 ~ /[y | [11,
the terms wtc2 in Eq. (58) can be neglected. In this case,
one can perform the integration over time ¢ in an analytical
form. This gives

Cs(els : v))(g 1 —elre
as -ty K(I—ebo)

2
W22 Pl ay \/7;
Xe @ 4 e #&—

1)

x {@(?—H?) —<I>(—i[§>} (61)

where ®(x) = \/%—T [® e dy is the complementary error

F0,0) =

function, 6 = wbo,, g, = 0 +k,- v —wQ - O¢y,.
According to Ref. [23] when Eqgs. (55) and (54) and the

additional condition 6 > ¢, are satisfied, the quantity ag is

expressed through the angular variables of a photon as

ag ~ —(y72 + 6°). (62)

As a result, we obtain an expression for the spectral-
angular distribution of photons in the coherent part of the
SPXE pulse, which for the first harmonic u = w — 27/d,,

NG edw cile, - v) ly,|* sin? Lyu/2
0woQ  da? (y2 + 67 — xh)? K2 sin® dyu/2
2n°6?  w*6’o q?
XW{‘T‘T”?}
m| (L5 g g5\ |*

C. Characteristics of the SPXE pulse

Now we compute the total number of quanta in the
coherent part of SPXE. For this, we need to integrate the
spectral-angular distribution (63) over the angles and
frequencies. To compute the integral over the frequencies,
we make use of the following relation:

in? L,u/2
% ~ 27— (0 — wy), (64)
K~ sin d()M / 2 Lb
which is valid when K = L,/d, > 1. Here w, = 2x/d,.
Consequently, the integration over the frequency becomes
trivial
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P Ngoh — A2 etwy ey -v)?y,l?
0Q 2Ly, (72 + 6% = xp)?
22262 wloPe? 2
X exp _ 0 MY 0p 545
d? 2 5%
1 2

L , ‘
oL %) g%
2 ' 5

When an electron bunch moves in the crystal, its angular
divergence increases due to the multiple scattering on the
atoms of the crystal. As was demonstrated in Ref. [26] for
PXR from ultrarelativistic electrons, it can be taken into
account with the help of the substitution

s
W=y

et =y 46
EN?2 L

0; = (—) —, (66)
E) Lg

where L is the radiation length [17] and E; ~ 21 MeV.
Let us now investigate this expression for the case of an

ideal electron beam for which the following conditions are
fulfilled:

27% 6>
—<<1, (67)
dg
0?06l = 0?77 = yplos, (63)

PL2 = (w006, L? ~ (wLo, )72 — z| < 1. (69)

The first condition means that the fluctuations of the
modulation period are rather small. The analogous con-
dition should be also fulfilled for the formation of the
XFEL pulse based on the undulator radiation [10,19]. As
well as for XFEL pulses, the stochasticity inherent to the
SASE mechanism gives rise to chaotic SPXE pulses with
strong fluctuations in their amplitudes and phases which
vary from shot to shot.

The meaning of the remaining ones is that the relative
transverse width and the angular spread of the particles in
the bunch are less than the angular divergence of the
photons in the PXR pulse [23]. These conditions restrict the
exploited electron beams only to the high quality ones with
a low emittance. For example, if we consider electrons with
the energy of 6.7 GeV, propagating through a silicon crystal
of a thickness L = 1 cm and generating photons with the
energy of 10 KeV ([yj| ~ 107°), then we get the following
estimation for the beam emittance (under these conditions
772 < |xt| and the restrictions on the emittance are weakly
dependent on the electron energy):

o7 <1071 cm, 62 <107 rad,

€ = 06,6, < 107! cm x rad, (70)

which is sizable for the LCLS facility.

Under the assumptions of Egs. (67)—-(69), we can further
simplify the expression for the number of emitted photons.
For this, we notice that for large x, the complementary error
function can be replaced by its asymptotic representation

®(x) ~ 1//zme ™ /x and Eq. (65) is further simplified

aNSt(;h — A2 e%a’o C?<els : v>2|)(g|2
0 2L, (7 O~ 4P
111 = ig,L|2
i (71)
T qs

Now taking into account that when woL > 1, we
replace [1]

1|1 = et

T

2 4sin’Lg,/2

2
n qs

~2Lo(q,)  (72)

qs

and integrate over the angle 6, in the plane, defined by the
vectors v and g with the value

qs = @y + (kq ' V) - a)Oelsex
R+ (kg +g) - v —wy, sin 205 = 0;

(kg t+g)v

= = 0. 73
Y w, sin 20 (73)

As a result, the photons are emitted with the polarization
proportional to 6, and directed along the vector v x g
(Fig. 4). Thus, we get

ONG" o el L
a0, (772 + 602 — x,)* Ly sin 205"

(74)

We pay attention here to the fact that the SPXE pulse has
an asymmetric angular distribution in comparison with the
XFEL pulse. According to Eq. (74), the angular widths of
the SPXE pulse in the directions of x and y axes are
determined by the following:

AD. ~Aw/w~1/K ~107%

MO, /772 =y ~ 1073, (75)

Finally, after the integration over the remaining angle 6,,
one obtains the total number of the SPXE photons:

byl L
24 /}7_2 _)(6 Lb sin 293

This result provides a clear qualitative interpretation if
we relate Ngpxg with the number of the coherent

IVSPXE:]V2

(76)
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pseudophotons N, defined by Eq. (33). With logarithmic
accuracy, one obtains

T u’g|20)0L
sin 20p | /772 — 26

Ngspxg = > Neon- (77)

The reflection coefficient R of x-ray radiation on the
crystallographic planes is defined by the equation [24]

R~ [y*(woL)?

Here the Bragg’s condition is fulfilled.
If one takes into account the ratio of the angular width of
the Bragg’s peak Adg ~ (wyL)~! to the angular spread of

the pseudophotons A6, ~ /77 = x4, then Eq. (77) takes
the following form:

T Af
Nspxe ® 3 sin 20w 20, F;Ncoh' (78)

This relation demonstrates that the SPXE emerges as a
result of the reflection of coherent pseudophotons from the
crystallographic planes. The frequencies of these pseudo-
photons are located near the frequency of the reso-
nance wy = 2x/d,.

The real photons are emitted under the large angle 20y to
the electron velocity. Thus, by choosing the orientation of
the crystal, the photons can be directed in any desired
location. This allows one to obtain additional experimental
windows in the XFEL experiments.

In order to get a quantitative estimation, we consider
that an electron bunch has a charge of 0.2 nC and the
length L, = 8.3 x 107 cm.

For the crystal parameters, we will employ the values
taken from the x-ray database [27] for the SPXE radiation
generated in a Si crystal by the reflection (400) and
HB =T / 4

hwg=6.45keV; ky=327x103cm™!;
E=6.7GeV; |y,|=0.12x10"" »;=-0.24x107;
L=10cm; 72=75x10"7 (79)

The crystal surface is defined by the plane (110). The
photons will be emitted under the angle z/2 to the electron
velocity.

As a result, we obtain the number of photons in the
coherent part of SPXE

Ngpxg = 5.7 x 102 quanta (80)

with the angular spread 66 and spectral width Aw/w of the

order /772 — ;| #0.51 x 1073, which are comparable
with the XFEL values.

Also, we pay attention to the fact that according to
Eq. (2), the higher harmonics of SPXE will be generated
(for the harmonic n, the condition zns, < d should be
satisfied). Moreover, they all will be directed under differ-
ent angles with respect to the electron velocity. For
example, for the same crystal parameters, the photons with
energy imp = 12.9 keV will be generated under the angle
40.5° to the electron velocity. This allows one to obtain also
intensive pulses of the harder x rays without the need to
change the electron energy which is not possible for XFEL.

It is important to notice that the heating of the crystal and
the losses of the energy by the electron beam inside the
crystal in the SPXE are governed by the same processes as
in the case of PXR, which were recently analyzed in the
work [8].

IV. CONCLUSIONS

In the present paper, a new application of the modulated
electron bunches is considered. It is supposed that such
bunches are formed in the XFEL undulator due to the
SASE mechanism and it is shown that the spectrum of the
self-electromagnetic field (pseudophoton spectrum) of such
bunches essentially transforms and includes intense peaks
at the frequencies proportional to the modulation fre-
quency. When such a bunch goes through the crystal
disposed at the undulator exit, the superradiant parametric
x-ray emission (SPXE) is generated. Electrons move in the
thin layer along the crystal surface and generate an x-ray
pulse that is emitted at a large angle to the direction of the
electron velocity. The intensity of this pulse is proportional
to the square of the number of electrons in the bunch and its
characteristics are comparable with the parameter of the
main XFEL pulse, which is directed along the electron
velocity. SPXE pulses can be used for the creation of
additional windows for XFEL. Moreover, the higher
harmonics of SPXE can be used for the generation of
the pulses of harder x rays and they do not require changing
the energy of the electron bunch.
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