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Coherent x-ray transition and diffraction radiation of microbunched beams
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Theoretical and numerical results on angular and spectral distributions and total number of photons of
several types of coherent radiation produced by microbunched beams passing through radiators are
presented: coherent x-ray bremsstrahlung, x-ray transition, resonance transition, and diffraction radia-
tions. The possibility of observation and application of these new types of radiation for the study of
parameters of electron beam microbunching, which is important for the effectiveness of x-ray free

electron lasers, is discussed.
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When a charged particle passes through or close to the
interface between two media with different dielectric con-
stants, then, due to the transformation of the electromag-
netic field of the charged particle, transition and related
diffraction radiations (TR and DR) are produced with
broad spectrum [1-3]. Bunches of N, > 1 particles will
emit coherent TR with intensity proportional to N; at
wavelengths larger or equal to the bunch length (for review
and derivations, see [4]). Because of interference, a peri-
odic train of bunches of electrons microbunched with a
frequency w, will emit intense TR photons, again propor-
tional to N7, in a very narrow spectral range around w, in
soft [5] and x-ray regions [6].

After a proposal and subsequently conducted experi-
ments [7,8], the optical transition radiation has found
wide application in high energy particle beam diagnostics.
Recently, following the proposal [5], the coherent optical
and softer TR produced by microbunched particles has
found application for the study of particle grouping or
microbunching (MB) in existing soft photon free electron
lasers (FELs) [9,10]. After the proposals [11] and experi-
ments [1,2], the x-ray transition radiation (XTR) has found
wide application in identification of single high energy
particles. Recently, it has been shown [6] that coherent
XTR (CXTR) can also be used for the study of MB at
existing (LCLS, SLAC) [12] and future free electron lasers
(see Table 1 of [13]). However, the outcomes of corre-
sponding experiments are not known yet, though there
exist a proposal [14] and even results of a preparatory
work [15].

The method of calculation of the angular-spectral dis-
tributions of the coherent radiation d’Ncxg/dw d6 of
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interest with the help of known incoherent distributions
d’Nxg/dw dO consists in substitution of d>Nyg/dw d6
into the formula from [4]:

dzNCXR ~ N2F(a)) dzNXR
dw df b do df’

where, after [5,6],
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is the form factor of the Gaussian electron bunch with
radial o, and longitudinal o, rms deviations; b; and w,
are the MB parameter and frequency, respectively; v is the
electron velocity.

In brief, the physics of the production of various types of
coherent radiation by these microbunches is the following.
In the beginning, let us assume that Nz = Mn,, is the
number of electrons in a pulse or macrobunch consisting
of M very narrow microbunches each containing n, elec-
trons with distance between each other just equal to A,. Itis
well known that in this case all the n;, electrons of the first
microbunch oscillate synchronously and radiate photons
coherently. The number of photons is proportional to ”127 at
wavelengths larger or equal to the width AL ;. of the
microbunches if AL ;o < A,. The following micro-
bunches also radiate independently and in the same way.
However, since the microbunches are periodical with dis-
tance A, between them, then, due to interference, the
summary radiation of the macrobunch will be enhanced
coherently only at A = A, and incoherently at other fre-
quencies. The number of the enhanced coherent radiation
photons from all the microbunches is not equal to the sum
of the photon numbers from each of the microbunches;
instead of being Mn3 times greater than the intensity from
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a single electron, it is M?>n7 = N times greater than the
number from single electrons. However, if the micro-
bunches are not very narrow, for instance,AL .., < A,,
then the coherent radiation from each microbunch will be
added partially coherently, and the total number of the
radiated photons from the macrobunch will be proportional
to KM?*n? = KN2, where the coefficient X is less than 1.

Considering only the frequency region around w, where
one expects strong enhancement, the first and the third
terms in the square brackets of (2) can be neglected, while
the important second term predetermines the widths of the
spectra. To derive the angular distribution (AD) dNcxr/d#,
it is necessary to integrate d”’Ncxg/dw d6 over w, pulling
out the weakly varying parts from under the integral and
replacing w by w,. The remaining part of the integral yields
vy/m/20,. To derive the spectral distributions (SD)
dNcxr/dw and the total number of coherent photons
Ncxr, it is necessary to integrate d’Nexg/dw d@ over 6
and w analytically or numerically, respectively.

This work is devoted to the first theoretical study of
CXBR (coherent x-ray bremsstrahlung), CXRTR (coherent
x-ray resonance transition radiation), and CXDR (coherent
x-ray diffraction radiation), as well as to the confirmation of
the results [6] on CXTR with the purpose to find new
methods of measurement of »; of microbunched beams.
Methods of diagnostics of not-microbunched particle
beams will not be considered (see, for instance, [16] and
references therein).

Let us begin with the coherent bremsstrahlung, CXBR,
which is a background during the measurements. Since the
MB electrons have ~GeV energies, while the CXBR con-
sists of (1-10) keV photons, it is necessary to use relativistic
formulas for bremsstrahlung, taking into account the den-
sity or medium polarization effect [2]. Using a technique
from [17], we factor d?Nggr/dw df into the product of
angular and frequency parts. The first is the classical cross
section of the AD of the Rutherford elastic scattering. The
second is the probability of photon radiation, for which,
despite [17], we use the QED Born approximation formula
taking into account the density effect [2] instead of the
formula without the polarization effect. With these, we have

d’Ngr
dw db

where y = y6 [the Lorentz factor y = E/mc*> =1/
(1 — B2)!/2], and, according to [2,17],
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Apr = 12Ny L qL; Ny is the number of atoms in unit
volume of the radiator with thicknessL (it is reasonable to
take L = 3L,,, where L, is the absorption length of reso-
nance photons); & =Z%ar2=27>X5.8X 10" 2 cm?; Z is the
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atomic number; A, = 1/3 is a normalization factor;
is the plasma frequency. Following (6), it is helpful to
introduce two dimensionless parameters g = wo,/v

and 7 = y/qgs-
Using the above described methods for 7 <« 1, a condi-
tion which almost always takes place, one obtains
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where C = 3Az,v/7F1,(w,)/o,. The numerical results
on usage of (5)—(8) will be discussed below.

In the same way, using the well-known formula for
XTR for a single interface [3], one obtains the following
densities and number of photons for CXTR produced by a
microbunched beam on single interface when 7 <1
(see also [6]):
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Similarly for CXRTR, when the microbunched beam
passes through a stack of M pairs of two plates with
thicknesses [, ,, linear absorption coefficients w;, and
formation lengths Z, ; of the XTR, one obtains

d’N
75%%=Nﬁﬁwumnmﬂvxum
X exp[— (0 ®,0/v)*]exp[— (w/v — w,/v)*0?],

(13)
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de 20
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where [3,18]
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Unfortunately dNcxprr/d® and Nexrrr can only be found
by numerical integration. Some results will be given below.

Finally, let us consider CXDR after making some pre-
liminary remarks. The first theoretical works on DR of high
energy particles were published long ago (see [2]). It is
interesting to note that experimental works on DR pro-
duced by high energy particles have begun after work [19],
in which coherent (the wavelengths are larger than the
beam sizes, and the intensity is ~N§), long wave DR has
been observed, in the millimeter wavelength range. Among
recent experimental results on DR it is worthwhile to
mention the work [20], carried out with nonrelativistic
electron beam with ~20 nm cross section passing through
a ~100 nm hole in a multilayer. At present, optical and
softer DR is used for the noninvasive and noninterceptive
measurement of the beam transversal phase volume and of
the longitudinal sizes of bunches.

Let us also note that, in contrast to TR, before the works
[21,22], the DR has not been studied in the x-ray region. In
[21], on the basis of some considerations given in [2], it has
been shown that the XDR can be produced only for ideal,
nonexisting beams. However, the authors of [21] have
shown theoretically that XDR—a phenomenon close to
XTR—can be produced by relativistic particles. However,
while the XTR’s intensity decreases sharply after the criti-
cal frequency wXIR =~ yw, proportional to w ~*, the criti-

crit
cal frequency of XDR is equal towXPR =~ cy/H, where H is
the impact parameter, by definition equal to the minimal
distance between the particle’s trajectory and radiator’s
edge. According to [21,22], the intensity of XDR after
wXDR  decreases proportional to exp(—2w/wXDR).
Therefore, the XDR has very low intensity for H of the
order of a few micrometers. Nevertheless, one of the pur-
poses of this work is to show that, as in the case of soft CDR
[19], apparently the x-ray DR can be observed as CXDR of
MB beams when the intensity is again proportional toNz,

and the spectrum is very narrow. Indeed, using the above

methods and formulas from [21,22] for incoherent XDR for
the case when the well focused microbunched beam passes

perpendicular to the strip radiator with thickness a and
width b (see inset of Fig. 3), one obtains for CXDR

dZNCXDRZszQaw‘I‘D'yé‘L
dw df VUL @b
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is an integral over the azimuthal angle ¢, which, unfortu-
nately, can be calculated only numerically. From work [21],
it follows that (21) and (22) do not depend on b for DR
radiators thicker than ~1 mm.

The sine square factor in (21) oscillates rapidly; hence, for

w=~w,<<Ywp (23)

one can take its mean value 1/2 if aH@? > yAp, where
Ap = 27r¢/ wp is the plasmon wavelength of the radiator.

Again, dNCXDR/d07 dNCXDR/dw’ and NCXDR can be
calculated only numerically.

The numerical calculations below are made for the
following parameters of LCLS [12]: E = 13.6 GeV,
ho, =83 keV, o, =9 X 107* cm (FWHM length equal
to 2.1 X 1073 cm or 70 fs), o, = 6.12 X 10~* cm (this
value can be obtained taking the given ye, = 0.5 um and
oy =1 urad), Ny = 1.56 X 10°, and b; = 1. The radia-
tors for CXTR, CXBR, and CXDR are titanium foils with
hwp =416 X 1072 keV, a = 0.0035cm, b =2 mm,
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FIG. 1. The angular distributions of CXBR, CXTR, CXRTR,

and CXDR (curves 1, 2, 3, and 4, respectively).
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FIG. 2. Spectral distributions of CXBR, CXTR, CXRTR, and
CXDR (curves 1, 2, 3, and 4, respectively).

and for the value H = 3 pm, while for CXRTR a stack of
M = 270 beryllium foils with /; = 0.005 cm and [, =
0.02 cm is used.

Figure 1 shows the ADs of CXBR, CXTR, CXRTR, and
CXDR produced by one macropulse and calculated with
the help of (6), (10), and (14) and numerical integration of
(21). It is seen that the angles corresponding to maximal
intensity of various types of radiation (y = 0.1-0.15 or
0 ~ (0.1-0.15)/y) are much smaller than those for inco-
herent radiation (y ~ 1 or 8 ~ 1/) and differ from each
other. This fact, as well as the fact that these angles are
greater than XFEL (FEL producing x-ray beams) radiation

angles, gives us a hope that these new types of radiation
can be observed.

Figure 2 shows the SD of CXBR, CXTR, CXRTR, and
CXDR calculated with the help of (7) and (11) and nu-
merical integration of formulas (13) and (21).

From Figs. 1 and 2 it follows that during the measure-
ment of the CXTR and especially CXRTR, the CXBR
background is always small, while during the measure-
ments of CXDR the CXBR background is absent since the
beam bypasses the DR radiator.

The total numbers of the emitted photons per one bunch
calculated with the help of (8) and (12) and integration of
(13) and (21) are equal to NCXBR =28X 105, NCXTR =
6.7 X 106, NCXRTR =2 X 109, and NCXDR =34 X 104

Schemes of possible experimental arrangements de-
signed for detection of these radiations (a) without (as in
[14]) and (b) with separation of the microbunched electron
beam from the accompanying SASE radiation are shown in
Fig. 3. In the case (a), the presence of the shown magnetic
system conserving MB of the deflecting magnet M, the
dump and multilayer mirror ML1 are not necessary. Part
of the radiation produced in the radiator and emitted around
O max 1s detected with the help of x-ray detectors D of a
Bragg spectrometer with annular conical crystal C or an
assembly of flat crystals. The difference from the scheme of
[14] is the crystals C. Varying the distance L between the
radiator R and C or the distance r between the arrangement
axis and C, one can choose A6y, the optimal angular
interval for the type of radiation under investigation (see
Fig. 1). However, in this case the contribution of the stimu-
lated radiations of the electron beam under the influence of

D
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MB PR 5
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X | / l
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a

Detail of CXDR geometry:
beam passing near radiator

FIG. 3.

Possible arrangements for study of CXBR, CXTR, and CXRTR at LCLS. The inset shows details of CXDR geometry.
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accompanying intense XFEL radiation remains unknown
until the end of our ongoing work on calculations of this
stimulated radiation, similar to radiation considered in [23].

In the case (b), the microbunched electron beam after the
long undulator of the XFEL is separated from the XFEL
SASE radiation with the help of a magnetic system con-
serving MB [24-26], or the SASE beam is deflected with
the help of multilayer x-ray mirrors, ML1 and ML2. The
pure electron beam after passing the radiator R is deflected
by the magnet M and is sent to the dump. The coherent
radiation photons produced in the radiator R are deflected
by multilayer mirror ML3 and detected with the help of
x-ray detector D1. If the intensity of the produced coherent
radiation photons appears to be high, then, in order to
escape a pileup effect, the mirror ML2 can be replaced
by a thin Compton scattering target, and the scattered
photons with less intensity can be detected with D1.

We now come to the following brief conclusions.
(1) Though many factors, such as multiple scattering, insta-
bilities, A w,, etc., were not taken into account, nevertheless,
all these types of radiation, especially CXTR and CXRTR,
can serve for the study of MB in XFELS. (2) The CXBR
background is small while measuring CXTR, CXRTR, and
CXDR. We keep in mind that in the case of CXDR the
electron beam does not pass through the radiator. (3) All
the calculations carried out above have been performed
assuming b; = 1. Therefore, even in the case of small value
of b; = 1072, the statistics allows us to measure Ncxg With
its value being Noxrgr = 6.7 X 107 in the presence of the
background CXBR with Nexpr = 2.8 X 10'. (4) For the
first time it has been shown that the still-not-observed x-ray
DR can be observed and studied due to the large enhance-
ment factor f = N,%b3.
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