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High-Brilliance Ultranarrow-Band X Rays via Electron Radiation
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A setup of a unique x-ray source is put forward employing a relativistic electron beam interacting with
two counterpropagating laser pulses in the nonlinear few-photon regime. In contrast to Compton scattering

sources, the envisaged x-ray source exhibits an extremely narrow relative bandwidth of the order of 1074,
comparable with an x-ray free-electron laser. The brilliance of the x rays can be an order of magnitude
higher than that of a state-of-the-art Compton source. By tuning the laser intensities and the electron energy,
one can realize either a single peak or a comblike x-ray source of around keV energy. The laser intensity and
the electron energy in the suggested setup are rather moderate, rendering this scheme compact and tabletop
size, as opposed to x-ray free-electron laser and synchrotron infrastructures.
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Ever since the discovery by W. C. Rontgen in 1895,
powerful x-ray techniques have been developed for deter-
mining the structure of matter at the atomic length scale
[1,2]. Remarkable advancements have been achieved with
the employment of synchrotron radiation [3-6] and the
x-ray free-electron laser [7-12], which dramatically
increased the brightness of the source. Unfortunately,
the large size and cost of these facilities limit their
accessibility to a wide community. Alternative schemes
rely on Thomson and Compton scattering (CS) [13—16] and
recently also on the radiation from laser-plasma interactions
[17-20]. The advancement of compact and powerful laser
systems revived interest in these sources [21-36]. The CS
source is based on a collision of a laser pulse with a
relativistic electron beam [Fig. 1(a)]. While not competing
with the brightness of large facilities, CS sources have
several advantages, providing x-ray photons at a tunable
energy in a broad spectral range and being relatively
compact and affordable.

A compact brilliant x-ray light source with narrow
bandwidth (BW) is an attractive tool, e.g., for x-ray
imaging in biology [37], x-ray nanoscale diagnostics in
material science [38—40], and x-ray spectroscopy of highly
charged ions [41,42]. Recently, a new field of x-ray
quantum optics has been advanced aimed at the coherent
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control of atomic nuclei using shaped resonant x rays
[43—49] that requires especially narrow BW x-ray beams.
Different schemes for narrowing the x-ray BW have been
proposed that involve temporal laser pulse chirping [28-33]
or temporally varying polarization [34] to compensate the
nonlinear spectrum broadening. Alternatively, the x-ray
photon yield at low BW can be enhanced using a traveling-
wave setup that allows an overlap of electron and laser
beams longer than the Rayleigh length [35,36]. However,
all these approaches require the precise control of the pulse
shape, phase, or polarization, which is difficult in the high
intensity domain.

In this Letter, an alternative approach for narrow BW
bright x rays is put forward. Rather than modifying the
laser pulse, an additional laser beam copropagating with the
electrons is introduced. Namely, the setup consists of a
relativistic electron beam interacting with two counter-
propagating waves (CPW) [Fig. 1(b)]. The electron motion
features two typical frequencies separated by orders of
magnitude because of the Doppler effect, @, = wy(1 +
v,) = 2wy and w, = wy(1 — v,) ~ wy /2y, where @ is the
laser frequency and v, the relativistic average velocity
on axis and y, the effective Lorentz factor [50] (units
h=c=1 are used throughout). Because of the non-
linearity of the relativistic dynamics, the electron absorbs
several photons in both frequencies in the considered
regime when emitting an x-ray photon. As a result, in
the emission spectrum the Doppler-shifted high frequency
®; peak is accompanied with satellites of @, separation.
While the gross features of the spectrum (the spectral
envelope) are determined by the counterpropagating laser
beam, the subtle features are governed by the second
copropagating laser beam. Accordingly, the BW of
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FIG. 1. Setup of a relativistic electron beam colliding with a
single laser pulse for CS (a) and with CPW (b). The emission
spectra for CS (c), for Case I (d), and Case II (e). The electron
energy is € = 30 m in all cases. s; denotes the absorbed photon
numbers from the laser &; (i = 1, 2), respectively.

satellites scales with the smaller frequency @,, allowing for
bright ultranarrow BW x rays.

The radiation has been calculated employing the Baier-
Katkov semiclassical operator method [51], applicable
when the electron dynamics is quasiclassical in strong
background fields. The radiation spectrum reads [52,53]

a 8’2 + &2
d[:(2”)2T - 1T ,)* +

S, (1)

where 7 = [%_eVdt, T, = [% v,(r)eVdt, y = (e/e )k -

x(t) is the emission phase and x ( ) v,(1), k, = (o' ')
are the four-vectors of the electron coordinate, the velocity,
and the emitted photon momentum, respectively. 7 is the
pulse duration, & the electron energy with ¢ = ¢ — o',
In our setup, ultrarelativistic electrons counterpropagate
to the circularly polarized laser field with a vector
potential A, (x,7) =mé&, [cos(k; -x)e, +sin(k; - x)e,], where
& = eEy/(may), Ey and w, are the laser field amplitude
and frequency, respectively. k; = (@y,0,0,—ay) is the laser
four-wave vector with wy=1.55¢V, and e,=(0,1,0,0),
e, = (0,0,1,0). —e and m are the electron charge and
mass, respectively. The second laser field copropagating
with the electrons is also circularly polarized: A,(x,t)=
mé,[cos(k, - x)e, +sin(k, - x)e,], with ky = (.0, 0, ).
The two lasers have the same frequency @ in the lab frame.
We keep &; < 1, namely &; = 0.1, while choosing either

EH <& (Case I, & =0.02) or & > & (Case I, &, = 2)

The quantum strong-field parameter y = e+/—(F* P,)*/m?,
with the field tensor F*, and four-momentum P,, is
small—y ~ 107> for the chosen parameters—and multiple
photon emissions are negligible.

The radiation spectra are presented in Fig. 1. The general
features of all the spectra are similar. In the CS case, , =0
[Fig. 1(c)], the spectrum has a sharp edge corresponding to
absorption of a single photon (as &; < 1) from the laser
field. The same edge is also dominant in spectra for Cases I
and II in CPW because y, determining the general spectral
shape, is dominated by the &, laser. However, the details of
the spectra in CPW reveal features stemming from the &,
laser that are absent in CS. For Case I [Fig. 1(d)], a single
but ultranarrow harmonic rises with a similar location
but larger strength near the spectrum edge. For Case II
[Fig. 1(e)], the entire spectrum becomes oscillatory and in
most of the energy domain these oscillations are quite wide.
However, the radiation emitted on axis, corresponding to
s, ~ 1, exhibits a comb of sharp peaks, which is the main
interest here and discussed below.

The angle-resolved spectra are presented in Fig. 2 for CS
and CPW Case I and Fig. 3 for CPW Case II. While in the
CS case a single harmonic appears in the given limited
spectral range [Fig. 2(a)], in CPW many satellites accom-
pany the given harmonic due to absorption of additional
photons from the &, laser [Figs. 2(d) and 3(a)]. Generally,
the radiation is distributed in a rather large angle and
frequency region. Since ; < 1, the photon number for both
CS and Case [ in CPW decreases monotonically in the 1/y
cone, while the BW increases with € until it reaches a
constant value [50]. This makes the brilliance for both cases
being the largest in the forward direction. Moreover, by
integrating over the same angle range around € = 0, we can
see that the radiation in Case I is narrower in BW and more
intense compared with CS [Figs. 2(b),(e)], which finally
results in higher brilliance. After taking into account that
the energy spreading and emittance of a realistic electron
beam broaden the emission BW [Figs. 2(g),(h)], the
advantage of Case I in brilliance compared to CS still
remains at about 1 order of magnitude.

Furthermore, a comblike structure is produced in Case II
[Figs. 3(b),(c)]. While state-of-the-art techniques for a
frequency comb can achieve the extreme ultraviolet domain
[54-57], the covet is the hard x-ray regime. An attempt in
this direction recently shown in [34] via CS with a
polarization gating demonstrated a relative BW of 1072
and the spacing between peaks of the order of ~100 keV.
In our CPW setup, however, the comb spacing is at an
optical frequency, with more than 1 order of magnitude
smaller relative BW [Fig. 3(d)].

These results raise several questions: (i) What determines
the peak locations and the spacing between sequential
peaks? (i) What determines the width of a single peak?
(iii) What is the role played by the angle window? (iv) How
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FIG. 2. The angle-resolved spectra: (a) CS; (d) CPW Case L
The angle-integrated spectra: within € < 0.2 mrad for (b) CS;
(e) CPW Case I and within 8 < 1 mrad for (c) CS; (f) CPW
Case 1. The spectra from a realistic electron beam (solid) and a
monochromatic electron beam (dashed): (g) for CS; (h) for CPW
Case 1. The x axis in panels (g),(h) has been shifted by the peak
energy in (b) and (e), respectively. The electron beam has a
Gaussian distribution in both angle (A0 = 1 mrad) and energy
(0.01% relative FWHM) domain with central energy ¢ = 20 m.
The pulse length for &, is 16 000 cycles, while the pulse length
for &, is the same as the electron beam length, which is about
750 cycles.

can we control the number of harmonics contained in
the spectrum? To address them, we turn to analytical
estimations. The emission phase is a key variable y =
Wapt — 21 SiN@ 1 — Zp Sinwyt — z3 8in Awypt, with =
eu(l1—wv,cosb), z;=(mé&u/w,)sinb, zo=(mé&u/w,)sind,
73 = 2wom*& & u/ (eAw?,), Awy, = @) —w,, and u =
@' /(e — ). The integral in Eq. (1) over this phase yields
multiplications of Bessel functions with arguments z;, z,,
z3 [52,53]. From the phase follows the energy-momentum
conservation, determining the emitted photon energy [50]:

/ a)"{f_SZ
_ , 2
v 1 +2y%(1 = cos ) @)

where @}, = 2y3(s;o; + s,0,) with s;, s, being the
numbers of photons absorbed from the first and second
pulse, respectively, and y, = &/m,, with the effective mass

m, =my/1 + & + &. The spacing between sequential s,
harmonics according to Eq. (2) is Aw' = 2yw, = w,
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FIG. 3. (a) The angle-resolved spectra for CPW Case II. The
angle-integrated spectra for CPW Case II: (b) within 8 < 1 mrad;
(c) within € <2 mrad; (d) spectrum from a realistic electron
beam for CPW Case II (solid) and a monochromatic electron
beam (dashed). The electron beam has the same distributions as
in Fig. 2 but with central energy ¢ = 30 m. The pulse length for
& 1s 8000 cycles, while the pulse length for &, is the same as the
electron beam length, which is about 750 cycles.

because @,/w, ~4y?> and ®; = 2w,. The rather broad
emission frequency region in Figs. 2 and 3 follows from
Eq. (2). Each line in Figs. 2(d) and 3(a) represents the
location of a single harmonic with respect to w,. The
spacing between adjacent lines is @y.

To obtain a narrow BW radiation, one needs to apply the
emission angle window (Ad,,). The width of the harmonic
due to this finite angle window based on Eq. (2) is

50)1,/\» = w?:,sz (7* Agw)z' (3)

In both cases, CS and CPW, the most beneficial for a
small BW is the region near forward direction (8 = 0)
when 0w’ /00 = 0. Then, at applying a rather small angle
window A@,,, the BW is not Af,,-dependent but determined
by the dynamical linewidth. The latter is smaller for CPW
in comparison to CS.

The dynamical width of the harmonics is affected by
two factors. The first stems from the characteristics of the
electron dynamics. From the Bessel function features,
the CPW harmonic width is estimated via z, =~ 1 [50].

For the main peak,
(1)) m, 2
Swl. = —= . 4
e 8 (mf) @)

The latter BW scaling is surprising. In contrast to CS,
the harmonics become narrower for increasing electron
energy, confirmed with numerical calculations [50]. For the
considered parameters, Sw! < wy, which results in an
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enhancement of satellite peaks over the spectral CS
envelope. In fact, adding the second laser &, to the CS
setup, new satellite peaks arise with a @, separation, and the
smooth energy distribution within a large BW for CS,
Swlpg ~ woy* /&2 [50], roams into sharp spikes.

The second contribution to the harmonic width arises
from the finite duration of the laser pulses. Note that the
duration of the first pulse should be much longer,
N, = nN,, where n = w;/w, and N, are the numbers
of cycles experienced by a single electron during the
interaction. Therefore, the photon uncertainty width is
mostly determined by the second pulse:

by = 2yiwy /Ny = @y /Ny, (5)

Controlling the angle range A6,, one can tune Sw),
mentioned above such as not to exceed the dynamical
width: dwj, = max (dw¢, dw)) [50]. Please note that the

pulse length for &, and the electron beam in a realistic
experimental setup should be similar such that all the
electrons in the beam will contribute to the emitted x-ray
pulse during the interaction [50].

In Case II [Fig. 3], the photon energy ' is less sensitive
to the emission angle than in Case I because of a smaller
velocity v, at the same energy (at different effective
masses), and the number of harmonics is significantly
larger than in Case I because m,./mé, ~ &, /&, << 1. We can
assess the effective number of harmonics As, for a given
angle window A6,, by requiring z,/As, = &, with a choice
0~ 0.8, according to the Bessel function properties [50]:

1 /A6 m, 1
As, ~ — v 6, =—— 6
2 5<9c>’ ‘ 8m§2y;§’ <)

where 6, corresponds to the angle when S, (6..) is equal to
the characteristic width of the harmonics. The integrated
spectra over a different angle range in Figs. 3(b),(c) for
Case Il reveals a trade-off. On the one hand, the range of the
comb can be extended by increasing the angle window. On
the other hand, it also induces a larger background in the
gap between two sequential harmonics [50]. One should
balance between the width of a single harmonic and the
range of the total comb to have an optimized x-ray comb.

The emittance and energy spreading of the electron beam
will cause broadening of the radiation BW and suppress the
brilliance. Is it possible with a realistic electron beam in the
CPW setup to obtain brilliance better than in CS and
generate the comb structure? From Eq. (2) we may estimate
the contribution of energy Ay/y and angular A@ spread
in the BW broadening as éo'/@' ~ max{Ay/y, (yA0)?}.
Using electron beam parameters envisaged in [58], Ay/y ~
10 and A~ p, /p,~1073, we can expect the BW
broadening up to dw'/@’ ~107*. We have tested our
conclusion by numerical calculations of the spectra for
an electron beam having a Gaussian distribution in both

energy and angle domain with relative FWHM equal to
107 and 1073, respectively [Figs. 2(g),(h), 3(d)]. Let us
discuss the brilliance issue. The brilliance for both CPW
and CS cases is the largest in the forward direction [50]. In
the case of angle window A#,, = 0.2 mrad in the forward
direction [Figs. 2(b),(e)], the relative BW in CS for a single
electron is Ao’ /@' ~107*, while in CPW Case I it is 2
times smaller due to smallness of the dynamical BW.
However, the number of photons in the line in the CPW
case is about 7 times larger than in CS, which is due to more
prominent forward emission in CPW. In the case of the
electron beam with above parameters, the BW for CS is
1.4 times larger than for CPW, leaving, however, the
number of photons in the emission line equal to the case
without spreading. Thus, we can have an order of magni-
tude larger brilliance in the CPW Case I with respect to CS
with the same laser and electron parameters. For instance,
using electron beam with 10 pC charge and emittance of
0.1 mm - mrad (with angle spreading A0 = 1 mrad and
transverse radius of 0.1 mm) and 0.01% energy spreading
at electron energy ¢ = 10 MeV [58], the peak brilliance
in forward direction for the CPW Case 1 is
B ~5.2x 10" ph/(s - mrad’> - mm? - 0.1%BW), while in
CS it is B~ 6.5 x 10'7 ph/(s - mrad? - mm? - 0.1%BW).
The comblike structure is also preserved when using the
electron beam with spreading parameters as above. Thus,
Fig. 3(d) shows that in the case of an angular window
Af,, = 2 mrad, the electron beam spreading induces a
twofold increase of BW. However, the comb structure,
with numbers of peaks in the comb As, = 70, is still
preserved, characterized by the comb visibility, the ratio of
the BW to the peak separation, being equal to 0.37. The
decrease of the angle window will improve the comb
visibility but will decrease the comb length.
Summarizing our approach, first, configuration I or II is
chosen depending on the preference of the spectral shape: a
single peak or a frequency comb. Then, the desired energy

Oop/mrad

dw' [eV]

0.1

: ' 0.0
0 5 10 15 20 0 5 10 15 20

W' [keV] ' [keV]

FIG. 4. (a) Required pulse length N, of the & laser for different
emitted photon energies ' with different harmonic peak widths
6w’ in the spectrum. (b) Optimized angle range 6, for different
emitted photon energies ' with different harmonic peak widths
S’ when we choose the pulse length in panel (a).
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location and width are specified. The energy o’ determines
the effective relativistic factor y, via Eq. (2). Then, from the
chosen width 5w’ and relation, Eq. (3), the angle window 6,,
follows. For Case II, where 6w} dominates dw;,, we also

require dw); = d¢', from which the duration of the second

pulse is evaluated. For a given laser pulse energy and the
pulse duration, the field amplitude is derived, which
determines the effective mass, and from y, one finds the
electron energy (Fig. 4). For a given BW, the number of
cycles is determined according to Eq. (5). However,
increasing @’ requires a longer duration of the first pulse
due to increase of n = w;/w, ~ 4y2. The optimal angle
window 0,,, according to Eq. (2), is narrower at higher ’'.

In conclusion, the discussed CPW setup allows one to
generate an extremely narrow BW and collimated x-ray
beam in the range of several hundreds of eV to tens of keV,
with brilliance by an order of magnitude exceeding that for
CS corresponding to the same laser and electron beam
parameters. By tuning the intensity of the two laser pulses,
one can produce either a single peak or a comblike x-ray
source. This radiation source is attractive for several
applications. First, its narrow-band features allow for
resonant excitation spectroscopy of highly charged ions
[41,42,59-61] without the use of a monochromator as
opposed to synchrotron sources. Furthermore, by using the
comb, one can probe a much larger energy range in a single
shot. Second, the flux and BW of this source render it
suitable to operate it as an x-ray free-electron laser seeder,
thus replacing the complex and cumbersome self-seeding
unit [62—-64], which is the only available seeding technique
above energies of 100 eV. Third, owing to the low angle
spread, it is favorable as a source for small angle scattering
diagnostics [39]. Fourth, the comblike structure can be
employed for extension of plasma diagnostics from the
optical and UV range [65-67] to the hard x-ray domain,
e.g., for a temporally resolved measurement of the density
profile of overdense plasmas. The proposed x-ray comb
structure will enable probing much higher density plasma
in a large density range in a single shot with high accuracy
due to the ultranarrow BW of the single peak in the comb.
Finally, replacing the laser fields with strong THz ones, the
presented idea can be extended to a hard x-ray frequency
comb for ultrahigh precision metrology.
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