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We demonstrate that x-ray radiation emitted by relativistic electrons scattered by a counter-propagating
laser pulse guided by an adequate Bragg structure surpasses by about 2 orders of magnitude the energy
generated by a conventional free-space Gaussian-beam configuration, given the same e beam and injected

laser power in both configurations.
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X-ray sources based on Compton scattering of a laser
from a relativistic counterpropagating electron beam have
been recently drawing increasing interest due to several
potential advantages over undulators and wigglers [1],
among which are compact size, significantly lower opera-
tion cost, and reduced e-beam energy requirement (tens
MeV vs GeV). In recent years, several groups have re-
ported successful x-ray generation relying on Compton
scattering. In 2000, at the Brookhaven National
Laboratory Accelerator Test Facility (BNL ATF) collabo-
rators reported [2] generation of 6.5 keV photons by scat-
tering a 60 MeV e beam from a 10.6 um CO, laser. A
collaboration at the Lawrence Livermore National
Laboratory, at the PLEIADES facility, demonstrated gen-
eration of 78 keV x-ray photons [3] using a 57 MeV e beam
and a 820 nm Ti:sapphire laser. An all-optical setup was
reported more recently [4], employing a 800 nm
Ti:sapphire laser split into two pulses: one used for the
acceleration of electrons (5 MeV) and the second, counter-
propagating pulse, used for Compton scattering. The
emerging photons were measured to be in the range of
0.4 to 2 keV.

In order to ensure maximum field along the interaction
region, in all Compton x-ray experiments, the free-space
laser beam is focused to the size of the e beam cross
section—see Fig. 1. Consequently, optical focusing of the
laser limits the interaction region to about twice the
Rayleigh length, being typically on the order of 1 mm
[2,3] implying a relatively broad spectrum. Thus, any
design is a compromise between two conflicting require-
ments: on the one hand a strong focusing is accompanied
by strong field, facilitating high intensity x ray but a
relatively broad spectrum; on the other hand, weak focus-
ing leads to weak emission yet to a relatively sharp spec-
trum, as the interaction region is relatively long.

In this Letter we demonstrate that it is possible to avoid
these conflicting requirements by replacing the free-space
focused laser system with a configuration that employs a
Bragg structure to guide the laser pulse [5-7]. Illustrated in
Fig. 2, a Bragg waveguide consists of a subwavelength
vacuum core, where the interacting electrons move, a
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matching layer [5] and a series of Bragg layers both
ensuring tight radiation confinement—facilitating an elec-
tric field in excess of 1[GV /m] [6]. For the same laser
power as in free-space, the predicted x-ray intensity is by at
least 1 order of magnitude higher and an important by-
product is a significantly narrower spectrum. Furthermore,
the Bragg waveguide can be designed to support a TEM
mode within the vacuum core [5], which is important for
keeping the maximal emission on axis as well as a higher
degree of spatial uniformity which in turn reflects in a
sharper spectrum. A different Bragg design was shown to
be suitable for optical acceleration, by facilitating a TM;
mode within the vacuum core [6]. Relying on these two
designs, the overall proposed setup is presented in Fig. 3.
The all-optical process consists of two stages: first, the
e beam is accelerated in an optical Bragg accelerating
structure using a copropagating TMy,; laser, after which
the Compton scattering process takes place in a second
Bragg waveguide, supporting a TEM laser propagating
antiparallel to the ¢ beam.

Having described the basic configuration, it is important
to emphasize several details. In order to be able to consis-
tently compare the proposed Bragg waveguide setup with a

FIG. 1 (color online). Conventional Compton scattering setup.
The laser is focused to a cross section of tens of microns. The
interaction is limited by the Rayleigh length (zgp), which is
typically at the order of 1 mm. The interaction between the
e beam and the focused laser results in the emission of x ray,
which forms a narrow cone having an opening angle of 1/y.
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FIG. 2 (color online). Bragg waveguide setup. The electrons
interact with a counterpropagating laser and emit x-ray radiation.
The laser mode of interest has a TEM form inside the vacuum
core. The mode is confined to a submicron cross section,
enabling strong interaction not at the expense of interaction
length.

conventional focused laser source, we assume both con-
figurations to be driven by an identical e beam, both the
laser power and laser linear polarization to be alike, and the
interaction length, A, (see Figs. 1 and 2), to be the same in
both cases. It is the spatial variation of the wave amplitude
(Ey) along the two interaction regions which differs. In
what follows, the Z axis indicates the direction of the
e-beam trajectory, and the X axis indicates the polarization
of the laser.

While in the Bragg configuration, taking the amplitude
of the laser field to be uniform in the interaction region and
zero otherwise is an excellent approximation, in the case of
a focused Gaussian beam the amplitude of the field, as
experienced by the electron, varies significantly. Never-
theless, in the framework of the analytic model whose
assumptions are described next, we have found excellent
agreement between the case employing the exact distri-
bution of the amplitude and the case when an effective
uniform amplitude (rms) is adopted—at least from the
perspective of the overall emitted energy. The simplify-
ing assumptions our analytic model relies upon are (i) a
linearly polarized TEM mode, (ii) a weak interaction,
(iii) head-on incidence, (iv) a relativistic e beam, and
(v) uncorrelated emissions of the different electrons.
Subject to these assumptions, the spectral density and the
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FIG. 3 (color online). Schematic of an all-Bragg system. In the
left section the Bragg structure supports a TMy; mode which
bunches and accelerates an electron beam. The latter is injected
into another Bragg structure which supports a TEM mode (inside
the vacuum core) which propagates antiparallel to the electrons
that as a result generate x-ray radiation.

energy per unit solid angle are given by Eqs. (1)-(3).
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In these expressions Ny = 2A,/A; is the number of
optical laser periods experienced by an electron along the
interaction length A, ap =~ 1/137 is the fine structure
constant, w; = 2mc/A; is the laser angular frequency, 0
and ¢ are the angular coordinates of the detector, 6 being
measured from the 2 axis, k = eEy/mycw, is the deflec-
tion parameter (also referred to as K factor), corresponding
to the electromagnetic wiggler (laser), wherein E is the
effective amplitude experienced by the electron in the
interaction region, m, and e are the electron rest mass
and its elementary charge, respectively, and c is the speed
of light in vacuum.

By virtue of linearity of Maxwell’s equations, and by
averaging over one laser period, the amplitude of the TEM
mode supported by the Bragg waveguide is given by
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M9 = 1o/ € being the wave impedance in vacuum, P/A,
the injected average laser power per unit length (A,), Dy
the width of the internal vacuum core and except if other-
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FIG. 4 (color online). Emitted energy per unit solid angle
measured on the Z axis in both setups. The normalization factor
(same for all curves in each subfigure) is: 4N,y apkhw; y?,
wherein y = 50 and k = eE,/(mcw;), E, being the E-field
amplitude in Bragg waveguide configuration. The same e beam,
laser power, interaction length (A, = 103, left and A, =
10*A,, right) and polarization were assumed in both configura-
tions.
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wise specified, throughout this Letter it is assumed that
D, = 0.2A;; x is a confinement factor of the Bragg
waveguide, representing the fraction of the laser power
confined to the vacuum core relative to the total laser power
in the waveguide. In the examples that follow we consider
a conservative value of y = 0.5. Regarding a two-
dimensional, linearly polarized and focused Gaussian
beam, the effective amplitude E, is determined by the
rms value that, on axis, can be approximated by

b 47, arcsmh(zAT;) ( P ),
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zg being the Rayleigh length. For simplicity sake, in (5) it
was tacitly assumed that the electrons are located on axis,
where the Gaussian is maximal, providing an overestimate
of the energy emitted in the case of a focused beam.

Based on these expressions [Egs. (4) and (5)] for E,, we
are now in position to compare the emitted energy per solid
angle (dW/dQ) in both configurations. For A, = 10°A,,
the left frame in Fig. 4 reveals that the intensity of the
radiation emitted in the Bragg configuration is higher by at
least 1 order of magnitude comparing to a focused beam
configuration. An even clearer manifestation of this en-
hancement is revealed when examining a longer interac-
tion length A, = 10*A, (right frame) in which case the
intensity is higher by more than 2 orders of magnitude.
These two frames reveal the essence of the concept pre-
sented in this study, namely, the inherent ability of a Bragg
structure to confine most of the laser power in the vacuum
core which is of subwavelength dimension.

In order to have some feeling as of the typical values
involved, we refer to Table I where we calculate vari-
ous quantities for electron energies varying from 5 to
250 MeV. Accordingly, the number of emitted photons
per electron is independent of the kinetic energy Np,/N, =
(27/3)Noprapr* =2.8 X 1076, It is also interesting to
note that the ratio between the two (Bragg and Gaussian)
has an extremum at zz = 0.15A, given by Eq. (6).
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Figure 4 also illustrates quantitatively the compromise
associated with the focusing process: on the one hand, in
case of tight focusing (zz/A. < 0.1), the angular spectrum

TABLE I. Typical values of the emitted photons and of the
linewidth (FWHM) for Ey=1GV/m, A; =1 pum; A, =
10°A;; k = eEy/mcw; =3 X 107*. The number of emitted x-
ray photons per electron is in the order of (277/3)Nyyapk? =
2.8 X 1076,

Electron energy [MeV] 5 10 25 250
Peak energy of emitted photons [keV] 0.5 19 119 1192
Linewidth [eV] 02 08 53 528

(dW /dQ) is of low intensity associated with a short effec-
tive interaction length. On the other hand, for an extended
effective interaction length (zz/A, > 1), the emitted inten-
sity is modest since the laser field is weak. Obviously these
conflicting trends do not exist in the case of a Bragg
waveguide setup and even for a conservative design (y =
0.5), the emitted energy exceeds by about 2 orders of
magnitude the peak value in case of a free-space
configuration.

Before concluding, let us make a few more comments:
(i) Enhanced intensity as manifested in the analysis above
has a direct effect on the achievable brightness. In Table II
the results of two, state of the art, inverse Compton scat-
tering experiments, are compared with our theoretical pre-
dictions for the spectral brightness attainable by our
scheme. A reasonable formulation for the brightness, as-
suming k < 0.1, is [10]:

[ photons/ sec ] B BJ[ mA :I ™
mm? X mrad? X 0.1%BW e K

B in (7) is the normalized brightness per unit e-beam
current density, given by B = 4.55 X 10'°(kyN,,)*. In
our model, we estimate B using the following parameters:
k =3.1X107* y =50 and N, = 2 X 10* (in case of a
I cm long device); the e-beam current density in (7) is
denoted by J. Assuming that the e-beam cross section has a
Gaussian shape with rms radii o, and o, the current

[[mA] I being the

270 [umlo,[um]”’
e-beam current. In many Compton scattering experiments,
including those in Table II, the ¢ beam bunch charge is of
the order of nC, and the bunch length is of the order of
psec. The typical e-beam cross section at the focal point is
of the order of 0.01 mm?. These parameters lead to a

current density estimate of the order of J = IOO[lTn‘?Z]. It

density is given by J =

is reasonable to estimate that our structure can maintain
similar current density as demonstrated in other Compton
scattering experiments, with the sole difference that in our
case the e-beam cross section will be highly elliptical (a
“sheet” beam), as required by the narrow geometry of the
vacuum core. 7, in (7), where i € {x, y}, is the efficiency
coefficient, which describes degradation as a result of
e-beam angular spread. It is given by n, =[1+
Nop(y86,)?171/2, 86, being the e-beam angular spread
along the i axis. Using a purely geometrical argument for
the scheme proposed in this study, it becomes evident that
the angular spread 66,, required for the e beam to pass
through the narrow vacuum core without hitting the walls,
is very small: 86, < Dy /A, < (v4/Nop) ™', resulting in
Mgy close to 1. We assume for simplicity that ng, is
comparable to 7,,. Subject to the assumption specified
above the brightness is of the order of B=4X

17 photons/ sec . . .
10V [P o tamw)- This estimate is comparable to

the experimental results in Table II, but it is achievable
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TABLE II.

Results of two recent state of the art inverse Compton scattering experiments.

photons/ sec

Peak SpeCtral brlghtness [m

|1 Emitted photon energy Electron energy Laser wavelength [nm]

KEK + BNL [8] 1.7 X 1018
LLNL [9] 107

56 [MeV]
65 [KeV]

1.28 [GeV] 532
56 [MeV] 815

with a laser power at least 2 orders of magnitude smaller
due to intensity enhancement in the proposed paradigm.
(i1) In a Bragg waveguide, extending the interaction region
does not compromise the intensity of the laser. Therefore,
narrow emission spectra are feasible. While a narrow
spectrum is a desired quality for many applications, its
implication is an enhanced sensitivity to e-beam parame-
ters, in particular, to energy spread: 8y/y =< 1/2N,y.
(iii) It is assumed that the electrons can be injected and
guided into the planar Bragg structure without causing wall
damage. This assumption imposes a very stringent con-
straint on their angular spread (emittance) since based on
pure geometric arguments, the electrons’ angular spread
should be at the most D;,/A.. Consequently, the latter
does not pose a serious difficulty on the emerging spectrum
and more importantly, in order to obtain such a spread it is
obvious that the electrons should be accelerated by a laser
field in a Bragg acceleration structure of similar dimen-
sions as the x-ray Compton structure discussed above.
(iv) Although we have theoretically demonstrated signifi-
cant improvement in efficiency over conventional setups
for small K factors, it is important to highlight one limita-
tion of this paradigm: at values of « larger than 8 X 10™*
the use of the Bragg waveguide, becomes problematic due
to nonlinear effects and surface damage caused by the laser
pulse [6]. A free-space configuration (focused Gaussian
beam) has virtually no limitation as it operates in vacuum
reaching K factors of the order of unity [4,11,12].
However, we believe that this limitation is overshadowed
by the inherent advantage of a Bragg structure associated
with the small size of both the Bragg structure itself as well
as that of the driving laser and accelerator—Fig. 3.

In conclusion, we have shown that in the weak Compton
regime (k << 1) the energy emitted by electrons when
scattered by a counterpropagating laser pulse guided by a
Bragg structure [5,6] surpasses by about 2 orders of mag-

nitude the energy generated by a conventional free-space
Gaussian-beam configuration, given the same e beam and
injected laser power in both configurations. The enhanced
radiation stems from the ability of a Bragg waveguide to
confine a significant fraction of the power into a subwave-
length region for an extended interaction length. While the
sensitivity of the spectrum to electrons’ energy spread is
significant, the stringent constraint on the angular spread
associated with the electron propagation in the vacuum
tunnel of the Bragg-based structure, virtually eliminates
the impact of the angular spread on the spectrum.
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