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High-energy photons can be generated via inverse Compton scattering (ICS) in the collision between
energetic electrons and an intense laser pulse. The development of laser plasma accelerators promises
compact and all-optical gamma-ray sources by colliding the electrons from laser wakefield accelerators
with high-power driving pulses reflected by a plasma mirror. However, the law of optical focusing hin-
ders realization of both high photon yield and monochromatic spectra in this scenario. We propose an
azimuthal spatial-temporal convertor that decouples the focal field strength from laser spot size using
helical parabolic geometry. It decomposes the driving laser beam into a pulse train of almost identical
divergence angle and focal depth, creating synchronized ICS in the optimized linear regime. The scheme
resolves the dilemma between high efficiency and narrow energy spread, facilitating the generation of
monochromatic gamma rays using high power lasers beyond relativistic field strengths.
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I. INTRODUCTION

Photons in the gamma-ray regime can stimulate pho-
tonuclear reactions, providing a powerful tool to probe the
dynamics in nuclei. To this end, it is often required that the
gamma-ray beam is monochromatic with sufficient photon
flux to selectively excite the nuclear states [1]. This has
been a major quest in developing nuclear photonics but
faces significant challenges. Synchrotron radiation [2—6]
and free-electron lasers [7-9] have been quite success-
ful in providing bright light sources up to the hard-x-ray
regime. However, it is unlikely that state-of-the-art tech-
niques can be extended to the gamma-ray regime. Instead,
abundant gamma photons can be efficiently produced via
bremsstrahlung [10], where the photon spectra usually fol-
low an exponential decay distribution, and the beam is
rather divergent [11]. On the other hand, the inverse Comp-
ton scattering (ICS) [12,13] mechanism promises highly
directional gamma-ray beams with narrow energy spread,
via low energy laser photons scattered off relativistic elec-
trons. They gain a maximum 4y2 (where y is the electron
Lorentz factor) boost to the laser frequency and become
blue shifted [14,15].

Various ICS gamma-ray sources have been realized
worldwide in conventional accelerators [16—19] or via
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laser-driven wakefield accelerated (LWFA) electrons
[20-22]. The latter process is particularly promising since
it generates ultrabright ultrafast gamma-ray flashes in a
compact all-optical scenario. Laser-based ICS is usually
facilitated via the reflection-collision geometry: the high-
power femtosecond laser pulse driving wakefield acceler-
ation also serves as the collision laser after reflection by a
plasma mirror. This approach takes full advantage of the
ultrahigh photon density provided by the driving laser and
resolves the synchronization issue between the laser and
electron beams [22-26].

The typical photon number generated in ICS is about
107—10° per pulse [22,23,27], which is much smaller than
that from bremsstrahlung (about 10°-10'!). One may
increase the light intensity of the scattering laser in ICS to
boost the photon yield. However, this is limited by the non-
linear threshold. When the field strength of the collision
laser exceeds ag = 1, ICS enters the nonlinear or the multi-
photon absorption regime, where the gamma-ray spectrum
is red shifted and broadened [28-30]. Here ag = Eye/wmc
denotes the nonlinearity of the collision process, with Ej
the laser electric field magnitude, e the unit charge, w
the laser frequency, m the electron mass, and ¢ the speed
of light. In other words, there exists a dilemma between
photon yield and spectrum width. Take a typical 50 TW,
30 fs laser pulse in LWFA as an example. The linear ICS
(ap < 1) requires a beam waist larger than wy &~ 40 pum as
shown in red in Fig. 1(a). On the other hand, photon yield is
optimized at high laser intensities when the Rayleigh
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length is comparable to the pulse length zz ~ ct, cor-
responding to wp & 1 um in the grey area of Fig. 1(a).
However, focusing the laser to a small spot size of wy ~
1 um results in higher field strength and broadening of
the ICS spectrum. Therefore, the gap between high photon
yield and low bandwidth cannot be bridged using ordinary
focusing optics, for instance, a parabolic plasma mirror
[31-33].

We propose a solution to the dilemma using a spatial-
temporal coupling geometry. Here a parabolic mirror is
azimuthally decomposed into N sections and stretched
along the laser axis with a chosen spacing d, forming a
helical parabolic mirror, as illustrated in Fig. 2(a). When
impinging onto the divided parabola, a fraction of the inci-
dent laser pulse is reflected and focused to the collision
point in every period of time. Adjacent subparabolas are
displaced by a distance of d; therefore, the time at which
each subpulse arrives at its focus is delayed by d/c. One
can see in Figs. 2(b) and 2(c) that a train of identical
subpulses is generated with intensity peak shifting back-
wards along the electron beam. Each carries the same field
amplitude below unity. The proposed geometry is essen-
tially an azimuthal spatial-temporal (AST) convertor that
decouples the focal field strength from laser spot size such
that the light intensity from every focusing element can
be programmed to assure linear ICS and the matching
condition between the beam waist and the electron beam
radius. Since each focal point is no longer fixed but is
moving against the laser propagation direction at the speed
of light, it is synchronized with the trailing electron beam
[see Fig. 2(c)] to guarantee the optimized collision set in
Fig. 1(b): the monochromatic requirement ¢y, = 1, and the
saturation condition zg ~ cT.

It has been shown that spatial-temporal coupling can
be realized via spatial-dispersive lenses [34,35], axi-
ally delayed mirrors [36], and axial parabolas [37,38],
offering a superluminal laser focus—a promising approach
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to drive dephasingless wakefield acceleration [36]. All
existing spatial-temporal concepts essentially depend on
radially delayed focusing, namely, the radial spatial-
temporal (RST) convertor, which can be simplified to the
structure illustrated in Fig. 3(b). The subpulses gener-
ated by these axially symmetric parabolas are reflected
or transformed at different radii, therefore having differ-
ent divergences and focal depths or Rayleigh lengths, e.g.,
21(33) > zj(ez) > zg) in Fig. 3(b) where zzp = 7w}/A is the
Rayleigh length and wy is the beam waist. Thus, in either
LWFA or ICS only a few subpulses work in optimal con-
ditions because the pulse Rayleigh length should match
the plasma density required for optimal LWFA conditions
[39,40] and the pulse divergence angles should remain
constant for monochromatic gamma beams in ICS. How-
ever, the majority do not match. Unlike in the RST geom-
etry, the proposed AST convertor in principle generates
identical subpulses with the same spot size, field strength,
and polarization near the axis, as shown in Fig. 3(a),
providing identical colliding pulses for the Compton scat-
tering and an invariant driving pulse for LWFA, hence
ensuring optimized interaction for all subpulses.

II. RESULTS

The idea is demonstrated by considering the ICS pro-
cess between a 500 MeV electron beam and a driving laser
pulse with @y = 2 and wavelength of 800 nm. The elec-
tron beam contains a total charge of 4.4 pC distributed
in a cylinder of 0.5 um in radius and 2 um in length,
corresponding to 1% energy spread and 1 mrad angular
divergence [41,42]. Their interaction is mimicked in full
three-dimensional (3D) particle-in-cell (PIC) simulations
to include the diffraction effects and the laser-plasma inter-
actions at such extreme fields. The radiation from Compton
scattering is calculated by resolving the Lienard-Wiechert
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The schematic of the relation between the radiation yield E\,4 in ICS and the beam waist of the colliding laser pulse wy for

a 50 TW, 30 fs laser in the case of ordinary optical focusing (a) and spatial-temporal coupling (b), as a function of the beam waist and
field strength. The radiation yield is normalized to that of @y = 1. In either case, yield saturates from zz ~ ct (gray) while the linear
ICS corresponds to ap < 1 (red). Optimal gamma radiation is achieved for ap = 1 and zg ~ ct, as shown by the red circle in (b).
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potential of each traced electron (see Sec. V). For syn-
chronization of the trailing electron and reflected laser
pulse, we constrain the laser spot size to wy = 10 um and
set the focal length of the reflecting mirror to be f =
30 um. For a typical LWFA configuration, such a driving
laser pulse of @y = 2 and pulse duration of 27 fs corre-
sponds to a peak power of 13.4 TW and beam energy of
358 ml.

We compare the results with the quasi-plane-wave and
the parabolic plasma mirror with fixed focus. For the lat-
ter, the trailing electron beam is displaced by [, = 2f =
60 um with respect to the laser pulse, ensuring a matched
collision. Note that the distance /, can be varied by con-
trolling the LWFA conditions, such as plasma density
and laser spot size [40]. The on-axis photon energy from
linear ICS with 500 MeV electrons is 5.94 MeV. In gen-
eral, the central beam energy is lower than the on-axis
value after integrating over a range of emitting angles.
The intense laser field can also induce significant red
shift. In the flat-mirror geometry [see Figs. 4(a)4(c)],
electrons undergo oscillations at a peak field strength of
ap = 2, a typical field strength employed in the single-
pulse reflection-collision geometry [22]. It produces a

FIG. 2. The AST cou-
pling geometry. (a) The
schematic geometry of the
collision of an electron
beam from LWFA with
a pulse train reflected by
the AST convertor. (b)
The mirror structure and
subpulses during reflection
(green for nearer; blue for
further). The front view
of the mirror is shown in
the upper right. (c) The
synchronized collision
between the electron beam
and the first three subpulses
with focal position moving
inversely to its wave vec-
tor at the speed of light.
Each mirror component is
subdivided into a pair to
assure symmetric collision
force along the transverse
directions.

broadened and red-shifted spectrum, peaking at 3.88 MeV
with bandwidth of Aeg, =9.32MeV at FWHM (full
width at half maximum), and divergence angle of Af ~
2.61 mrad (FWHM). Overall, the energy radiated is
Erq = 1.05 x 107 MeV/pC, corresponding to about N, =
Erd/€, ~ 1.18 x 10° photons/pC.

The highest yield is expected when focusing the whole
pulse onto one spot with a parabolic mirror of /' = 30 um
(equivalent to an AST convertor with N = 1 mirror pair).
In this case, the focal field strength is magnified by an order
of 12.5 to ag = 25. Although this produces a much higher
radiated energy, E..q = 6.76 x 108 MeV/pC, the strong
nonlinear effect and radiation recoil result in an extremely
red-shifted spectrum, epeq A~ 0.47 MeV. Photons are emit-
ted to a much larger divergence angle A6 ~ 3.72 mrad.
The energy bandwidth is Ag, = 5.41 MeV, containing
abundant low-energy photons as shown in Figs. 4(d) and
4(f), corresponding to N, = 1.05 x 10® photons/pC when
counting gamma-ray photons with energies greater than
1 MeV.

When switching to the AST geometry, the proposed
azimuthal structure generates subpulses of similar dura-
tion and field strength that are fully synchronized with the
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collision process [see in Fig. 4(g)]. Fourteen subpulses are
aligned in Fig. 4(h) carrying a maximum field amplitude
of ap ~ 1, where N = 15 mirror pairs are utilized and the
first mirror pair is flattened to remove the first pulse that is
beyond @y = 1, which will be discussed in Sec. I1I B. Con-
sequently, electrons experience a period of oscillation that
is about 14 times longer under the same field strength com-
pared with the quasi-plane-wave case. The radiation yield
is boosted to Eq = 1.53 x 107 MeV/pC, corresponding
to N, = 3.43 x 10° photons/pC peaking at 4.47 MeV.
The bandwidth is suppressed to Ae, = 1.31 MeV, which
is a sevenfold suppression of the flat mirror geometry.

FIG. 3. AST convertor generates sub-
pulses of identical focal length (a), while
RST convertor produces different focal
lengths for each subpulse (b).

The photon beam is much more collimated to Af =~
1.35 mrad, as shown in Fig. 4(i). In terms of brilliance,
measured by N,/ (AeyAez), the AST convertor reaches
1.08 x 10° photons/pC/MeV/mrad®, which is almost 60
times more than the flat mirror geometry that produces
1.86 x 10* photons/pC/MeV/mrad?.

On the other hand, considering the laser efficiency,
the AST convertor produces 9.58 x 10° photons/pC/J at
4.47 MeV out of a 358-mJ-laser pulse, which is 21
times 4.5 x 10° photons/pC/J at up to 1 MeV out of a
laser pulse of 0.13 J and ay = 0.3 [43], 63 times 1.5 x
10° photons/pC/J at 15 keV out of a laser pulse of 300 mJ
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FIG. 4. Field strengths and ICS spectra. (a) The on-axis field strengths E, reflected by a flat mirror; (b) the electric fields experienced
by an electron on the axis (solid gray line), corresponding to the gray line in (a) and the radiation yield of the electron beam (dashed
black line); (c) the produced spectrum @1 /de, dQ2 per pC in units of rad~2 where the solid white lines are the energy spectra dl / de,
and the dashed white lines are the FWHM and the peak photon energy. (d)<f) The results for a full parabolic mirror. (g)—i) The results

for AST geometry where the first mirror pair is set flat.
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and ay = 0.85 [44], and 17 times 5.05 x 10° photons/
pC/J at up to 2 MeV out of a 3.3 J laser pulse of
ap = 1.3 23].

Comparing the three cases, it is obvious that the AST
geometry realizes linear ICS using full laser power, which
is otherwise prohibited by single-focus optics. It success-
fully boosts the radiation yield and retains the quasi-
monochromatic feature. In addition, the beam collimation
is also greatly improved.

I11. DISCUSSION AND CONCLUSION

A. Scaling law of the mirror pairs

The photon spectra of different mirror pair numbers
N are presented in Fig. 5(a). The peak photon energy
increases for higher N and the bandwidth is narrowed
simultaneously. The spectrum exhibits a quasimonochro-
matic feature starting from N = 10 and the energy spread
is further suppressed by flattening the first mirror pair
(labeled “without first pair”), which will be explained in
the next section. From Figs. 5(b) and 5(c), we find that the
brilliance of the AST convertor peaks at N = 15 where the
spectrum bandwidth and beam collimation are also opti-
mized. Here high energy photon radiation is hindered for

Number of mirror pairs N

1 2 5 10

the undivided parabolic mirror (N = 1) case, as the elec-
tron energy is significantly depleted due to the radiation
reaction. This leads to a relatively small bandwidth but
at the cost of a strong red shift and loss of high-energy
photons. The radiation yield is also dependent on the focal
length. One sees the highest radiation energy around / ~
27 um, shown in Fig. 5(d), which is a slight shift from the
designed f = 30 um, because we use a Gaussian pulse of
wo = 10 um in simulations, which is not an ideal plane
wave. As for the central photon energy and bandwidth,
both remain stable for different focal lengths, as shown in
Figs. 5(d) and 5(e). We notice that the trend in Fig. 5(d)
indicates a focal window of about 6 um at FWHM. This
defines the tolerance on focusing fluctuation in the current
setup.

B. Diffraction loss from the mirror pairs

We further discuss the diffraction effect present in the
AST geometry. The wave fronts of the incident laser pulse
during interaction with the AST convertor and the on-axis
field strengths are shown in Figs. 6(a)-6(d) for N = 15 and
Figs. 6(e)—6(h) for N = 5. The first mirror pair experience
an undisturbed wave front, after which the wave front is
then disturbed by a diffraction effect from the finite size of

FIG. 5. The scaling law
for the number of parabolic
mirror pairs. (a) Spectra for
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FIG. 6. Wave fronts of the incident laser and on-axis field strengths. (a)-(c) The field strengths in the plane of phase 0 and (d) on-
axis field strengths for (a)«(d) N = 15 mirror pairs and (e}~(h) N = 5 mirror pairs. The dashed-red lines in (a)(c) and (e)—(h) are the
outlines of the mirrors and the blue arcs indicate the radius when the arc length of a mirror equals the laser wavelength, which measures
the region of strong diffraction effect. The dotted red (solid black) lines in (d) and (h) are the on-axis field strengths experienced by an

electron with (without) the first mirror pair flattened.

the mirror pairs and the pulses are relatively weaker than
the first pulse, as shown by the black lines in Figs. 6(d) and
6(h). The diffraction is stronger for smaller mirror pairs,
as indicated by the difference between the amplitudes. We
then flatten the first mirror pair to eliminate the nonlinear
effect induced by the first subpulse. Such a microstruc-
ture can be fabricated via 3D printing techniques [45] for
experimental consideration.

C. Diffraction loss during focusing

Taking into account the diffraction effect, the field
strengths of the subpulses for different pair numbers are

Q
v .
204 1 o first pylse
\\ o following pulses
>l ! ---- N~!scaling
w0
“% 10 - g\
\\Q\~~~
0 T T T ?. ----- ?- ______ @—
12 5 10 15 20
Number of pairs
FIG. 7. The on-axis field strengths of the pulse train for dif-

ferent numbers of mirror pairs. The black circle denotes the field
strength of the first subpulse and the smaller red circles denote the
following pulses. The dashed line represents the field strengths
fitted with 1/N.

shown in Fig. 7. The f number of a parabolic mirror is
fv =f /2R where R is the mirror radius. For an undi-
vided parabolic mirror, the focal spot size should be about
M. For a parabolic mirror pair, the radial size remains
2R but the azimuthal size decreases to about 2R/N, which
expands the focal spot size in the azimuthal direction
to about A[f /(2R/N)] = ANfj. Because each subpulse
shares 1/N of the laser power, P ~ aiwj ~ 1/N, and wy
scales as w% ~ My X ANfyr ~ N, the focal field strength
therefore scales as 1/N. In other words, the finite size of
the mirror pairs and consequent diffraction produce a scal-
ing of about 1/N (dashed black line in Fig. 7) rather than
1/+/N. From another point of view, since the Maxwell
equation is linear, the focal field of an undivided parabolic
mirror can be linearly decomposed into multiple combina-
tions of fields from the subdivisions of the mirror, which
are the mirror pairs of the AST convertor. Therefore, the
focal field strengths of the subpulses can be predicted by

foc
foc ) (1)
N)= ">~ 1

ag (N) N ( )
which is exactly the black dashed line in Fig. 7. The above
relationship provides a simple rule to design the structure
of an AST convertor for high-quality gamma-ray beam
generation by requiring N ~ ag"c(l).

D. General applications

For more general purposes, the AST convertor can be
scaled to larger sizes to interact with laser pulses below the
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damage threshold of the mirror; this also makes it easier to
fabricate. In this geometry, an independent pulse can be
used in the collision with the electron bunch, relaxing the
constraints on the laser pulse from the output of the LWFA
process. Furthermore, this geometry redistributes the laser
energy and generates comoving focuses behind the laser
pulse, satisfying the requirements of applications like
dephasingless LWFA [36] and ponderomotive-controlled
radiation [46]. For micrometer-scale AST convertors, the
microstructure can be manufactured with state-of-the-art
3D-printing techniques [45], and can be collimated by
detecting signals passing through the passage for the elec-
tron beam [see Fig. 2(b)].

In conclusion, the proposed AST geometry can trans-
form the incident laser pulse into a train of almost identical
pulses, controlling the field strength below the nonlinear
threshold of the ICS process without compromising the
radiation yield in the all-optical Compton source. It signifi-
cantly suppresses the bandwidth of the generated radiation
spectrum and achieves a monochromatic output.

IV.METHODS

A. Estimation of radiation yield

The radiation yield in Fig. 1 is estimated by integrat-
ing the radiation-reaction force in the collision between an
electron of yy = 1000 and a laser pulse of 30 fs at FWHM.
For highly relativistic electrons (y > 1), the radiation-
reaction force, taken from the Landau-Lifshitz equation
[14], is approximated by

4

Fae ™ —2 5/ [E4v < B2 = 8 By, (@)
where B =v/c and v is the electron velocity. Since
y > ay is considered, the electron motion in the
laser field is simplified to a one-dimensional trajectory
and Frr ~ —(8/3)(e*w? /cz)yza(z)v. The radiation power
becomes dymc?/dt = Frg - v ~ —(8/3)(eza)2/c)y2a(2)(t)
where ay(¢) is the field strength experienced by the elec-
tron, which is then integrated to

2. 2t

i 8ecw 7
-2 2
dy = — ——— Ndt = —1 ti: t ,
;{)V Y 3 e {ao() = ( f)

and, finally, we have y; = [y, ' +1(4, t)]". The radi-
ation yield is estimated by (yo — ¥r) mc?. The integra-
tion limits are determined by the interaction period that
decreases to 2zg/c when the Rayleigh length is smaller
than the pulse length for extremely tight focusing, which
results in the saturation plateau in Fig. 1.

B. Simulation setup

The simulation is carried out via the SMILEI code [47]
with a cell size of 0.05A x 0.17A x 0.17A in the x, y, and

z dimensions with the laser pulse in the x direction. The
size of the simulation box is adjusted for different num-
bers of mirror pairs so long as the mirror plus its focal
length can fit into the simulation domain. For example, the
box sizeis 117.6 x 44 x 44 pum for N = 15 mirror pairs,
corresponding to 2940 x 320 x 320 grids.

The AST convertor with focal length of f =30 um
is set to be preionized in the simulation and its electron
number density is 100n. with 16 macroparticles per cell.
Here n. = ggmw?/e* is the critical plasma density with
&o being the vacuum permittivity. The convertor is gener-
ated by subdividing a parabolic mirror into 2N sections, or
N opposite pairs, and displacing adjacent mirror pairs by
d =5 pm. A tunnel of radius of 1 um through the mirror
is reserved for electron propagation.

The electron beam enters the simulation box from the
boundary along the x axis following the laser pulse. The
pulse profile is defined by ag sin(mr ¢/ 2t)e‘r2 /5 where ay =
2, wo = 10 um, and v = 27 fs. The spacing between the
beam and the peak of the laser profile is /, = 2f", required
by the time delay introduced by parabolic mitror. The cen-
tral energy of the electron beam is 500 MeV with 1%
energy spread and angular divergence of 1 mrad at e~! of
a Gaussian profile. The electron beam is uniformly dis-
tributed in a cylinder of 0.5 um in radius and 2 um in
length, which represents 4.4 pC (4.65 pC in the simulation
owing to the grid effect) of electrons, corresponding to the
number density of 1.744 x 10%> m~3 with 10 macropar-
ticles per cell. Take LWFA for example: the spacing /,
between the laser peak and the beam center is dependent
on the size of the bubble 7, [40] as the electron beam is
accelerated at the tail of the bubble. This spacing can be
tuned by changing the LWFA conditions, e.g., the plasma
density ny, the field strength ay, and the beam waist wy of
the driving laser.

C. Radiation spectrum

The radiation fields are obtained by calculating the
Lienard-Wiechert potential [15] in specific directions fol-
lowing the electron trajectories (x, p) from PIC simulations

e nx(n-2)x3]

ZaNErET

where R is the distance from the electron to the observa-
tion point, n is the direction to the observation point, v the
velocity of electron, and v the acceleration. The right-hand
side is evaluated at time steps of electron and the left-hand
side is defined at time steps of ¥ = ¢ 4+ R/c. Then we calcu-
late the spectrum via Fourier transformation of the electric
fields in the time domain. Since # depends on R(f) and is
not uniformly distributed, we first interpolate the radiation
fields on a uniform time grid, then we perform fast Fourier
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transformation to the interpolated radiation fields. One can
refer to the thesis [48] for numerical details.

Since the pulse length of the radiation fields are com-
pressed by a factor of 4y? compared to the laser pulse
length, i.e., ct/4y? ~ 2 pm, much smaller than the aver-
age distance between electrons, i.e., n, 3~ 4 nm, the
radiation is highly incoherent for highly relativistic elec-
trons and the spectrum of each trajectory can be simply
summed up without considering coherence effects.

The electron trajectories taken from PIC simulations
inherently include the radiation-reaction effect in Eq. (2).
This is necessary for the case of ay = 25. For electron
energy of y = 0(10%) and field strength of a = O(1), we
have the quantum parameter [49] x = 0(1072), which
indicates the nonlinear quantum effects are weak [50-52].
Therefore, classical calculations are sufficient to deal with
the radiation spectrum. In the case of ay ~ 25 and x. ~
0.15, where quantum effects may arise, we find the clas-
sical estimation does not deviate much from the QED
Monte-Carlo calculation of the SMILEI code. For consis-
tency, we keep the classical calculations in our results.
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