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A scheme to produce mega-electron-volt- (MeV) level gamma rays with a high level of brilliance, a
small divergence angle, and controllable angular momentum from Laguerre-Gaussian (LG) laser-pulse
interactions with underdense plasma is proposed. Three-dimensional particle-in-cell simulations show
that the gamma photon beam acquires angular momentum from the helically distributed relativistic elec-
trons driven by the LG laser and the self-generated fields in the plasma bubble created by the laser. The
divergence angle and the orbital angular momentum (OAM) of the gamma photons can be controlled by
manipulating the laser parameters. It is found that a 1-MeV helical gamma-ray pulse with peak bright-
ness 2.23 x 10?* photons/s/mm?/mrad?/0.1% BW and angular momentum 7.1 x 10~'% kgm?/s, as well
as a < 10° divergence angle, can be generated by a 2 x 10?> W/cm? right-hand circularly polarized LG
laser pulse. Such bright gamma rays with OAM offer an additional degree of freedom, which is rele-
vant for understanding quantum-electrodynamics phenomena involving angular momentum, astrophysical
phenomena, time-resolved probing of the nucleus, the generation of a vortical positron beam, etc.
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I. INTRODUCTION

Bright gamma-ray sources have a broad range of appli-
cations involving quantum-electrodynamic (QED) effects,
probing the structure of the nucleus, ultrahigh-density
matter radiography, high-flux positron generation, nuclear
medical imaging, gamma-knife surgery, etc. [1-5]. Tradi-
tional accelerators for producing intense gamma rays are
bulky and expensive [6]. In contrast, laser-driven tabletop
accelerators are compact and of low cost. Gamma rays can
be generated from bremsstrahlung of fast electrons inter-
acting with high-Z materials [7-9], nonlinear Thomson
and Compton back-scattering [10—17], as well as nonlinear
synchrotron radiation [18-26]. Recent experiments have
shown that the peak brightness of over-15-MeV gamma
rays from Thomson scattering can reach approximately
10% photons/s/mm?/mrad?/0.1% BW [12]. Simulations
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have shown that gamma rays with a peak brightness
of 10% photons/s/mm?/mrad®/0.1% BW (at 10 MeV)
can be obtained when relativistic electrons driven by
a laser in a plasma channel collide with the same
laser reflected by a solid wall [13]. However, such all-
optical schemes can only be realized with laser inten-
sities exceeding 102> W/cm?. Lasers with an intensity
of about 10>> W/cm? are available at present [27] and
10%-10** W/cm? lasers are expected in a few years’
time [28].

It is known that x rays can also carry orbital angu-
lar momentum (OAM) [29-32]. In particular, such
beams with OAM are relevant to many applications,
such as optical microscopy, micromanipulation, quan-
tum information, magnetism, chirality, and astronomy.
However, there are few ways to achieve OAM for
gamma rays with much higher photon energies. Recently,
it has been proposed that it is possible to obtain
bright gamma rays with OAM by using an ultrain-
tense Laguerre-Gaussian (LG) laser pulse interacting
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with a thin solid target that produces the radiating
electrons [33]. It is noted that in previous schemes,
bright gamma rays usually have a > 30° divergence angle
and > 102 W/cm? lasers are needed to obtain them
[33-36]. So far, the generation of bright gamma rays with
controllable OAM and a low divergence angle using the
available lasers that are far below 10> W/cm? has not been
reported.

In this paper, we propose a scheme for electron acceler-
ation by an intense short circularly polarized (CP) LG laser
in underdense plasma for producing multi-mega-electron-
volt bright gamma rays with controllable OAM and a small
divergence angle. The laser pulse expels the background
plasma electrons to form a plasma bubble with strong
quasistatic radial electric and azimuthal magnetic fields.
Self-injected electrons trapped in the bubble are betatron
accelerated and focused by the latter. The relativistic vorti-
cal motion of such helically distributed electrons can gen-
erate gamma rays through nonlinear synchrotron radiation.
In particular, with a 1022 W/cm? LG laser pulse, the peak
brightness of the helically distributed 1-MeV gamma rays
can reach 2.23 x 10%* photons/s/mm?/mrad®/0.1% BW
and their emission angle can be reduced to approximately
10° by tailoring the focusing fields in the plasma bubble.
In addition, it is shown that in present scheme, the OAM
of the generated gamma rays increases linearly with the
topological charge and intensity of the LG laser.

II. SIMULATION RESULTS

To demonstrate the proposed scheme, we carry out
three-dimensional (3D) particle-in-cell (PIC) simulations
using the well-known EPOCH3D code [37], with the QED
BLOCK enabled to include the emission of gamma pho-
tons via a Monte Carlo algorithm, the radiation reaction
effect on electron dynamics, and the feedback between the
plasma and photon-emission processes. A CP LG laser
pulse with peak intensity 2 x 10*> W/cm? and wavelength
A =0.8 um is incident from the left boundary of the
simulation box of size 100 x 50 x 50 pum, with 1000 x
250 x 250 grids and four particles per cell. The initial
spatial distribution of the laser pulse in cylindrical coor-
dinates (r,0,z, where 12 = y? 4+ 2%) is @ = ayC} (cos 0,
+ o sin6e,) (v/2r/ro) ! exp(—r? /1) L} exp(—ilf), where
ag = eE,o/mewyc is the normalized peak light-wave elec-
tric field Ey, e is the elementary charge, wy is the central
laser frequency, 7y is the spot radius, / is the topological
charge, and p is the node number of the input LG pulse, ¢
is the light speed in vacuum, and ¢; (j = x,y,z) denote
the unit vectors. For definitiveness, we set ro = 7 um,
o = +1 for right-hand CP, and p = 0, so that L} = 1. The
laser-pulse duration and rise time are T = 207, and 57y,
respectively, where Ty = A/c is the laser cycle. The elec-
tron density and the electron and ion temperatures of the
uniform background plasma (located in 5 < x[um] < 100)

are n, = 2.4 x 102 cm~3 and 1 keV and 30 eV, respec-
tively. The parameters are chosen such that the laser-pulse
length ct is near the estimated length [2A+/an./n./7,
where n. ~ 1.74 x 10*! cm~ is the critical density and
a; = aol' exp(—1/2) is the laser amplitude] of the reso-
nant plasma bubble that it creates [38,39]. In this regime,
both the laser and the quasistatic self-generated charge-
separation electric fields play important roles in acceler-
ating the electrons [38]. In the simulations, the time step
is set as At = 0.017,, which is much smaller than Atgeq
so that a particle can emit multiple times over the duration
Atgeq. In this case, the time setup satisfies the constraint for
QED-PIC simulations [37]. In addition, we check that the
simulation results are convergent under the present setup
conditions.

Figures 1 and 2 show the simulation results at ¢ =
1007,. It is shown from Fig. 1(a) that the electric field
of the CP LG laser pulse has a helical intensity profile
and is null on the axis. Thus, the ponderomotive force
drives the affected electrons in the underdense background
plasma radially outward as well as inward, forming an
elongated-donut-shape d bubble with compressed plasma
on the axis, as shown in Fig. 2(a). For the parameters
chosen, the bubble size is comparable with that of the
laser pulse and electrons can become trapped in the helical
laser fields. These electrons gain energy as well as angu-
lar momentum from the CP LG laser [38] and they have
a hollow helical distribution, as can be seen in Fig. 2(a).
Figure 2(b) is for the focusing field W, = E, — cBy
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FIG. 1. (a) The isosurfaces of the normalized electric field
ek, /m.wc (green, for isosurface value 7) of the / = 1 LG laser
light and the normalized energy density Ephoton/ nemec? (red, for
isosurface value 16.5) of the generated gamma photons at ¢ =
1007, at x = 61.5 um. The isosurface of the radiating trapped
electron is similar to the latter. The transverse (y-z plane) distri-
butions of the normalized (b) laser electric field and (c) photon
energy density.
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FIG. 2. (a) The transverse (z = 0 plane) profile of the electron
density normalized by 7. along the laser propagation direction x,
att = 1007y. One can see (around y = 0, x = 60 pum) the helical
betatron-oscillating electron bunches. Since during the process
the structure also rotates around the center axis (i.e., » = 0), the
resulting electron density distribution has a helical structure (not
shown), similar to that of the energy density of the photons emit-
ted by these electrons given by the red isosurface in Fig. 1(a).
(b) The normalized acceleration field e(E, — cBy)/m.wc. (c) The
trajectories of four typical electrons starting from different radial
locations. Here, one can clearly see the focusing and collimation
effects. (d) The angular distribution of the accelerated electrons
in the x-y plane. Here, the radius represents the electron energy
normalized by its maximum value and the polar angle ¢ = 0 is
in the laser propagation, or x, direction. The color code is for the
electron number N,.

a*(r)r~'[1 — 2(r/rp)*] cos &, where E, is the radial electric
field and By is the azimuthal magnetic field experienced
by the trapped electrons. The zero point (corresponding to
maximum laser intensity) of the transverse focusing field
is at 7, & ry/+/2 = 5 um. The high-energy electrons are
confined to this region and they execute transverse beta-
tron oscillations under the focusing field, as can be seen in
Fig. 2(c) for four typical electron trajectories. Figure 2(d)
clearly shows that these electrons are accelerated mainly
forward and the divergence angle is less than 10°, which is
considerably smaller than the typical = 30° angle from the
other laser-acceleration schemes [2,19,33,35,36].

In order to clarify the acceleration process of the trapped
electrons in the plasma bubble, the motions of some typical
electrons are followed. The energy gained by an electron
consists of two parts, namely, W, = — fot ev, E. dt from the
longitudinal field and W, = — [, e(v,E, + v.E.)dt from
the transverse field. Figure 3(a) shows that initially both
fields contribute about equally to the electron accelera-
tion and that the energy gain is periodic, as expected
since the electrons are overlapped and directly driven by
the laser fields. When betatron resonance occurs (say, at
t = 35T)), or the betatron frequency gets close to the
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FIG. 3. (a) The evolution of the energy gain of three typical
electrons from the longitudinal W, = — fot ev, E.dt (blue curves)
and the transverse W, = — fot e(v,E, +v.E.)dt (red curves)

fields. (b) The evolution of the normalized (by the laser fre-
quency wy) frequencies wp and w;, of the electron betatron oscil-
lations and the laser in the electron comoving frame, respectively,
as experienced by the electron.

Doppler-shifted laser frequency, the electron can stay in
the acceleration phase of the laser field for a long time,
so that the energy gain is no longer periodic, as shown
in Fig. 3(a). The betatron resonance behavior is also con-
firmed in Fig. 3(b) for the evolution of the betatron and
laser frequencies as witnessed by an accelerated electron.
This scenario of electron energy gain can end if the elec-
tron becomes detrapped and leaves the accelerating phase
of the laser light. Transverse dephasing is mainly due
to electron slippage in the acceleration phase of the LG
laser fields, which takes place when the electron energy
increases such that the resonance condition wg = (1 —
8)wy is no longer satisfied [22]. Here, wp is the betatron
frequency of electrons in the bubble, w; = (1 — v, /vpn)wo
is the laser frequency in the electron comoving frame,

vph = ¢//1 — @l /yw = c(1 + n/2y) is the phase veloc-

ity of the laser in the bubble, y = /1 +a; ~ a; is the

Lorentz factor, n = n,/n., and § & dy/ydt refers to the
frequency shift. The dephasing rate is then d,® = wp —
wy, and the dephasing length is Ly, = cTgp = cmr/|d,P| =
ca;Ty/2|8|n. On the other hand, longitudinal dephasing of
a trapped electron is mainly due to it leaving the accel-
eration phase in the rear part of the plasma bubble. The
corresponding dephasing length is Lay, = cL/2(c — vg),

where vg = ¢, /1 —wy/yw; ~ c(1 —n/2y) is the laser

group velocity and L ~ 2A/m+/S ~ ct is the longitudinal
dimension of the bubble, with S = n./a;n. being the self-
similar parameter. The longitudinal dephasing length is
then Lgy» = La;/n. Note that for the parameters given here,
both the transverse and longitudinal dephasing lengths are
larger than 100 um and are in good agreement with the
simulation results in Fig. 3(a).

Figure 4(a) for the electron energy spectrum shows
that the electrons in the bubble can be accelerated to the
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FIG. 4. (a) The energy spectra of the helical electron beam for
laser topological charges / = 0 (no OAM, red curve), / = 1 (blue
curve), and / = 2 (green curve) in the plasma bubble at 1007y. (b)
The energy spectra of the gamma photons for 0.1% bandwidth.
In all cases, the slope of the high-energy part is approximately
—0.71, in agreement with that of typical synchrotron radiation.
The critical energy is around Ey, =2 x 10° eV (note that we
have not tracked the lower-energy photons). (c) The energy dis-
tribution in the x-y plane of the gamma photons for / = 0, 1, and
2 [same color code as in (a)]. Here, the polar angle is given by
¢ = arctan(p, /p,) and the radius represents the photon energy
normalized by the maximum value, which is from the laser with
I = 1. Recall that the laser propagates in the x, or ¢ = 0, direc-
tion. (d) The y-z, or transverse, plane energy distribution (given
by the color bar) of energetic (£ > 1 MeV) gamma photons for
[ = 1. Here, the polar angle is ¥ = arctan(p, /p.) and the radial
coordinate is for the x-y-plane polar angle, e.g., 20°, 40°, and 60°.

giga-electron-volt level, as they can stay in the acceleration
phase for a long time. Correspondingly, a vortex gamma-
ray pulse with energy density > 16.51.m.c* and duration
12 fs is generated. The maximum radiation energy is about
5.6 J. The maximum photon energy exceeds 100 MeV
and the photon number in a 0.1% bandwidth (BW) around
1 MeV is about 10'° for / # 0. In particular, for / = 2,
the peak brightness of the gamma-ray pulse at 1 MeV
is about 2.23 x 10%* photons/s/mm?/mrad®/0.1% BW,
which is about 2 orders of magnitude higher than the record
achieved by inverse Compton scattering based on laser-
wake-field acceleration scheme [40]. It is noted that the
maximum electron energy and gamma photon energy are
similar in these cases; however, more high-energy elec-
trons and more gamma photons can be generated if / is suit-
ably chosen, as can be seen in Figs. 4(a) and 4(b), because
the laser topological charge / determines the number of
phases for electron acceleration [38]. Thus in cases with
[ # 0, more electrons can be accelerated and more pho-
tons can be emitted compared with / = 0. It is shown that

the photon spectra here are similar to those of typical syn-
chrotron radiation. It is known that synchrotron-radiation
photons are emitted nearly parallel to the velocity of the
relativistic electrons; thus the photons are highly localized
and collimated to within an angle ¢ < 10°, as can be seen
in Figs. 4(c) and 4(d) for the distribution of the gamma-ray
energy.

In order to calculate the OAM of an accelerated electron
beam and an emitted photon beam, one can start with the
equations of momentum p and energy y evolution for a
typical electron in the bubble, as follows:

- -

d N v - - -
P _ . |:EL+ - X (BL+BS9 +BSx):| , (D
dt c
dy >
2 -
O = —ev - Ep, 2
MeC 0 ev-E; (2)

where EL = ELy)j + ELZZ EL = BLyJ_; + BLZE, and the sub-
scripts L and S denote laser and self-generated quantities,
respectively. The transverse motion of the electron is then
given by the following:

dp,

E = —eKEL cos d + eUxBSz - eUzBSxa (3)
dp; .

s —ekk; sin® — ev,Bg, + ev, Bg,, “4)

where k = 1 — v, /vpn. Equations (3) and (4) can be solved
by noting that the motion in the laser oscillating fields is
much faster than that driven by the ponderomotive force
and self-fields. Accounting for the condition wp ~ w; for
betatron resonance, the transverse momentum of a beta-
tron electron is then given by p,, (¥) = —m.ca;(wt/2) cos 6
and p,(t) = meca;(w;t/2) sin . Thus, the trajectory in the
transverse plane is given by y(r) = [[p,(1)/ym.)dt and
z(9) = [[p-(t)/ym,]dt. The angular momentum of the
electron beam with respect to the x axis can be written as
follows:

Lo=) Tixple= Y bpi- —2pigke ()

The number of resonance electrons (»,) can be estimated
by N, ~ n.wR2ct ~ amA2et/m [22], where R = A/ +/S
is the self-focused laser spot radius, 7 is the duration
of the laser pulse, and A is the laser wavelength. The
angular momentum of the LG laser pulse is [41] Liyser &
—(I+ 0)Iywrit /2wy, where [ and o are related to the laser
orbital and spin angular momenta, respectively, and Iy =
mec3nca13 is the peak laser intensity. The angular momen-
tum transferred from the LG laser pulse to the electrons has
been derived in Ref. [42]. In view of Eq. (5), we can write
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the following:
Lee >~ — (1 + 0)C1S1/2mecza%z‘anckzcr, (6)

where C; is a constant and 7, is the electron acceleration
time in the LG laser pulses [42].

The relativistic spiraling electrons emit synchrotron
radiation. In the process, their angular momentum is in
turn transferred to the emitted photons, so that a train of
gamma photons with OAM is generated, as can be seen
in Figs. 1(a) and 5(a)-5(c). The former indicates that the
energy density of the gamma photons has a quasiperi-
odic vortex distribution that rotates around the laser axis.
Transverse sectional views of the gamma-photon energy
density are shown in Figs. 5(a)-5(c). Since not all the angu-
lar momentum of the electron bunch is transferred to the
gamma photons, we can write for the angular momentum
of the latter along the axis,

Lx = C2Lele> (7)

where C, is a constant that represents the transfer effi-
ciency. An equivalent expression has been obtained in
Ref. [43], which considered in detail the radiation from a
given spiraling electron. Figure 5(d) shows the evolution
of the photon angular momentum for the laser topological
charges /=0,1, and 2 and we can see that the pho-
ton angular momentum (normalized by Am.c = 2.18 x
10~28 kgm?/s) can reach —1.20 x 10'3, —2.14 x 10'3,
and —3.25 x 10'3, respectively. Figure 5(e) shows that
with the same input laser energy, the angular momentum
of the gamma photons depends linearly on the laser topo-
logical charge / + o, in agreement with the above analysis.
Correspondingly, the laser-to-photon angular-momentum
conversion rates are almost the same (about 2.0%, 1.83%,
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41 —1=2
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FIG.5. (a)~(c) The y-z cross-section view of the photon energy
densities (in units of n.m.c?) at x = 61.5 um for ¢ = 1 and
1=0,1, and 2, respectively. (d) The evolution of the angular
momentum of the gamma photons for / = 0, 1, and 2. (e¢) The
dependence of the angular momentum of the gamma photons on
the topological charge. The green curve is a linear fit.

and 1.86%, respectively) in these cases, and the laser-
to-photon energy- (above 100 keV) conversion rates are
0.39%, 0.95%, and 1.1%, respectively, and roughly depend
linearly on the value of / + o, which in turn governs the
number of gamma-photon bunches.

I11. DISCUSSION

It should be noted that at present, the maximum inten-
sity of LG laser light achieved experimentally is about
10%° W/cm?, namely from the petawatt-class laser facil-
ity PHELIX at the Gesellschaft fiir Schwerionenforschung
(GSI), in Germany. This intensity is still below the effec-
tive range needed for the operation of the proposed
scheme. However, novel techniques for generating more
intense LG laser light, such as the use of multilevel spiral
phase plates [44], plasma holograms [45], Raman ampli-
fication [46], light fans [47], chirped pulse amplification
of weaker LG light [48], etc. are at present being actively
investigated. Hopefully, LG laser pulses of higher intensity
will soon become available.

To demonstrate the effect of laser intensity on the
generation of gamma photons, we conduct a series of
simulations with different laser amplitudes but the same
topological charge / = 2. Figure 6 shows that the depen-
dence of the electron and photon angular momenta on
the laser amplitude ay approximately follows an a% scal-
ing, which agrees well with the theoretical analysis [Egs.
(6) and (7)] in Sec. II. Under conditions with lower laser
intensities, the mechanisms of electron acceleration and
radiation still work efficiently as long as the self-similar
parameter S is fixed; however, the angular momenta and
the number of emitted photons decrease as the laser ampli-
tude decreases. In particular, with the presently available
laser intensities, such as 5.5 x 10 W/cm?, the angular
momentum of the gamma photons can still reach 4.32 x
10716 kg m? /s, and the corresponding torque of the gamma
rays can still be 3 orders of magnitude higher than that gen-
erated in existing experiments [49], an improvement that
can be useful in many applications.

(a) x1014 (b) x1013
4 3
m L, Vs a, oL vsa,
\‘% 3| —Fitting a2 ™ P 2t —Fitting a8
2
1
1
olm Ote
20 40 60 20 40 60
a, 2

FIG. 6. The dependence of the (a) electron and (b) photon
angular momentum on the laser amplitude a( at 1007, for / = 2
with the same self-similar parameter S = n./a;n.. The angu-
lar momenta of the electrons and photons are normalized by
mee = 2.18 x 10728 kgm?/s.
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IV. SUMMARY

In summary, we propose a scheme for generating
gamma rays with a high level of brilliance, a low diver-
gence angle, and controllable angular momentum. In this
scheme, bright gamma rays are realized from synchrotron
radiation of the helical energetic electron bunch acceler-
ated and collimated by the LG laser and the favorably
structured self-generated quasistatic fields in the plasma
bubble. The resulting gamma rays obtain angular momen-
tum from the spiraling relativistic electrons and thus
also have a vortical structure, as can be seen in Fig.
1(a). The gamma-ray OAM can be controlled by vary-
ing the topological charge and power of the incident laser
pulse. Such intense gamma rays with controllable OAM
offer an additional degree of freedom as well as unique
characteristics, which can be useful in a wide range of
applications—including quantum-electrodynamic effects,
laboratory astrophysics, high-flux positron generation, the
probing of magnetism in materials, etc—that involve
vortical structure and motion.
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