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A scheme to radiate a highly collimated y-ray pulse is proposed through the interaction between an
ultra-intense laser pulse and a narrow tube target. The y-ray pulse, with high conversion efficiency,
can be generated as a result of electron acceleration in a longitudinal electric field. In a Particle-in-
Cell simulation with a 10-PW laser, 18% of the laser energy is transferred into the forward y-rays
in a divergence angle less than 3°. It is also found that such a highly collimated y-ray pulse can be
produced with a large range of tube diameters and laser intensities. This scheme could be realized
in experiment with the coming 10-PW class lasers in the near future. Published by AIP Publishing.
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The ultra-high laser intensity above 10** W/cm? will be
accessible in the next few years with under construction
facilities."* In the interaction between a laser at such an
intensity and matter, QED effects®® become significant even
when the laser field strength is several orders of magnitude
lower than the critical Schwinger field E.;; = 1.3 X 10"
Vm™',” and most of the laser energy can be transferred into
y-rays.*'” The generation of high conversion efficiency and
collimated y-ray pulses has attracted particular interest due
to potential applications in many fields.'->'1~1¢

In general, the y-ray sources driven by a 10 PW laser
have a large divergence’®'*'® of ~30". Efforts had been
made to enhance collimation of the y-rays by employing a
micro-structured'” and narrow tube target.'”° In the work
of Yi et al.,”® a collimated x-ray radiation has been proposed
by the laser pulses of relatively low intensity, in which we
note that divergence of the x-ray increases with the laser nor-
malized amplitude a,. In the narrow tube target under ultra-
high laser power, the electron dynamics, which impacts the
y-ray generation, is affected by the traveling E,>'*?
However, the underlying physics of electron dynamics needs
to be further revealed even when the target has been widely
applied 202225

In this letter, a highly collimated y-ray pulse with high
conversion efficiency is generated in the interaction between
a 10-PW laser pulse and a narrow tube target (NTT).
Electrons can experience the acceleration in the longitudinal
electric field E,, which significantly improves the electron
acceleration and collimation. The y-rays are generated near
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the tube inner boundary where energetic electrons are
strongly wiggled by the space charge field E,; and self-
generated field B.,. In a Particle-in-Cell (PIC) simulation,
18% laser energy is transferred into the forward y-rays in a
divergence angle less than 3 . These parameters indicate a
high brilliance which is two orders of magnitude higher than
that of the reported y-rays.>?'%17:19-2627 The effects of the
tube diameter and laser intensity are also investigated, and
the results show that this scheme works well to produce
highly collimated y-ray pulses in a wide range of parameters.

Here, we present an analytical model of the electron
dynamics in laser fields inside a tube target. The components
of linearly polarized Gaussian profiled laser fields*'*** are
the transverse electric field Ey; = vgao sin ¢, magnetic field
B.;, = apsin ¢, and E,; = pagcos ¢, where a is the ampli-
tude of vector potential a, = agcos (¢), ¢ = vyt — x is the
laser phase, vg is the phase velocity, and p is the ratio of
maximum E,; over ay. E, B, t, x, p, and a are in SI units and
normalized by m.w;c/e, m,w;/e, w;, w;/c, m,., and m,c/e,
where ), is the laser frequency, c is the light speed in vac-
uum, and m, is the electron mass at rest. The Relativistic
Newton-Lorentz equation governing electron motion can be
analytically solved. For electrons initially at rest, the trans-
verse momentum is

Py = ay(§) — ay(y) = ao(cos ¢ —cos ¢), (1)

and the longitudinal momentum is

&+ 03— D+p) — w4
= 2

p — , @)

i
where ¢, is the initial phase, £ = 1 + payvy(sin ¢ — sin ¢y).
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Here, we discuss the behaviors of the electrons initially
located at the top side of the tube (y >0) as an example.
Figures 1(a) and 1(b) depict p, and p, at different ¢ values
for different ¢, values according to Egs. (1) and (2). In the
phase space (¢, ¢), an electron starts with ¢ = ¢, and ¢
increases due to d¢/dt = vy — v, > 0. The electrons are
pulled out of the tube wall by E, [Fig. 1(c)] at the begin-
ning. The electrons will slip backward with respect to the
laser phase because the electron longitudinal velocity is rel-
atively small compared to the light speed and the laser
phase velocity vy is larger inside the tube than in the vac-
uum.?®?? Then, the electrons are accelerated longitudinally
which can surpass p, very shortly as ¢ reaches 2m — ¢,
[Fig. 1(a)]. p, increases to maximum as ¢ reaches 37/2
[Fig. 1(b)]. Hence, p, < p, and highly collimated electrons
can be generated near the phase 2n — ¢,. Figures 1(c) and
1(d) show that the numerical results of electron trajectories
are consistent with the above descriptions. The electrons
can be trapped by E,; for f,4, ~ 0.540/(vy — ¢) = 107 fs,
where /4 is the laser wavelength. It is found that the elec-
tron divergence angle 0, = Py/P,x- decreases with the
increasing a for given ¢, (0 ~ ) and ¢ (n ~ 2m). Better
collimation at higher laser intensity is completely different
from Ref. 20. The transverse non-uniformity of £,; and E,;
can moderately alter the trajectories of electrons, but the
physics remains the same.

To model the electron acceleration and y-rays emitting in
the narrow tube target, 2D-PIC simulations are performed
with EPOCH.'#**3! During the photon radiation, the emitting
electron or positron recoils to maintain the radiation reaction
force to be quantum equivalent.'®*® A 10-PW p-polarized
laser pulse with Gaussian spatial and sin” temporal profiles, a
duration of 30 fs, and a focal spot diameter of 2.0 um at
FWHM irradiates at a gold narrow tube from the left side. The
laser intensity of 3.2 x 10 W/em? corresponding to
ay ~ 480, would be available in ELL' The tube ¢~ (Au*)*
density is set to 276n. (4n.), where n,. is the critical density.
The tube wall, whose thickness is 400 nm and inner diameter

is 4 um, is located at 2-270 um. The simulation box is 271 um
in the longitudinal direction (x) and 10 um in the transverse
direction (y). 5 macro-ions and 100 macro-electrons are ini-
tialized in each cell whose size is dx = dy = 5 nm.

Electron density is transversely modulated by E,;,
resulting in the generations of high density (~500n,.) elec-
tron bunches and space charge fields E\, and E, [Figs. 2(a),
2(d), and 2(e)]. The self-generated field B.,'” [Fig. 2(f)] is
generated due to the transport of the electron bunches. The
laser fields E,;, E,;, and B_; and the secondary fields E.,,
E,,, and B.; comprise the fields shown in Fig. 2. Comparison
of the locations of the electron bunches, E, and E, (Fig. 2),
demonstrates that the dragged electrons could be trapped in
the acceleration phase of E,, which is consistent with the
theory.

In the narrow space, the transverse force F, exerted on
the electrons is

FJ_U ~ _eEy + vaz; (3)

20.3 21.3 203 21.3

X (pom) x (um)

X (pm)

FIG. 2. Simulation results at 100 fs: (a) the electrons pulled into the narrow
space can be classified into three groups, the relations between (b) py, (¢) p.,
and ¢ of the electrons in one bunch and (d) E,, (e) E,, and (f) B..
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where Ey = Eys + E:L and EZ = Ezs +§ZL. By considering
the movement process, the dragged electrons can be classi-
fied into three groups as shown in Fig. 2(a).

In the first group, the electron movement is dominated by
the laser fields as E,; > E,; and B.; > B.,. The electron
dynamics can be described by our simple theory. Due to initial
large v,, the electrons will cross the laser axis and move
toward the other side of the tube where most of the electrons
could be trapped again by E.. Hence, the electrons in the first
group could be trapped and accelerated by E, twice. For the
electrons in the second group, the high density electron bunch
can move with v, = c¢. The self-generated magnetic field of
the electrons with high relativistic speed could offset the space
charge field in the locality, Eys ~ c¢B.,, which results in E,
~ ¢B, which is also demonstrated in Figs. 2(e) and 2(f). As
F,, — 0, the electron dynamics follows our theoretical model
as well. Thus, the electrons in the second group can be trapped
by E, for a longer time. After crossing the phase of E,, the
electrons will be pulled back to the tube wall by F,,. The
electrons in the third group are exposed to larger E than E,;
as shown in Fig. 2(e). The electrons will be easily pulled back
to the tube wall by E\. Thus, the electrons in this group can
only contribute to low energy radiation as the acceleration ter-
minates early. The above discussions show that the dynamics
of the highly collimated electrons in the NTT is completely
different from the regime of laser target direct interaction
where the acceleration is dominated by magnetic force or pon-
deromotive force,s’g’lo’”’26 and the electrons in the first two
groups can be phase-locked by E| for a long time and acceler-
ated effectively.

Figures 3(a) and 3(b) show the fields exerted on an elec-
tron in the first group and the second group, respectively.

Appl. Phys. Lett. 112, 204103 (2018)

The acceleration of the emitting electron is mostly contrib-
uted by the longitudinal field E, instead of E, and B.. The
laser pulse with a Gaussian profile, which provides the fields
for electron acceleration and radiation, can be well main-
tained up to 300 fs. The emitted electrons can be accelerated
to several GeV at a distance <100 um as shown in Figs. 3(c)
and 3(d). The two stage acceleration marked in Fig. 3(c) is
consistent with the above discussion on the electrons in the
first group.

In the tube wall, the direction of E, turns reversal as cir-
cled in Fig. 2(d) and the transverse force F; becomes

Uy

Flw ~ —EEys(l + C) ~ —2€E),A-. (4)

From Eqgs. (3) and (4), it is found that F,, is much larger
than F,,. As discussed above, the electrons will be pulled
back to the tube wall, where larger F, will significantly
enhance the production of y-rays™ as shown in Figs. 3(e),
3(f), and 4(a).

Figure 4(a) plots the birth positions of the y-rays to find
out where the y-rays are generated. Only half of the tube is plot-
ted to show it clear. One can see that most of the y-rays are gen-
erated near the inner boundary of the tube. The longitudinal
momentum p, of the emitted photons is much larger than the
transverse momentum p, as shown in Fig. 4(b). The emitting
angles of the photons are calculated through 0y = arctan
(py/px). After obtaining 0y of all the photons, a divergence
angle of ~2.5  is obtained in Fig. 4(c). The forward photons
occupy more than 99% of the total generated photons. The
characteristics of y-rays generated in the NTT are quite differ-
ent from those of the solid target”®® and micro-structured
targets.' "%
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FIG. 3. (a) and (b) The fields exerted
on the electron in the first group and
the second group, (c) and (d) the
kinetic energy history, and (e) and (f)
the track of the corresponding emitted
electron in the narrow space.
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The energy of the emitted y-ray photon'®?! could be
estimated as

hv ~ 0.44nym,c?. (5)

Here, 1 =~ y|F | |/(eE;). For the generation of energetic y-
rays, the emitted electrons should be accelerated to high
energy before being wiggled as shown in Eq. (5). In the sim-
ulation, it is found that the y-rays of ~1GeV can only be
generated originally from 18 um to 70 um as the laser inten-
sity decreases significantly after 70 um and most of the pho-
tons are generated in 70—200 um. The model in the full 3D
condition of reduced size 50 um NTT is also simulated. It is
found that the physical results are almost the same as those
in 2D simulation.

In a simulation with a longer run time of 900 fs, only
~10% of the laser energy remains in the simulation window.
The simulation time in the rest of this letter is kept at 900 fs
which almost covers the whole physics processes. At the end
of the simulation, the energy conversion #, (1., 7;), defined
as the total energy transferred from the laser pulse to the for-
ward y-rays (electrons, ions), is ~18% (~61%, ~ 1%). The
y-ray pulse duration is about 21 fs (6.3 um), and the focal
spot diameter is about 25 um at FWHM. The average photon
brilliance is 1.5 x 10% photons/s/mm?*/mrad*/0.1%BW at
0.5MeV, which is two orders higher than the reported
results™?1%17192% que to the ultra-small divergence angle
and comparable - It is also found that Mys brilliance, and
collimation increase with laser intensity /, which is consis-
tent with theoretical prediction. The target density in this let-
ter is lower than the solid gold density for the considerations
of numerical heating and computational consumption. In a
test simulation of the higher density target, the results do not
change significantly. To generate highly collimated y-ray
pulses experimentally using the present method, one can use
NTT of much thicker tube wall but the same diameter, as the
thickness of the tube does not affect the result. In addition,

technical methods are needed to minimize the influence of
pre-pulses on the target structure and to inject the laser pulse
into the narrow space.

The effects of tube diameter d and laser intensity 7 on 0,
and 7, are explored to show the robustness of the present mech-
anism. When d is changed, the laser parameters are fixed. From
the expressions of the Gaussian field and p, one can see that
E,; is higher and p is smaller in the center. For smaller d, more
electrons, which contribute to the y-ray radiation, are pulled
into the vacuum space by larger E,;. Hence, 1, increases with
the decrease in d as shown in Fig. 5(a). Although p is propor-
tional to d, E,; becomes weaker in the case of larger d. Thus,
the divergence angle decreases at the beginning and then
increases with d decreasing as shown in Fig. 5(a).

In Fig. 5(b), d is fixed to 4um while changing the laser
intensity /. At higher /, the electrons can be accelerated to
higher energy and larger 1, can be achieved.?” Hence, 1,
increases with [ and is higher than 31% under [/
= 1.28 x 10** W/cm? as shown in Fig. 5(b). Meanwhile, the
y-ray pulse is better collimated at higher / because the accel-
eration in the longitudinal electric field becomes dominant as
shown in Fig. 1. At [ = 1.28 x 10** W/cm?, the divergence
angle is smaller than 2.

In conclusion, the electron acceleration of the longitudi-
nal field is illustrated theoretically to resolve the dynamics of

@ 25 0 g
—90 130
z e 3 _
£ Y . e & /@ 208
8 '\|-<: - 87 e
;\ 4 _— 15 = ;@ \m. 10
0 —— 10 0 : : :
2 3 4 5 6 0 4 g
d (um) 1(10% W/em®)

FIG. 5. The effects of tube diameter (a) and laser intensity (b) on the diver-
gence angle of the emitted y-ray photon and the energy conversion 7, from
the laser pulse to the y-ray pulse.
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energetic electrons in the interaction between an ultra-
intense laser and a NTT. Energetic electrons are accelerated
efficiently by the longitudinal electric field and radiate
strongly near the inner boundary of the tube, resulting in the
generation of a highly collimated y-ray pulse. The brilliance
of the forward y-ray pulse, from PIC simulation of the 10-
PW laser, is two orders of magnitude higher than the
reported results due to high conversion efficiency up to 18%
and small divergence angle less than <3 . This scheme,
which paves the way for applications of the laser based high
brilliance y-ray pulses in the near future, is robust in a wide
range of tube diameters and laser intensities.
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