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Abstract

Betatron radiation from laser wakefield accelerated electrons and X-rays scattered off a counter-propagating relativistic electron bunch are
collimated and hold the potential to extend the energy range to hard X-ray or gamma ray band. The peak brightness of these incoherent ra-
diations could reach the level of the brightest synchrotron light sources in the world due to their femtosecond pulse duration and source size
down to a few micrometers. In this article, the principle and properties of these radiation sources are briefly reviewed and compared. Then we
present our recent progress in betatron radiation enhancement in the perspective of both photon energy and photon number. The enhancement is
triggered by using a clustering gas target, arousing a second injection of a fiercely oscillating electron bunch with large charge or stimulating a
resonantly enhanced oscillation of the ionization injected electrons. By adopting these methods, bright photon source with energy over 100 keV
is generated which would greatly impact applications such as nuclear physics, diagnostic radiology, laboratory astrophysics and high-energy
density science.
© 2018 Science and Technology Information Center, China Academy of Engineering Physics. Publishing services by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

PACS codes: 52.38.Ph; 52.38.Kd; 52.59.Px

Keywords: Laser wakefield accelerator; Gamma ray; Hard X-ray; Betatron radiation; Enhancement

1. Introduction synchrotron radiation a premier choice to probe the structure

and dynamics of matter. Despite the unprecedented capability

As a noxious co-product of the electron accelerators in its
early years, synchrotron radiation has now dominated science
and industry worldwide. The synchrotron light sources provide
X-ray pulses with the merits of tunable energy, high bright-
ness, good collimation and polarization, etc., which make
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as a research tool, the accelerator based light sources are still
developing rapidly towards ultrashort (femtosecond) pulse
duration, higher energy (hard X-ray) and higher brightness.
Representing the state-of-art light source, the X-ray free
electron lasers (XFEL) could deliver coherent X-rays with
peak brightness ten orders of magnitude to the 3rd generation
light sources, enabling accurate pump-probe measurement of
matter in extreme conditions. To meet the enormous need from
science community and industry, currently many countries are
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developing the fourth generation light source and almost all
3rd generation sources are being upgraded or planned to be
upgraded.

Though going through fast expansion, the limited access to
these giant machines will definitely slow the pace of science
and compromise the quality of research. To reduce the cost
and shrink the large scale facility into a university laboratory
scale system would benefit scientific researchers all over the
world. As complementary methods, compact X-ray light
sources (CXLS) would fill the capability gaps in multi disci-
plines. For this purpose, several CXLS schemes or concepts
were proposed and studied. Among those schemes, light
sources based on a compact storage ring [1,2] or a conven-
tional undulator [3] are combination of optical methods and
conventional accelerator technologies. More concise schemes
are based on a laser plasma accelerator (LPA) [4,5] which was
first proposed by Tajima and Dawson in 1979 [6]. And LPAs
based state-of-the-art X-ray FELs are under extensive study,
the discipline has been discussed and several mechanisms
have been proposed [1—3]. After development over three de-
cades, different LPA regimes have been proposed and inves-
tigated extensively, keeping pace with the available laser
systems, i.e. plasma beat wave accelerator (PBWA) [4,5], laser
wakefield accelerator (LWFA) [6], self-modulated laser
wakefield accelerator [7,8]. However, currently, most LPAs are
now working in the so called “bubble” regime [7,8] in which
an intense femtosecond laser pulse expels the electrons off the
axis of propagation, forming an electron-free cavity which
then capture and accelerate electrons to GeV range [9,10]. Lu
et al. [9] pointed out that, in the high intensity limit (ay > 4),
the bubble will be driven efficiently when the laser spot size ry
satisfies k,7p =2,/ag, while the plasma wave simply presents a
sinusoidal form in the mildly relativistic regime, where k; is
the wavenumber of electron plasma wave and g the normal-
ized laser vector potential. In all optical schemes, the laser
plasma accelerated electrons are wiggled either in the ion
cavity itself (betatron radiation) or in a counter-propagating
laser pulse (relativistic Thomson backscattering or Inverse
Compton Scattering, ICS), emitting synchrotron radiations
like X-rays with approximately the same pulse duration to the
drive laser pulse (20—40 fs). Besides the low cost, compact-
ness, micron scale source size and ultrashort pulse duration,
these two methods could deliver photons with energy
extending to the gamma ray range, this is beyond the reach of
the conventional synchrotrons and distinguishes them from the
laser driven high harmonic generation (HHG) source which
up-converts the laser to extreme ultraviolet (EUV) or soft X-
ray regime [11]. Another feature of betatron and ICS source is
that the radiation is highly directed, which is different from the
case of Ko source [12—14] and LPA based bremsstrahlung
[15]. The Ka source typically diverges over all space and the
LPA based bremsstrahlung source has a divergence angle of a
few degrees (FWHM), while betatron and ICS sources have
typically a few mrad. Naturally synchronized with the drive
laser pulse along with all the merits mentioned above, betatron
and ICS sources are very promising for many interesting ap-
plications, including pump-probe study of ultrafast chemical,

biological process [10,11], industry and defense sectors [12].
For more detailed applications, we refer the reader to the re-
view of Chen et al. [13].

Two critical factors of the light source for application are
the operation energy range and photon flux. We have been
studying laser driven secondary sources for decades with laser
systems of different scale and parameters, and have achieved
progress in enhancing the betatron radiation both in photon
energy and flux recently. By using a clustering gas jet, direct
laser acceleration (DLA) mechanism is stimulated, causing
much more electrons to be accelerated and wiggled with large
amplitude, hence more photons are emitted [16]. Another
method to achieve large charge and wiggle amplitude is to
trigger a continuously injected electron bunch through the
laser and bubble evolution [17,18]. Finally, the electron
transverse oscillation could also be enhanced via the ioniza-
tion injected electrons resonating with the drive laser pulse
[19]. These progresses make laser based betatron radiation
more efficient and pave the way for applications.

In this article, we review the betatron radiation and ICS
sources from laser plasma accelerators in Section 2. As radi-
ation originated from accelerated charge, they are analogous to
the synchrotron radiation. In Sections 3, 4 and 5, we sum-
marize our recent progresses in betatron enhancement.

2. All optical LPA based collimated gamma ray sources
2.1. Radiation of a relativistically moving electron

In the framework of classical electrodynamics, the very
essence of betatron radiation and ICS is just like the syn-
chrotron radiation. In order to characterize the radiation fea-
tures of betatron and ICS, the radiation of a relativistic moving
electron is reviewed briefly. Consider an electron moving
relativistically (y>>1) in an arbitrary orbit r(f), the radiated
energy per unit solid angle and per unit frequency interval is
[20].

2

&1 e oen><[(n—6)><3]
dodQ  4m2c / (1-B-n)’

(1)

Here n is the direction of observation, 8 and ﬂ are the

velocity and acceleration which could be derived from a

known r (¢). It shows clearly that the acceleration is essential

for radiation. More detailed analysis shows POCFﬁ and

POCyzFi [21], i.e., transverse force (FLB ) is much more
efficient for driving this radiation. The radiation features are
directly linked to the electron orbit, which results in two
distinct regimes depending on the relationship of the radiation
opening angle (1/v) and the maximum angle (f.x) of the
trajectory to the propagation axis. When 6,,,<<1/y, the ra-
diation from different parts of the trajectory is directed along
the propagation axis, corresponding to the undulator regime;
When 60 >>1/y, the other regime called wiggler regime
dominates. Now a very important parameter called strength

exp{iw[r—n xr(t)/c]}dt| .
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parameter is defined as K = vyf.x, which differs the undu-
lator regime from wiggler regime. For instantaneously circular
motion, Eq. (1) becomes [20].

d21 62 wp 2/ 1 ) 2 5
dwdQ ~ 3m2c (T) <72 +6 ) {Km(f)

& 5
+WK1/3(E)]7 (2)

where E:(a)p/3c)(1/72+02)3/2 and p is the curvature

radius of the orbit; K]2/3(E), K§/3(E) are the modified Bessel

functions, which become negligible for £>>1. Applying si-
nusoidal approximation, with an oscillation period Aqc, the
fundamental frequency is given by

47ty? K? -
- Afc<1+2+7202) . (3)

w

For K< 1 (undulator regime), the electron radiates only at
the fundamental frequency, with K approaching unity, har-
monics appears. When K>>1 (wiggler regime), the radiation
contains harmonics extending to the critical frequency w.,
which is defined at £ = 1/2 (the modified Bessel functions are
still appreciable) and 6 = 0,

3c 4
=yl 4
ve =21 (4)

For a sinusoidal orbit, the critical frequency goes to w. =
3Kmcy? /s, at extremum of the orbit, where 4, denotes the
sinusoidal orbit period. Beyond the critical frequency, the ra-
diation decreases exponentially. The radiation power below w,
equals the radiation power above w,. Integrating over all an-
gles, Eq. (2) becomes

dI 2w
—=V3 —y— K. dx. 5
2=V3sr 2 [ K 8

w/we

Eq. (5) divided by hw gives the distribution of photon number

N 93 |

— = K dx 6

d E 8TC Eg 5/ 3 (‘x) ) ( )
EJE.

where E,=hw, is the  critical energy and

I = 4me?y* /3p = 8me*yw./9c is the total radiation energy
per period. The integration of Eq. (6) gives the photon number
emitted per electron per period for wiggler regime

5T

N= %od(, (7)

where a = ¢?/hc = 1/137 is the fine structure constant, N
divided by I gives the mean photon energy
8

E=——E.=03E.. 8
573 (8)

While for the undulator regime, the photon number goes to

N= %ﬁ ak?. 9)

For all the cases discussed in this article, the radiation from
an electron bunch with N, electrons could be incoherently
summed, i.e., the total photon number Ny = NoscNeN with
Ny the number of oscillation periods. While for the case of
FEL, the radiation of microbunched electrons is summed

coherently, i.e., the total photon number is proportional to N2.
2.2. Betatron radiation from LPA

Betatron radiation from electrons undergoing transverse
oscillation while being accelerated in the bubble is analogous
to the synchrotron radiation in the wiggler regime, i.e., the
bubble acts both as the accelerator and undulator. Esarey et al.
investigated and characterized the radiation from electron
beams in plasma channels [22]. Betatron radiation from laser
plasma interaction is first demonstrated experimentally in
2004 [23], since then great progress has been made [19,24,25],
applications with these sources have been evaluated and car-
ried out [25—28].

From the analysis in Subsection 2.1, the general idea to
address the radiation properties is to start with the electron
trajectory which leads to the strength parameter K and radia-
tion frequency. Here the blow-out (bubble) model is used for
the laser plasma accelerator [7]. Consider an ion sphere cavity
of radius r, = 2c¢y/ag / wp, the equation of motion for a test
electron in the ion cavity can be derived via the electromag-
netic field distribution. From the equation of motion the
betatron oscillation frequency is obtained, which is wg =
wp/v/27. Here w, = (47ce’n,/ me)l/ % is the plasma frequency
and ay = eA/m.c*=0.85 x 10°I'/2[W-cm~2]A[um] is the
normalized laser vector potential. The betatron frequency
corresponds to the electron oscillation frequency in Subsection
2.1, i.e., the oscillation period in Eq. (3) goes to

Ap =27c/wp = \/27A,. (10)

For an electron orbit with oscillation amplitude rg, the
strength parameter K goes to

K:’YHmaszerB:erpﬁ/\/z. (11)

For small amplitude oscillation (K<1), the radiation is
analogous to the synchrotron radiation in the undulator
regime. The fundamental frequency is given by Eq. (3)
together with the betatron period given by Eq. (10).

For K>> 1, the electrons emit harmonics extending to the
critical frequency given by Eq. (4). The minimum curvature
radius for a sinusoidal obit is obtained at the crest or trough of
the orbit, which is p,,;, = 1/ rgké = yAg/2mK. Together with
Eq. (9), the critical frequency is obtained as

W = 367‘52’)’2%. (12)
P
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The photon number emitted is given by Eq. (7), which is
only related to the strength parameter K. From Eq. (11), it is
clear that the strength parameter is determined by the oscil-
lation amplitude, electron energy and electron density. Based
on the recent development of LPAs and both our experimental
and numerical researches, realistic and typical laser and
electron parameters within the bubble regime are given to
perform primary estimation of the betatron radiation.

First we consider a 20 TW Ti:sapphire laser which delivers
500 mJ to a 1.2 mm gas jet with 25 fs pulse duration, the
normalized vector potential is ¢y = 1.5. With a plasma density
of ne = 5x 10 cm™, we have A, =149 um and r, =
5.8 um. The monoenergetic electron bunch peaked at
100 MeV (y = 200) contains 1.2 x 10% electrons (~20 pC).
The betatron oscillation period is Ag = 298 pm. Assuming
rg = 3 pm, we have K = 12.6 and hw, = 3.1 keV. With the
number of betatron oscillation periods Ng ~ L/Ag = 4, the
total emitted photon number is Ny = NgN.N =4 X 108, here
L is the interaction length [22]. The photon number with en-
ergy above 10 keV is 4.7 x 108.

100 TW class laser systems are also widely used in the LPA
community. These lasers typically deliver a few joules energy
in a few tens femtoseconds, e.g., 3 J in 30 fs. Setting ay = 2
and ne = 1x 10"” cm™>, we have 4, = 10.6 pm and r, =
4.7 pm. 300 MeV (y = 600), 50 pC electron beam could be
expected with an acceleration length of 3 mm [29]. Still take
the oscillation amplitude to be 3 pm, we have g = 366 pm,
K =31 and hw, = 56.6 keV. The total photon number is then
derived to be Nyos = NgN.N =2.5 x 10°. The photon number
with energy above 50 keV and 100 keV is 4.3 x 108 and 1.3 x
10® respectively.

As the laser power goes up to the petawatt regime, the
interaction could be very different from the blow-out regime.
These PW facilities deliver multi-kilojoule picosecond pulses.
The pulses have durations longer than the plasma period,
resulting in the self-modulated LWFA (SM-LWFA) or DLA
scenario. In SM-LWFA and DLA regime, the continuously
injected and accelerated electrons execute betatron oscillation
with larger amplitude. The electron bunch has charge up to
several tens of nanocoulombs, though 100% energy spread and
large divergence [30,31]. The X-ray photon number with en-
ergy of a few tens keV is over 1 x 10''. However, for proper
parameters (lower plasma density), the blow-out regime
dominates the interaction. GeV, nC electron bunch could be
obtained, ~ 2 x 10° photons are emitted with critical energy
about 10 keV [31].

By using different techniques, brighter and harder betatron
photon sources could be realized, e.g., bright gamma ray with
critical energy ~ 1.2 MeV, which we will present in the
following sections.

2.3. Relativistic Thomson backscattering sources
For the betatron radiation sources, the ion cavity acts as

both accelerator and wiggler. While in this subsection we will
discuss radiation from pre-accelerated relativistic electrons

oscillating in a counter-propagating laser pulse, i.e., an elec-
tromagnetic undulator. This radiation process is simply
Thomson scattering in the rest frame of the relativistically
moving electrons, but the photon energy is upshifted in the
laboratory frame. Also known as the Inverse Compton Scat-
tering (ICS), this process is also analogous to synchrotron
radiation. Different from betatron and conventional undulator,
this electromagnetic undulator has much shorter period which
leads to higher radiation frequency. As a promising scheme for
realizing bright gamma ray source, the ICS source has been
investigated both theoretically [32—34] and experimentally
[29,35—39]. Multi-MeV gamma rays with ~ 107 photons are
generated from the collision of the LPA electrons with the
colliding laser pulse.

Radiation properties of the ICS can readily be derived from
the formulas in Subsection 2.1. The oscillation period is Agsc =
Alsser/2 and the strength parameter is given by K = ay. For
linear Thomson scattering which corresponds to the undulator
regime (K < 1), the radiation is at the fundamental frequency
given by (0 = 0)

8y’ a2\ !
= 1+2) . 13
© Alaser ( + 2 ( )

Photon number emitted by an electron integrating over all
angles is given by Eq. (9). For an electron bunch with N,
electrons oscillating in a counter-propagating laser pulse with
pulse duration of 7, the total photons emitted is given by

4mer
Ntotal = Taseral\kag. (14)

The opening angle of the radiation is 1/ and the line width
of the emission is AA/A = Ajuger/2¢7.

Electrons start emitting harmonics when K ~ 1. For K> 1,
the scattering goes into the nonlinear regime, corresponding to
the wiggler regime of the synchrotron. The critical frequency
and total emitted photon number are given by

107Tcer

——— aN.ay.
\/gxlaser

The general idea of the ICS source based on LPA is to
utilize a second laser pulse colliding with the laser plasma
accelerated electron bunch. This scheme owns the advantage
in controlling the parameters of the electromagnetic undulator,
hence the radiation properties. However, to realize efficient
temporal synchronization and spatial overlapping is difficult.
In 2012, Ta Phuoc et al. proposed and demonstrated another
scheme by using only one laser pulse as both LPA drive pulse
and colliding pulse [38]. This is realized by combining the
LPA and a relativistic plasma mirror (PM). The laser pulse hit
the PM placed at the exit of the gas jet after driving the
electron acceleration, reflected by the PM and then collides
with the accelerated electron bunch. The advantage of the PM
scheme is obvious and attractive: simplicity. By using this
simple method, monochromatic gamma rays with photon en-
ergy of multi-keV to over MeV are generated and the emitted
photon number is over 107 [29]. Hai-En Tsai et al.

We = 6tha072/llasenNtotal = (15)
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characterized the spent drive laser and the performance of the
PM [39].

As we did for the betatron radiation, the performance of the
ICS source using PM scheme is evaluated by adopting realistic
parameters based on experiments and simulations. The drive
laser and LPA parameters are chosen to be almost the same
with those from Subsection 2.2, while the spent laser and
colliding pulse are determined based on the scaling and
measurement from Ref. [39].

For the 20 TW (500 mlJ, 25 fs) case, the initial normalized
laser potential vector is 1.5 (1/e* spot size wy ~ 10 um
containing ~75% pulse energy) and the plasma density is
ne = 5 x 10'® cm™3. The charge and peak energy of the electron
bunch are 20 pC and 100 MeV. The intensity of the spent laser is
estimated to be 3.1 x 10'® W-cm™2 and the reflectivity of the
PM is 80%, resulting in a colliding pulse with ay=0.95. The
scattering is within the domain of linear scattering, meaning the
emitted photons are mainly at fundamental frequency given
by Eq. (13). The spectrum is peaked at 135 keV. Assuming
that the colliding pulse has the same pulse duration with the
drive pulse, the total photon number is calculated to be
Nt =3.24 x 107,

For the 100 TW laser case, we have 7 = 30 fs, wy ~ 25 pm
and ag_grive = 2.2. The plasma density isn. = 1 X 10" cm 3.
Electron bunch with 50 pC and peaked at 320 MeV is ex-
pected. The intensity of the spent laser is ~ 7 x 10'¥W-cm~2
and the PM reflectivity drops to 60%, corresponding to a
colliding pulse with ap=1.1. The interaction here belongs to
weakly nonlinear regime and the spectrum is analogous to
synchrotron radiation spectrum with a critical energy
hw,=2.1 MeV. The total photon number with mean photon
energy 0.3hw, =630 keV is N =~5.12 x 108,

To further exploit the potential of LPA-PM ICS sources,
we propose to focus the colliding pulse with the PM itself.
Recent research shows that the relativistic PM could focus the
reflected laser pulse via the laser induced curvature [40].
Nakatsutsumi et al. employed an ellipsoidal shaped plasma
mirror to achieve a fivefold (4.4 pm—0.9 um) reduction of the
spot size [41]. By using well designed optics and proper
parameters, the reflected pulse will be focused and the in-
tensity will be boosted which will leads to higher nonlinearity.
In the framework of quantum electrodynamics, this corre-
sponds to the multi-photon scattering process and enhance-
ment of scattering cross section [42—44]. As an example, let's
reconsider the radiation with a 20 TW laser. Supposing a
magnification of wy/w; = 0.5 is achieved, where wy is the size
of focal spot after PM and w; ~ V2wy is the beam size at the
PM, the focal spot size is wy ~ 7 um which is close to the
optimal spot size according to previous research [45]. The
colliding pulse is then busted to ay=3.8. Adopting the
nonlinear limit, the emission spectrum is broadened and
hardened. With a critical energy hw.=706.8 keV, the total
photon number with mean energy 0.3hw.~212keV is
Niota1 =3.89 x 108. The results show that one can obtain ra-
diation which could only be produced with more powerful
lasers due to the high efficiency in using the spent laser
energy.

2.4. Discussion and perspectives

In the previous sections we have reviewed the principle of
the LPA-based betatron radiation and ICS sources in the
framework of classical electrodynamics. Both of betatron
and ICS are able to produce high flux gamma rays. Their
performances are evaluated under different laser conditions.
The parameters of LPA and radiation driven by 20 TW and
100 TW lasers are summarized in Table 1. The differences
of these two kinds of radiation sources are obvious. Firstly,
the ICS radiation is harder than the betatron radiation. This
is because the oscillation period of the ICS is much (~3
orders of magnitude) smaller than the betatron period.
Secondly, the betatron radiation is analogous to the syn-
chrotron radiation in the wiggler regime which is featured a
continuous spectrum. While for the linear Thomson scat-
tering, monochromatic radiation is possible if the electrons
are monochromatic.

These differences and features make betatron and ICS
sources suitable for different applications. For ultrafast time-
resolved X-ray absorption spectroscopy (XAS) studies, a
continuous X-ray source at keV range is needed [46]. The
betatron radiation with a 20 TW laser is just perfect for that.
Another very important application with this type of source is
phase contrast imaging due to the micron size of source and
suitable photon energy [27]. For medical applications such as
mammography and angiography, the betatron radiation from a
100 TW laser system could be used as it can provide intense
X-rays at a few tens keV [47]. The ICS radiation could be
applied to gamma ray radiology, industry inspection and
weapon storage inspection. The ICS source with MeV range
photon energy fits for nuclear physics [48] and pair production
which require photon energy higher than twice the rest mass of
electron.

Though these innovative laser based sources are very
promising, there are still gaps towards efficient application. A
major limit of these sources for application is the photon flux.
The method mentioned in Subsection 2.3 is one of many
possible ways to enhance the performance of these light
sources. Moreover, the development of high repetition rate
high power laser would boost the photon flux orders of
magnitude, making applications easier and more efficient. In
the following sections, we will summarize our recent progress
in enhancing the betatron radiation.

Table 1
Parameters of LPA based betatron and ICS sources.

20 TW (0.5 7, 25 fs) 100 TW (3 J, 30 fs)
Betatron  ICS Betatron  ICS

Electron bunch charge 20 pC 20 pC 50 pC 50 pC
Electron peak energy 100 MeV 100 MeV 300 MeV 320 MeV

Parameter

Oscillation period 298 um 0.4 pm 366 um 0.4 um
Number of oscillation periods 4 19 8 23
Strength parameter 12.6 0.95 31 1.1
Photon energy 3.1 keV" 135keV  56.6 keV" 2.1 MeV"
Photon number per pulse 4x 108 32x 107 25x 10° 5.1x 108

# Critical energy hw, for a synchrotron-like spectrum.

0€:€G:¥1 £€20C 18qUIBAON €2



M. Li et al. / Matter and Radiation at Extremes 3 (2018) 188—196 193

3. Enhancing betatron radiation via clustering gas target

According to the analysis in Section 2, several parameters
could be optimized to achieve higher photon yield such as the
electron beam charge, the betatron oscillation amplitude and
the interaction length. Recently, we succeeded in obtaining
much higher electron beam charge and larger betatron oscil-
lation by simply using a clustering gas jet which was formed
while gas atoms or molecules with high stagnation expanding
into vacuum and holding together by the van der Waals force.
By adopting this new method, 2 x 10% photons were emitted
driven by a laser with only 3 TW power [16].

The experiment was performed at the XL-II laser facility in
the Institute of Physics, Chinese Academy of Sciences. The
laser delivers 300 mJ, 80 fs high contrast pulses to be focused
into a gas jet which has a 1.2 mm x 10 mm rectangular nozzle
at the exit. The laser pulse was focused with an f/6 off-axis
parabola (OAP) onto a focal spot size of 4+0.1 um forming
an average intensity of 3.0 x 10'® W-cm™2 in the focal region.
Aside from the argon clustering gas jet with a plasma density
of 2 x 10" cm?, the pure helium gas jet with the same plasma
density was also used for comparison. The resulting electron
beam charge was 200 pC with a continuous spectrum
extending to over 20 MeV, while for the pure helium gas it was
4 pC and the monochromatic spectrum peaked at 21 MeV. The
beam divergence angles for argon and helium are 17 mrad and
1 mrad respectively, indicating large transverse oscillation
amplitude. The measured X-ray emission is fitted with a
synchrotron radiation spectrum with a critical energy of
0.6 keV. The photon number for the clustering gas target is 2 X
103. This is over one order of magnitude higher than the case

with pure helium gas target. These results were obtained only
with a high contrast laser (~10°), because the pre-pulse would
cause pre-expansion of the solid density cluster which would
cause inefficient heating and acceleration.

Two-dimensional particle-in-cell (PIC) simulation was
performed to figure out how the cluster affects the interac-
tion. Fig. 1(a) shows the trajectories of traced electrons for
both Ar and He. For Ar clustering gas, the transverse oscil-
lation amplitude increase to 10 pm rapidly. While for the
pure He the electron transverse oscillation is mild. The
simulation results indicate that the DLA mechanism is
responsible for this enhancement. The strong resonant heat-
ing of cluster electrons in the beginning of the interaction
leads to higher local electron density and a larger pre-
acceleration phase in the transverse direction [49], which
then leads to efficient acceleration via strong v x B force and
larger amplitude oscillation. Fig. I(b) and (c) shows the
energy gains of electrons from DLA and electrostatic field,
76% of the energy gain is from DLA for the Ar case while it
is just 1.35% for pure He gas. As we mentioned in Section 2,
the DLA regime is usually encountered when PW lasers are
used, but our results show that the DLA mechanism could be
stimulated even with modest power laser if the clustering gas
target is used.

4. Enhancing betatron radiation via hosing evolution

Our previous research has observed monoenergetic elec-
tron beams and bright betatron X-rays simultaneously in one
single shot [17], a second continuously injected electron
bunch with ~0.1 nC charge and 9 um oscillation amplitude is

16

vl
o

PR T T V0 i G 7 TG T T VO S N CR Vol 1 T A0 T A VN T I WU VR TN (0 MRY R VARV Y00 o Ty ol 0 T (T

-16
0 50

N w
o o

-
o

Energy (MeV)

100 150 200

X/ A,

E(C)- L

.;_t

o 25 50
Ees (MeV)

Fig. 1. (a) Trajectories of traced electrons with Ar (solid lines) and He (dashed blue lines). (b) Energy gain from DLA (red solid line) and ES field (blue line) for a
traced electron. (c) Energy gain from DLA versus that from ES field with each point denotes a traced electron.
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responsible for the bright betatron radiation with critical en-
ergy of 15 keV. However, our PIC simulations show that the
potential of this second electron bunch is enormous. By using
a 144 TW laser system with energy E; = 8.6 J, pulse duration
70 = 60 fs and 1/ spot size wy = 18 pm, the critical energy
of the radiation could be boosted to 1.2 MeV [18]. Fig. 2
shows the evolution of electron density distribution. At the
early stage the injection of monochromatic electron bunch is
stable just as it should be. This self-injected electron bunch
has a small oscillation amplitude of 1 um. As the interaction
goes on, the laser intensity increases due to the self-focusing
and self-steepening of the laser pulse which then leads to
increase of the plasma wavelength. This stretching of the
bubble causes the oscillation and distortion of the bubble.
Soon the bubble breaks at its rear where much larger electron
density is accumulated from the bubble sheath, causing
continuous injection with large initial transverse oscillation
amplitude. When the laser pulse duration reduces to a few
cycles, the carrier envelop effect dominates instead of the
ponderomotive force. The plasma responds asymmetrically to
the laser pulse, causing transverse oscillation of the bubble
structure. The oscillation of the bubble enlarges the amplitude
of the electron oscillation and further increases the laser
hosing instability. This process results in a second electron
bunch with energy ~2 GeV and oscillation amplitude 9 pm.
The critical energy from this electron bunch is boosted to
1.2 MeV and the emitted photon number is ~10'". Fig. 3
shows the emission spectra of the two electron bunch.

Experiment with similar parameters in our simulation has
been demonstrated by scientists from South Korea, the
experimental results evidently support our simulation results
[50]. Such a gamma ray source based on a compact 100 TW
class laser system will enable nuclear physics application in a
university scale laboratory.
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Fig. 3. Spectra of betatron radiation from the first (black squares) electron
bunch and the second (red circles) continuously injected electron bunch. The
blue solid line is a synchrotron fitting for the radiation of the second bunch.

5. Enhancing betatron radiation via ionization injection

Another new scheme is also demonstrated to enhance the
betatron radiation by enabling the ionization injection of ni-
trogen [19]. The experiment was carried out with a 100 TW
laser system at the Key Laboratory for Laser Plasmas at
Shanghai Jiao Tong University, and the laser pulse of
7o = 40 fs pulse duration and E; = 3 J energy was focused by
an f120 OAP to a 1/e? spot size wy = 21 um leading to a
normalized vector potential ay = 2.2. By using a
1.2 mm x 10 mm rectangular nozzle and pure nitrogen gas,
electron beam peaked at 320 MeV with beam charge of 40 pC
was obtained. The betatron radiation is fitted with the syn-
chrotron radiation spectrum, giving a critical energy of 75 keV.

n, (10" cm™)

100 140 60 100 140
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Fig. 2. Evolution of electron density distribution at (a) t = 3.3 ps, (b) t = 20.9 ps, (c) t = 27.5 ps, (d) t = 28.4 ps, (e) t = 29.0 ps, (f) t = 30.0 ps.
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Fig. 4. Spectrum for resonantly enhanced betatron radiation vie ionization
injection (blue squares), synchrotron fitting (blue dashed line). Self-injection
results (black circles from this experiment with helium gas, red dashed line
from Ref. [25] and green dashed line from Ref. [24]) are plotted as
comparison.

The total emitted photon number is 8 x 10® and the photon
number with energy higher than 110 keV is more than 1 x 108.
The photon yield is ten times higher than the case with helium
gas which is dominated by self-injection.

To reveal the physics of this enhancement, two-dimensional
PIC simulation was performed. The simulation results suggest
that the enhancement of the betatron X-ray yield and energy
was resulted from “fast” ionization injection, which enabled
the electrons to be quickly accelerated to the driving laser
region for stimulating betatron resonance. At the resonant
region, the oscillation amplitude increased to 10 pm which led
to radiation enhancement. Fig. 4 shows the comparison of the
current source's data with previous results [24,25].

6. Conclusion and perspectives

In this article we have briefly reviewed the laser plasma
accelerator based betatron radiation sources and the relativistic
Thomson backscattering (inverse Compton scattering) sources
in the framework of classical electrodynamics. The synchro-
tron radiation model was adopted to develop the radiation
properties. Realistic laser and plasma parameters were used to
evaluate the performance of the sources. Both betatron and
ICS sources hold the capability to deliver collimated intense
gamma rays with pulse duration similar with the drive laser
pulse, i.e., 20—40 fs. Together with the micrometer scale
source size, the peak brightness of these sources is comparable
to that of the third generation synchrotron sources. We have
proposed a new method to boost the ICS source with a plasma
mirror into higher nonlinearity level, i.e., higher photon energy
and flux. We have also summarized our recent progress in
enhancing the betatron radiation. By using a clustering gas jet,
stimulating the hosing evolution as well as triggering the
resonance between the ionization injected electron with the
drive laser pulse, the radiation was enhanced with higher

photon energy and flux. Further efforts could be done to
improve the stability of these sources. With these methods and
rapid development in high power high repetition rate lasers,
the average photon flux could be improved by orders of
magnitude, which will make these sources powerful tools for
various applications.
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