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X-ray sources with tunable energy spectra have a wide range of applications in different scenarios due to their different
penetration depths. However, existing x-ray sources face difficulties in terms of energy regulation. In this paper, we present
a scheme for tuning the energy spectrum of a betatron x-ray generated from a relativistic electron bunch oscillating in
a plasma wakefield. The center energy of the x-ray source can be tuned from several keV to several hundred keV by
changing the plasma density, thereby extending the control range by an order of magnitude. At different central energies,
the brightness of the betatron radiation is in the range of 3.7 x 10?2 to 5.5 x 10?? photons/(0.1%BW-s-mm?-mrad?) and the
photon divergence angle is about 2 mrad. This high-brightness, energy-controlled betatron source could pave the way to a
wide range of applications requiring photons of specific energy, such as phase-contrast imaging in medicine, non-destructive
testing and material analysis in industry, and imaging in nuclear physics.

Keywords: betatron, plasma physics, x-ray, plasma wakefield acceleration (PWFA)
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1. Introduction

Since x-rays were discovered, they have been widely
used in biomedical, industrial, national defense and other
fields. The usual means to obtain x-ray sources is to use tra-
ditional large accelerators, which are expensive and occupy
a large area. The maximum acceleration gradient that can
be achieved at present is 100 MV/m.!"? With the develop-
ment of chirped pulse amplification (CPA) technology,®! the
intensity of lasers has significantly increased and the appli-
cation of lasers has become more and more extensive, in-
cluding the laser electron acceleration proposed by Tajima
and Dawson in 1979.1 The interaction between lasers and
plasma has attracted more and more attention, ! especially the
radiation sources based on the laser-plasma wakefield, such
as betatron radiation,!®) Compton scattering and free elec-
tron lasers. Betatron radiation sources use the electron beam
generated by the interaction of a laser and plasma to oscil-
late the plasma and produce radiation.!”! Compared with tra-
ditional synchrotron radiation sources, betatron sources have
the advantages of ultra-high brightness,®! small source size, [°}
ultra-short duration, % low divergence, ' broad spectrum!!?!
and compactness.!!3! These features collectively make beta-
tron sources a promising and potentially significant advance
in radiation source technology.!'4!

Low-energy x-rays are widely used in routine biomed-
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ical imaging, (!>

such as phase-contrast imaging and three-
dimensional medical imaging of bones, while high-energy x-
rays can penetrate thicker materials and are therefore widely
applied in fields such as materials science,!'®! physics(!”]

(18] Therefore, x-rays need to be flexibly tuned

and chemistry.
over a wide range of energies; however, both traditional syn-
chrotron radiation sources and laser-plasma betatron radiation
sources face several challenges in tuning x-ray energy.!'”! The
energy of the electron beam in traditional synchrotron radi-
ation is controlled by the accelerator system, which requires
modifications of the accelerator parameters, typically involv-
ing costly equipment and complex operations;*°! while ad-
justments to the electron’s orbit radius in the storage ring
are constrained by the magnetic field strength, requiring a
complex magnetic field control system and affecting beam
stability.[>!] Tuning the photon spectrum in the laser-plasma

[22] quch as the read-

betatron regime also presents challenges,
justment of laser parameters and control of the injected elec-
tron charge.

In recent years, a number of research teams have been
working on tuning x-ray energy.”>) The main achievement
has been to obtain tunable x-ray sources in the range of tens
of keV, with an emphasis on the oscillating electrons reach-
ing energies in the range of 50 MeV to 250 MeV. As a re-

sult, the photons obtained are tunable within the range of tens
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of keV.?* Researchers from Peking University have studied
the characteristics of betatron radiation in direct laser acceler-
ation, and by changing the ag of the drive laser, they have been
able to control the number and energy of radiation photons
and achieve controllable central energies within a few keV.[>!
Another research group has also observed fluctuations in the
central energy and number of radiation photons when altering

(261 1t can be found that, in previous studies of

plasma density.
energy spectrum control, there are many methods for chang-
ing the injected electron energy or laser parameter ag to al-
ter the energy of the accelerated electrons, thereby affecting
the radiation spectrum. However, these methods not only ex-
hibit poor experimental controllability but also have a limited
tuning range, typically not exceeding one order of magnitude.
Therefore, there is an urgent need for new technologies to ob-
tain tunable x-ray sources with adjustable spectra.[>7-28]

Beam-driven wakefield acceleration has the potential to
overcome the limitations of traditional synchrotron radiation
sources in adjusting x-ray energy.?”! By changing plasma den-
sity and adjusting beam-matching conditions, plasma wake-
field acceleration can provide a method to accurately control
the energy of accelerating electrons,?) which in turn enables
the generation of x-rays with tunable energy spectra. The de-
velopment and implementation of plasma wakefield accelera-
tion technology present a compelling opportunity to advance
the field of x-ray science and enable new capabilities. [*?!

In this paper, according to the existing schemel3!! to
separate the electron acceleration process from the radiation
process, we can ensure that the high-quality radiation of the
electron beam and the radiation will be more controllable.
Our primary focus was on the discussion of the effects of
plasma on beam-focusing optimization. Subsequently, we de-
termined the matching parameters of the beam and plasma
and increased the number of oscillation periods while en-
suring the betatron amplitude in order to enhance the x-ray
brightness. Finally, an x-ray source with a tunable cen-
ter energy from 1.4 keV to 102.1 keV was achieved by ad-
justing the plasma density to alter the beam oscillation fre-
quency, while the brightness remained 3.7 x 10?2 to 5.5 x
10?? photons/(0.1%BW-s-mm?-mrad?), and the full width at
half maximum (FWHM) of the spot size was kept between
2.8 um and 5.6 pm, which is smaller than the laser wake-
field acceleration (LWFA)-based betatron x-ray spot size. In
LWFA, to obtain the betatron x-ray with large energy, the x-

5.3%1 This tunable x-ray

ray spot often reaches tens of micron:
source shows promising potential for diverse applications in
scientific research and industrial processes.

This paper is organized as follows. In Section 2, we in-
vestigate the betatron radiation spectrum in the interaction of
beam-driven plasma based on existing theoretical research. In

Section 3, we discuss the simulation results of beam-driven

betatron radiation. In Section 4, we conclude this work.

2. Principles of the betatron radiation spectrum
elucidated through beam-plasma interactions

In the bubble acceleration regime, the plasma cavity can
act as a wiggler in addition to being an accelerator, repro-
ducing synchrotron x-rays.?”! The bubble regime is reached
when an intense electron beam, propagating in an underdense
plasma, evacuates plasma electrons from the high-intensity re-
gions and leaves an ion cavity. The sphericity of the ion cavity
results in a transverse electric field, creating a restoring force
along the direction of beam propagation.*3! As the electrons
oscillate transversely in the cavity, satisfying the necessary
conditions for producing accelerated charged particle radia-
tion, the collimating radiation emitted by this electron beam is
known as betatron radiation. ¥

35361 the electromagnetic fields con-

Inside the ion cavity,!
sist of an axial electric field E,, a radial electric field E,
and an azimuthal magnetic field By, which are given by
E./Ey=k,C /2, E./Ey = kyr/4, Be/Eo = —kpr/(4c), where
§ = z—wt is the comoving variable, @, = \/nce?/(mg) is the
plasma frequency and Ey = m@jc/e is the cold non-relativistic
wave-breaking field.3”! The cavity structures play a role sim-
ilar to that of the undulator or wiggler in traditional radiation
sources. When relativistic electrons propagate in the cavity,

the equation of motion of electrons can be obtained as!3?!

mwg(Cez +re;)
2

dp

” =—e¢(E+vxB)=F +F =—

- (D)

Therefore, the electron beam inside the cavity is subject
to both a longitudinal accelerating field and a transverse fo-
cusing field.[®! Two crucial parameters for this process are the

[39

wavelength of the betatron motion Ag I and the radiation in-

tensity parameter K. In practical units, the two expressions

42]
Ag[um] = 4.72 x 10'% /y/ne[em 3], 2)
K =133x10""% /ync[em=3]rg[um], 3)

where ¥(¢) is the electron relativistic factor and rg is the elec-

read!

tron oscillation amplitude.

Since the betatron oscillation wavelength is much shorter
than in the wigglers case, when the relativistic factor y > 200
or the energy is greater than 100 MeV, the emitted radiation
falls within the x-ray range.!'?! In the case of different K val-
ues, the radiation spectrum is narrow or harmonic. The ra-
diation spectrum decays exponentially, with a radiation angle
0 = K /7. Its spectral distribution is a wide-spectrum structure,

which can be expressed as!*’]

d%1 N 3e?
dEAQ ~ P 2ndnce,

VP(E/E) Kis(E/E),  (4)
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where [ is the radiation energy, Ng is the number of os-
cillating electrons, K33 is the modified Bessel function and
E.=3/2K yzhwﬁ is the critical energy. For a small amplitude
of betatron oscillation K < 1, the radiation is emitted at the
fundamental photon energy %@ with a narrow bandwidth in
the forward direction (6 = 0). As K approaches 1, harmonics
of the fundamental start to appear in the spectrum. For K > 1,
the spectrum contains many closely spaced harmonics and ex-

tends up to a critical energy %a.. These cases are given by 3!

holeV] =5.25 x 1071 y15, /nefem3] forK <1,  (5)
hox[eV] = 5.24 x 102! Vne[em >|yg[um] for K >> 1. (6)

According to the aforementioned theory, to increase radi-
ation energy, it is necessary to modify the frequency of radi-
ation oscillations, rather than just changing the energy of the
injected electron beam.

In Eq. (1), the term F) is responsible for the electron ac-
celeration in the longitudinal direction. As the electron be-
comes relativistic, its velocity becomes higher than the group
velocity of the wake,[*!] the term —¢ decreases and the ac-
celerating force is reduced. The distance for the electron to
reach the middle of the cavity ({ = 0) and to become decel-
erated (§ > 0) corresponds to the dephasing length. The term
F'| is a linear restoring force that drives the transverse oscil-
lations of the electron across the cavity axis at the betatron
frequency wg = @,/+/27. Therefore, we should increase the
transverse field as much as possible when the longitudinal ac-
celerating field is stable so as to increase the electron beam
oscillation, thereby enhancing electron oscillations and result-
ing in stronger electron radiation.

3. Simulation of beam driven betatron oscilla-
tion

In strong nonlinear cases, numerical simulations are nec-
essary to obtain the actual wakefield. Separating the beam ac-
celeration process from the oscillation process allows for the
utilization of beams obtained from LWFA or traditional ac-
celerators to achieve betatron radiation through the transverse
focusing effect of the plasma wakefield acceleration (PWFA),
which aims to accelerate charged particles using electromag-
netic wave wakefields in plasma, and it has the advantage of
greatly enhancing the collimation of the radiation.*?! There-
fore, in our simulations, we use beam parameters already
available from LWFA experiments[*¥] to exclusively simulate
the x-ray generation through betatron oscillations in the PWFA
process.

Since our simulation requires frequent calculations of ra-
diation spectrum information, we verified the scheme using
3D PIC code EPOCH3D, which can treat the photons as parti-
cles. We could then obtain the corresponding information for

(441 In our settings, the drive beam propa-

each macro-photon.
gates in the x-direction along a fully ionized plasma, the peak
density of the drive beam n;, is four times greater than the
plasma density n.. We used a moving window with a simu-
lation window size of 100 umx40 umx40 um and an open
boundary, which was divided into 300 x 120 x 120 cells with
eight electrons per cell.[*! The simulated 3D betatron setup is
shown in Fig. 1, which shows the PWFA process in which the
front section of the beam drives the plasma wakefield to form
a bubble structure and the back section of the beam oscillates
under the action of the transverse field to generate betatron x-
rays. The drive beam has a Gaussian transverse profile and a
uniform longitudinal profile, with an energy spread (RMS) of
about 10%. The plasma density n. was between 1 x 10!7 cm ™3
and 1 x 10! cm™—3. Chirped beams cause a series of adverse
effects such as instability and decrease of electron accelera-
tion efficiency. Therefore, in order to form a stable cavity and
avoid beam emittance growth, the drive beam should be uni-
form or satisfy the Gaussian distribution and the size of the
drive beam should match the plasma parameters. According
to the existing theory,*>*’] the matched radial beam parame-
ter for a Gaussian beam in the plasma ion column is defined

by481
2¢? ) 1/4
Oy = ) 9 (7)
' ( k3
where &, is the normalized RMS emittance, and }y is the initial

mean Lorentz factor of the beam.

Betatron oscillation .
Drive beam

Ion bubble
Betatron x-ray beam

Fig. 1. Schematics for the setup of betatron radiation driven by an elec-

tron beam of 1.2 GeV. When the drive beam (red) propagates in the

plasma, the space charge force pushes the electrons in the plasma, form-

ing a bubble. Within the bubble, no additional injection of electrons is

required. The electrons at the tail of the drive beam oscillate under

the action of the transverse focusing field, generating betatron radiation
(yellow) as they move forward.

Based on the theoretical model mentioned above**! and
the available experimental data, >3] the radial size k,o; =
0.6 of the beam is beneficial for the generation of wakefield
theoretically and can be realized experimentally.

Next, we determine the longitudinal dimensions of the
beam.?! During the beam-driven process, the beam and
plasma modulate each other. Our approach employs the non-
laser beam center-of-mass equation,'# which under the adia-
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batic approximation satisfies the following equation: 3!
dp, d dr
—_— —_— = — E - B . 8
dt dt(ydt> (B, = Vax Bo) ®

Under the adiabatic approximation, with the X-axis as the
beam propagation direction, when the geometric center of the
beam x. is shifted by centroid xy,

8C2xc + 0x. = O3 xp. 9)

If the beam meets the “short-pulse” limit kgx, > w{, the
instability of the beam can be expressed by[>3]

X /X0 = 0.314A732 A sin(kgs —A/V3+7/4),  (10)

where A = 1.3[(kﬁs)(a)0C)2]1/3. Based on this theoretical
model, we selected matching parameters between the beam
and the plasma. Shortening the beam can reduce hosing in-
stability and increase the number of oscillating electrons. As
shown in Fig. 2, we compare the two cases kpL, = 5 and
kpLy = 13 while keeping the plasma density n. = 10'8 cm—3.
The shorter beam can propagate 15 mm without significant
hosing instability; while the longer beam, after propagating
5 mm, exhibits severe instability at the tail, significantly af-
fecting the structure of the last bubble. Finally, the radiation
brightness generated by the longer beam is generally an order
of magnitude lower than that generated by the shorter beam.
These results suggest that the beam length has an important ef-
fect on the stability and radiation characteristics of the system
and provide a useful reference for further optimization of the
experimental design.

15.0 1.5
75 7
—_ 1.0 §
E o
= 0 2
>~ 05
—7.5 g
15.0 0
15.0 1.5
7.5 i
= 10 §
= 0 =]
o
> 05 2
—7.5 é:’
15.0 0

4.50 4.55 4.60 4.65
X (mm)

Fig. 2. The 3D-PIC simulation results of number density of the total
electrons ng = ne + ny, for different beam longitudinal size (a) k,L, = 13
and (b) kpLy = 5 with the plasma density ne = 1 x 101 cm™3. At
t = 15 ps, the longer beam exhibits significant hosing instability in the
middle and rear sections, while the shorter beam remains stable at this
time and is able to propagate over a long distance.

Considering the suboptimal quality of the drive beam, we
investigated the evolution of the high-emittance drive beam
based on the actual beam parameters in the experiment. In our

_3, we com-

simulations, at a plasma density of 1 x 10 cm
puted the electron and photon distributions for emittances of
3 mm-mrad and 50 mm-mrad, respectively. Because the trans-
verse electric field of the scheme can reach about 10 GV/m,
even if the electron divergence of the drive beam is large, the
electron spectrum can remain basically unchanged, and the
spot size remains small, as shown in Fig. 3. This result can be
attributed to the transverse focusing force of the high-density
plasma,>*! which effectively mitigates the poor characteris-
tics of the initial drive beam. This result is consistent with
the results in the experimental study.® In Eq. (1), F| is a
focusing and linear restoring force that drives the transverse
oscillations of the electron across the cavity axis at the beta-
tron frequency wg = @,/ \/2y. The plasma’s focusing effect
plays a crucial role in reducing the divergence of the electrons
and maintaining a small-scale x-ray spot, which contributes to
the high brightness of the observed radiation.

(a) 3.0 @ (c) 3.0 o
o o
~ 0% ~ 10X
= 0 5 20 2
< 05> < 0.5 >
& =
—3.0 0 o -3.0 0 o
0 1.0 2.0 S 0 1.0 2.0 =
Electron energy (GeV) ~— Electron energy (GeV) —
(b) 10 4 () 10 4
> )
5 < 5 <
? <) 3
Z0 2 20 2%
N o N o
=5 g -5 2
Z Z
—10 -1
10 0 —10 0 010 0 —10 0

y (pm) y (pm)

Fig. 3. The 3D-PIC simulation results of the spectral-angular distribu-
tion of the electrons and the spatial distribution of photons with different
beam emittance (a), (b) € = 3 mm-mrad and (c), (d) € = 50 mm-mrad
in the case of plasma density ne = 1 x 10 ¢cm™3. In (a), (c), the an-
gular distribution of the electron energy spectrum shows no significant
change as the emittance increases. The peak energy of the electrons is
1.93 GeV, with a divergence angle of approximately £3°. Panels (b)
and (d) illustrate that the spot size increases from 4.4 um to 5.6 um as
the emittance grows.

As shown in Fig. 4, the increase in plasma density results
in a higher radiation divergence due to the amplified interac-
tion between the electron beam and the high-density plasma,
leading to larger oscillations and wider emission angles of
the electrons. Although the photon divergence increases with
the density of the plasma, under matched beam parameters,
the photon divergence remains at a relatively low level. Un-
der these conditions, the betatron amplitude is around 10 pm,
which is a relatively high amplitude that can be achieved over
long distances. Furthermore, our findings revealed that adjust-
ing plasma density allows direct manipulation of the emitted
photon energy, with increased plasma density leading to higher
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energy x-ray photons. This control adds significant flexibility
and tunability to the x-ray radiation produced.

Based on the relationship between plasma density and
emitted photon energy, we performed simulations with dif-
ferent n. and obtained the photon energy spectrum shown
Fig. 4(e). By selecting the appropriate density ratio of plasma
to beam, we demonstrated the ability to directly manipulate
the energy range of emitted photons by controlling the plasma
density. Specifically, as the plasma density increases, the en-
ergy of the x-ray photons also increases.

The physical basis for these findings lies in the interac-
tion between plasma density and the dynamics of the electron

radiation process. Since, in betatron, the radiation intensity pa-
rameter K is usually less than 1, as shown in the Fig. 4(f), the
radiated photon energy i@ o /n.. The relationship between
hw and n. satisfies theoretical equation (5). Detailed fitting
curves, function slopes and regression coefficients are given in
the supplementary material. The simulation results are slightly
lower than the theory, because as the electron propagates in the
plasma, the beam evolves over time, the electron energy spec-
trum widens and y changes (in supplementary material). This
phenomenon underscores the pivotal role of plasma density in

shaping the characteristics of the emitted x-ray radiation.

1.0 1.8 1.0 3.3 108 o o
(@) 2 (b) 2 —6.0X1017 cm 3
[2s] m = . —3.5X10'8 cm—#
0.5 X X m10 —1.0x10? cm 3
1.2 — 22 -+ X
o S = < (©)
~ 0 < = < =108
< AR = %
0.6 ,g 1.1 ,'g S
—-0.5 o . 2108
: =" I
-1.0 : 0 ~1.0 : 0 3 Mk, ]
100 10! 102 103 104 100 10! 102 103 104 10t 102 103 10* 10°
Electron energy (keV) Electron energy (keV) Electron energy (GeV)
1.5 1.0 1.8 120
(c) g (d) = — Theory
M 05 | m 100}« Simulation ¢
° . X
1o 2 1.2 = 280 0
=] S
2 = ¥ < 8
q;: ~ 0 S = 60
= < T 2
0.5 £ 0.6 __g 40 *
S 05 =
@2 ] 20
—1.QHrE RIS T 1okl NS R 0 S— : :
100 100 102 10° 107 100 10! 102 103 107 1 2 3

Electron energy (keV)

Electron energy (keV)

Ve (1012 m—2/3)

Fig. 4. The spectral-angular distribution of x-ray photons from the plasma of different densities: (a) 1 x 10! cm™3, (b) 6 x 107 cm ™3, (¢) 3.5 x
108 em~3 and (d) 1 x 10'° cm™3 in 3D-PIC simulations. (¢) Comparison of photon energy spectra from different plasma densities. (f) Simulation
results and theory of the relationship between /i@ and /ne. As the plasma density increases, the photon energy and photon divergence also increase.
The photon divergence angle (RMS) is 1.8 mrad in (a), 1.9 mrad in (b), 2.2 mrad in (c) and 2.3 mrad in (d). The center energy increases with the
plasma density in the range of 2.2 keV to 102.1 keV, and the number of photons within 0.1%BW fluctuates around 107.

In the situation depicted in Fig. 4, we were able to achieve
tunable x-ray spectra while maintaining a high brightness of
the radiation source. The radiation brightness and photon di-
vergence under different plasma densities are shown in Table 1
and supplementary material. Here, the photon divergence an-
gle 6y for the first plasma density is 1.8 mrad and the pho-
ton divergence for the other cases is given as a ratio. Simi-
larly, the x-ray peak brightness By for the first plasma density
is 4.8 x 10?2 photons/(0.1%BW-s-mm?-mrad?) and the bright-
ness for the other cases is given as a ratio. These ratios are very
close to 1, which shows that these sets of simulations maintain
high x-ray quality while regulating photon energy. In addition,
considering the more realistic situation in the experiment, we
also simulated the situation of non-uniform plasma distribu-
tion. In hypergaussian plasma, the radiation quality and the
trend of energy spectrum change are almost no different from
that of uniform distribution (in supplementary material). This
result proves the feasibility and effectiveness of our scheme

and provides a useful reference for further optimization of ex-
perimental design.

Table 1. X-ray photon quality for beam-driven betatron radiation sim-
ulations.

ne (cm™3) Center energy (keV) 6;/ 6o Bi/By
1.0 x 107 22 1.00 1.00
6.0 x 107 18.1 1.05 1.15
3.5x10'8 42.7 1.22 0.89
1.0 x 10 102.1 1.27 0.77

4. Conclusion

In conclusion, our research has demonstrated the success-
ful realization of betatron x-ray sources with controllable spec-
tra and presented a compact x-ray energy control scheme. Our
approach involved the decomposition of the beam-driven be-
tatron process into two distinct stages, namely, laser-driven
electron acceleration and subsequent radiation generation aris-
ing from the oscillations of the accelerated electrons. Our
focus was primarily on the latter stage, where we observed
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that manipulation of the plasma density affords precise con-
trol over the central energy of the electron beam. Our endeav-
ors have resulted in the achievement of tunable x-ray peak en-
ergies in the range from a few keV to several hundred keV,
thereby expanding the controllable energy range by an order
of magnitude. We studied the appropriate beam size and the
ratio of the drive beam to plasma density, effectively utiliz-
ing the plasma’s focusing effect to produce x-rays with low
divergence, small spot size and high brightness even with a
low-quality drive beam. At different central energies, the
brightness of betatron radiation is in the range of 3.7 x 10>
to 5.5 x 10?2 photons/(0.1%BW-s-mm?-mrad?) and the photon
divergence angle is about 2 mrad. This tunable x-ray source is
of great significance to a wide range of applications requiring
photons of specific energy.
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