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As the development of nuclear physics and atomic sciences progresses, monochromatic and high-flux
gamma-ray light sources are highly demanded by many experiments in these fields. We have designed a
compact storage ring for gamma-ray source generation based on the Compton backscattering technique.
The energy range of the electron beam stored in the ring will be from 500 to 800 MeV, with the capability of
generating a gamma ray with an energy range from about 4 to 10 MeV. The maximum energy loss for an
electron could be more than 1% for one scattering event, which could have a significant impact on electron
beam dynamics. To study this impact, a 6D macroparticle tracking code has been developed by including
the Compton scattering, damping, quantum excitation, and synchrotron radiation in the storage ring. The
equilibrium states have been studied with this code, and the results show good agreement with theoretical
predictions. The electron beam loss rate induced by Compton scattering has also been investigated by
varying the input laser beam parameters. This study allows us to optimize the storage ring operation for a
stable, high-flux, and narrow-bandwidth gamma-ray beam generation.

DOI: 10.1103/PhysRevAccelBeams.22.040702

I. INTRODUCTION

A. Compton scattering x- and gamma-ray source

With excellent properties in terms of high flux, mono-
chromaticity, high brightness, and high repetition rate but
requiring only relativelymoderate electron beam energy, the
x- and gamma-ray sources produced from Compton back-
scattering (CBS) have broad applications in the fields of
phase contrast imaging [1,2], medical science [3,4], and
nondestructive detection [5]. Huang and Ruth proposed
a compact laser-electron storage ring for electron beam
cooling or x-ray generation [6] in 1998 based on the
Compton backscattering technique [7–14]. Several compact
facilities aiming to produce x rays based on CBS have been
proposed or constructed worldwide recently. The ThomX
project, with a flux of 1011–1013 ph=s at an x-ray energy of
40–90 keV, was commissioned in late 2018 [15]. The New
Electron STOrage Ring (NESTOR) developed in Kharkov

Institute of Physics and Technology, with tunable energy for
the electron beam, will achieve a flux of 1013 ph=s for the
x-ray energy of 6–900 keV [16]. A tunable x-ray beam of
1012 ph=s in the bandwidth of 2%had already been obtained
in SLAC, with the energy from 10 to 20 keV [17].
However, gamma-ray sources which could not be gen-

erated from traditional synchrotron radiation are highly
demanded by nuclear physics research in terms of funda-
mental physics research and nuclide detection [18,19].
Recently, many pioneering works in gamma-ray generation
based on CBS have been carried out at Duke University,
NewSUBARU, and Extreme Light Infrastructure—
Nuclear Physics (ELI-NP) [20–22]. The Duke free-electron
laser gamma-ray light source named HIγS can generate
an intense gamma ray with a flux of 1010 ph=s in energy
of 2–55 MeV [23]. The gamma-ray beam line at
NewSUBARU can produce a gamma ray with a flux of
3 × 107 ph=s in the energy range of 5–40 MeV [22]. The
ELI-NP facility, after an upgrade to a 100 mA energy
recovery linac, can achieve a flux of 5 × 1015 ph=s and a
narrow bandwidth of 4 × 10−5 [24]. Gamma-ray generation
based on CBS has also been studied at other facilities.
For example, a gamma-ray flux of 4 × 106 ph=s with an
average energy of 24 MeV was achieved [25] at Advanced
Toroidal Facility. The storage ring Super-ACO, with an
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electron energy of 800 MeV, can get a gamma-ray flux of
5 × 106 ph=s, but the lifetime was significantly decreased
from 15 h to 30 min due to Compton loss [26]. Although
many experimental activities and dynamic investigations
have been completed [27–31] in those facilities, so far there
is no dedicated storage ring for gamma-ray generation
based on the CBS technique.

B. A storage ring design

We designed a dedicated storage ring with a circum-
ference of 59.14 m for gamma-ray generation with the
emittance of 3.37 nm at the energy of 500 MeV using the
five-bend-achromat technique. The storage ring has been
optimized by minimizing the natural emittance and beta
function at interaction points in order to maximize the flux
of the gamma-ray beam, meanwhile considering the intra-
beam scattering effect and the available parameters for the
laser. It is obvious that higher luminosity means a higher
loss rate of electrons, because the electrons will loss more
energy and be more likely to escape from the ring
acceptance. The maximum energy loss percentage for an
electron scattered by a laser photon could be more than 1%
per scattering event (we call this type of loss Compton loss)
in our storage ring with the proposed parameters, which is
far greater than the Compton loss in a storage ring for x-ray
generation, whereas the momentum acceptance is 2%–3%
along the ring. According to Eq. (1), electron loss will
decrease the luminosity and require more frequent injec-
tion. Therefore, it is important to investigate the Compton
loss in the storage ring for gamma-ray generation.
It is our first attempt to study how Compton scattering

affects the electron beam dynamics and to investigate the
impact of laser parameters on the dynamics of an electron
beam in the storage ring for gamma-ray generation. This
study could allow us to optimize the storage ring design and
operation for high-flux and narrow-bandwidth gamma-ray
generation. The electron beams are tracked to equilibrium
states to investigate transverse and longitudinal dynamics
by including quantum excitation, damping, synchrotron
radiation, and Compton scattering. The particle tracking
through the element of the lattice is carried out using a four-
order symplectic integrator.
In Sec. II, we first introduce our storage ring lattice

design and choices of cavity setting and scattering param-
eters. In Sec. III, we briefly summarize the formula
proposed by Chaikovska [32] to evaluate the equilibrium
energy spread and emittance of an electron beam for the
storage ring aiming to generate an x- or gamma-ray source
based on the CBS technique. Then we describe our
simulation process, present the results for transverse and
longitudinal dynamics, and compare the simulation results
to the theoretical prediction. In Sec. IV, we simulate the
Compton loss rate by varying laser parameters to study
the beam stability condition. We give the conclusions in the
final section.

II. STORAGE RING LATTICE DESIGN,
SCATTERING PARAMETERS, AND

FLUX ESTIMATION

To achieve low emittance, we adopt multibend-achromat
(MBA) technology with the multiobjective genetic algo-
rithm (MOGA) [33] to design and optimize the storage ring
lattice for gamma-ray generation. The natural emittance
varying with the lattice is defined as ϵ ¼ CE2=N3

d, where C
is constant for a designed lattice, E refers to beam energy,
and Nd is the number of dipole magnets in the lattice. It is
clear that MBA technology can decrease the emittance of
the lattice significantly because of the increasing number
of dipoles. The constant C is related to the HðsÞ function
which is given by the lattice optical functions: HðsÞ ¼
γxη

2
x þ 2αxηxη

0
x þ βxη

02
x , where ηx and η0x are dispersion

functions and αx, βx, and γx are Twiss functions.
Minimizing the HðsÞ function by tuning the magnet
strength appropriately can theoretically minimize the natu-
ral emittance [34,35]. A higher gradient of quadrupoles is
often needed in order to achieve ultralow emittance which
could make the nonlinear dynamics worse. So the MOGA
has been used to optimize the lattice design [36] by using
the natural emittance, momentum aperture, and total
diffusion rate [37] as optimization objectives, also setting
constraints on beta functions with a small value at the
interaction point.
Figure 1 shows the optimized storage ring lattice layout

and its optics functions of one sector. The natural emittance
is 3.37 nm at the electron beam energy of 500 MeV. The
beta functions in the center of straight where the interaction
point could be located are βx ¼ 3 m, βy ¼ 3.3 m, and the
dispersion here is η ≈ 0. The lattice is composed of four
symmetrical arcs which consists of five dipoles with an 18°
bending angle, 10 quadrupoles in five families, six chro-
matic sextupoles in two families, and four harmonic
sextupoles in two families for each. All dipoles have
quadrupole field components which will focus the electron
beam vertically and defocus horizontally. The ring can
accommodate four long straight sections with a length of
4.04 m each for injection, extraction, rf cavity, and electron-
laser interaction. We can set multiple interaction points in
the straight section with a small crossing angle and in the
arcs with a head-on collision as illustrated in Fig. 1.
The candidate storage ring lattice could be operated at

both 500 and 800 MeV, and the electron beam dynamics
are similar for both energies. The main difference is the
intrabeam scattering (IBS) effect, which is significant at
low energy. In the following, we are using the 500 MeV
lattice as an example to carry out beam dynamics studies.
The same studies can also applied to the 800 MeV ring.
The dynamic aperture for this storage ring, which is

shown in Fig. 2(a), is about 15 mm for the horizontal
direction and 10 mm for the vertical direction, which would
be sufficient for off-axis injection and also large enough to
capture the beam scattered by the laser at dispersion
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sections. The momentum aperture is shown in Fig. 2(b), and
the Touschek lifetime is 2 h. The good performances among
dynamic and momentum apertures can reflect the advan-
tages of the MOGA on nonlinear optimization. The design
parameters of the ring are summarized in Table I.
There are two reasons to choose the harmonic number as

20 for the main cavity with a voltage of 0.35 MV. Figure 3
shows that the horizontal emittance could be almost
constant by considering IBS while the harmonic number
is larger than 10. That is because, for this calculation, the
bunch number is kept the same as the harmonic number,
and, for each rf frequency (harmonic number), the rf
voltage is set to keep the same rf bucket half height of
0.04 (for energy spread). With those settings, although the
length for each bunch will become shorter when increasing
the rf frequency, the charge in each bunch will decrease
proportionally. So the increase of emittance induced by IBS
will be almost the same for different harmonic numbers
(bunch numbers) when the number exceeds 10. Another
reason is to match the proper frequency of ∼100 MHz for a

Fabry-Perot resonator. For our low-energy and low-
emittance storage ring, the IBS could significantly increase
the emittance of the intense electron beam, which will
affect beam dynamics and decrease the gamma-ray flux. To
mitigate this IBS effect and increase the beam lifetime, a
third-harmonic cavity is introduced at the center of straight
as shown in Fig. 1 to lengthen the bunch by a factor of
about 4 in our storage ring design. Figure 4 shows the IBS-
induced emittance, bunch length, and energy spread as a
function of the operating current when the harmonic
number is 20. The intrabeam scattering calculation is based
on Bane’s high-energy approximation model [38], the
coupling is set to 0.1, and the rf bucket is set to 0.04
for energy spread. As you can see in Fig. 4, the natural
horizontal emittance of 3.37 nm could be increased to
6.25 nm due to IBS at the operation current of 1 A. Because
of the high sensitivity on electron energy, the IBS effect is
not significant any more at 800 MeV, and the horizontal

FIG. 2. Dynamic aperture at the center of straight (a) and
momentum aperture for one sector (b). The apertures are large
enough to capture the beam scattered by the laser at dispersion
sections.

FIG. 1. (a) The storage ring lattice layout and (b) its optics
functions of one sector.
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emittance increase is less than 10% with the same setting at
500 MeV. With the MBA technology, a even smaller
natural emittance is still achievable; however, at this smaller
emittance, the IBS effect will become stronger. Therefore,
it is not necessary to further reduce the natural emittance
of the ring.
Based on the candidate ring lattice, we adopt the Fabry-

Perot resonator [39] to amplify the intensity of laser for our
purpose of generating a high-flux gamma-ray source. The
luminosity can be calculated by the formula for the head-on
interaction [40]:

L ¼ NeNphfcoll

2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðσ2xe þ σ2xLÞ

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2ye þ σ2yL

q × Rh;

Rh ¼
1
ffiffiffi
π

p
Z

∞

−∞

e−x
2

1þ
�
σ2zeþσ2zL

R2
L

�
x2

dx; ð1Þ

where Ne and Nph are the number of electrons in a bunch
and the number of photons for one laser pulse, respectively,
fcoll is the collision frequency, and σx;y;ze and σx;y;zL are the

electron and laser rms size, respectively, in the interaction
point. RL is the Rayleigh length of laser. The hourglass
effect is taken into account in Eq. (1).
By neglecting the hourglass effect but considering the

crossing angle for Compton scattering, the luminosity can
be expressed as [41]

L ¼ NeNphfcoll cosðϕ=2Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðσ2xe þ σ2xLÞcos2ðϕ=2Þ þ ðσ2ze þ σ2zLÞsin2ðϕ=2Þ

q

×
1

2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2ye þ σ2yL

q ; ð2Þ

where ϕ is the crossing angle for the Compton scattering
between the electron beam and laser. Because σze;zL is on
the magnitude of millimeters and σxe;xL on the magnitude of
hundreds of micrometers, a crossing angle of several
degrees could reduce the luminosity significantly compared
to a head-on interaction.
The available scattering parameters and calculated flux

are listed in Table II. Higher pulse energy for a laser up to
several mJ is available; however, a smaller value is chosen
here. Case 1 represents an interaction between electrons
and the laser happening in the center of straight with a small
crossing angle, while case 2 represents the interaction
happening in arcs with a head-on setting. The collision
scheme of these two cases are shown in Fig. 5, while their
locations are marked in Fig. 1. The laser frequency for a
head-on collision in case 2 is half of the frequency of the
main rf cavity, and the length L1 of the laser cavity is long
enough to avoid interference between the mirror and
electron beam. The estimated flux could be ∼1012 ph=s
for a head-on collision in case 2. However, a higher flux of
∼1013 ph=s is also achievable by increasing the laser pulse
energy.

TABLE I. Ring parameters of the candidate lattice.

Parameter Units Low energy High energy

Beam energy MeV 500 800
Circumference m 59.14 59.14
Natural emittance nm · rad 3.37 8.64
Bending radius m 1.91 1.91
Horizontal/Vertical tune 6.21=4.21 6.21=4.21
Momentum comp factor 0.0135 0.0135
Radiation loss per turn keV 2.89 18.97
Energy spread 5.9 × 10−4 9.56 × 10−4

Horizontal/Vertical
damping time

ms 27=68 6.7=16.6

Longitudinal damping time ms 129 31.5

FIG. 3. Results of the final horizontal emittance increased by
IBS for different harmonic numbers of the main cavity (the bunch
number is the same as the harmonic number).

FIG. 4. The evolution of ring emittance, bunch length, and
energy spread vs total operating current when IBS is considered
for the 500 MeV lattice (coupling is set to 0.1 and 20 bunches
used). The initial bunch length is calculated without any
collective effects.
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III. DYNAMICS IN COMPTON GAMMA-RAY
STORAGE RING

As mentioned above, the electron beam dynamics in the
storage ring for gamma-ray generation can be strongly
affected by Compton scattering, especially in longitudinal
direction. In order to operate the storage ring with stable
gamma-ray flux generation, we should study the beam
dynamics at the equilibrium states under the influence of
Compton scattering. We conduct our study primarily by a
simulation which uses the parallel macroparticle tracking
technique based on the accelerator modeling library
TRACY [42] and compare the results to analytical esti-
mation by the formula from Chaikovska [32]. The laser
energy and wavelength are varied to investigate how the

Compton scattering affects the beam dynamics in a storage
ring and study the stability condition associated with
particle loss.

A. Analytical estimation

Chaikovska et al. have shown that the Compton scatter-
ing in the storage ring could be considered as a shot noise
process. Therefore, by applying Campbell’s theorem, we
can evaluate the average effects of the two independent
Poisson excitation processes (Compton scattering excita-
tion and synchrotron radiation excitation). The analytical
formulas to evaluate the equilibrium energy spread and
emittance for electron beam by this method are [32]

σ2E ¼ σ2SRΔESR þ σ2compΔEcomp

ΔESR þ ΔEcomp
;

ϵ ¼ ϵSRΔESR þ ϵcompΔEcomp

ΔESR þ ΔEcomp
; ð3Þ

where theΔESR andΔEcomp are the average energy loss per
electron per turn for synchrotron radiation and Compton
scattering, respectively, and ΔEcomp ¼ LσchEγi, in which
hEγi ¼ 2ELγ

2 is the average of emitted photon energy,
where EL is the photon energy of the incident laser, L is
the average luminosity per electron per turn, and σc is the
crossing section of Compton scattering. σSR and σcomp are
the relative equilibrium energy spread in the presence of the
synchrotron radiation and Compton scattering, respec-
tively, and ϵSR and ϵcomp represent the transverse emittance
for the synchrotron radiation and Compton scattering,

respectively. σcomp can be calculated as σcomp ¼
ffiffiffiffiffiffiffiffiffiffi
7λC
10λL

γ
q

,

where λL is the wavelength of the laser and λC ¼ h=mec ≈
2.43 × 10−12 m is the Compton wavelength of the electron.
As we can see, ΔEcomp ≪ ΔESR (ΔESR ¼ 2.89 keV,

ΔEcomp is ∼eV to tens of eV varying with the luminosity),
while σcomp ≫ σSR (i.e., for our 500 MeV lattice,
σSR ¼ 5.9 × 10−4, and σcomp ¼ 4.56 × 10−2 when the laser
wavelength is 800 nm), a rough estimation for the equi-
librium energy spread of the electron beam can be
simplified to σE ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cþ A � Elaser=λL

p
, where C is related

to storage ring parameters, A is related to electron param-
eters and the rms size of the laser, and Elaser is the energy of
one laser pulse. Based on this formula, we can roughly
estimate how the laser pulse energy and wavelength affect
the equilibrium relative energy spread of the electron beam.
The limitation for this theoretical estimation is that it
assumes a Gaussian distribution for the electron bunch,
and also the interaction details cannot be reflected by the
formula and the luminosity may not be accurately calcu-
lated. Furthermore, the particle loss cannot be investigated
by the formula to study the beam stability conditions. To
overcome these limitations, we develop a macroparticle

TABLE II. Parameters and flux results for collision (all the
values are given by taking into account the harmonic cavity and
IBS).

Parameter Case 1 Case 2

Beam current [A] 1 1
Number of bunches 20 20
e− emittance [nm · rad] 6.5 6.5
Coupling [%] 10 10
rms e−=laser length [mm] 110=6 110=6
e− horizontal/vertical beta [m] 3=3.3 2=5
Laser energy per pulse [μJ] 200 200
Laser wavelength [μm] 1 1
Laser frequency [MHz] 101.45 50.73
Laser rms size [μm] 40 40
Crossing angle [deg] 8 0
Luminosity [cm−2 · s−1] 2.13 × 1035 5.96 × 1036

Total γ flux [ph/s] 1.37 × 1011 3.87 × 1012

FIG. 5. Two collision schemes for case 1, a collision with a
small crossing angle, and case 2, a head-on collision.
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tracking technique to study the beam dynamics in the
storage ring but take the formula prediction as a reference.

B. Simulation setting

A parallel 6D particle tracking code based on the
TRACY library with flexible settings for laser or electron
parameters and the location of the interaction point has
been developed by taking into account all of the effects
associated with beam dynamics in terms of damping,
quantum excitation, synchrotron radiation, and Compton
scattering. The tracking code can take an arbitrary electron
beam distribution as an input. The Compton scattering in
the interaction point is simulated with the Monte Carlo
method. First, we calculate the interaction probability for
each electron based on the cross section to determine
whether scattering happens by comparing the probability
with a random number. If so, continue to determine the
emission angle of photons by the same way. The emission
angle will be ðθ;ϕÞ, where θ is the angle between the
emitted photon and z axis and ϕ is the angle between the
projection of the emitted photon vector on the x‐y plane and
x axis, where we define the initial propagating direction of
the electron as the z axis, the horizontal direction as the
x axis, and the vertical direction as the y axis, as shown in
Fig. 6. The coordinates of the electron after scattering can
be calculated as

x0 ¼ x00 −
E0

Eeβ
sin θ cosϕ;

y0 ¼ y00 −
E0

Eeβ
sin θ sinϕ;

δ ¼ δ0 þ
γ2Eh

Eeβ
ðcos θ0 − βÞ − γE0

Eeβ
cos θ; ð4Þ

where Eh and E0 are the photon energy in the laboratory
system and center-of-mass system, respectively, before
scattering, and E0 ¼ γEhð1 − β cos θ0Þ. θ0 is the angle
between the propagation direction of the laser and electron
before an interaction (for a head-on interaction, θ0 ¼ π).

Ee is the electron energy for a reference particle, γ is the
relativistic factor, and β ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 1=γ2

p
. ðx0; x00; y0; y00; z; δ0Þ

and ðx0; x0; y0; y0; z; δÞ are the 6D phase space coordinates
of the electron before and after the interaction.
In order to benchmark the Compton scattering simula-

tion, we generate a bunch with 1 million electrons, starting
from Gaussian distribution and then interacting with the
same laser for 10 times. The final electron distribution and
the energy spectrum of the emitted photon are plotted to
compare with the results calculated in the same way from
CAIN 2.35 [43]. A good agreement between them has been
observed as shown in Fig. 7. A small difference of spectrum
between our code and CAIN can be observed by comparing
Figs. 7(c) and 7(d). This is because we use a very large laser
pulse energy of 2 J in the benchmark simulation which is
corresponding to a large laser normalized field strength a0.
In CAIN, large laser normalized field strength a0 will reduce
the maximum energy of the emitted photon [43] according

to the formula Eγ ¼ 4γ2EL
1þa2

0
=2þγ2θ2

[44]. And the laser field

strength is varied with the longitudinal position, so the
cutoff energy of the photon emitted by the electrons in
different longitudinal locations will be different. So we can
see that the peak around the cutoff energy is slightly lower
in the spectrum of the CAIN simulation. We did not consider
the laser field strength effects in our code. In our later
simulation, the laser pulse energy is on the magnitude

FIG. 6. Coordinate system setting for the Compton scattering
simulation.

FIG. 7. The comparison of the results between our simulation
code and CAIN. (a) and (b) are the final longitudinal distribution
of the electron bunch after 10 times scattering with the laser
from our code and CAIN, respectively. (c) and (d) are the energy
spectrum of emitted photons at the same condition. The param-
eters used here are also listed in Table III, only the laser pulse
energy is changed to 2 J.
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of mJ, which means the laser normalized strength is very
small. So there is no influence on our later simulation.
Without the loss of generality, we set one interaction

point at the center of straight and assume a head-on
collision between the electron and nonpolarized laser
beams. The Compton scattering happens one time per turn.
We create one bunch for the tracking so there are no
multibunch effects as well as wakefields and impedance
effects. We will track the macroparticles for about 700 000
turns to reach the equilibrium state. Also, we have set the
physical rectangular aperture of 15 and 10 mm in the
horizontal and vertical directions, respectively, at the exit of
each element to estimate the particle loss rate during the
tracking by removing the particles which are outside the
aperture. Intrabeam scattering and the harmonic cavity are
not included yet in this simulation. The base parameter
settings are listed in Table III. The laser parameters are
available by using the Fabry-Perot resonator. The power
stored in the resonator for our base setting is 20 kW, while
higher power could be achievable. The 10 000 macro-
particles per bunch are enough to show the statistics results
according to our scanning for the number of macropar-
ticles. The simulation was performed with our candidate
lattice, whose parameters are listed in Table I.
Including the base setting, another three settings are

considered, labeled S1–S4: (i) the base setting as listed in
Table III (S1); (ii) the pulse energy of laser is replaced by
2 mJ (S2); (iii) the wavelength of laser is replaced by
800 nm (S3); (iv) the pulse energy is replaced by 2 mJ
and the wavelength is replaced by 800 nm (S4). In those
settings, only the laser pulse and wavelength are changed in
order to investigate how laser parameters affect the beam
dynamics in the ring.

C. Equilibrium state study

Figure 8 shows the results of horizontal emittance
evolution as a function of the number of tracking turns
for the above four settings. For reference, the result by
turning off the Compton scattering is also plotted there.
According to Eq. (3), the ϵcomp should be 2.42 nm for
case S1, so the equilibrium horizontal emittance will be
3.368 nm, which is very close to the natural emittance

3.37 nm of the storage ring. This value is also close to our
simulation result of 3.41 nm as shown in Fig. 8. For other
settings, the estimated equilibrium horizontal emittance is
3.356 nm compared to the simulation result of 3.48 nm for
S2, 3.369 nm compared to 3.37 nm for S3, and 3.366 nm
compared to 3.49 nm for S4. The small difference between
the simulation and formula is caused by the second-order
dispersion with a value about 2 m at the interaction point
(also some noise).
Figure 9 shows the results for vertical emittance evolu-

tion for the same settings. From Figs. 8 and 9, we can
conclude that the impact of Compton scattering on trans-
verse emittance of the electron beam are negligible for our
parameter settings. However, the influence on transverse
dynamics will vary with different lattice and input laser
parameters (e.g., there are cooling effects while the natural

TABLE III. Parameter settings of the laser and electron beams
in simulation. The initial electron bunch length is the natural
length without a harmonic cavity and IBS effects.

Initial electron parameters Laser parameters

Energy 500 MeV Pulse duration 10 ps
Particles per bunch 6.18 × 1010 rms size (x=y) 40=40 μm
Horizontal/Vertical emittance
6.5=0.65 nm

Wavelength 1030 nm

Natural length 15 mm Pulse energy 0.2 mJ
Energy spread 0.06% Cavity frequency

101.38 MHz

FIG. 8. Horizontal emittance evolution as the function of tracking
turns for different settings. Five cases are studied, including turning
off Compton scattering, S1–S4. We treat emittance from the
macroparticle by the formula Ex ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hx2ihx02i − hxx0i2

p
.

FIG. 9. Vertical emittance evolution for different settings.
Five cases are studied, including turning off Compton scatter-
ing, S1–S4.
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emittance is large enough compared to the ϵcomp [45,46]).
We will not discuss this effect here.
Figure 10 shows the energy spread evolution for the

same settings. The dashed lines are calculated from
Chaikovska’s formula but replaced the ΔESR and
ΔEcomp with damping rate αSR and αcomp in Eq. (3) and
αSR ¼ JeΔESR, αcomp ¼ ΔEcomp ¼ LσchEγi, where Je is
the damping partition number. The equilibrium energy
spread is 2.7 × 10−3 by simulation compared to 2.6 × 10−3

from the theoretical estimation for S1, 6.0 × 10−3 com-
pared to 6.1 × 10−3 for S2, 3.2 × 10−3 compared to
3.0×10−3 for S3, and 7.0×10−3 compared to 6.9 × 10−3

for S4. The simulation results agree very well with the
theoretical prediction. A conclusion is that higher laser
energy, which will increase the luminosity, and a smaller
laser wavelength, which can increase the energy of the
gamma ray, can make the equilibrium energy spread larger.
This will also induce a larger loss of electron beam, as
shown in the following section. However, a too large
energy spread cannot be accepted, because the bandwidth
of emitted photons is scaled as ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðγθÞ4 þ 4δ2e

p
[47], where

γθ is the normalized collecting angle and γθ ≪ 1. For
example, if we choose γθ ∼ 0.1, it would be the best for the
equilibrium energy spread of the electron beam not exceed-
ing the value of 7 × 10−3. In conclusion, increasing the flux
of the gamma ray by increasing laser intensity will also
expand the bandwidth, and a trade-off between the gamma-
ray flux and its bandwidth need to be evaluated for the
optimal operation of gamma-ray generations.

IV. PARTICLE LOSS RATE INVESTIGATION

In order to study the relation between the beam loss
condition and laser parameters, the particle loss rate αC
induced by Compton loss is defined as αC ¼ dN

Ndt, where dN
is the number of lost particles during the time duration dt

and N is the initial particle number. Under this definition,
the beam lifetime for Compton scattering can be expressed
as T ¼ 1=αC. We can calculate the particle loss rate from
the simulation results. The beam will reach equilibrium
after about 400 000 turns, so the particle number after
400 000 turns will be used to calculate the loss rate
statistically. And the time duration dt we used to calculate
the αC below is 2.3656 ms (10 000 turns). We normally
choose 500 points after 400 000 turns and then average
them to get the αC. The loss rate can be sensitively affected
by the laser pulse energy and laser wavelength, so those
two parameters are studied here.
Figure 11 shows the Compton loss rate for different laser

pulse energies, i.e., laser intensities. The laser wavelength
is kept as 800 nm for this study. It is obvious that, when the
laser pulse energy is larger than 2 mJ, the beam loss rate
become exponentially increased, which will result in the
reduction of flux. The lifetime is about 1400 and 4 s for
the laser pulse energy of 0.2 and 2 mJ, respectively; as a
comparison, the Touschek lifetime is 2 h by adapting the
momentum aperture in Fig. 2(b) and assuming a round
beam (100% coupling). To keep the electron beam current
therefore gamma-ray flux constant, the laser pulse energy
should be set below the level of mJ, which will limit the
gamma-ray flux. Otherwise, the fresh electron beam has
to be injected to the storage ring frequently, which may
exceed the limitation of the injector. From the figure, we
can also see that the electron beam loss rate becomes almost
linear at the equilibrium state when the laser pulse energy is
above 2 mJ.
Figure 12 shows the Compton loss rate for different laser

wavelengths, with the same laser pulse energy of 1 mJ.
It has been mentioned in Sec. III that the average energy
loss of one electron per turn due to Compton scattering
is inversely proportional to the laser wavelength, and the
Compton loss is related to the energy loss of the

FIG. 10. Relative energy spread evolution for different settings.
Five cases are studied, including turning off Compton scattering,
S1–S4.

FIG. 11. Particle loss rate induced by Compton scattering for
different laser pulse energies at one IP as shown in Fig. 1. The
laser wavelength is kept as 800 nm.
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electron particle. Therefore, it is important to investigate
how the Compton loss rate is affected by the laser wave-
length. We can also conclude that the loss rate is very
sensitive to the laser wavelength. By decreasing the laser
wavelength below 800 nm, the loss rate will increase
drastically. For our settings, 1000 nm could be a proper
number for the laser wavelength.
These particle loss rate studies show that the balance

between a high gamma-ray flux and a low loss rate should
be optimized during the operation of the storage ring for
stable, high-flux, and narrower-bandwidth gamma-ray
generation. Increasing the flux to some level can make
the lifetime of Compton loss below seconds, in which
condition it requires frequent injection, which may exceed
the injector capability.

V. CONCLUSION

We have designed and optimized a compact low-energy
storage ring lattice for gamma-ray generation based on the
CBS technique. The dynamics of an electron beam asso-
ciated with Compton scattering in storage ring have been
investigated using macroparticle tracking techniques
including damping, quantum excitation, synchrotron
radiation, and Compton scattering effects. The simulation
results have shown good agreement with the analytical
estimation. For our lattice, the transverse emittance is
insensitive to the laser parameters at our base setting.
However, the longitudinal energy spread of the electron
beam which is highly related to the bandwidth of emitted
gamma photons is significantly affected by the laser pulse
energy and, therefore, the luminosity. We also studied the
impact of the input laser beam parameters on the electron
beam loss rate due to the Compton scattering effect. The
study results show that the electron beam loss rate is very
sensitive to the laser wavelength and pulse energy. This
study will allow us to optimize the input parameters of

Compton scattering for stable, high-flux, and narrow-
bandwidth gamma-ray generation.
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