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Abstract 
Accelerating particles to high energies with high effi-

ciency and beam quality is crucial in developing accelera-
tor technologies. The plasma acceleration technique, 
providing unprecedented high gradients, is considered as a 
promising future technology. While important progress has 
been made in plasma-based electron acceleration in recent 
years, identifying a reliable acceleration technique for the 
positron counterpart would pave the way to a linear e+e- 

collider for high-energy physics applications. In this work, 
we show further studies of positron beam quality in mod-
erately non-linear (MNL) plasma wakefields. With a posi-
tron bunch of initial energy 1 GeV, emittance preservation 
can be achieved in optimized scenarios at 2.38 mm⋅mrad. 
In parallel, asymmetric beam collisions at the interaction 
point (IP) are studied to evaluate the current luminosity 
reach and provide insight to improvements required for 
positron acceleration in plasma. It is necessary to scale 
down the emittance of the positron bunch. In the MNL re-
gime, a positron beam with 238 µm⋅mrad level emittance 
implies compromise in charge or necessity for ultra-short 
bunches. 

INTRODUCTION 
Several proposals have been made for future colliders as 

we enter a new era of discovery and precision measure-
ments, including circular lepton and hadron colliders [1-3], 
linear 𝛾𝛾𝛾𝛾 colliders [4, 5] and circular µ+µ- colliders [6, 7]. 
A linear electron-positron collider is one of the leading op-
tions for its non-convoluted nature during the collision 
[8-13]. In order to make any linear collider economical in 
both funding and space, high-gradient acceleration is 
highly desired. Plasma accelerators have been shown to 
provide multi-GeV gradient in experiments for electron ac-
celeration [14, 15]. Electrons can be accelerated with high 
efficiency and quality in a full blow-out regime, where fo-
cusing is provided by plasma ions and acceleration is 
achieved at a certain phase of the wakefields created by a 
particle or laser driver [16-19]. Positrons, on the other 
hand, cannot be accelerated in the same regime due to the 
defocusing nature of the positively charged ions, which is 
detrimental to the positron beam quality.  

In a recent study [20], positron acceleration is optimized 
in the linear regime using a gaussian electron driver and in 
the non-linear regime using a donut-shaped electron driver, 
in the context of drive-to-main energy transfer efficiency 
and uncorrelated energy spread. The uncorrelated energy 

spread is introduced as an important limit that cannot be 
compensated easily, unlike the correlated energy spread 
where several techniques have been proposed and tested to 
minimize or compensate for the chirp [21-23]. The result 
of the optimizations and comparison in different regimes, 
presented in Fig. 8 of Ref. [20], is that the MNL regime can 
achieve simultaneously high efficiency (>30%) and low 
uncorrelated energy spread (<1%). At the time of publica-
tion, other important beam qualities, such as emittance and 
emittance preservation, had not been studied in detail in 
this regime. In this proceeding, we first introduce the mod-
erately non-linear (MNL) regime, followed by emittance 
studies in the regime towards collider requirements, and 
conclude with implications in working towards collider pa-
rameters for positron acceleration in plasma. In the study, 
we use an electron drive beam to be consistent with the 
previous publication. 

THE MODERATELY 
NON-LINEAR REGIME 

Traditionally, a linear plasma wakefield is created by a 
drive beam with nb/no << 1. All fields are sinusoidal; weak 
loading and discrete positioning of the positron trailing 
bunch inside the linear part of the transverse fields ensure 
emittance preservation. However, only low-charge, low-
gradient acceleration is obtainable in this regime. On the 
other hand, with a drive beam density nb/no >> 1, non-linear 
wakefields are created. Such a regime sustains much higher 
acceleration gradients but suffers from poor efficiency due 
to high drive-beam charge and poor beam quality due to 
plasma electron motion inside the positron bunch. The 
MNL regime takes the middle-ground between the two tra-
ditionally known regimes, where the drive beam has a den-
sity nb/no @ 1.  

Using 3D quasistatic simulation code QuickPIC [24-26], 
an example of the fields and plasma response produced by 
such a driver is shown in Fig. 1. The bubble-like cavity is 
only a partial blow-out where the plasma electron density 
is greater than 0 inside. In this regime, an elongated posi-
tron focusing and acceleration region, provided by plasma 
electrons returning to axis in a similar way as in the non-
linear blowout regime, can be found between two partial 
blow-outs. In this case, the drive electron beam has 
a tri-gaussian profile with parameters sx,y = 8.6 µm , 
nb = no = 5⋅1016 cm-3, sz = 16.7 µm. The tri-gaussian posi-
tron beam parameters are given in row 1 of Table 1. The 
average accelerating field sampled by the positron bunch 
is 4.2 GeV/m, the energy efficiency 15% and total  ____________________________________________ 
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Table 1: Positron Beam Parameters in the MNL Regime 

eeN 

[mm⋅mrad] 
kb1ssz ssz [𝛍𝛍m] Q [pC] 

2.38 0.78 5.2 7.9 

0.238 0.78 5.2 0.79 

0.238 0.35 0.24 8.5 

energy spread of 8.1% with an uncorrelated energy spread 
of 1.1%. The beam is quasi-matched to the transverse 
fields with an emittance growth of 5%. The MNL regime 
can therefore accelerate positron beams with moderate 
emittance and charge at good efficiency and quality. 

EMITTANCE AND COLLIDER  
PARAMETER STUDIES FOR POSITRONS 

IN THE MNL REGIME 
Emittance Growth and Quasi-Matching 

The optimal point in Fig. 8 of Ref. [20] has an energy 
efficiency of close to 40% while keeping the uncorrelated 
energy spread around 1%. However, the point is not prac-
tical as continuous emittance growth is observed due to the 
high density of mobile plasma electrons when the positron 
beam is placed close to the back of the first partial blow-
out or defocusing from the second partial blow-out when 
the positron beam is placed back in x. In the prior case, the 
problem originates from the plasma electrons crossing the 
axis and getting drawn back towards the positron bunch, 
thereafter, oscillating inside the positron beam. With an in-
tense, longitudinally gaussian positron beam, the plasma 
electron motion is innately non-uniform and a detriment to 
the emittance evolution of the positrons. This effect can be 
mitigated by opting to a less dense drive beam, leading to 
an extended favorable region for positrons, resembling 
more the linear regime, with slightly lower charge and ef-
ficiency, but preserved emittance and moderate energy 
spread (as given in the previous section). 

Quasi-matching is achieved using an estimate of a linear 
unloaded focusing field (e.g. the red curve in the inset of 
Fig. 1). For a given x where the beam centroid is located, 
the quasi-matched b is given by:  

𝑘𝑘!𝛽𝛽 =
1

*𝐴𝐴/𝛾𝛾
, 

where 𝐴𝐴  is the linear fit parameter given by 
𝐹𝐹" = 𝑒𝑒×(𝐸𝐸"– 𝑐𝑐𝑐𝑐q)/𝐸𝐸# = −𝐴𝐴×k$𝑟𝑟, and g is the Lorenz factor 
of the beam. The beam b is then slightly adjusted around 
the quasi-matched value calculated above for a given beam 
emittance to minimize emittance growth. 

Figure 1: Plasma electron density for a drive beam in the 
MNL regime and a trailing positron beam, on-axis Ez (red) 
and (𝐸𝐸% − 𝑐𝑐𝑐𝑐&)/𝐸𝐸# (inset) at the central beam slice, un-
loaded (red) and loaded (blue), plotted across 5𝜎𝜎% of the 
positron bunch. The dashed black line indicates the longi-
tudinal positron beam centroid.  

Collider Requirements and Implications on 
Emittance 
   It is important to keep in mind the luminosity require-
ment of 1034 cm-2s-1 in a future high-energy collider. Sim-
ulations using GUINEA-PIG [27, 28] are performed to 
evaluate the luminosity achievable with feasible positron 
parameters in the MNL regime. The electron counterpart 
can be accelerated in the non-linear blow-out regime, 
rendering the two colliding bunches asymmetric. Never-
theless, the goal is to take the bottom-up approach and 
attempt to reach the target luminosity working from pre-
sently feasible acceleration regimes. Simulation results 
for beam collisions at IP with a chosen set of electron 
parameters [29] and various positron parameters are 
shown in Table 2. It becomes evident that it is necessary 
to reduce the normalized emittance of the positron bunch 
to get closer to the target luminosity, in addition to 
eventually increasing the beam charge. Case 3 has the 
most demanding requirements on positrons compared to 
what is achievable in the MNL regime at present, with 
increased charge and reduced emittance and bunch 
length. However, it is more relaxed than the requirements 
for symmetric collisions [30, 31]. In addition to the total 
luminosity, the luminosity of collisions by particles 
with energies greater than 90% of the center-of-mass 
energy Ös is shown in the table, depicted as L0.1. This 
parameter is arguably considered as the minimum 
requirement in luminosity for physics output at a high-
energy collider [32].

 ____________________________________________  

1 k! = #(𝑛𝑛"𝑒𝑒#/(𝑚𝑚$𝜀𝜀%))	/𝑐𝑐 
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Table 2: Expected Luminosities From e+e- Collisions for 
Various e+ Parameters in the MNL Regime and a 
Particular Set of e- Parameters at Ös = 3 TeV 

PWFA 
e-  

e+ case 1 e+ case 2 e+ case 3 

Q [pC] 800 8 8 25 

sz [µm] 5 5 5 0.5 

sx,sy [µm] 39, 0.2 64, 2 20, 0.6 6, 0.2 

eNx,eNy,

[mm⋅mrad] 
0.887, 
0.02 

2.38, 
2.38 

0.238, 
0.238 

0.024, 
0.024 

Ltotal   
[cm-2s-1] 

2.84⋅1032 1.65⋅1033 1.31⋅1034 

L0.1

[cm-2s-1] 
1.92⋅1032 1.17⋅1033 1.02⋅1034 

From the feedback of the results on the collision lumi-
nosity, a study is performed using QuickPIC where 
the emittance of the positron beam is reduced by one 
order of magnitude, and the beam is rematched to the 
plasma wakefields in the MNL regime. The beam 
density is also scanned to vary and optimize the beam 
charge. The beam is propagated over a certain distance 
until emittance equilibrium is observed. The results 
demonstrated in Fig. 2 show catastrophic emittance 
growth when kbsz > 1, a limitation similar to the one in 
the linear regime [20]. In addition, stringent matching 
conditions are necessary to keep the emittance growth 
within 10% (the dark blue region in Fig. 2). 

 Restraining the conditions of accelerating positrons with 
lower emittance in the MNL regime to kbsz < 1, two 
potential solutions are proposed in Table 1: 
Accelerating at a lower charge and efficiency or 
at sub-micron bunch lengths. In the simulations, the 
positron bunch has an initial energy of 1 GeV. The 
limitation becomes more demanding at higher energies as 
g ~ 1/sr2 ~ nb ~ kb2. 

Figure 2: Emittance evolution scan for a positron beam 
with eN = 0.238 mm⋅mrad. The solid dots indicate that the 
beam reaches emittance equilibrium at some point, and 
hollow dots indicate beams with continuous emittance 
growth. The dashed black line shows where kbsz = 1, in-
creasing towards higher positron beam density. 

CONCLUSION 
A comprehensive numerical study for positron accelera-

tion in the MNL regime of plasma wakefields shows the 
feasibility of accelerating positrons with good efficiency 
and beam quality in this regime at the emittance level of a 
few mm⋅mrad. With these positron parameters, and assum-
ing the electron parameters given in Table 2, the attainable 
total luminosity in an electron-positron collider with a cen-
ter-of-mass energy of 3 TeV is 2.84⋅1032 cm-2s-1, and the 
peak 10% luminosity 1.92⋅1032 cm-2s-1. In order to ap-
proach the required luminosity of 1034 cm-2s-1 in a linear 
e+e- collider application, the emittance of the positron 
bunch needs to be reduced. In the MNL regime, this im-
plies either a compromise in charge or the necessity for ul-
tra-short bunches. A compromise in charge would further 
reduce the luminosity, leaving the option to producing ul-
tra-short positron bunches. Other mitigation techniques are 
needed in this regime to avoid overloading (and emittance 
growth as a result) as increasing the positron charge and 
energy becomes prominent in reaching the target luminos-
ity. We have shown that it is not necessary to accelerate 
symmetrically the electrons and positrons, loosening the 
requirements for positron acceleration in plasma. Further 
studies of positron acceleration with low emittance in 
plasma are required to evaluate the feasibility and capabil-
ity of a high-energy collider that accelerates asymmetri-
cally electrons and positrons.  

ACKNOWLEDGEMENTS 
This work was supported by the Research Council of 

Norway project no. 313770. Simulations were performed 
on resources provided by Sigma2 - the National Infrastruc-
ture for High Performance Computing and Data Storage in 
Norway. We acknowledge GENCI-TGCC for granting us 
access to the supercomputer IRENE under grants no.2020-
A0090510062, 2021-A0100510786, 2021-A0110510062 
and 2022-A0120510786 to run PIC simulations. 

REFERENCES 
[1] A. Abada, M. Abbrescia, S. S. AbdusSalam, et al., “FCC-ee:

The Lepton Collider”, Eur. Phys. J. Spec. Top., vol. 228,
pp. 261–623, 2019.
doi:10.1140/epjst/e2019-900045-4

[2] A. Abada, M. Abbrescia, S. S. AbdusSalam, et al., “FCC-hh:
The Hadron Collider”, Eur. Phys. J. Spec. Top., vol. 228,
pp. 755–1107, 2019.
doi:10.1140/epjst/e2019-900087-0

[3] The CEPC Study Group, “CEPC conceptual design report:
Volume 1 - accelerator”, 2018.
doi:10.48550/arXiv.1809.00285

[4] E. Barzi, B. Barish, W. A. Barletta, I. F. Ginzburg, and S. Di
Mitri, “High energy & high luminosity gg colliders”, in Proc.
2022 Snowmass Summer Study, Seattle, WA, USA, Mar.
2022. doi:10.48550/arXiv.2203.08353

[5] W. Chou, “gg collider – a brief history and recent develop-
ments”, in Proc. PHOTON-2017 Conference, CERN, Ge-
neva, Switzerland, CERN Proceedings, vol. 1, 2018.
doi:10.23727/CERN-Proceedings-2018-001.39

5th North American Particle Accel. Conf. NAPAC2022, Albuquerque, NM, USA JACoW Publishing
ISBN: 978-3-95450-232-5 ISSN: 2673-7000 doi:10.18429/JACoW-NAPAC2022-WEYD3

WEYD3C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I

562 03: Advanced Acceleration



[6] International Muon Collider Collaboration, “A muon col-
lider facility for physics discovery”, 2022.
doi:10.48550/arXiv.2203.08033

[7] D. Schulte, “The muon collider”, in Proc. 13th Int. Particle 
Acc. Conf., IPAC2022, Bangkok, Thailand, Jun. 2022, 
pp. 821-826.
doi:10.18429/JACoW-IPAC2022-TUIZSP2

[8] G. Moortgat-Pick et al., “Physics at the e+e- linear collider”, 
Eur. Phys. J. C., vol. 75, p. 371, 2015.
doi:10.1140/epjc/s10052-015-3511-9

[9] H. Murayama and M. E. Peskin, “Physics opportunities of 
e+e- linear colliders”, Annu. Rev. Nucl. Part. Sci., vol. 46, 
pp. 533-608, 1996.
doi:10.1146/annurev.nucl.46.1.533

[10] ILC International Development Team, “The international 
linear collider: report to Snowmass 2021”, in Proc. 2022 
Snowmass Summer Study, Seattle, WA, USA, 2022. 
doi:10.48550/arXiv.2203.07622

[11] T. Behnke, J. E. Brau, B. Foster, J. Fuster, M. Harrison, 
et al., “The international linear collider technical design re-
port – volume 1: executive summary”, 2013.
doi:10.48550/arXiv.1306.6327

[12] L. Linssen, A. Miyamoto, M. Stanitzki, and H. Weertz, 
“Physics and detectors at CLIC: CLIC conceptual design re-
port”, CERN, Geneva, Switzerland, CERN Yellow Reports: 
Monographs, CERN-2012-003, 2012.
doi:10.5170/CERN-2012-003

[13] CLICdp Collaboration, “The compact linear collider 
(CLIC) – 2018 summary report”, CERN, Geneva, Switzer-
land, CERN Yellow Reports: Monographs, 
CERN-2018-005, 2018. doi:10.23731/CYRM-2018-002

[14] I. Blumenfeld, C. Clayton, F. J. Decker, et al., “Energy dou-
bling of 42 GeV electrons in a meter-scale plasma wakefield 
accelerator”, Nature, vol. 445, pp. 741-744, 2007.
doi:10.1038/nature05538

[15] C. A. Lindstrøm et al., “Energy-spread preservation and 
high efficiency in a plasma-wakefield accelerator”, Phys. 
Rev. Lett., vol. 126, p. 014801, 2021.
doi:10.1103/PhysRevLett.126.014801

[16] Y. B. Fainberg, “Acceleration of charged particles in a 
plasma”, Sov. Phys. Usp., vol. 10, p. 750, 1968.
doi:10.1070/PU1968v010n06ABEH003715

[17] P. Chen, J. M. Dawson, R. W. Huff, and T. Katsouleas, “Ac-
celeration of electrons by the interaction of a bunched elec-
tron beam with a plasma”, Phys. Rev. Lett., vol. 54, p. 693, 
1985. doi:10.1103/PhysRevLett.54.693

[18] T. Tajima and J. M. Dawson, “Laser electron accelerator”, 
Phys. Rev. Lett., vol. 43, p. 267, 1979.
doi:10.1103/PhysRevLett.43.267

[19] E. Esarey, C. B. Schroeder, and W. P. Leemans, “Physics of 
laser-driven plasma-based electron accelerators”, Rev. Mod. 
Phys., vol. 81, p. 1229, 2009. 
doi:10.1103/RevMod-Phys.81.1229

[20] C. S. Hue et al., “Efficiency and beam quality for positron 
acceleration in loaded plasma wakefields”, Phys. Rev. Re-
search., vol. 3, p. 043063, 2020.
doi:10.1103/PhysRevResearch.3.043063

[21] R. Brinkmann et al., “Chirp mitigation of plasma-acceler-
ated beams by a modulated plasma density”, Phys. Rev. 
Lett., vol. 118, p. 214801, 2017.
doi:10.1103/PhysRevLett.118.214801

[22] R. D’Arcy et al., “Tunable plasma-based energy dechirper”, 
Phys. Rev. Lett., vol. 122, p. 034801, 2019.
doi:10.1103/PhysRevLett.122.034801

[23] R. Pompili et al., “Energy spread minimization in a beam-
driven plasma wakefield accelerator”, Nat. Phys., vol. 17, 
pp. 499-503, 2021. doi:10.1038/s41567-020-01116-9

[24] C. Huang et al., “Quickpic: A highly efficient particle-in-
cell code for modeling wakefield acceleration in plasmas”,
J. Comput. Phys., vol. 217, p. 658, 2006.
doi:10.1016/j.cp.2006.01.039

[25] W. An, V. K. Decyk, W. B. Mori, and T. M. Antonsen Jr.,
“An improved iteration loop for the three dimensional
quasi-static particle-in-cell algorithm: Quickpic”, J. Com-
put. Phys., vol. 250, p. 165, 2013.
doi:10.1016/j.cp.2013.05.020

[26] UCLA Plasma Simulation Group, QuickPIC Open Source,
http://github.com/UCLA-Plasma-Simulation-
Group/QuickPIC-OpenSource

[27] D. Schulte, “Study of electromagnetic and hadronic back-
ground in the interaction region of the TESLA collider”,
Ph. D. thesis, Hamburg U., Germany, 1997.

[28] GUINEA-PIG github repository,
http://github.cern.ch/clic-software/guinea-
pig

[29] J. B. B. Chen, “Instability and beam-beam study for multi-
TeV PWFA e+e- and 𝛾𝛾𝛾𝛾 linear colliders”, Ph.D. thesis, De-
partment of Physics, University of Oslo, Norway, 2020.

[30] R. Burrows et al., “Updated baseline for a staged compact
linear collider”, CERN, Geneva, Switzerland, Rep. CERN-
2016-004, Aug. 2016. doi:10.5170/CERN-2016-004

[31] E. Adli, J. P. Delahaye, S. J. Gessner, M. J. Hogan, T.
Raubenheimer, et al., “A beam driven plasma-wakefield lin-
ear collider: from higgs factory to multi-TeV,” in Proc.
Community Summer Study 2013: Snowmass on the Missis-
sippi, Minneapolis, MN, USA, Aug. 2013.
doi:10.48550/arXiv.1308.1145

[32] M. E. Peskin, T. Barklow, and S. Gessner, private commu-
nication, Jun. 2022.

5th North American Particle Accel. Conf. NAPAC2022, Albuquerque, NM, USA JACoW Publishing
ISBN: 978-3-95450-232-5 ISSN: 2673-7000 doi:10.18429/JACoW-NAPAC2022-WEYD3

03: Advanced Acceleration

WEYD3

563

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I


