
Tunable Laser Source of Exotic particles

Aakash A. Sahai, Univ of Colorado Denver, Adv. Acc. Concepts 2024 1

US Patent 16,770,943: Method & apparatus for processing a particle shower using a laser-driven plasma

PRAB 21, 081301 (2018) 

A. Sahai (PI), CU Denver,
H. Chen, LLNL (co-PI), 

K. Kusche, M. Polyanskiy, I. Pogorelsky, M. Fedurin, BNL



2

Objective

Aakash A. Sahai, Univ of Colorado Denver, Adv. Acc. Concepts 2024 2



Schematic

June 19, 2019 11:50 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in Laser˙Muon˙Acc˙Schemes page 10

10

muon
target

plasma 2

laser 2

plasma 1

laser 1 multi-GeV
e- beam

μ∓ flux (+ π∓)
Z

Fig. 3. Schematic of laser-plasma post-processing of photo-produced (photo-meson and BH muon

pair-production) ⇡±
-µ±

Hadronic shower driven by e±
beam in a target.

4.4. Scheme II:

Laser-driven plasma based post-processing of proton beam

driven Hadronic shower

When proton beam is shot onto a target, direct interaction of protons with atomic
nuclei dominates the interaction. The resulting proton-nucleon reaction result in the
production of pions mediated by the strong force. These reactions occur between
the high-energy protons in the beam and the nucleons that constitute the atomic
nuclei:

(R.3) protons, p + p ! ⇡+ + p + p

(R.4) neutrons, p + n ! ⇡� + p + p

Thus, the hadronic shower produced is primarily a pion shower. The threshold
proton beam energy required can be estimated from momentum four-vector of the
interaction:
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The cross-section of proton-nucleon reactions which is dictated by strong inter-
actions is,

�pp(Ep) ' 40 ⇥ 10�27 cm�2 = 40 mb, (1barn = 10�24cm�2)

�pZ(Z, A) ' �pp ⇥ A0.7 [�pZ(A > 100) ' 1 barn]
(7)

The event-rate of pion production is calculated for a hypothetical ultra-short
(< 1 ps) 500MeV proton bunch with 1nC charge (Nbeam = 6.24 ⇥ 109 protons)
incident on a 1cm thick Tungsten (AW(Z = 74) ' 184) target of number density
ntarget = 6.3 ⇥ 1022cm�3 using below,

Laser positron source
(acc./dec. & focusing 
of e－-e+ shower)

Laser muon source
(acc./dec. & focusing
of μ－-μ+ shower)
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Key scientific goals

Tunable, collisionless variation of trapped positron / muon properties

CO2 laser-driven post-processing of ATF e-beam driven particle showers:

§ UNIQUE: long wavelength (mid-IR) CO2 laser (compared to Ti:Sapphire/NIR): 
larger plasma structures – easier to physically overlay with the showers
slower structures for a lower plasma density – laser velocity slower for same density

§ UNIQUE: control the interaction – tunable laser, external electron beam and gas density

§ numerous applications benefit from a tunable positron / muon beam
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raw positron-electron showers

orders-of-magnitude
 roll-off at 

high-energies

Maxwellian spectrum

§ showers > MeV electrons on converter target

§ positrons NOT isolated

§ positrons still divergent

§ un-localized in momentum space

shower  ≠  beam
pair-plasma ≠  beam
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Laser-driven plasma + particle shower
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1st-stage – positron-production stage
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Fig. 2. Positron flux in tungsten per incident electron vs z for incident energy of 
33 GeV. The different curves are for successively bigger cutoffs in maximum positron 
energy of 5, 10,20, 50, and 100 MeV. The minimum energy cutoff is 2 MeV. The z 
bins are one radiation length. Note the shower maximum is around seven radiation 
lengths for this energy. The calculation covers the first eleven radiation lengths. 
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Fig. 3. Yield per l-MeV energy (E) b in versus E at z = 6 radiation lengths. 
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SLAC-PUB-4484

peak ~ 2.5 MeV

temperature
 ~ 200keV

shower e+ density
1-10 × 1016 cm-3

2

scheme-A) or a high-temperature quasi-monoenergetic

distribution [25] (in scheme-B) is coupled into the second

stage. In this positron-acceleration stage, a significant

number of particles of the diverging shower are trapped in

a large incident spot-size laser-driven plasma-wave [28].

An ultra-relativistic quasi-monoenergetic e+-“beam” is

accelerated by the plasma fields. This ultra-short e+-
beam can be further accelerated to higher energies using

more stages [29, 30].

Earlier works have modeled the trapping of plasma

electrons with high temperatures [32] in a laser-driven

plasma-wave, unlike the injection of particle-showers

with MeV-scale temperatures considered here. This

work di↵ers significantly from positron acceleration us-

ing beam-driven plasma-waves [33, 34] in essential wave-

particle interaction physics, while crucially eliminating

the dependence on GeV-scale RF accelerators. Although

sheath-acceleration which uses the thermal expansion of

an electron-ion sheath [25] at the sound speed, has driven

a few 10s of MeV quasi-monoenergetic beams, scaling it

to GeV-energies has not been shown. Lastly, produc-

ing e+ � e� particle showers di↵ers from accelerating a

e+-“beam”. The energy distribution of e+ � e� show-

ers peaks around a few MeV [10, 24] with an order-of-

magnitude roll-o↵ in positron number every 10 MeV.

The characteristics of laser-driven e+ � e� shower are

dictated by the parameters of the first-stage. These in-

clude the peak electron energy and charge in scheme-A,

the kJ laser energy and intensity in scheme-B in addition

to the target composition and dimensions.

In scheme-A, the shower has an anisotropic relativistic

Maxwellian momentum distribution function in p-space
where p = (p?, pk) and pk is parallel to the laser propa-

gation axis [26, 27],

f(p) = C (p2? + p2k) exp
h
��?

q
1 + p2? +A p2k

i
(1)

where �? = mec2 T�1
? , �k = mec2 T�1

k , A = TkT
�1
? =

��1
k �?, longitudinal pk and transverse p? momenta are

normalized to mec, transverse T? and longitudinal Tk
temperatures are in eV and C is the normalization con-

stant [26, 27]. As defining an average drift velocity di-

verges from a kinetic theory approach, a drifting rela-

tivistic bi-Maxwellian is not applied here [27]. The peak

particle number is at an energy of 2.3 MeV corresponding

to df(p)/dpk = 0 with Tk = 5.0 MeV and a transverse

temperature, T? = 0.2 MeV. The opening angle of the

particle shower is 6
�
. The e+ � e� showers are modeled

with electron densities between 10
15
cm

�3
and 10

17
cm

�3

with fe+/fe� -ratio between 0.1 to 0.4.

The above laser-driven particle-shower parameters are

modeled after experimental data [24]. Positron number

of 10
9
over 1 MeV with 10

15
cm

�3
density were mea-

sured with an anisotropic relativistic Maxwellian dis-

tribution. These showers are produced by 10
9
laser-

plasma accelerated electrons with a 0.6 GeV peak en-

ergy interacting with a 5-10 mm thick Pb target. From

GEANT4 / FLUKA simulations of laser-plasma accel-

erated multi-GeV electrons [31], an order-of-magnitude

higher positron number per electron [35] is observed.

Increasing the electron energy produces higher positron

number per incident electron, but the showers retain their

spectral characteristics peaking at a few MeV [10]

In scheme-B, the sheath-accelerated quasi-

monoenergetic spectrum e+�e� shower is modeled with

a drifting Maxwellian with ⇠ 10 MeV kinetic energy

and 200 keV temperature and 10
16
cm

�3
density. This

models the experimentally observed 10
10

positrons [25]

(shot C) where a 305 J, �0 = 1.054µm, ⌧p ⇠ 10ps,

8 � 50µm FWHM spot-size laser was incident on a

1mm-thick 2mm diameter Au target.
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to the target composition and dimensions.

In scheme-A, the shower has an anisotropic relativistic

Maxwellian momentum distribution function in p-space
where p = (p?, pk) and pk is parallel to the laser propa-

gation axis [26, 27],

f(p) = C (p2? + p2k) exp
h
��?

q
1 + p2? +A p2k

i
(1)

where �? = mec2 T�1
? , A = TkT

�1
? , longitudinal pk and

transverse p? momenta are normalized to mec, trans-

verse T? and longitudinal Tk temperatures are in eV and

C is the normalization constant [26, 27]. As defining

an average drift velocity diverges from a kinetic theory

approach, a drifting relativistic bi-Maxwellian is not ap-

plied here [27]. The peak particle number is at an en-

ergy of 2.3 MeV corresponding to df(p)/dpk = 0 with

a transverse temperature, T? = 0.2 MeV and A = 25.

The opening angle of the particle shower is 6
�
. The

e+ � e� showers are modeled with electron densities be-

tween 10
15
cm

�3
and 10

17
cm

�3
with fe+/fe� -ratio be-

tween 0.1 to 0.4.

The above laser-driven particle-shower parameters are

modeled after experimental data [24]. Positron number

of 10
9
over 1 MeV with 10

15
cm

�3
density were mea-

sured with an anisotropic relativistic Maxwellian dis-

tribution. These showers are produced by 10
9
laser-

plasma accelerated electrons with a 0.6 GeV peak en-

ergy interacting with a 5-10 mm thick Pb target. From

GEANT4 / FLUKA simulations of laser-plasma accel-

erated multi-GeV electrons [31], an order-of-magnitude

higher positron number per electron [35] is observed.

Increasing the electron energy produces higher positron

number per incident electron, but the showers retain their

spectral characteristics peaking at a few MeV [10]

In scheme-B, the sheath-accelerated quasi-

monoenergetic spectrum e+�e� shower is modeled with

a drifting Maxwellian with ⇠ 10 MeV kinetic energy

and 200 keV temperature and 10
16
cm

�3
density. This

models the experimentally observed 10
10

positrons [25]

(shot C) where a 305 J, �0 = 1.054µm, ⌧p ⇠ 10ps,

8 � 50µm FWHM spot-size laser was incident on a

1mm-thick 2mm diameter Au target.
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e+-LPA regime - interaction physics
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1
2 is the electron plasma frequency) necessitates a careful

analysis of their interaction. An analysis followed by PIC simulations below elucidates the

requirements to trap shower positrons and tune the accelerated e+-beam energy spectra and

energy gain.

The threshold potential required to trap and retain a significant positron number can be

analytically derived. The minimum kinetic energy, Esh = (�sh � 1)mec2 (lab-frame momen-

tum, pk = �sh�
k
shmec, �sh = [1��2

sh]
� 1

2 ) of the positrons that are trapped is chosen to be less

than the peak of the distribution in eq.1. The Lorentz transformed lower-limit of trapped
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� 1
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Positrons with negative relative velocities in the wave-frame at E 0
sh are trapped only when a

lower-limit of wave-frame potential  0 is exceeded

e 0 � E 0
sh (3)

Lorentz transformation of the four potential ( 0,A0) (A0 is the wave vector potential) back

to the lab-frame under gauge invariance gives the threshold potential  and  th

 =
!pe

!0
 0 + c A · ��

 th � �sh (1� �k
sh��)�

!pe

!0
,  =

e 

mec2
, Ak = 0.

(4)

The longitudinal trapping condition in eq.4 is necessary but not su�cient, because parti-

cles may still transversely escape. A threshold potential is therefore necessary to constrain

the divergent positrons within a transverse escape momentum contour. This potential is

derived by Lorentz transforming to the shower frame at c�k
sh where the longitudinal mo-

mentum contracts and the average particle energy in the shower frame is kBT?. Thus, the

threshold  00 and  th are

e 00 � ↵ kBT?

 th � ↵
kBT?(mec2)�1

1 + Esh(mec2)�1

(5)

where, ↵ > 1 accounts for the trapping of particles away from c�k
sh in the shower momentum

distribution.

6

laser-driven plasma-wave
phase-velocity

velocity of the shower positrons and the electron compression phase (�� =
⇥
1� !2

pe/!
2
0

⇤ 1
2 ,

!0 = 2⇡c��1
0 , !pe = [4⇡n0e2m�1

e ]
1
2 is the electron plasma frequency) necessitates a careful

analysis of their interaction. An analysis followed by PIC simulations below elucidates the

requirements to trap shower positrons and tune the accelerated e+-beam energy spectra and

energy gain.

The threshold potential required to trap and retain a significant positron number can be

analytically derived. The minimum kinetic energy, Esh = (�sh � 1)mec2 (lab-frame momen-

tum, pk = �sh�
k
shmec, �sh = [1��2

sh]
� 1

2 ) of the positrons that are trapped is chosen to be less

than the peak of the distribution in eq.1. The Lorentz transformed lower-limit of trapped

positron kinetic energy in wave-frame with �� = [1� �2
�]

� 1
2 = !0/!pe is

E 0
sh =

✓
!0

!pe
�sh (1� �k

sh��)� 1

◆
mec

2. (2)

Positrons with negative relative velocities in the wave-frame at E 0
sh are trapped only when a

lower-limit of wave-frame potential  0 is exceeded

e 0 � E 0
sh (3)

Lorentz transformation of the four potential ( 0,A0) (A0 is the wave vector potential) back

to the lab-frame under gauge invariance gives the threshold potential  and  th

 =
!pe

!0
 0 + c A · ��

 th � �sh (1� �k
sh��)�

!pe

!0
,  =

e 

mec2
, Ak = 0.

(4)

The longitudinal trapping condition in eq.4 is necessary but not su�cient, because parti-

cles may still transversely escape. A threshold potential is therefore necessary to constrain

the divergent positrons within a transverse escape momentum contour. This potential is

derived by Lorentz transforming to the shower frame at c�k
sh where the longitudinal mo-

mentum contracts and the average particle energy in the shower frame is kBT?. Thus, the

threshold  00 and  th are

e 00 � ↵ kBT?

 th � ↵
kBT?(mec2)�1

1 + Esh(mec2)�1

(5)

where, ↵ > 1 accounts for the trapping of particles away from c�k
sh in the shower momentum

distribution.

6

lab-frame shower particle kinetic-energy
to be trapped

wave-frame shower particle kinetic-energy
to be trapped

velocity of the shower positrons and the electron compression phase (�� =
⇥
1� !2

pe/!
2
0

⇤ 1
2 ,

!0 = 2⇡c��1
0 , !pe = [4⇡n0e2m�1

e ]
1
2 is the electron plasma frequency) necessitates a careful

analysis of their interaction. An analysis followed by PIC simulations below elucidates the

requirements to trap shower positrons and tune the accelerated e+-beam energy spectra and

energy gain.

The threshold potential required to trap and retain a significant positron number can be

analytically derived. The minimum kinetic energy, Esh = (�sh � 1)mec2 (lab-frame momen-

tum, pk = �sh�
k
shmec, �sh = [1��2

sh]
� 1

2 ) of the positrons that are trapped is chosen to be less

than the peak of the distribution in eq.1. The Lorentz transformed lower-limit of trapped

positron kinetic energy in wave-frame with �� = [1� �2
�]

� 1
2 = !0/!pe is

E 0
sh =

✓
!0

!pe
�sh (1� �k

sh��)� 1

◆
mec

2. (2)

Positrons with negative relative velocities in the wave-frame at E 0
sh are trapped only when a

lower-limit of wave-frame potential  0 is exceeded

e 0 � E 0
sh (3)

Lorentz transformation of the four potential ( 0,A0) (A0 is the wave vector potential) back

to the lab-frame under gauge invariance gives the threshold potential  and  th

 =
!pe

!0
 0 + c A · ��

 th � �sh (1� �k
sh��)�

!pe

!0
,  =

e 

mec2
, Ak = 0.

(4)

The longitudinal trapping condition in eq.4 is necessary but not su�cient, because parti-

cles may still transversely escape. A threshold potential is therefore necessary to constrain

the divergent positrons within a transverse escape momentum contour. This potential is

derived by Lorentz transforming to the shower frame at c�k
sh where the longitudinal mo-

mentum contracts and the average particle energy in the shower frame is kBT?. Thus, the

threshold  00 and  th are

e 00 � ↵ kBT?

 th � ↵
kBT?(mec2)�1

1 + Esh(mec2)�1

(5)

where, ↵ > 1 accounts for the trapping of particles away from c�k
sh in the shower momentum

distribution.

6

velocity of the shower positrons and the electron compression phase (�� =
⇥
1� !2

pe/!
2
0

⇤ 1
2 ,

!0 = 2⇡c��1
0 , !pe = [4⇡n0e2m�1

e ]
1
2 is the electron plasma frequency) necessitates a careful

analysis of their interaction. An analysis followed by PIC simulations below elucidates the

requirements to trap shower positrons and tune the accelerated e+-beam energy spectra and

energy gain.

The threshold potential required to trap and retain a significant positron number can be

analytically derived. The minimum kinetic energy, Esh = (�sh � 1)mec2 (lab-frame momen-

tum, pk = �sh�
k
shmec, �sh = [1��2

sh]
� 1

2 ) of the positrons that are trapped is chosen to be less

than the peak of the distribution in eq.1. The Lorentz transformed lower-limit of trapped

positron kinetic energy in wave-frame with �� = [1� �2
�]

� 1
2 = !0/!pe is

E 0
sh =

✓
!0

!pe
�sh (1� �k

sh��)� 1

◆
mec

2. (2)

Positrons with negative relative velocities in the wave-frame at E 0
sh are trapped only when a

lower-limit of wave-frame potential  0 is exceeded

e 0 � E 0
sh (3)

Lorentz transformation of the four potential ( 0,A0) (A0 is the wave vector potential) back

to the lab-frame under gauge invariance gives the threshold potential  and  th

 =
!pe

!0
 0 + c A · ��

 th � �sh (1� �k
sh��)�

!pe

!0
,  =

e 

mec2
, Ak = 0.

(4)

The longitudinal trapping condition in eq.4 is necessary but not su�cient, because parti-

cles may still transversely escape. A threshold potential is therefore necessary to constrain

the divergent positrons within a transverse escape momentum contour. This potential is

derived by Lorentz transforming to the shower frame at c�k
sh where the longitudinal mo-

mentum contracts and the average particle energy in the shower frame is kBT?. Thus, the

threshold  00 and  th are

e 00 � ↵ kBT?

 th � ↵
kBT?(mec2)�1

1 + Esh(mec2)�1

(5)

where, ↵ > 1 accounts for the trapping of particles away from c�k
sh in the shower momentum

distribution.

6

wave-frame trapping condition
shower particle trapped in plasma wave

Aakash A. Sahai, Univ of Colorado Denver, Adv. Acc. Concepts 2024 14



e+-LPA regime - interaction physics - 2
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TRANSVERSE

trapping particles with K.E. up to a few keV à potential ~ 1

in the electron compression phase of the wave

Aakash A. Sahai, Univ of Colorado Denver, Adv. Acc. Concepts 2024 15



BNL ATF expt. design

Aakash A. Sahai, Univ of Colorado Denver, Adv. Acc. Concepts 2024 20



Yr. 1 - experimental layout

21

§ BL# 1 vacuum chamber & 
gas jet

§ vacuum chamber on BL#1 – 
space for our spectrometer

§ DOES NOT disturb the setup 
for ongoing experiments

§ insert a high-Z target holder 
in the beam path 
(removable)

BPM ViewBPM  ViewBPM View

e-beam 
Entry

e-beam 
Exit

Co2 In 

Yag In  

YAG  Out

IP

Yag
out

see enlarged 
view
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BNL ATF simulations
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simulations of ATF-beam driven 
positron-electron showers

GEANT4 Acknowledgement
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sim of CO2 laser driven plasma processing 

2D PIC simulation of CO2 laser driven 
post-processing of shower

Table 3: Ion-Channel Undulator / Plasma Undulator properties at 2⇥ 1017 cm�3

Plasma parameters 1TW 2TW
Density 2⇥ 1017 cm�3

Critical Power (Pc) 1.1 TW 1.1 TW
P/Pc 0.88 1.87
matched-w0 32 µm 36 µm
a0 1.52 1.95
�� 1.45 mm 1.45 mm
ZR (matched-w0) 0.32 mm 0.4 mm
�r/w0 0.9 0.8
��/�beam 0.05 0.05
KICU (undulator strength) 20.8 20.8
�ICU (��/2�2beam) 26 nm 26 nm
PICU (rad. power) 0.045 W 0.045 W
EICU (energy @ 1 ��) 200 ⇥10�12 J 200 ⇥10�12 J
Nph (@ 1 ��) 2.7 ⇥1010 2.7 ⇥1010

Table 4: Ion-Channel Undulator / Plasma Undulator properties at 5⇥ 1016 cm�3

Plasma parameters 1TW 2TW
Density 5⇥ 1016 cm�3

Critical Power (Pc) 3.9 TW 3.9 TW
P/Pc 0.26 0.5
matched-w0 48 µm 54 µm
a0 0.1 1.3
�� 2.7 mm 2.7 mm
ZR (matched-w0) 0.72 mm 0.9 mm
�r/w0 0.6 0.6
��/�beam 0.1 0.1
KICU (undulator strength) 11 11
�ICU (��/2�2beam) 52 nm 52 nm
PICU (power) 5 ⇥10�3 W 5 ⇥10�3 W
EICU (energy @ 1 ��) 50 ⇥10�12 J 50 ⇥10�12 J
Nph (@ 1 ��) 1 ⇥1010 1 ⇥1010
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§ 2D PIC EPOCH simulations – CO2 laser-driven 
post-processing of ATF beam-driven showers

§ Shower properties determined using GEANT4

§ Initialize a long shower ~ 2.5 ps

§ CO2 Laser-driven structures – can trap and slow-
down positrons
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Strongly Mismatched Regime of Nonlinear
Laser–Plasma Acceleration: Optimization of

Laser-to-Energetic Particle Efficiency
Aakash A. Sahai

Abstract— Laser electron accelerators utilize a bubble regime
of nonlinear plasma waves driven as laser wakefields that, from
theoretical considerations, require a matched laser spot size
incident on plasma. A strongly mismatched regime of nonlinear
laser–plasma acceleration in the bubble regime, favored by
experiments, is introduced and modeled for optimization of laser-
to-particle energy efficiency with application to the recently
proposed laser positron accelerator. Strong mismatch, in contrast
with the matched condition, arises from the incident laser spot
size being much larger than that needed for equilibration of the
laser ponderomotive and electron-ion charge-separation forces
in the nonlinearly driven density structure of a plasma bubble.
This is shown to be favorable for optimization of large self-
injected electron charge and ultralow transverse emittance with-
out precluding beam spectral shaping. It is shown that there are
prominent signatures of the mismatched regime, strong optical-
shock excitation, and bubble elongation, which are validated
using multidimensional particle-in-cell simulations. This paper
thus uncovers a generalized regime that apart from being used
in many laser–plasma acceleration experiments also opens a novel
pathway for a wide range of future applications.

Index Terms— Laser beams, particle beams, plasma accelera-
tors, plasma simulations, positrons, plasma wave.

I. INTRODUCTION

LASER-PLASMA accelerators (LPA) [1] using laser-
driven nonlinear electron density waves in the “bubble”

regime [2] have enabled centimeter-scale acceleration [3], [4]
of quasi-monoenergetic electron “beams.” This regime [2]
has now inspired a worldwide effort on LPAs. These efforts
on LPA [5]–[9] have continued to show enhancement in the
electron beam properties.

The theoretical model of these bubble LPAs is based on
a “matched” regime [2]. Theoretically, the maximum energy
gain is considered to be only possible if the incident laser
radial spot size is matched to the “bubble” size that equilibrates
the electron-ion charge separation and the laser ponderomotive
force. This initially matched laser spot-size condition is held
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to be exclusively optimal for properties of the acceleration
structure and electron beam [10].

However, a wide range of well-known groundbreaking
experimental results [3]–[8] that have been a key to estab-
lish these LPAs have favored a mismatched regime. In the
strongly mismatched regime, modeled here for the first time,
the laser focal spot size is significantly larger than the matched
condition [10].

As opposed to the minimization of the relative energy
spread of the accelerated electron beam that is the exclusive
pursuit of almost all of the ongoing LPA efforts [3]–[9], [11],
this paper optimizes the laser-to-energetic particle conversion
efficiency without precluding beam spectral shaping. This
laser-to-beam energy conversion optimization makes possible
applications that require high electron charge at high ener-
gies in a micrometer-scale spot size. For example, this is
the requirement of the feeder stage of a recently proposed
laser positron accelerator [12]. Past experimental work has
often used this regime because it has also been found to
be more effective for certain beam characteristics over the
matched regime. Despite the higher electron energies and other
qualities that experimentally establish the profound importance
of the mismatched regime, no earlier work has investigated its
underlying physical mechanisms.

Physical processes underlying the mismatched regime are
here shown to significantly differ from the matched regime.
Two prominent signature processes of this regime—strong
optical-shock excitation and bubble elongation are elucidated
here. The process of laser slicing uncovered here is signifi-
cantly different from the well-known effect of laser etching
in plasma. Second, the process of bubble elongation is quite
distinct from the isotropic bubble expansion explored earlier.
Thus, while this paper reveals novel laser–plasma dynamics,
it also opens up an alternative to the matched regime.

Apart from merely the tendency of experiments to favor
the mismatched regime, several important factors motivate its
study. First, a larger vacuum focal spot size at a given laser
power is known to produce higher “mode quality” in the far
field (low beam-propagation factor or M2-number or TEM00-
times diffraction-limited number). This is because a larger
spot is less affected by various aberrations [13]. High mode
quality is not equivalent to the maximization of intensity
percentage within the focal spot, as characterized by the Strehl
ratio [14]. This is because of the well-defined “no-TEM00
Gaussian” problem [13]. Second, self-injection mechanisms
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Abstract— Laser electron accelerators utilize a bubble regime
of nonlinear plasma waves driven as laser wakefields that, from
theoretical considerations, require a matched laser spot size
incident on plasma. A strongly mismatched regime of nonlinear
laser–plasma acceleration in the bubble regime, favored by
experiments, is introduced and modeled for optimization of laser-
to-particle energy efficiency with application to the recently
proposed laser positron accelerator. Strong mismatch, in contrast
with the matched condition, arises from the incident laser spot
size being much larger than that needed for equilibration of the
laser ponderomotive and electron-ion charge-separation forces
in the nonlinearly driven density structure of a plasma bubble.
This is shown to be favorable for optimization of large self-
injected electron charge and ultralow transverse emittance with-
out precluding beam spectral shaping. It is shown that there are
prominent signatures of the mismatched regime, strong optical-
shock excitation, and bubble elongation, which are validated
using multidimensional particle-in-cell simulations. This paper
thus uncovers a generalized regime that apart from being used
in many laser–plasma acceleration experiments also opens a novel
pathway for a wide range of future applications.

Index Terms— Laser beams, particle beams, plasma accelera-
tors, plasma simulations, positrons, plasma wave.

I. INTRODUCTION

LASER-PLASMA accelerators (LPA) [1] using laser-
driven nonlinear electron density waves in the “bubble”

regime [2] have enabled centimeter-scale acceleration [3], [4]
of quasi-monoenergetic electron “beams.” This regime [2]
has now inspired a worldwide effort on LPAs. These efforts
on LPA [5]–[9] have continued to show enhancement in the
electron beam properties.

The theoretical model of these bubble LPAs is based on
a “matched” regime [2]. Theoretically, the maximum energy
gain is considered to be only possible if the incident laser
radial spot size is matched to the “bubble” size that equilibrates
the electron-ion charge separation and the laser ponderomotive
force. This initially matched laser spot-size condition is held
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to be exclusively optimal for properties of the acceleration
structure and electron beam [10].

However, a wide range of well-known groundbreaking
experimental results [3]–[8] that have been a key to estab-
lish these LPAs have favored a mismatched regime. In the
strongly mismatched regime, modeled here for the first time,
the laser focal spot size is significantly larger than the matched
condition [10].

As opposed to the minimization of the relative energy
spread of the accelerated electron beam that is the exclusive
pursuit of almost all of the ongoing LPA efforts [3]–[9], [11],
this paper optimizes the laser-to-energetic particle conversion
efficiency without precluding beam spectral shaping. This
laser-to-beam energy conversion optimization makes possible
applications that require high electron charge at high ener-
gies in a micrometer-scale spot size. For example, this is
the requirement of the feeder stage of a recently proposed
laser positron accelerator [12]. Past experimental work has
often used this regime because it has also been found to
be more effective for certain beam characteristics over the
matched regime. Despite the higher electron energies and other
qualities that experimentally establish the profound importance
of the mismatched regime, no earlier work has investigated its
underlying physical mechanisms.

Physical processes underlying the mismatched regime are
here shown to significantly differ from the matched regime.
Two prominent signature processes of this regime—strong
optical-shock excitation and bubble elongation are elucidated
here. The process of laser slicing uncovered here is signifi-
cantly different from the well-known effect of laser etching
in plasma. Second, the process of bubble elongation is quite
distinct from the isotropic bubble expansion explored earlier.
Thus, while this paper reveals novel laser–plasma dynamics,
it also opens up an alternative to the matched regime.

Apart from merely the tendency of experiments to favor
the mismatched regime, several important factors motivate its
study. First, a larger vacuum focal spot size at a given laser
power is known to produce higher “mode quality” in the far
field (low beam-propagation factor or M2-number or TEM00-
times diffraction-limited number). This is because a larger
spot is less affected by various aberrations [13]. High mode
quality is not equivalent to the maximization of intensity
percentage within the focal spot, as characterized by the Strehl
ratio [14]. This is because of the well-defined “no-TEM00
Gaussian” problem [13]. Second, self-injection mechanisms
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