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Plasma wake field accelerators driven with solid-state near-IR lasers have been considered as an
alternative to conventional rf accelerators for next-generation TeV-class lepton colliders. Here, we extend
this study to the mid-IR spectral domain covered by CO, lasers. We conclude that the increase in the laser
driver wavelength favors the regime of laser wake field acceleration with a low plasma density and high
electric charge. This regime is the most beneficial for gamma colliders to be converted from lepton colliders
via inverse Compton scattering. Selecting a laser wavelength to drive a Compton gamma source is essential
for the design of such a machine. The revealed benefits from spectral diversification of laser drivers for
future colliders and off-spring applications validate ongoing efforts in advancing the ultrafast CO, laser

technology.
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I. INTRODUCTION

Recent fundamental discoveries made at LHC further
prove the importance of sustaining the ascent to high-
particle-energy frontiers in order to gain deeper insight into
matter and the Universe. To maintain this momentum,
next-generation higher-energy accelerators are being con-
templated by the global scientific community. TeV-class
electron-positron (e~ e™) linear colliders are among the most
promising options for the next energy-frontier accelerator.
Such a machine may provide the capability to investigate
new physics beyond the standard model by discovering and
exploring new particles and precisely measuring the Higgs
boson and top quark beyond the LHC’s reach.

Built on conventional 1f technology, a linear collider
would be of the order of 30 km long. To mitigate the
considerable financial burdens imposed by such a project,
scientists look to more economical and compact
approaches that may be offered by replacing rf accelerators
with plasma waves and high-power lasers.

An electron plasma wake, generated by particle bunches
or laser pulses as they propagate through a plasma creates
a strong longitudinal accelerating field Ey[V/cm]~

n,Jem™], e. g, ~1 GeV/cm at a plasma density
n, = 10'® cm™3. Trapped in such a wake, electrons pick
up several GeVs of kinetic energy from a palm-size
(1-10 cm) accelerating stage. Recent demonstrations of
such high-gradient electron acceleration, combined with
good control over the properties of the accelerated beam,
encourage researchers to contemplate plasma accelerators
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up to TeV energies. While two methods of exciting wake
fields in plasma using charged particles or laser pulses are
deemed promising [1,2], we limit our analysis to Laser
Wakefield Accelerators (LWFA) [3.,4].

In a number of publications and workshops, a roadmap
toward 0.5-1.0 TeV e~e* colliders based on the LWFA
method has been explored [5-8]. Capitalizing on the
resounding success of LWFA experiments achieved by
utilizing solid state lasers based on chirped pulse ampli-
fication (CPA) [9,10], the leading trend in designing
prospective laser-plasma colliders concentrates on the
near-IR spectral domain where these lasers operate.

While possible solutions for scaling plasma accelerators
via multistaging look relatively transparent and are being
poised for further testing, capabilities of present-day solid-
state lasers measured by their average power, repetition
rate, and energy efficiency are yet far below the numbers
required to achieve the targeted collider performance at an
acceptable operational cost. Efforts are being actively
pursued to address these limitations of solid-state lasers,
among which high-power fiber lasers appear particularly
promising. While resolving these technical issues is still in
the distant future, parallel evaluation of alternative laser
technologies may be prudent from the standpoint of both
revealing their technical capabilities and identifying new
plasma acceleration regimes.

One of these technologies could be a CO, laser with its
distinctive radiation spectrum (9—10 ym) fitting in the mid-
IR range. After first pioneering demonstrations of plasma
beat-wave acceleration [11] with the maximum 38 MeV
electron acceleration achieved [12], picosecond CO, lasers
surrender their competitive edge in the LWFA research to
solid-state CPA lasers, femtosecond pulses of which
resonantly drive plasma wakes for practically interesting
plasma densities n, > 10'® cm™3. This situation will
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change with development of a new breed of ultrafast
high-power CO, lasers. The first laser of this generation
is under construction at the BNL Accelerator Test Facility
(ATF). This development prompts our outlook into the
potentials of this emerging technology as a complementary
path toward practically meaningful LWFA accelerators,
TeV-class colliders in particular.

The stage for this discussion is set by a series of
publications that elaborates on the LWFA collider concept
built on near-IR laser drivers [8,13,14]. The purpose of this
paper is to extend the scope of optimizing the laser
parameters for plasma colliders into the mid-IR spectral
domain covered by CO, lasers. In order to make this study
informative and self-consistent, we shall view the problem
at several different angles, thereby shedding light on the
underlying physics of the mid-IR LWFA process, its
relevance to future colliders, and on the enabling capabil-
ities of ultrafast CO, lasers.

Section II discusses the specifics of using mid-IR laser
drivers for LWFA. Our main purpose is to provide a
comparative analysis of representative LWFA regimes
driven by near-IR Ti:Sapphire (Ti:S) and mid-IR CO,
lasers for realizing a 1-TeV center-of-mass (c. m.) collider
with a targeted luminosity

AP
4ﬂﬁi

L

=10* s'ecm™2, (1)

where N, is the number of particles per bunch, f is the
bunches’ repetition rate, and ¢, is the beam size at the
collider interaction point (IP).

The analytical approach presented here for optimizing
the plasma and laser parameters to achieve the required
collider’s luminosity, assuming feasible mid-IR laser
parameters, is fully consistent with the formalism adopted
in papers on near-IR LWFA colliders [8,13], thus, permit-
ting direct comparison of these two regimes. The reported
earlier particle-in-cell (PIC) simulations for a single plasma
accelerator stage driven with a prospective multi-terawatt,
femtosecond CO, laser [15] agree with our analytical
predictions adding confidence to our analysis. We conclude
that the optimum LWFA regime for CO, lasers shifts
towards lower plasma densities compared to Ti:S lasers.
This introduces certain advantages, particularly related to a
stronger bunch charge supported by a plasma wake.
Entered quadratically into Eq. (1), a higher charge allows
reducing the pulse repetition rate leading to lower power
consumption by a collider.

We will see, however, that this positive trend is con-
strained by the beamstrahlung effect that puts a limit on a
bunch charge. Nevertheless, there are other applications for
mid-IR LWFA available, such as yy colliders where beam-
strahlung is not considered an issue. Converting lepton
colliders into gamma colliders via inverse Compton scatter-
ing opens an opportunity to study a broader variety of

processes by colliding e~, e™ and y beams in any combi-
nation and at independently controlled polarization.
Selecting the optimum laser to drive the Compton scattering
is essential for the design of such a machine. Section III
builds upon our analysis of selecting a CO, laser as a
Compton source driver for a 4.4-TeV c. m. yy collider and
for a Compton-based polarized positron source.

In Section IV, we discuss our strategy for developing the
next-generation of ultrafast CO, lasers that includes an
isotopically enriched active laser medium, the chirped pulse
amplification (CPA) technique, and nonlinear femtosecond
compression. We also propose an approach for enhancing
repetition-rate of CO, laser amplifiers to satisfy the laser
parameters targeted in Secs. II and III.

Resolving critical issues pertinent to ultrafast mid-IR
laser technology can be viewed as milestones on a roadmap
towards yy colliders driven by next-generation CO, lasers.
Progress along this route will concurrently benefit other
laser uses such as plasma-based compact synchrotron- and
THz- radiation sources, laser-driven ion accelerators, and
many more applications.

II. MID-IR LWFA REGIMES OF RELEVANCE
TO FUTURE LEPTON COLLIDERS

The International Linear Collider (ILC), one of the leading
candidates for the next-generation energy-frontier particle
accelerator, will bring electron and positron beams into
1 TeV c.m. collisions [16,17]. Such a machine might be near
the limit of what can be constructed using conventional rf
accelerator technologies, given reasonable space and cost
constraints. One could envision a plasma-based TeV e~ e™
collider by coupling many LWFA acceleration stages
together. Such a machine might require much smaller real
estate being less expensive to build and operate.

Our comparative analysis of acceleration regimes rel-
evant to multi-staged 1 TeV colliders follows prior pub-
lications that prioritized LWFA driven with 4 = 0.8 ym Ti:
S laser drivers [8,13]. Although A-scaling has been dis-
cussed for LWFA colliders [8,18], it was not completed in a
similarly comprehensive format as done for 1 = 0.8 ym.
Filling this gap, we elaborate here on A-scaling of the
LWFA collider regimes towards a mid-IR CO, laser.

In Table I, we amend representative parameters for a
collider driven by a Ti:S near-IR laser by adding parameter
sets for a CO, laser to illustrate that both these regimes fall
into quite different parameter ranges. We note that selection
of the CO, carrier wavelength at 1 = 9.2 um as opposed to
traditionally used 4 = 10.6 um is defined by utilizing an
isotopic CO, gas that shifts the maximum gain as will be
discussed in Sec. IV.

We follow the approach to tabulating the collider’s
parameters developed in [8], which deals with a quasilinear
LWFA regime that arguably provides better control over
phasing, accelerating and focusing field components in a
plasma wake suitable to accelerate both electrons and
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TABLE I. Representative examples of laser- and plasma-parameters for LWFA 1-TeV c.m. e~e™ collider.
Parameter Ex1 Ex2 Ex3 Ex4 Ex5 PIC” Ex6
Laser wavelength (#m) 0.8 9.2 9.2 0.8 9.2 10 9.2
Plasma density (x10'6 cm™) 11 11 1.1 1.1 0.35 0.32 0.11
Plasma wavelength (y#m) 99 99 313 313 560 585 990
Laser pulse duration (fs) 130 130 390 390 700 400 1300
Laser radius (um) 63 63 200 200 360 262 630
Laser peak power (TW) 300 2.3 23 3000 75 60 230
Laser energy per stage (J) 40 0.3 9 1200 52 24 300
Electrons per bunch (x10°) 4 4 13 13 23 12 40
Single stage interaction length (m) 0.79 0.06 0.19 25 1.1 0.6 6
Accelerating field (GeV/m) 12.6 12.6 43 43 22 3.8 1.25
Energy gain per stage (GeV) 10 0.075 0.75 100 2.4 2.3 7.5
Number of stages 50 6666 666 5 208 217 66
Collision rate (kHz) 10 10 1 1 0.3 1.2 0.1
Average laser power per stage (kW) 400 3 9 1200 16 30 30
Linac length (stages 0.5 m apart) (m) 65 3300 466 125 448 240 430
Total laser power (MW) 20 20 6 6 2.6 6.5 2

1151; ag = 2 (for all other examples, ag = 1.5).

positrons. To satisfy this regime, we chose the normalized
field strength parameter a, = ¢E/mwc = 1.5 at a laser
peak power slightly exceeding the self-focusing threshold
P/P.. = 1.1, where P.. = 17((%)2 [GW], @ =27c/4 is
P
the laser frequency, E is the laser’s electric field, e and m
are, correspondingly, the electron charge and mass, c is the
speed of light, w, (4”%)1/ % is the plasma frequency.
Keeping the normahzed LWFA parameters ay, k, x R and

w, x 7 fixed, where k, = ®,/c and 7 is the laser pulse
length the acceleration gradient scales as E, « nl/ %, the
number of electrons per bunch N, «n, et 2 and

P « 272n;!. These simple scaling rules [8] lead to defining
the entries to Table I for different selections of A and n,.

It is assumed that electron dephasing can be compensated
by proper tapering of the plasma density within a single
accelerating stage. Therefore, the length of an individual
stage is limited by the laser depletion. As the laser energy is
depleted within a laser-plasma accelerating stage, a fresh
laser pulse must be coupled into the next stage. We assume
50 cm for a coupling distance between stages to provide for
laser injection and e-beam manipulation. The number of
stages is adjusted to achieve 0.5 TeV energy, in a single
beam. The repetition rate f is chosen to achieve the required
luminosity £ = 10** s~! cm™2 with assumed ¢, = 10 nm.

We begin Table I with Example 1 for an optimum set of
0.8-um collider parameters from [8]. Example 2 shows a
CO, laser reaching a quasilinear LWFA regime for the
same 10'7 cm™ plasma density, at 100 times smaller laser
power and energy as a direct result from the laser wave-
length scahng of an electron’s ponderomotive potential
¢, =7 E ->. However, a very short acceleration stage
deﬁned by the laser depletion distance, Ly = 4 3 /A%, where
A, is the plasma wavelength, results in a small energy gain
per stage and a huge number of stages required to reach the

0.5 TeV particle energy. The total multi-staged accelerator
length will be largely affected in this case by the coupling
spaces between stages.

The tenfold reduction in the plasma density quoted in
Example 3 results in a longer depletion (accelerating stage)
length, thereby allowing a proportional increase in net
acceleration per stage, thus, reducing the total accelerator
length. A higher accelerated charge permits reducing the
repetition rate and relaxing the cumulative average laser
power. Note that operating in such a low-density regime with
a 0.8-um laser, as shown in Example 4, results in extremely
high values for the peak- and average-power of the individual
drive lasers and the need to maintain acceleration over
25 m of stage length, which are not deemed practical nor
feasible.

The benefit of reducing the plasma density for a CO, laser,
as unveiled by Example 3, points toward the possibility for
further optimizing the parameter map for a collider with a
mid-IR laser driver. We, therefore, calculated two more
Examples 5 and 6 with a finer coverage of the low plasma
density range. These examples show that further dropping
the plasma density reduces the number of accelerating stages
and cumulative average power of the laser drivers. However,
individual laser parameters become more challenging to
achieve.

Finally, we compare Examples 1 and 5 that represent
nearly optimum parameter sets for colliders driven by the
0.8-um and 9.2-um lasers, respectively. For both cases, the
length of an accelerating stage is about the same, ~1 m.
The net acceleration per stage is higher for Ti:S (Example
1), which results in fewer stages and a shorter linac.
However, individual and cumulative power requirements
for the CO, laser case (Example 5) are tremendously
relaxed, which is a direct consequence of the increase in
the bunch charge at lower plasma densities.
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The validity of our analytical estimates for the CO, laser
case is confirmed by benchmarking with PIC simulations
[15], entered into Table I. In spite of small differences in
input conditions, the simulated results are well within
ballpark agreement with the analytical estimates in
Example 5. The 2-nC charge per bunch assumed in the
simulations is quite arbitrary and represents a conservative
assumption for the amount of charge that favors preserving
good beam quality. This reduced charge calls for a higher
repetition rate and more stringent requirements on the
laser’s energetics than presented in the analytical Example
5. Otherwise, the agreement in terms of the energy gain per
stage is quite reassuring.

Thus far we have considered the maximum accelerated
charge per bunch at a quarter of the beam-loading limit for a
blow-out regime defined by [19],

Ne~ 1.1 x 10°4[um]+/P[TW]. (2)

Maximizing the charge aids in satisfying the required
collider luminosity at a reduced laser repetition rate and
average power. However, the dominating limit for the
bunch charge is imposed by particle beam degradation at
the IP due to beam-beam interaction called beamstrahlung.
This is parasitic gamma radiation that causes a background
noise on detectors set around the IP, reduces the particle
beam energy, £,, and elevates the beam energy spread. In
general, the beamstrahlung must be kept below one gamma
photon per lepton, and the induced 6£,—a few tens of
percent. In our case, this requirement translates to limiting a
number of particles per bunch, N,~3x10° [14].
Considering a rather shallow dependence of both the
number of beamstrahlung photons and the induced beam
energy spread upon the bunch charge <N é/ 3 the severity of
the beamstrahlung factor in setting the design limit on N, is
yet to be seen. Meanwhile, in view of this concern, we
proceed further under assumption that the low-density
cases in Examples 3-6 could be of limited utility for
e~ e™ colliders. Therefore, in the next Sec. I1I, we discuss
gamma colliders where beamstrahlung is not a limiting
factor.

III. USE OF CO, LASERS IN GAMMA
COLLIDERS

A. Scientific case and technical feasibility
for a yy collider

Lepton linear colliders can be readily converted to photon
colliders by introducing inverse Compton backscattering.
This offers a unique opportunity to study lepton-y and yy
interactions at comparable energies and luminosities in
addition to e~e™ collisions.

Although a yy collider is presently not among the
top choices for next frontier accelerators, it can offer
additional scientific opportunities not to be overlooked.

The physics case for a high-energy photon collider has been
thoroughly reviewed in [20]. Arguably the most interesting
processes involve the direct production of a Higgs boson.
Supersymmetric Higgs bosons can be produced in photon-
photon collisions in energy regions not accessible with
LHC, while control of polarization of the Compton photons
will allow verification of the circular polarization nature of
Higgs bosons.

Another example is charged pair-production, for
instance WTW™ or 11 pairs or other new supersymmetric
particles. Cross sections for the production of charged
scalar, lepton, and top pairs in yy collisions are larger than
those in e~e™ collisions by a factor of 5-10; for WTW~
production this factor is even larger, about 10-20.
Therefore, the yy collider is considered as a valuable
extension to a lepton collider.

Furthermore, if a dedicated stand-alone yy collider might
ever be considered, one should have in mind its potential
technical advantages such as: (a) eliminating the need for a
more complex positron accelerator; two electron beams
will suffice; (b) prospects of utilizing a more energy-
efficient and higher luminosity low-density plasma regime;
CO, lasers may have a special value in this context. As long
as the beamstrahlung restriction on the maximum bunch
charge is no longer applicable, scaling of the bunch particle
number with plasma density N, « ngl/ 2 can be fully
exploited. Considering that # « N2, this results in an
opportunity to reduce f « n,, as well as the electron beam

1/2

power and the total average laser power «n,’”. As we can
see by examples from Table I, the increase in a depletion
distance and acceleration per stage at reduced plasma
density results in a proportional increase of the energy
requirements for an individual laser. This trend is particu-
larly stressful for near-IR lasers in low-density regimes,
n, <3 x10'® cm™3, calling for multi-PW peak power and
multi-kJ pulse energy, whereas, mid-IR CO, laser param-
eters appear more practical and accessible (with their tens
of TW and tens of Joule for the same beam charge).

B. CO, laser as a Compton driver for yy collider

The analysis presented in this section follows the foot-
steps of earlier publications that address laser requirements
for controlling the electron-to-photon Compton conversion
in gamma colliders [21-23].

When designing the optimum configuration and param-
eters for a Compton IP, several laser parameters are
important; laser wavelength is one of them. The energy
of Compton photons depends upon both the particle energy,
&,, and laser frequency, w, according to

x &,
W, = -,
" x+1hn

(3)

where x = 4&,hiw/m?*c*, h is the Plank constant.
According to Eq. (3), the condition for efficient conversion
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of particle energy to photon energy is x > 1; this suggests
choosing the laser wavelength to be as short as possible.
However, a strong limitation to the laser wavelength is
imposed by rescattering of Compton photons by the laser
beam into e~ e™ pairs. This occurs when the product of the
laser photon energy, A, and the gamma energy, hw,, is
greater than the square of the electron rest energy, that is
when ww, > m*c*/h*. Based on this condition and
using Eq. (3), the optimum laser wavelength is derived:
Alum] = 4.2€,[TeV], with corresponding x =4.8 and
hw, = 0.83€,. For example, for the £, = 0.5 TeV case,
a laser with A =2 pum is required, which changes to
A =92 um for £, = 2.2 TeV.

Other important parameters for a laser driver are power,
pulse duration, z, and focusing of the laser beam. The main
consideration when choosing the laser focusing is to make
it comparable with the e-beam dimensions within the
Compton interaction distance to ensure efficient utilization
of both beams. The smallest laser focus spot size R is
related to 7, when the laser pulse length fits to the Rayleigh
length

ctl
R >_—=. 4
=22 ()

The laser intensity needs to be sufficiently high to ensure
the efficient conversion of the e-beam energy into gamma
photons. The probability of this conversion, p, is the
product of the laser photon density,

n;, = E; /honR?zc, (5)
Compton scattering cross section, oc¢ & M
(=1.9x 107 cm? at x = 4.8), and the interaction length
along the electron beam propagation are defined by the
laser pulse duration:

p = niocrc. (6)

Substitution of Eq. (5) into Eq. (6) gives n;, = E; /hAt*c.
And assuming p =1, we arrive at the required laser
power P =E; /t = hc’/o- =1 TW, which is invariant
to A.

Note that 7 is not a free parameter and can be further
defined assuming a, < 1, which is the condition for the
linear Compton scattering. By expressing the laser electric
field through the laser peak power, P, and radius, R, and
relating this to the pulse duration through Eq. (4), one

obtains z[ps| ~ %[z”m]. Taking a3 = 0.1, we conclude that
0

the optimized conversion of £, = 2.2 TeV electron beams
to gammas calls for a CO, laser with 7~ 70 ps and
E; =70]. The resulting photon beam energy is
~1.8 TeV and photon collider luminosity is comparable
with that defined by the particle beams.

C. CO, laser as a positron source for e“e™ collider

Regardless of the method of accelerating particles in a
future e~e’ collider, whether it is a conventional rf or
advanced plasma accelerator, high-flux production of
polarized positrons is another area where lasers may find
their application.

Intense beams of circularly polarized gamma rays in the
30 MeV energy range are required for producing polarized
positrons for the next-generation e~ e™ linear colliders, such
as the ILC and the Compact Linear Collider (CLIC) [24].
Two basic schemes for a polarized positron source (PPS) are
being considered for the ILC: spontaneous radiation of a
150-GeV electron beam in a ~200-meter-long helical
wiggler [25,26], and Compton backscattering of a high-
intensity laser beam from a 1.3-4 GeV e-beam [27,28].

PPS based on Compton backscattering (CPPS) is rela-
tively compact, independent from the main linac, and can
offer considerable flexibility, such as easy switching of
positron polarization, which is determined by the laser.
Several key principles for designing a Compton source for
positron production echo similar requirements pertinent to
a yy collider, as discussed above. Some of these conditions
are a close overlap between counterpropagating electron
and laser pulses, and the laser power required to achieve a
high conversion factor N,/N, ~ 1 in the linear scattering
regime. The most notable difference compared to the
requirements for the Compton IP of yy colliders is that
the scattering process for CPPS is actually in the Thomson
regime characterized by insignificant electron energy
depletion. This allows each electron to participate multiple
times in the gamma production. Furthermore, a low
efficiency of gamma conversion to positrons on a target
(~2%) requires a multi-kHz laser pulse repetition rate that
can be achieved using a laser pulse circulating inside a
closed-loop optical cavity. The concept of an intra-cavity
CPPS has been under investigation for several years
[20,29-31]. One of the main distinctions between the
different CPPS proposals is the wavelength of the laser.
The choice typically varies from ~0.8—1 um for solid-state
lasers, to ~10 ym for CO, lasers. The CO, approach has
been promoted in [31]. Pertinent to CPPS a higher
Compton cross section o = 6.65 x 1072 cm?, the pos-
sibility of “staking” y-pulses over multiple consecutive
interaction points, and pulse recirculation in a cavity result
in considerably relaxed CO, laser parameters, calling for
just 2 Jin 5 ps and 0.75 kW average power.

D. Summary of CQO, laser applications for
Compton sources in future colliders

Table II summarizes the two examples discussed here,
CO, laser applications as Compton drivers in future
colliders including a gamma IP in the 4.4-TeV collider,
and a CPPS. These distinctive areas of CO, laser applica-
tions require different laser parameters ranging from more
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TABLE II. Design parameters of CO, lasers for Compton
applications in future colliders.

Parameter y IP e’ source
Electron energy 22 TeV 4 GeV
y energy 1.8 TeV 40 MeV
Laser pulse duration (ps) 70 5
Laser peak power (TW) 1 0.4
Laser energy per stage (J) 70 2
Laser focus radius (um) 200 70
Laser repetition rate (Hz) 300 (30) 150
Pulses in a train 1 (10) 100
Average laser power (kW) 20 1
Number of lasers 1 10

challenging for a yy collider to more readily accessible in
the case of a positron source for an e"e™ collider.

The first example addresses the application of a CO,
laser for producing gamma rays via inverse Compton
scattering for the final IP of the 4.4 TeV c.m. collider,
as discussed in Sec. III B. The required 70-ps long pulse
can be achieved within limits of presently available laser
technology. Numbers in brackets correspond to the scenario
when ten identical laser pulses are produced during a single
amplifier shot. Other resources for attaining high-repetition
CO, laser operation will be addressed in Sec. I'V.

The second case of a polarized positron source for a
linear collider is the least demanding. Note that we consider
here a conventional rf linac with a pulse format signifi-
cantly different from that assumed for laser plasma col-
liders. To match this pulse format, a pulsed laser operating
at 150 Hz should support an intra-cavity circulation of 100
pulses per shot that results in a cumulative pulse repetition
rate of 15 kHz. A recent demonstration of cumulative x-ray
flux multiplication, where the laser/e-beam IP has been set
inside a regenerative CO, amplifier cavity, has proven the
viability of this concept [32].

IV. ROADMAP TO NEXT-GENERATION
ULTRAFAST CO, LASERS

Our analysis presented in Sec. II reveals attractive
opportunities from applying mid-IR laser beams for
LWFA. Several examples compiled in Table I indicate

the need for sub-picosecond CO, pulses at multi-terawatt
peak power—a regime not realized yet with CO, lasers.
Driven by this demand, a conceptual approach for achiev-
ing such parameters is being investigated at the ATF. The
ATF presently hosts a 2-TW, picosecond CO, laser in
combination with a high-brightness 80-MeV electron linac
to support experimental programs in high-energy physics
and other multi-disciplinary applications [33]. Achieving
an ultrafast regime at ultra-high peak power requires novel
methods never applied to molecular gas lasers until now.
We unveil here this new approach and its implementation in
our project BESTIA (Brookhaven Experimental Supra-
Terawatt Infrared at ATF) [34], recently initiated at ATF.

When developing a laser system to produce an ultra-
short pulse comprising just a few light wave oscillations,
the first question is: How to generate a short seed pulse?
Ultrafast, high-power solid-state lasers use a mode-locked
oscillator as a front end. This is not a solution for mid-IR
gas lasers, which do not support this mode of operation due
to their limited bandwidth, short inversion lifetime, and
lack of electro-optical materials for mode-locking switches.
Therefore, different indirect methods for generating mid-IR
short pulses have been implemented based on using solid-
state laser beams for fast modulating the optical properties
of IR materials. This includes dynamic change of mid-IR
reflectivity in superconductors and polarization rotation in
birefringent liquids. These methods have been successfully
utilized for selecting picosecond slices from CO, laser
beams [35-37].

Another source of ultrafast coherent pulses in the mid-IR
is by conversion of near-IR (primarily Ti:S) laser radiation
using nonlinear crystals in Optical Parametric Amplifiers
(OPA). Although known for years, this method has never
been implemented as a front-end for a high-power CO,
laser system until now, when an OPA has been set in
operation for the ATF CO, laser system [37]. A schematic
diagram of the ATF’s OPA front end is shown in Fig. 1.
This commercial laser system (PALITRA, Quantronix Inc.)
utilizes a frequency-doubled erbium oscillator and diode-
pumped Ti:S regenerative amplifier. A femtosecond para-
metric down-convertor uses nonlinear crystals to produce
and then mix beams at 4, = 1.5 ym and 4, = 1.7 ym to
generate a difference frequency signal ranged between

e | = e, e o
P —>| OPA (g5 ,im o co,z
0.8 um amplifiers
7m) Grating
180 fs

FIG. 1.
stretcher.

stretcher

BESTIA front end featuring a MOPA (Master Oscillator - Power Amplifier), the OPA seed pulse generator, and a CPA
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8—11 ym with output parameters 350 fs and 20 uJ at a
repetition 240 Hz.

The overall bandwidth of the OPA output is much larger
than the actual gain spectrum that can be amplified in the
CO, laser. Spectral filtering in the stretcher, which also
serves for CPA, assures that the seed pulse matches a branch
(9 R) of the gain spectrum of the CO, active medium.

A possible upgrade for the front-end of an ultrafast mid-
IR laser system is foreseen by increasing the seed pulse
energy. A stronger seed will permit simplifying the sub-
sequent CO, amplifier chain; reduce the pulse phase- and
spectral- distortions upon amplification, and improving the
pulse contrast. This increase in pulse energy beyond the
limits of conventional OPA will be accomplished by adding
another laser-pumped amplifier crystal. Pulse stretching
before this crystal allows use of more energetic picosecond
lasers for a pump and reduces nonlinear pulse distortions in
the crystal. A chirped (~1 mJ) pulse produced after such an
upgraded OPCPA (Optical Parametric Chirped Pulse
Amplifier) will be sent through CO, amplifiers and then
recompressed in a grating compressor.

High-pressure, 10-bar, isotopic CO, laser amplifiers will
be required to raise the seed pulse energy to the multi-Joule
level [38,39]. The double action of the spectral pressure
broadening and multi-isotope ('*O-'80) mixing provides a
bandwidth sufficient for amplification of 1.5-2 ps pulses
with the maximum gain in the CO, spectral branch centered
at 9.2 ym. This regime has been tested already at the ATF
on a smaller scale in the first operational isotopic pico-
second CO, laser amplifier [40], which will be also used for
the first amplifier stage in BESTIA. This laser amplifier
with an active volume 1 x 1.5 x 80 cm? will operate in a
regenerative regime where the pulse extraction out of the
optical cavity is accomplished by a semiconductor (Ge)
optical switch controlled with a Nd:YAG laser pulse. This
amplification stage will provide ~10* net energy gain
achieved in multiple passes.

Our second, main amplifier is being built to accommo-
date three high-pressure gas-discharge sections, each hav-
ing a 10 x 10 x 100 cm?® active volume. This design allows
setting a multi-pass, folded beam propagation through
individual amplifier sections culminated with a final
swiping pass through the entire 3-meter active length to
ensure efficient energy extraction and beam profile

‘ 701 501J
- 50 ps 2 ps
~

uniformity. The output energy from this amplifier should
reach 70 J, corresponding to a net energy gain ~10%.

A CPA method will be implemented to mitigate non-
linear pulse distortions on the laser’s optical components,
where the Kerr effect on the aforementioned Ge optical
switch and the amplifier’s 10-cm thick output NaCl
window are of prime concern. Being an integral part of
present-day ultraintense solid state laser systems, the CPA
method has not been applied to gas lasers until recently
when we demonstrated its advantages for improving
performance of the ATF’s regenerative amplifier [41].
Our stretching of a 1-ps pulse to 80 ps improved, by an
order of magnitude, the energy extraction from the regen-
erative amplifier via relieving nonlinear absorption and
refraction on the amplifier’s optical elements, an intra-
cavity Ge wafer in particular. One of the questions to be
answered by that study was: Will the residual rotational
modulation in the molecular gas gain spectrum impede the
recompression of the amplified CO, laser pulse? By
simulation and through experiment we have found that
the CPA compression is barely affected by this spectral
modulation. The duration of the pulse after a grating
compressor was 1.6 ps, in good agreement with the pulse’s
measured spectral bandwidth. We consider this accom-
plishment as a pivotal step towards next-generation ultra-
intense CO, CPA laser systems. Implementing the CPA
technique through the final stage of amplification in
BESTIA should allow a more comfortable extraction of
the ~70-J laser energy from the final amplifier. The pulse’s
recompression with diffraction gratings to ~2 ps should
provide ~25 TW peak laser power (see Fig. 2).

For additional power increases, we plan on using a novel
nonlinear femtosecond compressor [42]. When an intense
optical pulse propagates through a medium, the refractive
index of the latter evolves following the intensity profile of
the pulse. A corresponding variation of the phase velocity
results in the spectral broadening and chirping of the pulse.
This effect is known as self-phase modulation, or self-
chirping. For a Gaussian beam, self-phase modulation
(SPM) is always accompanied by self-lensing, which is
normally considered as unwelcome distortion of the beam’s
collimation. We plan to utilize this effect to our advantage
by using a spatial filter to separate the high-intensity part of
the pulse, where the spectral chirp is strong and close to

10)
100 fs

Y § 3 )
7
o
From CO, %(\ _______
amplifiers :>> | =
% - =
=

Grating
compressor #1

Grating
compressor #2

Nonlinear compressor

FIG. 2. The CPA compression followed by the nonlinear pulse compressor setup.
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linear, from the low-intensity pedestal. The transmitted
beam is then collimated and further compressed in a second
grating compressor as is illustrated in Fig. 2. The simulated
output beam parameters (100 TW @ 100 fs) represent the
case of an ideal Gaussian beam and high-efficiency grating
compressor. Practical demonstration of these parameters is
the subject of ongoing R&D.

Fortunately, the collider requirements drafted in Secs. 11
and III offer some flexibility on the laser design parameters
such as pulse duration and peak power (see Example 3). We
expect that the BESTIA’s single-shot performance will be
within ballpark numbers for the LWFA and Compton IP
drivers and will exceed requirements for a positron source.

While the peak laser parameters for the collider appli-
cation seem within reach, the average power is lacking.
The collider’s requirements formulated in the previous
sections call for 100-1000 Hz pulse repetition rate and
on the order of 10 kW average power. Although short-pulse
10-kW CO, lasers have been demonstrated before [43], this
has been accomplished within a nanosecond pulse format
that is technically quite different from the sub-picosecond
regime required for the collider application. The BESTIA’s
front-end OPA pulse injector operates at 240 Hz already.
Such OPAs and their improved OPCPA versions are also
easily upgradable to 1 kHz repetition rate. CO, lasers are
commercially available with comparable high repetition
rate and long life performance. Of course, these high
repetition rate CO, laser designs are not at the multi-TW
level needed for a future collider but could be utilized for
smaller-scale versions of high-pressure lasers similar to the
one used for a regenerative amplifier in BESTIA.

Constructing a high-rep-rate, high-power CO, laser
amplifier requires addressing several engineering issues.
The most severe of them is making a high-voltage (HV)
pulsed power circuit to deliver the energy to the electric
discharge at a high repetition rate. For a multi-TW
amplifier, the gas pressure is high (10 atm). The high
output energy rating of this laser means that its aperture
must be large to accommodate laser beams with the large
transverse sizes to avoid damaging the amplifier’s window.
Hence, the interelectrode gap in such an amplifier is also
large (10 cm for BESTIA amplifier). The high-pressure and
a large gap mean that the HV discharge should operate at
>600 kV and peak currents >40 kA as is required to
deposit sufficient energy in the laser gas to achieve a
specific gain of ~2.0%/cm. In addition, in order to sustain
a high-pressure and uniform gas discharge, the current rise
time should not be longer than 100-200 ns. HV drivers at
such voltages and currents typically employ Marx banks
with spark gaps used for HV switches as in the case of the
BESTIA laser system, which will be limited to sub-Hz
repetition rate primarily by the spark-gaps. Although there
is no known direct prototype for a high-repetition-rate,
long-lifetime HV driver that satisfies our requirements, we
anticipate that a solution could be sought on the way of

replacing spark gaps with thyristors known to operate up to
350 Hz [44,45]. Their primary shortcoming is their
inherently long current rise time, ~500 ns. However, this
can be mitigated by implementing magnetic pulse com-
pression, which is a standard technique for increasing the
peak current and reducing rise time of the pulse using
saturable inductors [46]. Compression factors of over
5 times have been demonstrated for projects associated with
excimer laser development [47]. This implies that the circuit
rise-time can be reduced from ~500 ns to ~100 ns while the
10-kA theristor’s peak current can be simultaneously
increased to ~50 kA, as is required for a TW-class laser.

Based on the presented analysis, the following roadmap
on the way to developing enabling CO, laser technologies
and applications relevant to the next-generation collider
concepts can be envisioned: Presently available 2-3 ps
mid-IR laser pulses can be readily amplified to the
multi-terawatt peak power to enable proof-of-principle
self-modulated LWFA experiments in the previously
unexplored spectral domain, as well as inverse Compton
scattering studies of the gamma-collider relevance.

Shorter, 0.5—1 ps, CO, laser pulses are very likely to be
demonstrated within the next two-three years to allow
further explorations into low-plasma-density quasilinear
and “bubble” LWFA regimes, their external seeding and
staging important for the LWFA collider design.

Still shorter, 0.3-0.1 ps, pulses could be the subject of a
more extensive and higher-risk laser R&D that might
continue on the scale of the next 5-10 years alongside
with developing high-repetition versions of such lasers
toward their practical applications beyond the fundamental
physics and proof-of-principle demonstrations.

V. CONCLUSIONS

The vision of replacing conventional rf accelerator
technology with compact laser plasma accelerators prom-
ises an economical alternative to attaining TeV-class energy
frontiers of interest for next-generation e~ e™ colliders and
beyond. In this paper, we analyzed prospects for develop-
ing future accelerators and colliders on the platform of mid-
IR CO, lasers. We identified critical issues in selecting CO,
lasers for these applications and compared performance of
such prospective laser-plasma accelerators with ones based
on near-IR solid-state lasers.

The underlying physics of plasma wakes points to the
process optimization where the plasma wavelength changes
in accord with a laser wavelength. A high-captured bunch
charge is one of the advantages of a low-density LWFA
regime prioritized for CO, laser drivers. However, this high-
current regime may have a limited utility for lepton colliders
due to parasitic beamstrahlung losses from beam-beam
interaction at the IP. This restriction is not applicable to
yy colliders where the beamstrahlung is not an issue.
Notably, CO, lasers can be considered for yy collider
projects not just as drivers for LWFA stages, but could be
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a unique fit for a Compton source where the electron beam
energy is converted to gamma rays. CO, lasers can also be
used for driving a Compton polarized positron source in a
lepton collider, including its more conventional rf alternative.

We reviewed options for achieving the laser peak param-
eters required for the aforementioned applications and
addressed ways for attaining high repetition rates of laser
pulse delivery compatible with the collider’s pulse format.

Ongoing development of ultrafast CO, laser technology
opens, for the first time, opportunities for exploring mid-IR
LWFA regimes pertinent to colliders. Notably, development
of a new category of CO, lasers able to drive future colliders
simultaneously supports many other important applications
that further justify this effort. Indeed, the utility of mid-IR
lasers for advanced accelerator research is much broader
than just being a dedicated driver the future collider: It can be
regarded as a research tool to enable new opportunities for
explorations in LWFA physics, including studies of wake-
fields and plasma density distributions in plasma wakes,
bunch seeding, and accelerator staging. All of these features
and processes are easier to investigate within the larger
plasma cavities created by longer-wavelength CO, lasers.

Oversized plasma bubbles to be readily produced by
CO, lasers will sustain high-current electron bunches. The
same feature, combined with localized injecting of seed
electrons by means of external laser ionization in two-color
LWFA scheme [48,49], might support acceleration of
low-emittance electron bunches. This capability of a
low-density LWFA combined with the proportional to 4
copious number of photons per energy unit from another
counter-propagating CO, laser pulse, promises the highest
gamma- or x-ray yield in inverse Compton scattering
considered for compact light sources.

Examples of potential applications of high-repetition,
ultrafast CO, lasers can be continued beyond LWFA,
including ion acceleration from over-critical plasmas,
plasma-based THz radiation sources, and more [50,15].
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