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Physics considerations for a next-generation linear collider based on laser-plasma accelerators are
discussed. The ultrahigh accelerating gradient of a laser-plasma accelerator and short laser coupling
distance between accelerator stages allows for a compact linac. Two regimes of laser-plasma acceleration
are discussed. The highly nonlinear regime has the advantages of higher accelerating fields and uniform
focusing forces, whereas the quasilinear regime has the advantage of symmetric accelerating properties
for electrons and positrons. Scaling of various accelerator and collider parameters with respect to plasma
density and laser wavelength are derived. Reduction of beamstrahlung effects implies the use of ultrashort
bunches of moderate charge. The total linac length scales inversely with the square root of the plasma
density, whereas the total power scales proportional to the square root of the density. A 1 TeV center-of-
mass collider based on stages using a plasma density of 10'7 cm™3 requires tens of J of laser energy
per stage (using 1 um wavelength lasers) with tens of kHz repetition rate. Coulomb scattering and
synchrotron radiation are examined and found not to significantly degrade beam quality. A photon collider
based on laser-plasma accelerated beams is also considered. The requirements for the scattering laser

energy are comparable to those of a single laser-plasma accelerator stage.
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I. INTRODUCTION

Advanced acceleration techniques are actively being
pursued to expand the energy frontier of future colliders.
Although the minimum energy of interest for the next
lepton collider will be determined by high-energy physics
experiments that are presently underway, it has long been
anticipated that = 1 TeV center-of-mass energy will be
required [1,2]. This center-of-mass energy is already near
the limit of what can be constructed using conventional
accelerator technology, given reasonable space and cost
restrictions [3].

Laser-plasma accelerators (LPAs) [4] are of great inter-
est because of their ability to sustain extremely large
acceleration gradients, enabling compact accelerating
structures. Laser-plasma acceleration is realized by using
a short-pulse, high-intensity laser to ponderomotively drive
a large electron plasma wave (or wakefield) in an under-
dense plasma. The electron plasma wave has relativistic
phase velocity, approximately the group velocity of the
laser, and can support large electric fields in the direction
of propagation of the laser. When the laser pulse is ap-
proximately resonant, with duration on the order of the
plasma period, and the laser intensity is relativistic, with
normalized laser vector potential a, = eA/m,c* ~ 1, the
size of the accelerating field is on the order of E, =

cm,w,/e, or Ey[V/m]=96y/nolcm™], where w, =
ck, = (4mnge*/m,)'* = 2mc/ A, is the electron plasma
frequency, n, is the ambient electron number density, m,
and e are the electron rest mass and charge, respectively,
and c is the speed of light in vacuum. For example, fields
on the order of E, =~ 100 GV/m are generated at plasma
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densities of ny = 10'® cm™3. LPAs have demonstrated
(e.g., Ref. [5]) accelerating gradients on the order of
100 GV/m, several orders of magnitude larger than con-
ventional accelerators, which are presently limited to
~100 MV/m by material breakdown. Hence, employing
LPA technology has the potential to significantly reduce
the main linac length (and, therefore, the cost) of a future
lepton collider [6,7].

Rapid progress in the field of laser-plasma acceleration,
and in particular the demonstration of high-quality GeV
electron beams using cm-scale plasmas at Lawrence
Berkeley National Laboratory [8,9], has increased interest
in laser-plasma acceleration as a path toward a compact
TeV-class linear collider. In this paper, we consider several
aspects of the design of a TeV-class linear collider based on
LPAs, and discuss several of the advantages and challenges
of LPA technology. Here we focus on the main LPA-based
linacs. Other collider components, such as the injector (and
cooling systems) and beam delivery to the interaction
point, are not addressed in this work.

II. LASER-PLASMA ACCELERATORS

In this section the physics of laser-plasma acceleration
relevant to collider design is reviewed. In the standard
configuration, the electron plasma wave is driven by an
intense laser pulse with duration on the order of the plasma
period propagating in a neutral, underdense plasma (A, >
A, where A is the laser wavelength). The ions are immobile
on the time scale of the laser-plasma interaction (valid
provided a3 < M;/Zm,, where M; is the ion mass and Z
the charge state). The large amplitude plasma waves (fields
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on the order of E,) have relativistic phase velocities and
can accelerate charged particle beams. Given finite laser
driver energy, achieving high beam energy requires staging
multiple LPAs [6,7].

There are several regimes of plasma acceleration
that can be accessed with a laser driver [4]. Two regimes
that have attracted attention for collider applications
are the quasilinear regime and the bubble [10] (or
blowout [11]) regime. The quasilinear regime is accessible
for parameters such that k%r7 /2 >aj/y, and a} ~ 1,
where r; is the characteristic scale length of the trans-
verse laser intensity, y, = (1 + a}/2)"/?, and a} = 7.3 X
107 19(A [um])?1, [W/cm?], with I, the laser intensity,
assuming linear polarization [4]. This regime is character-
ized by regular plasma wave buckets and nearly symmetric
regions of acceleration-deceleration and focusing-
defocusing [cf. Figs. I(a)-1(c)]. The amplitude of the
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FIG. 1. Plasma wave excitation in the quasilinear regime:
(a) electron density n/ny, (b) axial electric field E./E,,
(c) transverse electric field E,/E,. Profile of the normalized
laser vector potential initially has the form a=
agexp(—r?/r; — z2/4L?), with ay = 1, k,r, =5, and k,L =
1. Laser is propagating to the right [centered at k,(z — ct) = 0]
in a matched parabolic plasma density channel. Accessible phase
regions of focusing and acceleration for both electrons and
positrons are present.

accelerating field of the plasma wave is approximately
E. = 0.76(aj/2y )E, for a resonant Gaussian laser pulse.
In the quasilinear regime, the accelerating and focusing
phase regions for electrons and positrons are nearly sym-
metric since the wakefield is approximately sinusoidal.
Figure 1 includes a plasma channel (parabolic transverse
plasma density variation) for laser guiding. As shown in
Fig. 1, the plasma channel results in curvature of the
plasma wave and a phase shift between the accelerating
and focusing phase regions that increases for accelerating
buckets farther behind the drive laser [12].

The bubble regime of LPA occurs for laser-plasma
parameters such that k,r;, < 2.,/a,, assuming a(z) > 1
[11]. This regime is characterized by complete removal
of plasma electrons and creation of an electron-free cavity
[cf. Figs. 2(a)-2(c)]. The bubble regime has several attrac-
tive features for acceleration of electron beams. Inside the
moving cavity, the focusing forces for electrons are linear
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FIG. 2. Plasma wave excitation in the highly nonlinear cavi-
tated regime: (a) electron density n/n, (b) axial electric field
E./E, (c) transverse electric field E,/E,. Profile of the normal-
ized laser vector potential initially has the form a =
agexp(—r?/r} — 22/4L?), with ay = 4, kyrp =5, and k,L =
1. Laser is propagating to the right [centered at k,(z — ct) = 0]
in initially uniform plasma. Positron acceleration and focusing
only possible in electron density spike at the back of the cavity
ky,(z = ct) = —17.5.
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(and attractive) and uniform for all phases, and the accel-
erating field is independent of transverse position with
respect to the cavity axis. The major drawback of accessing
the highly nonlinear bubble regime is that acceleration of
positrons is problematic because the entire cavity is defo-
cusing for positrons, and a positron beam will be scattered
transversely. There is a transition regime between the
bubble and the quasilinear regimes where the wave is
highly nonlinear, but a completely electron-free cavity is
not fully formed. In this case there is a small phase region
where positrons can be accelerated and focused [cf. Fig. 2
(c)]. (The phase region for positron acceleration in beam-
driven plasma wakefield accelerators was analyzed in
Refs. [13,14].) This phase region corresponds to the loca-
tion of the plasma electron density peak and the attractive
properties of the bubble regime (e.g., uniform accelerating
and constant linear focusing) are lost.

Operating in the bubble regime also limits the flexibility
of the accelerator. In the bubble regime the focusing forces
and the accelerating forces are determined primarily by the
ambient plasma density (background ion density in the
cavity). Operating in the quasilinear regime allows inde-
pendent control of the amplitude of the transverse and
longitudinal fields by controlling the shape of the laser
profile. The transverse focusing force in the quasilinear
regime scales as F| « Va?, and, therefore, by shaping
the transverse profile of the laser, the transverse forces in
the accelerator can be controlled [15]. Control over the
focusing forces enables control of the beam dynamics (e.g.,
the beam matching condition [16]). Controlling the beam
radius is particularly important to avoid deleterious effects,
such as beam self-focusing (pinching) and ion motion [17].

In the quasilinear regime (with ay ~ 1), efficient exci-
tation of the plasma wave requires the laser duration to be
on the order of the plasma period such that w,7; ~ 1,
where 7; is the rms duration of the laser intensity.
Hence, the required laser pulse duration scales with density

-1/2 L o .

as 7, < n, '~. Operating in the quasilinear regime also
puts bounds on the laser spot size. To avoid bubble for-
mation requires k5r7 /2> ag/v,. In addition, to avoid
transverse laser intensity evolution (strong self-focusing)
the laser power must be less than or on the order of the
critical power P/P. = (k,rpag)*/32 < 1. These condi-
tions imply 3 < k,r; =< 6. Hence, for fixed a, and k,r;,
the required peak laser power per LPA stage scales as
P, % ng'A72, and the laser energy per LPA stage scales
as UL ~ PLTL X n(;3/2)\72.

The amount of charge that can be accelerated in a
plasma wave is determined by the plasma density and the
size of the accelerating field. The maximum charge that
can be loaded is given approximately by the number of
charged particles required to cancel the laser-excited wake-
field (beam loading limit). A collider will operate with
asymmetric shaped particle bunches such that bunches
can be loaded with charge near the beam loading limit

without a large wakefield-induced energy spread [18,19].
The maximum number of loaded charged particles into a
short ( < A,) and narrow ( << A,) segment scales as N ~
mnok,*(E,/Ey). Hence, the number of beam particles that
can be accelerated scales with plasma density as N o
n(;l/z, assuming fixed E./E, (ie., fixed ay and w,7,).
Lower plasma density allows more charge to be loaded
in a plasma wave bucket.

In general, the energy gain in a single LPA stage may be
limited by laser diffraction effects, dephasing of the elec-
trons with respect to the accelerating field phase velocity
(approximately the drive laser velocity), and laser energy
depletion into the plasma wave. Laser diffraction effects
can be mitigated by use of a plasma channel (transverse
plasma density tailoring), guiding the laser over many
Rayleigh ranges [8,20]. Dephasing can be mitigated by
plasma tapering (longitudinal plasma density tailoring),
which can maintain the position of the electron beam
at a given phase of the plasma wave [21,22]. Hence, the
single-stage energy gain is ultimately determined by laser
energy depletion. The energy depletion length [23] scales
asL, ~ /\?,//\2 o n63/2/\_2, and the energy gain in a single
stage scales with plasma density and laser wavelength as
Wiage * EoLg % ny'A72. The number of stages required
to reach a required beam energy scales as Ngyo.
1/Vvstage * nO)‘z-

After a single LPA stage, the laser energy is depleted and
a new laser pulse must be coupled into the plasma for
further acceleration. This coupling distance is critical to
determining the overall accelerator length (which sets the
average, or geometric, gradient of the main linac) and the
optimal plasma density at which to operate. One major
advantage of laser-driven plasma acceleration is the poten-
tial for a short coupling distance between stages, and,
therefore, the possibility of a high-average (geometric)
accelerating gradient and a relatively short main linac
length.

Although conventional laser optics might require a few
meters of space to focus intense lasers into subsequent LPA
stages, plasma mirrors show great promise as optics to
direct high-intensity laser pulses, requiring only tens of
cm to couple a drive laser into a plasma accelerator stage.
A plasma mirror uses overdense plasma creation by the
intense laser on a renewable surface (e.g., metallic tape or
liquid jet) to reflect the laser beam, and such mirrors are in
use as optical elements for temporal contrast improvement
of ultrashort laser pulses [24,25]. Preliminary experiments
[26] are underway to demonstrate the applicability of
plasma mirror technology to LPA staging.

The overall linac length will be given by Ly, =
[Lgage + L JE,/Wyage, Where L, is the required coupling
distance for a new drive laser (and space for any required
beam transport and diagnostics), E, is the final beam
energy, and Ly, = L, is the single-stage plasma length
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FIG. 3. Main single-linac length versus plasma density n for
several laser in-coupling distances L., for E, = 0.5 TeV and
ayg = 1.5.

(approximately the depletion length). Figure 3 plots the
main linac length versus plasma density for several cou-
pling distances, with £, = 0.5 TeV and a, = 1.5. Here the
single-stage length and energy gain were calculated using a
fluid code [27] to model the laser-plasma interaction. TeV
beam energies can be obtained in a few hundred meters
using staged LPAs. Minimization of the main linac length
for coupling distances < 1 m requires operation at den-
sities on the order of 10'7 cm™3. Reducing the main linac
length requires L. ~ Lo = Ly. Therefore, the length of

the main linac scales with density as Liyy % LgNggge ©
ny 1z, Although operating at a low plasma density in-
creases the single-stage energy gain, it also reduces the
accelerating gradient and increases the laser depletion

length, thereby increasing the overall linac length.

III. LASER-PLASMA LINEAR COLLIDER
DESIGN CONSIDERATIONS

The rate of events in a collider is determined by the
product of the collision cross section and luminosity. The
geometric luminosity is

fN? P, N

4mo,.o

= ) 1
y 4mE, 0.0y M

where f is the collision frequency, N is the number of
particles per bunch (equal number of particles per bunch in
the electron and positron beams is assumed), o and o, are
the horizontal and vertical rms beam sizes, respectively, at
the interaction point (IP), E., = 2ymc* = 2E, is the
center-of-mass energy, and P, = fNE, is power in one
beam. Since the cross section for collisions scales as the
inverse of the square of the center-of-mass energy, * E_ 2,
the luminosity must increase proportionally to maintain the
collision rate. The luminosity requirement is approxi-
mately £[10%* cm™?s7!] = E2, [TeV]. As the luminosity
scaling indicates, for fixed beam power, the transverse

beam density at the IP (N/o o) must be increased as
the center-of-mass energy increases. In addition to an
electron-positron collider, in Appendix C we consider the
option of a gamma-gamma collider [28,29], where the
photon beam luminosity will be reduced from the above
geometric luminosity due to the conversion efficiency of
electrons to gamma rays.

There are several limitations to the achievable beam
density at the IP. Some of these include, for example, the
achievable beam emittance (given limitations on initial
emittance and cooling methods), radiation effects during
the final focus to the IP, emittance growth in the main
linacs, and beam-beam interactions at the collision. As
discussed below, the beam-beam interaction at the IP im-
plies the need for ultrashort bunches. Ultrashort bunches
are intrinsically generated using plasma-based accelera-
tors. This allows suppression of radiation generated by
the beam-beam interaction. An emittance growth mecha-
nism unique to plasma-based accelerators is emittance
growth due to Coulombic scattering of the beam with
background plasma ions. The emittance growth due to
the background plasma ions is examined in Appendix A.
Beam quality degradation due to synchrotron radiation
emission via the strong focusing forces of the plasma
wave is addressed in Appendix B. Both Coulomb scatter-
ing and synchrotron radiation emission are shown to result
in acceptable beam quality degradation. In addition, there
are many other sources of beam quality reduction in the
linac that are present in any collider design, e.g., misalign-
ment between stages and fluctuations in the accelerator
parameters, that are not addressed in this work.

A. Beam-beam interaction

The beam-beam interaction at the IP produces radiation
(beamstrahlung) that generates background for the detec-
tors and increases the beam energy spread (resulting in loss
of measurement precision). The beam-beam interaction is
characterized by the Lorentz-invariant beamstrahlung
parameter (mean field strength in the beam rest frame
normalized to the Schwinger critical field) [30]:

5r2yN

6ao (o, + o)

_ 5/ar? (Egﬁ)l/z[ )

(o./0)) ]N1/2
~ 3amc? P,

1 + (O-X/O-y) O-Z ’
where r, = e?/mc? is the classical electron radius, a =
e?h/c is the fine structure constant, o, is the bunch length,
and o,/ oy is the aspect ratio of the beam at IP. As Eq. (2)
indicates, using flat beams o, /o, < 1 reduces the beam-
strahlung. Round beams may also be considered, as round
beams potentially remove the need for damping rings (to
produce asymmetric emittances with large aspect ratios),
and reduce deleterious wakefield effects. In terms of the
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beamstrahlung parameter, the average number of emitted
photons per electron is n, =2.54(a’c /r,y)Y(1 +
Y?2/3)~1/2 and the relative energy spread induced is 85 =~
1.24(a?0,/r,y) Y1 + (3Y/2)¥3]72 [30].

The present generation of linear collider designs based
on conventional technology operate in the classical beam-
strahlung regime Y < 1. The next-generation linear col-
liders with E.,, = 1 TeV will most likely operate in the
quantum beamstrahlung regime with Y > 1. In the
quantum beamstrahlung regime Y > 1, n,, & ¢,Y?/3 and
8 o« o, Y?3. Assuming the collider parameters E,, and
L, and the IP focusing o, and gy, are fixed, the number of

beamstrahlung photons scale as n, o« N2/ 3013 and the

induced beam energy spread scales as 8, « N¥3¢/3 in
the regime Y >> 1. If the collider parameters E,,,, L, and
o,/o, are fixed, with a fixed available beam power Py,
then, in the Y > 1 regime, the number of beamstrahlung
photons scale as n., (No,)'? and the induced beam

energy spread scales as 6y « (N O'Z)l/ 3. From these scal-
ings, in the Y > 1 regime, beamstrahlung is reduced by
using shorter bunches and smaller charge per bunch.
Reduction in charge per bunch is clearly limited by lumi-
nosity requirements (i.e., if the bunch number decreases,
then f must be increased or the beam transverse dimen-
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FIG. 4. (a) Beamstrahlung photons emitted per electron 7,
versus N for bunch lengths o,=1pum and 5 um.

(b) Beamstrahlung induced energy spread &y versus bunch
length o, for N =2 X 10° and N = 4 X 10°.

sions decreased). For fixed beamstrahlung n,, and 6 (that
is acceptable given the collider detector), the luminosity

per unit beam power scales as L/P), « o, 172, indicating
short bunches are critical for next-generation linear
colliders [3].

Figure 4(a) shows n, versus number per bunch N
for bunch lengths o, =1 um and 5 um, and Fig. 4(b)
shows &5 versus bunch length o, for N =2 X 10° and
N = 4 X 10°. Unless otherwise noted the parameters of
Table I were assumed. For a 1 TeV collider, micron bunch
lengths are desirable using bunches with a few 10°
particles. Note that here we have considered round beams.
As Eq. (2) indicates, using flat beams will reduce the
beamstrahlung: n, = (o,/o,)'/* and &g « (o,/0))'/?
for Y > 1.

Plasma-based accelerators are intrinsically sources of
ultrashort bunches since the scale length of the accelerating
bucket in a plasma-based accelerator is the plasma wave-
length, i.e., 0. < A,, where the plasma wavelength is

A, [um]=33/y/n[10"™ cm™3]. In principle, controlled
injection in the plasma could achieve high beam quality
(low emittance) and ultrashort durations beyond state-of-
the-art photocathodes, due to the space-charge shielding
provided by the ions in the plasma and the rapid accelera-
tion facilitated by the ultrahigh accelerating gradients

TABLE I. Example parameters for a 1 TeV laser-plasma linear
collider.

Plasma number density, no [cm ™3] 107
Energy, center of mass, E_,, [TeV] 1
Beam energy, ymc? [TeV] 0.5
Luminosity, £ [10** s™!'cm™?] 2
Number per bunch, N [107] 4
Collision frequency, f [kHz] 15
Beam power, P, [MW] 4.8
Bunch length, o, [um] 1
Horizontal rms beam size at IP, o, [nm] 10
Vertical rms beam size at IP, o, [nm] 10
Beamstrahlung parameter, Y 180
Beamstrahlung photons per electron 7., 1.4
Beamstrahlung induced energy spread 6 042
Plasma wavelength, A, [um] 105
Energy gain per stage, W, [GeV] 10
Stage length (LPA + laser in-coupling), L. [m] 2
Laser energy per stage, U; [J] 32
Laser wavelength, A [pm] 1
Laser pulse duration, 7; [fs] 56
Laser radius, r; [um] 70
Initial normalized laser intensity, a 1.5
Average laser power per stage P, [kW] 480
Number of stages (1 linac), Ny,ge 50
Linac length (1 beam), L, [km] 0.1
Efficiency (wall-plug to beam) [%] 6
Total wall-plug power, P.; [MW] 160
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of the plasma wave. Several methods of controlled electron
beam injection are actively being pursued to provide de-
tailed control over the amount of trapped charge and the
initial phase-space characteristics. Laser-triggered meth-
ods [31,32] and plasma density tailoring [33,34] have been
proposed for controlled injection. Triggered injection into
accelerating plasma waves via colliding laser pulses has
been demonstrated experimentally [35]. Production of
electron beams via plasma wave excitation on a negative
density gradient has also been achieved [36]. Further de-
velopment is required to achieve the necessary emittance
for collider applications.

Positron beam generation would require a two-stage
process similar to conventional collider designs. The first
stage would be an LPA producing a 10-100 GeV electron
beam in several meters, which would be used to generate
gamma rays (via Thomson backscattering or bremsstrah-
lung in a high-Z target). The gamma rays would interact
with a solid target creating a positron beam via photopair
production. Cooling of the positron beam would be re-
quired. A linear cooling system may be considered with
application of the ultrahigh accelerating gradients in LPAs
[37]. The need for a positron beam may be removed by
considering a gamma-gamma or gamma-electron collider,
which can access many of the lepton interactions available
in an electron-positron collider [29]. Appendix C discusses
the design issues with respect to a gamma-gamma collider.

B. Power considerations

Operational cost of future linear colliders limit the wall-
plug power to a few hundred MW. For a constant required
luminosity (fixed E;, and IP beam focusing), the collision
frequency scales with plasma density as f « N~2 « n,
(from the scaling on bunch number imposed by beam

loading), and the beam power scales as P, = fNE,, «

n(l)/ 2. The average laser power per stage scales as Py, =

fUL = ny 2)~2 and the total wall plug power scales as
Pyan © Nytage Payg * né/ 2. Hence, going to lower plasma
density reduces the total power requirements, but increases
the laser energy per stage and total length of the main linac.

Typical conversion efficiencies are projected to be
~50% for laser to plasma wave (at ag~ 1) [23] and
~40% for plasma wave to beam (shaped electron beams
are assumed to avoid energy spread growth [18,19]), such
that the overall efficiency from laser to beam is ~20%.
Since the laser is only ~50% depleted at the exit of a stage,
some of this laser energy may be recovered. In addition, a
trailing antiresonant laser pulse [38—40] (or, alternatively, a
properly phased low energy electron beam) could be em-
ployed to absorb the energy in the plasma wave and
transport the energy out of the plasma to be recovered. If
we assume a wall-plug to laser efficiency of ~30%, then
the efficiency from wall plug to beam is ~6%. Laser
efficiencies of tens of percent are presently beyond

state-of-the-art technology for short-pulse, high-intensity
lasers. Development of high-efficiency, high average
power laser systems using diode-pumped ceramics show
promise for greatly increasing the efficiency and average
power of short-pulse laser systems [41].

The energy deposited into a single plasma accelerator
stage and remaining after passage of the particle beam is an
issue. For example, for n, = 10'7 cm ™3 (cf. Table I), about
~10 J of energy remains in the plasma wave after the beam
exits a stage, corresponding to ~150 kW of power. This is
a significant cooling challenge. The time between bunches
at 15 kHz is ~67 us. Presently, the plasma is produced by
a hydrogen discharge capillary (constructed of Al,03)
[42]. This is sufficient time to allow for collisional heating
of the capillary walls containing the plasma and recombi-
nation of the hydrogen, both of which occur on the ~ns
time scale. Using a H-discharge capillary for the plasma
channel creation allows the H gas to be evacuated and new
gas pumped in before the arrival of the next laser, aiding in
the plasma cooling. In addition, Al,O5 has excellent heat
conduction properties. As discussed above, the energy
remaining in the plasma wave may also be removed by a
using a trailing antiresonant laser pulse [38—40] (or prop-
erly phased low energy electron beam).

IV. PLASMA DENSITY AND LASER
WAVELENGTH SCALINGS

Table I shows a 1 TeV collider example using n, =
10" cm™3 and A = 1 wm. Many of the important parame-
ters for collider design scale with the plasma density and
laser wavelength. With the scalings known, a single design
may be scaled to explore parameter space, given additional
constraints. For fixed collider parameters (center-of-mass
energy, luminosity, and IP focusing) and fixed normalized
LPA parameters (ag, k,r;, and w,7,), the basic scalings
with plasma density and laser wavelength are

E, x n(l)/z, (3)

Lstage o n(;3/2A_2’ (4)
—1)y—2

Wiage * ng A™7, &)

Nstage * nO)‘z’ (6)

-1/2

Ltotal & no ’ (7)

N o« ng'?, (8)

rooeng ' ©)

Ppeak * n()il)‘»iz; (10)
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Uy < ny*?a72, (11)
f o n, (12)

P, x n(l)/z, (13)

Y o g /2, (14)
Py 1y 2272, (15)
Py o ny/%. (16)

Equations (7) and (16) indicate that the total length of the
linac Ly, and the required power P, are independent of
laser wavelength. Note that the bandwidth and wavelength
of the laser are determined by the amplifying media.
Bandwidth constraints will limit the achievable laser pulse
duration and, hence, the plasma density required for a
resonant laser pulse w,7; ~ 1. In the quantum beamstrah-
lung regime Y >> 1, for fixed collider parameters (center-
of-mass energy, luminosity, and IP focusing), the number
of beamstrahlung photons and induced energy spread scale
asn, < &g « ny '3 Note that, in an LPA, the bunch length
o is independent of plasma density (provided o, < A))
and is determined by the trapping physics in the plasma-
based injection process. The bunch radius can also be
controlled independent of density by varying the laser
transverse intensity profile (i.e., focusing forces). In
Table I, the electron energy gain per stage and the length
of the plasma channel were extrapolated from fluid simu-
lations and assume a mild density taper.

With the plasma density scalings [Egs. (3)-(16)], the
example in Table I can be scaled assuming various con-
straints. For example, if laser technology dictates that 7; =
250 fs (due to bandwidth constraints of the amplifying
media used to generate the high-average power laser),
then a plasma density of ny = 5 X 10'> cm™> should be
used for resonance with the plasma period (excitation of
large amplitude plasma waves in the quasilinear regime).
At this density the laser, plasma, and collider parameters
would scale according to Egs. (3)—(16).

V. DISCUSSION AND CONCLUSIONS

In this paper we have discussed several physics consid-
erations for future linear colliders using laser-plasma ac-
celerators. The scaling of various collider and accelerator
parameters with respect to plasma density, laser wave-
length, and electron bunch length were determined. For

example, the total linac length scales as Ly, & n, v 2,

whereas the total wall power scales as P, * n(l)/ 2. To
maintain a high geometric gradient, the length of a single
accelerating stage should be on the order of the laser

in-coupling length. Assuming a coupling distance of
L.~ 1 m implies an operational plasma density on the
order of 10" cm™3 using 1 um lasers. Beamstrahlung

scalings, e.g., n, « 0';/3 for Y > 1, favor the use of
ultrashort bunches with low charge. A key benefit of
LPAs is their ability to generate and accelerate ultrashort
(fs) bunches. Based on these considerations, one possible
example (with plasma density ny = 10'7 cm™3 and 1 um
laser wavelength) of self-consistent LPA-based collider
parameters for 1 TeV center-of-mass energy is presented
in Table I. For fixed collider parameters (center-of-mass
energy, luminosity, and IP focusing) and fixed normalized
LPA parameters (ay, k,r;, and w,7;), the basic plasma
density and laser wavelength scalings [Egs. (3)—(16)]
allow straightforward exploration of parameter space for
collider design.

Beam quality degradation mechanisms unique to
plasma-based accelerators, namely emittance growth ow-
ing to Coulomb scattering with background plasma ions
and energy spread growth from synchrotron radiation in
the focusing fields of the plasma wave, are considered in
Appendices A and B. Both these effects are shown to result
in acceptable beam quality degradation. In addition to
Coulomb scattering, there are many other sources of emit-
tance dilution in the linac, such as misalignment between
accelerating stages, vibrations, and fluctuations in the
plasma and laser parameters. In general, the strong focus-
ing of the plasma accelerator results in more stringent
alignment tolerances due to the small matched beam
spot size. Beyond state-of-the-art beam based alignment
techniques would be required to satisfy the alignment
tolerances [3].

Several components of an electron-positron collider
have not been addressed in this paper, including positron
beam creation and cooling, and final focusing. As an
alternative to an electron-positron collider, a gamma-
gamma collider driven by laser-plasma acceleration of
electron beams may also be considered. This would also
eliminate the need for positron creation and, potentially,
damping rings. The scattering laser energy and power
requirements for the gamma-gamma collider (e.g., few J
of laser energy at the accelerator repetition rate for E;, =
0.25 TeV using a 1 um laser wavelength) are similar to
those required for the single-stage plasma wave excitation
(e.g., tens of J at the accelerator repetition rate operating at
no = 107 cm™3 and 1 um laser wavelength). Hence, de-
velopment of laser technology for LPAs will also enable a
gamma-gamma collider. Note that the required wavelength
of the scattering laser for a gamma production is deter-
mined by the beam energy A, [um] = 4E, [TeV] [28],
and higher collider energies require longer laser wave-
lengths. Higher collider energies also require higher scat-
tering laser energies [cf. Eq. (C2)]. The details of the
design considerations for a gamma-gamma collider are
discussed in Appendix C.
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Significant laser technology advances are required to
realize an LPA linear collider, which, for ny=
10'7 cm ™3, requires tens of J of laser energy per pulse
(using a 1 um laser wavelength) at ~10 kHz repetition
rates with high efficiency (> 10%). Although ~10 J,
short-pulse lasers are currently available, repetition rates
of ~10 kHz and tens of percent efficiencies are presently
beyond state-of-the-art laser technology. Diode-pumped
solid-state lasers show promise to generate hundreds of
kW with high efficiency in the next decade. In addition
there is significant LPA research and development required
before realization of an LPA-based linear collider is pos-
sible. In particular, these include demonstration of accel-
erator stage coupling, detailed control of beam injection,
and maintaining high beam quality over the length of the
accelerator (i.e., multiple stages). Technologies for con-
trolling the plasma density profile and laser in-coupling
techniques are also required. A TeV linear collider is ex-
tremely challenging for any technology, but laser-plasma-
based accelerators continue to show promise as a potential
solution to address the size of future linear colliders.
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APPENDIX A: EMITTANCE GROWTH
VIA PLASMA SCATTERING

In this Appendix, emittance growth via plasma scatter-
ing for laser-driven wakefields in the quasilinear regime is
discussed. Emittance growth due to scattering of electrons
with ions in the particle beam-driven blowout regime was
considered in Ref. [43].

Emittance growth can occur by elastic scattering of the
beam and the ions in the plasma. Coulomb collisions
between a beam electron and a background ion in the
plasma results in a change of the rms divergence of the
particle beam [44],

d(0*) _ 8mn,Z’r; <bmax) _2grZ 1n()tn

¢ In —), Al
dz 72 b min 72 R ( )

where n; = n(/Z is the ion density and Z is the charge state
of the ion. Here b,,,x = Ap is the plasma Debye length

(screening is provided by background electrons in the
quasilinear regime), and b,;, = R is the effective
Coulombic radius of the nucleus, which can be approxi-
mated as R = 1.4A'/3 fm [45] with A the mass number.
Assuming linear focusing forces (F1 /ymc? = —kpx) )
and an approximately matched beam, the resulting

rms normalized emittance growth is de,/dz =
*yk',}lwdﬂ/dz), or
de, _ k%,reZln()\D/R) (A2)

dy ykg(dy/dz)

Equation (A2) indicates that the strong focusing in a
plasma-based accelerator kg ~ k,/./y suppresses the
emittance growth from scattering. For linear acceleration,
the total emittance growth over the length of the accelera-
tor is approximately

Ae, = Zr, @ In(Ap/R)(YY* — ¥/ (A3)

where y, (y;) is the final (initial) beam energy, ® =
(k,rr/2)(E./Ey)3/? /cos*¥ sinW, with W the phase of
the beam in the quasilinear wakefield, and r; is the char-
acteristic length of the transverse laser intensity gradient.
For typical parameters, @ ~ 1. Note that Eq. (A3) differs
from the result of Ref. [43] in the form of the accelerating
and focusing fields in the quasilinear regime and in the
impact parameters (e.g., screening provided by plasma
electrons). Equations (A2) and (A3) indicate that the
emittance growth is only weakly dependent on plasma
density. Assuming a fully ionized hydrogen plasma with
ny =107 cm™3 and a temperature of 7 =10 eV (i.e.,
Ap = 74 nm), a resonant laser pulse with a, = 1.5 (i.e.,
E,/Ey=~0.6) and k,r, =4, and a beam injected at
¥ = 10°, the emittance growth via scattering is A€, =
0.5 nmrad after acceleration to £, = 0.5 TeV. For round
beam operation at the IP with £, = 1 TeV, this emittance
growth is negligible. For flat beam operation at the IP and
higher center-of-mass energies (e.g., E., = 10 TeV), the
emittance growth via scattering with the ions can be on the
order of the required beam emittance.

APPENDIX B: ENERGY SPREAD GROWTH
VIA SYNCHROTRON RADIATION

A beam in the strong transverse focusing forces of the
plasma wave will emit synchrotron radiation. The power
radiated via synchrotron radiation [45] is

B 262’)’2
 3m2e
Consider a linear, with respect to transverse position,
transverse force from the plasma wave, F; =
—mc*k’x |, where k is a constant determined by the
laser-plasma parameters: k%> = (4/r2)(E./Ey) sin¥ in
the quasilinear regime. The betatron wave number is

P F3. (B1)
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kg = K/y'/2. For arelativistic (8 = 1) particle, the energy
loss via synchrotron radiation is
d 2 F1\2 1

where rg is the betatron amplitude and we have averaged
over the betatron period. For an accelerating beam, the
betatron amplitude decreases such that rg = rg;(y;/y)"/4,
where rg; is the initial betatron amplitude. Assuming the
radiation loss is a small perturbation to a constant accel-
erating gradient y' = dy/dz = k,(E,/E;)cos¥, and
Ys > v;, the energy loss to synchrotron radiation is

(B2)

2« 5/2.0 _1/2
A'yz—ﬁreV'yf reYi - (B3)
Averaging over a distribution of particles yields
2 (K3
<A7> = E re<7)7;/2 €y (B4)

where the rms beam size can be expressed in terms of the
transverse emittance, <r%i> = €;/kp; = e,,/(Ky}/z) with
€, = ye the normalized emittance, and the laser-plasma
interaction physics is contained in the coefficient «3/7y’.
For an LPA in the linear regime «°/y’' = (8/k,r;) X
(E./Ey)"/?(sinW)!/2 tanW. The total power lost to synchro-
tron radiation is Pq = fNmc*(Avy).

On-axis particles will not undergo betatron motion and
will not radiate, whereas off-axis particles radiate strongly.
The induced rms beam energy spread is given by 0'3/ =
((Ay — (Ay))?), and using Eq. (B3) the relative energy

spread is
0-7 4 (KB) 3/2
— =~—r,e,| — .
Yro 15 "\ s

For typical collider parameters the induced energy spread
from synchrotron radiation is negligible. For example,
accelerating in a ny = 10'7 cm™3 plasma using a resonant
laser pulse with @y = 1.5 and k,r;, = 4, and a beam in-
jected at ¥ = 10° with ¢, = 1077 mrad, the induced
relative rms energy spread is o, /7y, = 1076 after accel-
eration to £, = 0.5 TeV.

(B5)

APPENDIX C: yy COLLIDER

There are several advantages to considering a gamma-
gamma (y+y) collider (or gamma-electron beam collisions)
[28], compared to an e"e” collider. yy collisions can
access many of the lepton interactions available in an
ete™ collider [29]. In addition, from a collider design
viewpoint, a y+y collider eliminates the need for a positron
beam, and beamstrahlung and beam-beam instabilities are
absent.

Photon beams can be generated from the electron beams
before the IP via Compton scattering. Consider near

backscatter (with small collision angle # < 1) of the
electron beam with a circularly polarized laser (polariza-
tion of the counterpropagating laser opposite that of the
electrons). Solving the energy-momentum conservation
equations for the electron (u,,), laser (k; ), and scattered
light (k,), mcu,, + hk;, = mcu), + hk,, yields the pho-
ton energy hw = Eyx/(1 + x + a?), where a? is the nor-
malized laser intensity and x = (4E,hw; /m*c*)cos?(6/2).
Maximizing the scattered photon energy requires
maximizing x.

Photons may be lost due to the creation of e*e”
pairs (with the associated background issues for the
detector). To avoid e*e™ pair creation requires (hk,, +
hk,p)* = 4k k = 2m,c)*(1 +az), or x=2(1+
a2)(1 + +/2) = 4.83(1 + a}). For x = 4.8, ho ~0.83E,
assuming a; <1, and  hw E, = (m,c?)’x/4 =
0.3 (MeV)? [28], or

A, [um] = 4E, [TeV]. (C1)

Equation (C1) determines the scattering laser wavelength
that maximizes the scattered photon energy while avoiding
pair creation. For example, using a solid-state laser
with hiw; = 1.2 eV, and scattering off an electron beam
with E, = 250 GeV, yields photons with energy hw =
200 GeV.

The luminosity of the photon beams is given by £, =
(N,/N,)* L+, where N, is the number of gammas/pulse.
Comparable luminosity requires N, ~ N,. The cross
section for single-photon Compton scattering (x > 1) is
approximately o¢ = 7r2(2Inx + 1)/x for x > 1, where
r, 1s the classical electron radius. For x = 4.8, o = 2 X
1072 c¢m? [29].

For efficient scattering in the linear regime, 2Z; =~ [; >
l,, with Zp the Rayleigh range, [; the laser pulse length,
and [, the electron beam length. To produce N, ~ N,
requires ocN; /A, ~ 1, ie., the thickness of the laser
“target” is equal to one Compton scattering length.
Here N, is the number of laser photons/pulse and A; ~
ALZg/2 = (m/2)r}. Setting ocN /A, =1 yields the
required laser energy U; = N hw; = whcZi/oc or
U, [J] = 5Zz [mm], with 2Z = [,. With this laser en-
ergy (i.e., one Compton scattering length), the con-
version efficiency is N,/N, =1 — e ! = 0.65. Using
U, = mhcZy/oc, the normalized intensity can be
expressed as azl, = (4rt/aoc)A, or a?l, [mm] =~
0.9E, [TeV]. The laser energy required is therefore

U, 1= (2/a})E, [TeV] (C2)

The pulse duration must be long enough such that the
intensity is sufficiently low to avoid nonlinear (multipho-
ton) scattering, i.e., such that a% < 1.

In addition, the peak electric field of the laser in the
rest frame of the beam must be less than the Schwinger
critical field to minimize beamstrahlung. This condition
can be expressed as a; < A;/(2yA¢) = 2/x = 0.4. Setting
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TABLE II. Example parameters for a 0.5 TeV laser-plasma
linear 7y collider.

Plasma number density, n, [cm ™3] 107
Beam energy, ymc? [TeV] 0.25
Geometric luminosity, £ [10* s~!cm™?] 2
Number per bunch, N [10°] 4
Collision frequency, f [kHz] 15
Number of stages (1 linac), Nges 25
Linac length (1 beam), L, [km] 0.05
Total wall-plug power, Py [MW] 80
Compton scattering laser wavelength [um] 1
Compton scattering laser energy [J] 6
Compton scattering laser duration [ps] 7
Compton scattering laser Rayleigh range [mm] 1
Compton scattering intensity [10'® W/cm™2] 0.27
Gamma beam peak energy [TeV] 0.2
Conversion efficiency [e — ] 0.65

a? = 0.1 yields [, [mm] =~ 9E, [TeV], and U, [J]=
23E, [TeV].

For example, a beam with E, = 250 GeV (E., =
0.5 TeV) requires a 1 um wavelength, 6 J, 7 ps laser,
with Zg =1mm and [=27X 107 W/cm?. The
gamma-ray energy peaks at 0.8E, = 200 GeV, with lumi-
nosity £,/ L.+, = (N, /N,)* = 0.4. Note that, although
the interaction of the laser with the electron beam is at a
point where the electron beam cross section is approxi-
mately that of the laser, the scattered light is along the
direction of the electron beam (since E;, >> hw; ) and will
converge at the IP. The interaction must be done suffi-
ciently close to the IP such that the natural spreading of
the gamma rays, with divergence (1 + x + a2)"/?mc?/E,,
does not significantly reduce the collisions. Table II shows
a 0.5 TeV yy collider example based on n = 107 cm™3
LPA stages (i.e., the LPA and collider parameters of Table I
producing 250 GeV electron beams).
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