SLAC-PUB-7543
March, 1998

TESTING UNRUH RADIATION
WITH ULTRA-INTENSE LASERS*

Prisin CHEN
Stanford Linear Accelerator Cenier
Stanford University, Stanford, CA 94309

and

TosHI TANMA
Department of Physics
University of Texas, Austin, TX 78712
ABSTRACT

We point out that using the state-of-the-art (or soon-to-be) intense ultrafast laser
technology, violent acceleration that may be suitable for testing general relativistic
effects can be realized through the interaction of a high intensity laser with a plasma.
In particular, we demonstrate that the Unruh radiation is detectable, in principle,
beyond the conventional radiation (most notably the Larmor radiation} background
noise, by taking advantage of its specific dependence on the laser power and distinct
character in spectral-angular distributions.
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General relativity (GR) is by birth a classical theory. The celebrated discovery
by Hawking " of the black hole radiation links the GR, to quantum mechanics and
thermodynamics in one stroke. While the ultimate theoretical understanding of the
Hawking radiation, for example through the superstring theorylz], 1s still in progress,
the fundamental importance of the Hawking radiation is hardly questionable. Sub-
sequent to Hawking’s discovery, Unruh™ established that similar radiation can also
accur for a “particle detector” under acceleration. Without resorting to detail arguc-
ments, one can readily appreciate such a notion intuitively based on the equivalence
principle. While the celestial observations of GR effects are clearly important, one
wonders if by means of extremely violent acceleration in the laboratory setting these

effects can be detected or tested by controlled experiments.

There have been proposals for laboratory detection of the Unruh effect " For
exatnple, Yablonovich" proposcd to detect the Unruh radiation using ionization fronts
in solids. Darbinyan et at!” proposed to test it through the crystal channeling
phenomena. Since the sought-after effects are typically extremely weak , the most
severe problem would be the struggle against paramount background signals. Thus
the challenge in general is to find a physical setting which can maximally enhance the

signal above its competing backgrounds.

It 1s known that plasma wakefields excited by either a laser pulsem or an in-
tense electron beam'™ can in principle provide an acceleration gradient as high as100
GeV/cm, or 10%%gs. Such acceleration relies on the collective perturbations of the
plasma density excited by the driving pulse and restored by the immobile ions,
and thercfore is an effect arisen over a plasma period. There is in fact another
aspect of laser-plasma interaction. Namely, when a laser is ultra-relativistic (i.e.,

ag = elly/mewy > 1), the plasma clectrons under the direct influence of the laser



can be instantly “snowplowed” forward in cvery laser cycle (which is typically much
higher frequency than that of the plasma), resulting in a intermittant acceleration
that is much more violent than that provided by the plasma wakefields. For the
Petawatt-class lasers currently under development [9], 10 TeV/cm, or 1025955, will be

possible for these “snowplow” accelerations in the near future.

Although the classical equivalent of the acceleration exerted on a nucleon bound
to a nucleus can be as large as agyeleay ~ 10%gg, it is well-known from quantum
mechanics that the notion of classical trajectory and acceleration is not justified in
subatomic systems. By the same token one should not expeet any GR effect to
be generated during high energy particle collisions where, if the notion of classical
particle motion was wrongly applied, the hard scattering during a very brief moment
would suggest an extremely violent acceleration. Furthermore, as will be addressed
in more details below, even if the notion of classical acceleration is valid in a physical
system, there is also the question of uniformity and duration of such accelerations
for the Unruh effect to be applicable. The outstanding character of our system is
that the snowplow acceleration is macroscopic and can be well described by classical
electrodynamics, and therefore the Unruh effect associated with violent acceleration
can be readily applied.

[1

According to Davies  and Unruhm, a uniformly accelerated particle finds itself

imbeded in a thermal heat bath with temperature
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kT , (1)

2me

where o is the constant proper acceleration of the particle. In the standard treatment,
an internal degree of freedom of the accelerated particle is invoked as a means to detect

the Unruh effect. This can be, for example, a monopole moment (interacting with



a scalar field)""*™, or the spin of an electron (interacting with EM fields)™". Since
the agency that we rely on for the violent acccleration is electromagnetic and acts
only on charged particles, we consider an electron, the lightest charged particle, as
our particle detector. As was shown by Bell and Leinaas [12], the manifestation of the
Unruh effect through the equilibrium degree of spin polarization would require an
unphysically long time in the case of a linear acceleration, yet for such an effect in a
circular motion the Thomas precession complicates the issue. In our approach, we do
not invoke any internal degree of freedom. Rather, we rely on the quivering motion
of the eclectron under the influence of the nontrivial vacuum fluctuations, and look for

the emitted photons so induced as our signals.

To be sure, the Unruh radiation is not a “new” radiation. Using the standard
field theory (in this case quantum electrodynamics), one should in principle be able
to arrive at the same result when properly taking particle radiation reaction into
account. Treating the problem in the instantaneous proper frame and invoking the
particle response to the thermal vacuum fluctuations, however, help to elucidate the
phenomenon through a very intuitive picture in the spirit of the fluctuation-dissipation

14] . -
theorem "™ in thermodynamics.

We assume that in the leading order the accelerated electron is “classical”, with
wcll-defined acceleration, velocity and position. Therefore we can introduce a Rindler
transformation' so that the electron is described in its instantaneous proper frame.
Also at this level the linearly accelerated electron will execute a classical Larmor ra-
diation. As a response to the Larmor radiation, the electron reacts to the vacuum
fluctuations with a quivering motion in its proper frame. This in turn triggers ad-

ditional radiation. We agsume that this quivering motion is nonrelativistic in the



proper frame, and the interaction Hamiltonian can be written as

H =——p-A=—ci E . (2)

e
me
The probability of the emission of a photon with energy w = £ — £ is
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where o and 7 arc the absolute and relative proper time, respectively. The 7 de-
pendence of the position operator has been extracted to the phase due to a unitary
transformation. The last bracket is the well-known autocorrelation function for the

fluctuations of the electric field in the Rindler vacuum!™ i
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With a change of variable s = a7 /2¢, we find
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where (z?) = Zf(i,f) This integral has poles at 5 = nni, and is periodic every

As = mi. Thus it can be easily performed by returning the contour along the line

Ims = 7, and we get
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The expectation value of 2 fluctuates due to the random absorption of quanta

from the vacuum fluctuations. From the uncertainty principle we have (x2){(p?) 2 A°.



By absorbing a quanta of frequency w, the corresponding change of momentum is
(p?y = (p*)/3 = (2/3)mhw. We shall thus assume that

3

(@) =3 (o2) ~ oL (7)
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Note that this expression is invalid when the quivering motion becomes relativistic,
i.c., (p?) 2 (mc)?. Beyond this limit a fully relativistic treatment is necessary, and
higher order processes such as eTe™ pair production should be included. Taking the
typical frequency of the vacuum fluctuation spectrum, w ~ &7T'/h, the nonrelativistic
approximation corresponds to the constraint that &7 < mc®. Correspondingly, this
means the fluctuations of the electron position in our case is larger than the Compton
wavelength, i.c., (z%) 2 Ac%, which is consistent with our semi-classical treatment.
This range of validity of our approximation is physically unrelated to the well-known
issue of Zitterbewegung for an inertial electron B Bug it is interesting to recall that an
unaccelerated clectron also jiggles under the zero-point fluctuations of the Minkowski

vacuum, yet with (:1:2) < 7\c2 at a frequency 2c/A.. This, as we know, will never

constitute any radiation.

To find the radiation power, one should insert Eq(7) and further integrate Eq.(6)
over hdw, which diverges in the infrared limit. In reality, however, the duration of
acceleration, 7, is always finite, which scts a cutoff frequency at w, ~ 1/7,. Therefore

we introduce a regularization through an infrared cutoff, w,, and find

de ~ Am ¢

dr.. /o?ﬁd AN 3 r.h (a)S y (c/ara)? exp(—2nc/ary), Ta K 27c/a,
—_— w— .~ —
c 2log{ar,/27c) Ta & 2mc] .

We see that if the time for accclcration is less than the characteristic time 7, = 2xc/a,

then this radiation is exponentially suppressed.
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For the sake of simplicity, we treat the laser as a plane EM wave. Let the laser
be linearly polarized in @-direction and propagate in the z-direction, with amplitude
E = Epcoskg(, where ¢ = z — vyt is the coordinate of the comoving frame. The
normalized vector potential is then A(¢) = [eEy/mewy] sin kol = ag sin ko, where ag
is the conventional dimensionless laser strength parameter. The state-of-the-art, or
soon-to-be, laser technology can provide an intensity so high that a¢y & 100 is attain-
able™ In cur conception, the accelerated electrons are provided by a low temperature

plasma. This, in principle, induces a collective reaction from the plasma to the laser
through the modification of the index of refraction, n = /1 — (wp/wp)? S 1, where

Wy = cy/4rreny is the plasma frequency.

The Lorentz force equations for a plasma electron driven by a linearly polarized
laser , where its magnetic field is related to the electric field by B, = nE, =nF, can

be written as

%:—enﬁzE

iy (9)
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For a plasma electron initially at rest, its subsequent velocity and energy as a function

of ¢ in the lab frame can be solved exactly from the above equations. In the regime of

our intcrest it can be shown, with the approximation /{1 + A(¢)%)(1 — n2) + 1 x~ 1,

that
A 2
aio =20 = AL
_1+n% 4+ A(Q)?

Note that, as A(() is periodic, the electron returns to a full stop every half-cycle, where
A(¢) = 0. Taking time derivatives on G, and G,, and making Lorentz transformation

to the proper frame, it can be shown that the magnitude of the proper acceleration



is simply

= capy fw[z] + wg cos ko /= capwg cos kol . (11}

Thus in the limit wy, < wy, the plasma effect on the proper acceleration is negligible.
It is clear that the maximum acceleration occurs at every half laser cycle, with phases
n = ko¢{ = 0,7, 2m, ..., which coincide with the phases where the electron comes to

rest.

As can be seen from Eq.(10), since 3, & A while 8, o A?, the electron is initially
accelerated from rest in the transverse direction. But for the case where g > 1,
the motion is rapidly bent towards the direction of laser propagation {in z). This
helps the electron to remain in phase with the laser oscillation for a much longer time
compared with the nonrelativistic case. There still is, nevertheless, a slight amount
of “phasc slippage” incured to the electron versus the laser phase. The phase advance

of the clectron is

! 1
a = ko(’uz - Uph) = %(ﬁ, — ;) . (12)

As we discussed earlier, to avoid exponential suppression we look for a minimum
acceleration time 7, & 7, = 27¢/w. The corresponding characteristic laboratory time

t. for acceleration, through Rindler transformation, is then

c . c ..
te = = sinh(r.a/c) = o sinh{27) . (13)

Integrating Inq.(12) from 0 to +£./2, and assuming that the resultant phase slip-

page 1, < 1 while ggn. >» 1, we find the phase slippage to be

1
e = & —(3sinh oml/3 . (14)
0

Thus to ensure the uniformity of acceleration during a time ¢, it is necessary that



cosne = 1 — (0:)2/2 = 1, or ap > (3sinh27)1/23/v/2 ~ 6.6. As we will discuss below,
we assume an ultra-intense laser where ag ~ 100, thus the nonuniformity of the proper
acceleration during this characteristic time is less than 0.5%, and we shall from here

on simply assume « = cagwy within the time 7.

At the classical level, the same linear acceleration induces a Larmor radiation.

The total Larmor radiation power is

dt  3m2ed

aI, 2 e? (dpﬂ dp"") B 2 remal

dr dr/ 3 ¢ ’ (15)

where Egs. (10) and (11}, and the identity dv3,/dr = dvy/dr, which is a direct
consequence of the Lorentz force equations, have been invoked. This means that the
contribution to the relativistic Larmor radiation is predominantly from the trasverse
acceleration by the laser electric field. As the radiation power is a Lorentz invariant
quantity, the relative yield between the Unruh radiation {Eq.(8)) and the Larmor

radiation in ecach half-cycle is

dl jdt 9 Xeo
dI, /dt = 4x 2

log(ar,/27c) . (16)

In our particular setting the phase-slippage increases rapidly due to the hyperbolic
dependence of £, on 7, and the proper acccleration decreases accordingly. It is there-
fore adequate to assume that 7, 2 7. = 27w¢/a and log(ar,/27¢) ~ O(1) in our case.
Consider the Petawatt laser currently under development [g], where wy ~ 2 x 101%ec™1
and ay ~ 100. This gives (dI,./dt)/(dl, /dt) ~ 3 x 1074, To have the Unruh radi-
ation power breaking even with that of Lamor radiation, one would need a laser
power (& a-%) more than 7 orders of magnitude larger, or an acceleration as large as
~3 X 1031a::m/sec2 ~ 3 x 10%g.,, which is beyond the reach of current laser technol-

ogy. However, the time structure of these radiations and their different characters in



spectral-angular distributions and polarizations help to much relax the demand on

acceleration for detectability.

We have shown that the relative phase advance of the electron for emitting typical
Unruh photons is a small fraction of the laser half-cycle (cf. Eq.(14)), and have a
much sharper temperal profile than that for the Larmor radiation. Because of the
snowplow mechanism, the clectron rapidly becomes relativistic and is bent forward.
As a result the time laps for every period of motion is much longer than the laser
period. Roughly, the time separation between successive Unruh signals (for cach

7-phase slippage) scales as a-%:

At ~yrjwy = (1 + a%/2)7r/w[-; > 1wy >t . (17}

Therefore 1t should be possible to set up temporal gates where signals from different

pericds can be isolated if a thin “film” of plasma is irradiated.

In our treatment the thermal fluctuation is isotropic (cf. Eq.(4)}"” in the elec-
tron’s proper frame. The radiation induced is therefore also isotropic. Since at each
half-cycle by the time when the electron has been accelerated for a time ¢./2 from
rest, its energy would be v, = 1+ A%(n.)/2 = 1 + (3sinh 27)2/3/2 » 1, the Unruh
radiation is highly forward boosted in the lab frame. Inserting the proper accelera-
tion v = cagwy into Eq.(8), and transforming back to the lab frame with smail-angle
expansion, the angular distribution becomes

di,. 1 r.h wgag

~ —_ = . 1
itd = I ¢ (1 20F (18)

As the Larmor radiation is essentially induced by the transverse acceleration, it

10



is polarized and its angular distribution in the small {8, ¢) polar angle expansion is™"

d?I, N 2r.meajw? [ 4426%(1 — gbz)]

qde ~ Grepll T T e (19)

It is clear that the radiation power is minimum at (6, ¢) = (1/7., 0}, where d*I, /dtdQ) =
0. Consider a detector which covers an azimuthal angle A¢ = 10™2 around this “blind
spot”, and an opening polar angle, Af <« 1/+,. Then the partial radiation power for

the Unruh signal would dominate over that for the Larmor within this solid angle.

To be sure, there are other types of radiation backgrounds in addition to the
Larmor radiation. The snowplowed plasma electrons will interact with the plasma
lons and trigger the conventional bremsstrahlung. The cross section of bremsstrahlung
for an unscreened hydrogen nucleus per unit photon energy is well-known: dy/dhw ~
(16/3)ar2tn(EE /mc*w). Assuming a frequency window of Aw/w, ~ 0.1 and a
temporal gate of At ~ 2 x 107 15sec, we find that, for the laser parameters discussed
above, the plasma density has to be lower than n, < 10'¥/cm® in order that the
bremsstrahlung signals be less than that from the Unruh effect, which is not a severe

restriction.

We have demonstrated that the Unruh radiation can in principle be detectable
against the backgrounds from the conventional radiations using the frontier laser
technology and the various experimental techniques. The violent, macroscopic accel-
eration provided by the snowplow mechanism available from ultra-relativistic lasers
can also be a useful tool to test other salient features of general relativity in the lab-
oratory sctting. This should open up a brand new window to peek into foundations

of physics.
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Abstract.

We explore the multidimensional space of beam parameters, looking for pre-
ferred regions of operation for a ete™ linear collider at 5 TeV center of mass
energy. Due to several major constraints such a collider is pushed into cer-
tain regime of high beamstrahlung parameter, T, where beamstrahlung can be
suppressed by quantum effect. The collider performance at high T regime is
examined with IP simulations using the code CAIN. Given the required beam
parameters we then discuss the feasibility of laser-driven accelerations. In partic-
ular, we will discuss the capabilities of laser wakefield acceleration and comment
on the difficulties and uncertainties associated with the approach. It is hoped
that such an exercise will offer valuable guidelines for and insights into the cur-
rent development of advanced accelerator technologies oriented towards future
collider applications.

INTRODUCTION

It is believed that a linear collider at around 1 TeV center of mass energy
can be built more or less with existing technologies. But it is practically im-
possible to go much beyond that energy without employing a new, yet largely
unknown method of acceleration. However, apart from knowing the details of
the future technologies, certain collider constraints on electron and positron
beam parameters are considered to be quite general and have to be satis-
fied, e.g. available wall plug power and the constraints imposed by collision
processes: beamstrahlung, disruption, backgrounds, etc. Therefore it is ap-
propriate to explore and chart out the preferred region in parameter space
based on these constraints, and with that hopefully to offer valuable guide-

© 199§ American Institute of Physics 1



lines for and insights into the current development of advanced accelerator
technologies oriented towards future collider applications.

Taking such a point of view, we examine collider performance at the final
interaction point (IP) of a e*e™ collider over a large space of beam parameters.
We show that it becomes increasingly necessary at higher energy to operate
colliders in high T regime and use to our advantage the quantum effect to
suppress beamstrahlung. Although the quantum suppression effect was known
and studied before with simple models [1-4], it has not been checked with full-
blown simulation at high T regime that we are considering in this paper. As
will be shown later, there are indeed several surprising features revealed by
our simulations, in particular in the differential luminosity spectrum, which is
a crucial factor for colliders.

Given beam parameters that are confirmed by simulation to be within ac-
ceptable level of beamstrahhing, we then discuss its implications for laser-
driven acceleration. In particular we examine general characteristics and ca-
pabilities of laser wakefield acceleration and comment on the difficulties and
uncertainties associated with the approach.

COLLIDER CONSIDERATIONS

In this section we will first discuss major collider requirements and con-
straints and organize the beam parameters in a way more convenient for
exploration. We then scan the parameter space to find optimal regime of
operation, and discuss its characteristics, as well as design options and trade-
offs. These optimal designs are shown to be in high T regime. The collider
performance at high T regime is examined with CAIN [5] simulations.

IP Requirements

The primary drive for developing ever more advanced accelerators is to
expand both energy and luminosity frontiers for high energy physics appli-
cations. An important collider performance parameter is the geometrical lu-
minosity given by £, = f.N%/4no.0, where f, is the collision frequency, N
is the number of particles per bunch, ¢, and oy are, respectively, the hori-
zontal and vertical rms beam sizes at the IP. The real luminosity, however,
depends on various dynamiec processes at collision. Among them the most im-
portant ones are beamstrahlung and disruption [6]. These two processes are
characterized by the beamstrahlung parameter T = 5r2yN/6as,(0, + o),
and the disruption parameter D, = 2r.No,/vo,(0, + o,), where v is the
Lorentz factor, r. the classical electron radius, o the fine structure con-
stant, and o, the rms bunch length. Beamstrahlung is in classical regime
if T « 1, and strong quantum regime if T > 1. The physical effect of
beamstrahlung is not directly reflected in the magnitude of Y, but rather it is



more conveniently monitored through the average number of emitted photons
per electron n., = 2.54 (ao, T /A7) Up(Y) and relative electron energy loss
6p = 1.24 (a0, T/Ay) TUL(T). where A, = i/mc is the Compton wavelength,

Uo(Y) m 1/(1+ T¥3Y? and U(T) ~ 1/(1 + (L5T)¥3)".

So far we have given the major constraints imposed at the collision, which
require n, and ég not be too large to cause luminosity degradation. Generally
speaking, when these requirements are satisfied, other deteriorating effects
such as pair creation and hardronic background will also be small [6]. Another
major constraint for collider design is the available wall plug power which
limits the beam power, given accelerator efficiency. We define the average
power of both colliding beams P, = 2E5N fe» the center of mass energy E,
2E,, and the beam energy E, = ymc?.

It is noted from all the formulas given above that there are only
six independent parameters and they are chosen for convenience to be
{Eem, Ly, P, R, N, 0.}, where R is the aspect ratio ax/cry. For col-
lider design considerations we are interested in monitoring six quantities
{fe, 04, Y, Dy, ny, 8}, and they are expressed in terms of the six _independent

parameters as follows
= () () »
o = (7%) (78) (V=) 9 @
- @ERERE)E) o

D, = (lﬁwmcére) (1 fR) (‘Cg) (o) (4)

ny = 254U(T)F, &g = L2ATUy(T)F (5)

- (B ED

The advantage of orgamnizing the independent and dependent parameters
in such a way lies in its convenience for design optimization in the multidi-
mensional parameter space, since in most situations many of the independent
parameters can be fixed. For example, in this paper, we set E,., = 5TeV




and £, = 10%cm~%s~! as our goal in energy and luminosity frontiers. For
laser-driven acceleration, we assume R = 1 for reasons that will be explained
later in this section. Furthermore, given maximum wall plug power, it is often
adequate to consider F, at a few discrete values corresponding to different ac-
celerator efficiencies. Then for each fixed value of P, we are left with only two
independent parameters {N,o,} to vary, and all the dependent parameters
can thus be conveniently visualized in a surface or contour plot, as will be
shown in the next section.

The design approach given here can be extended to integrate more collider
parameters and the associated boundary conditions into the process.of con-
strained optimization. For example, the beam size oy is related to two other
important parameters: the normalized rms emittance £, and the betafunction

at IP B, by oy = /Bye,/7 - Once o, is determined, ¢, and 8, can be chosen
according to other constraints, and vice versa. One constraint that is of im-
mediate importance for the IP is the Oide limit [7], which sets the minimum

achievable beam size: gyn[m] = 1.7 x 107%,[m]*". Here we have used in the
Qide limit a smaller numerical factor proposed by Irwin [8]. For later use, we
define Fiige = 0y/0min, the Oide limit is violated if Fige < 1.

Before going to the exploration of parameter space using Egs.(1-6), it is
instructive to look at the more transparent scaling laws in two dimensional
parameter space {N,0,} when {Eq,, L4, Py, R} are considered fixed

fe~1N, o, ~VN, D, ~0,, T ~ VN/o, (7)

ny ~ U(T)WVN, 6z ~ TU(T)VN. (8)
In the limit T 3 1, Up{T) — /T3, YU (T) — 1/T'3. Eq.(8) becomes
ny ~ (No,)'®, bp ~ (Noo)'*. (9)

We see from Eqgs.(7,9) that once in the high T regime there are two ap-
proaches to reduce the effects of beamstrahlung: either by reducing N or by
reducing o,. The consequences on the collider design and the implied re-
strictions on the approaches, however, can be quite different. Reducing N
requires f, to be increased and o, decreased, thus the approach is limited by
the constraints on f, and o,. Reducing o;, on the other hand, is not directly '
restricted in this regard. Also the dependencies of T on the two approaches
are quite the opposite. The second approach clearly demonstrates the case
that beamstrahlung can indeed be suppressed by having larger Y.

We now come to explain why it is reasonable to assume round beam R = 1.
The current designs of linear colliders at 0.5 TeV are all based on damping ring
technology which provides much smaller emittance in the vertical dimension.
Taking advantage of this feature, beam distribution at the IP has been made



very flat, R > 1, to suppress beamstrahlung. However, first of all, it is not
clear at this point what would be the injector of choice for future laser-driven
accelerator, if emittances can be made as asymmetrical as in the damping ring,
or if possible, would it be compatible with, for example, transverse focusing
channel of the acceleration scheme. Secondly, as will be shown in the next
section for round beam, the required beam size is already in the A level. A
flat beam requires the beam size in one dimension be made even smaller, thus
pushing the limit for tight beam positioning control. Nonetheless, one should
keep in mind that making R >» 1 is still a knob for further suppression of
beamstahlung, even in strong quantum regime as can be seen from Eqs.(1-6).

Parameter Optimization

Using the formulas provided in the previous section: Eqs.(1-6), we are now
ready to explore the parameter space. As mentioned before we will consider
the situation with {Eq, = 5TeV, £, = 10%cm~2s"!, R = 1}. Assuming wall
plug power for such a collider is limited to 2 GW {8], and the overall “wall
plug to beam” efficiency is within the range of 0.1% to 10%, we will look at
three cases with Py being 2 MW, 20 MW and 200MW, respectively.

Figure 1 shows the contour plots of parametric scans for the cases with
Py = 2MW (left column) and 20MW (right column). Due to page limita-
tion, we show only a few out of many quantities that can be monitored in
{N(10®),0.(um)} space, they are, starting from the top row: n,, T and
oy{nm). From these scans one may chose optimal operation point {N,o,}
based on various constraints imposed on the independent as well as depen-
dent quantities. Using the plots in the bottom row one can also determine
¢y(nm) and B, (pm) at different values of g, and from there to check Fig,.
The type of parametric scans shown here are used as a guide to pick specific
parameter sets given in Table 1 for three values of beam power. Several per-
formance parameters computed from the formulas are given in Table 2, some
of them can be directly compared with simulations. It is noted here we have
chosen to make n., significantly less than 1 and same for all three cases, and
violate the Oide limit by about 10% on purpose to relax other parameters.

High T IP Simulation

Although the simple formula, Eq.(5), takes into account strong quantum
beamstrahiung with high T, some important effects are nonetheless neglected,
for example, disruption and multiphoton processes [6]. It is therefore necessary
. to examine its predictions with full-blown simulations. We use a Monte-Carlo
simulation code recently developed by Yokoya [5] to study QED processes at
the IP for e*e~ and «vy colliders. This code is a superset of the weil-known
code ABEL by the same author. Care has been taken to ensure that there is
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enough resolution in the simulation at such high T values to yield reliable QED
prediction. This is established by verifying that resuits changes insignificantly
by changes of resolution grids.

Figure 2 gives the differential e*e~ lumingosities for the case I, II, III in
Table 1. Tt is noted that the luminosity spectrum is characterized by an
outstanding core at the full energy and a very broad, nearly flat halo. One
see from Table 3, taking case Il for example, although on average the beam
loses 26% of its energy and has a rms energy spread of 36%, the core itself
within 1% of full energy still accounts for 65% of the geometrical luminosity.
The outstanding core is more than two orders of magnitude above the halo.
The sharpness and the high luminocsity of the core is rather surprising but
pleasantly so. Comparing simulation results in Table 3 for n, and 6 with
that calculated from the formulas in Table 2, one see the agreement varies
from being reasonably good at lower T to rather poor at higher T. It seems -
to indicate that the formulas can be used only as a rough guideline for collider
design at high T. It is interesting to note that the core luminosity is somewhat
larger for the case with higher beamstrahlung loss, which is probably due to
disruption enhancement as indicated by the larger value of Dy in Table 2.

Another major deteriorating process at high T is coherent pair creation.
The number of pairs created per primary electron, n,, is given in Table 2 by
formulas [6] and in Table 3 by simulations. According to our simulations the
incoherent pair creation is 2 to 3 orders of magnitude smailer than that of the
coherent pairs, thus negligible. Finally we point out that such a differential
luminosity spectrum should be rigorously assessed together with the back-
ground of beamstrahlung photons and coherent pairs from the point of view
of particle physics and detector considerations. Only then, one may judge if
operation of colliders at high T regime is indeed a viable approach for high
energy physics applications.

ACCELERATOR CONSIDERATIONS

As seen from Eq.(9), an effective way to suppress beamstrahlung is to reduce
0., which naturally favors laser acceleration as it offers much shorter acceler-
ation wavelength than that of conventional microwaves. For laser wakefield
acceleration, typical wavelength of accelerating wakefield is ~ 100 pm, which
is in the right range for the required bunch length in Table 1. Laser wakefield
acceleration [9,10] has been an active area of research in recent years primarily
due to the major technological advance in short pulse TW lasers [11]. The
most recent experiment at RAL has demonstrated an acceleration gradient of
100 GV/m and produced beam-like properties with 107 accelerated electrons
at 40MeV + 10% and a normalized emittance of £ < 57 mm-mrad [12].

For beam parameters similar to that in Table 1, we consider a laser wakefield
accelerator system consisting of multiple stages with a gradient of 10 GeV/m.



With a plasma density of 10*7cm =3, such a gradient can be produced in the
linear regime with more or less existing T? laser, giving a plasma dephasing
length of about 1 m [13]. If we assume a plasma channel tens of ym in
width can be formed at a length equals to the dephasing length, we would
have a 10 GeV acceleration module with an active length of 1 m. Of course,
creating and maintaining a plasma channel of the required quality is no simple
matter. To date, propagation in a plasma channel over a distance of up to 70
Rayleigh lengths (about 2.2 cm) of moderately intense pulse (~ 10¥W /cm?)
has been demonstrated [14]. New experiment aiming at propagating pulses
with intensities on the order of 10'®W/cm® (required for a gradient of 10
GeV/m) is underway [13].

Table 1. Beam Parameters at Three Values of Beam Power

CASE | B(MW) | N(10%) | fe(kHz)} | gy(nm) | B, (pm) | oy{nm) | o,(um)
I 2 0.5 50 2.2 22 0.1 0.32
11 20 16 | 156 | 2 62 | 056 1
III 200 6 416 310 188 3.5 2.8

Table 2. Results Given By the Formulas
CASE | T | Dy |Foge| ny |65 | mp | L£4(10%%ecm—2571)
I 34851 0.93 | 0.89 | 0.72 | 0.2 | 0.19 1
I 631 | 0.29 | 0.89 [0.72] 0.2 0.12 1
ITI 138 | 0.081 | 0.91 [ 0.72] 0.2 | 0.072 1
Table 3. Results Given By CAIN Simulations

CASE | n, | 6g |0e/Eo| np | L/Li(Wem € 1%) | L/L,(Wem € 10%)
I 1.9 | 038 042 | 0.28 0.83 1.1
II 097|026 036 | 0.12 0.65 0.80
11 0.84 1021 0.32 | 0.06 0.62 0.75

Although a state-of-the-art T2 laser, capable of generating sub-ps pulses
with 10s of TW peak power and a few Js of energy per pulse [11], could al-
most, serve the need for the required acceleration, the average power or the rep
rate of a single unit is still quite low, and wall-plug efficiency inadequate. In
addition, injection scheme and synchronization of laser and electron pulse from



stage-to-stage to good accuracy have to be worked out. Yet another impor-
tant consideration is how to generate and maintain the small beam emittance
in the transverse focusing channel provided by plasma wakefield throughout
the accelerator leading to the final focus. There are various sources causing
emittance growth, multiple scattering [15], plasma fluctuations {16] and mis-
matching between acceleration stages, to name just a few. Should the issues
of guiding, staging, controllability, emittance preservation, etc. be worked
out, there is hope that wakefields excited in plasmas will have the necessary
characteristics for particle acceleration to ultrahigh energies.

CONCLUSIONS

We have explored the possibilities of operating a 5 TeV linear collider in
the strong quantum beamstrahlung regime. To take the full advantage of
quantum suppression of beamstrahlung, we have searched a large space of
multidimensional collider parameters for the preferred regime of operation. By
making collider scaling laws transparent, we found that reducing bunch length
is an effective approach to suppress beamstrahlung, which naturally favors
laser-driven acceleration. The prediction of scaling laws has been checked
with full-blown [P simulations, and the results are quite encouraging. We
have discussed the implied requirements for laser wakefield acceleration. The
parameters of a 10 GeV module in a 5 TeV collider vision demonstrates both
encouraging and sobering features that calls for further developments and
innovations.
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FIGURE 1. Parameter scans for P, = 2MW (column 1) and 20MW {column 2).
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