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Preface

B There are 2 proposals for plasma based colliders
¢ (1) SLACand (2) LBL
B Both proposals claim that they can achieve a collider operation
with luminosity 10°* cm™s™ or above
B However an examination of presented parameters shows that
they are inconsistent with limitations coming from fundamental
principles of physics
¢ We also could not find how the present paradigm can be
changed so that the required luminosity can be achieved
B Separately, each of below limitations can be mitigated, in
principle, Yo an acceptable level
¢ However they cannot be satisfied simultaneously
B We knowingly do not consider technical limitations
¢ which are also present but, potentially, can be overcame
with technology development
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Preface (continue)

B The following limitations were considered

¢

Limitations on the beam emittance and momentum spread
coming from the SR radiated in the final focus lenses/quads
Emittance growth due to multiple scattering in the plasma
and/or residual gas

Pinching/expulsion of plasma electrons by electric field of
positron/electron bunch

Pinching/expulsion of plasma ions (in the bubble regime) by
electric field of electron/ positron bunch

Impact ionization of ions by bunch electric field if heavy ions
are used to mitigate ion pinching by electrons in the bubble
regime

Beamstrahlung on heavy ions in the bubble regime
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B The hollow beam channel was proposed to overcame these
problems. However it has additional limitations
¢ First, it is unclear how to create a um radius hollow channel
free of ions and gas
¢ Second, achieving transverse stability in the presence of
very large transverse impedance of the plasma channel
requires considerable momentum spread and very strong
focusing which can be achieved with plasma focusing only.
Such focusing cannot be supported in the hollow channel.
External focusing will be 3-4 orders of magnitude weaker
than the required value
e Note that in the case of plasma focusing a few percent
tune spread is required for transverse beam stability
B Allocated time does not allow detailed discussion of all
limitations (some details are in the backup slides)
¢ We are open to offline discussion
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Final Focus and Beam Emittance Limitations

B Assume
¢ Axial symmetric focusing with chromaticity suppressed by 7
¢ Chromatic contribution to o is equal to betatron beam size
- & - Ap Ap s
@NUF\/;F p b nF
¢ SR from the FF lens changes particle momentum by Ap for r=c
B Then

4?2
Ap 2887w | iF, B=GraGF |5, 1:fhms _ AP} 2L £
Pl; 3 mC p F mcy P 3 F p

¢ Equalizing Ap/p and Ap/psg one obtains limitation on the beam emittance

) *2
E,=EY <3 S0 where o =./gf - &3132&—62
21,17, 7 op FY\ 3

B Thus, SR from FF limits beam emittance ap M0 E,.. = 300 GeV
and momentum spread. P ¢, =8 pm

¢ For ¢* =10 nm & n-= 0.01 we have g, < 8 um, 11073

~2r7/3 £

SR

Ap/p =103 for F=1'm |
e Emittance reduction allows Ap/p increase B i
so that to bring it to a manageable level B0 01 1 10
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Final Focus and Beam Emittance Limitations (2)

B Note that this estimate is extremely optimistic
¢ Only one axial symmeftric lens
e It will be worse with quads
e Making plasma with required linearity is questionable
o Pinching excludes plasma lens usage
¢ SR considered at 1o (heed 2.5-30)
¢ SR in chromaticity compensation section is negligible
B To get acceptable values of momentum spread we further will
assume the following parameters (for 500 GeV & 6*=10 nm)
¢ Fr1m,e,<01um,c,=Ap/p<107
¢ This value of emittance coincides with LBL proposal
e Later, to avoid problems with beam loading, they claimed that
it can be strongly increased

e We do not see how it can be consistent with the above
limitation
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Emittance Growth due to Multiple Scattering

B The multiple Coulomb scattering creates emittance growth in the

course of acceleration. In a fully-ionized plasma it is
de, B 2rZ(Z +1)re2niﬂf (7/)Ac

dy ¥ (dy/ds) & = Pre
B Assume that an accelerator operates in the blow-out regime
= ing i ed by pl
focu§m9 is supported by p asma 50— J2r O
density and the beta-function is: (=7 0 ST
p
= Acceleratin
: : J imc27/_ Aze’Zn 'sin@g, sind ~0.5-accelerating phase
gradient is: ds K,
¢ That yields the emittance increase for acceleration to ysin:
Ag = ZAC-i +Ace re 2?/fin ! Aci ~ 20’ Ace ~ 2
sing

B For E,=500 GeV it yields negligible growth: Ag,=2:10"* um
¢ However it is achieved due ‘ro very large plasma focusing:
6=3-10% 6/cm for n,=10" cm™ B n,=1x10" T
e TItis 4 ordersof magnitude above present "M B0t um "o,
achievements with SC magnets pnclion
e Tt results in a sub-micron beam size

rms beam size

0 | | | |
0 100 200 300 400 il%[:'
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Bunch Deceleration and Wake in Plasma

B Well-known 3-step solution for a particle:
1. Collective plasma response at large p
2. Particle interaction with independent plasma electrons at small p
3. Combining two approaches one obtains:

E | |
dE\ 4#nzZ%* (p y 762 —
|~ e In max ’ ~ v o E i .
( ds jo mev2 (pmin j Fmax 1123 G)p '+ P meV2 . 1 *
Logarithmic approximation: )
it works well as long as Puex > Prin -1 .
[ [ " _ | | | |
B |ongitudinal wake is %:(% 2cos(ics) S EE——
0

B Similar approach can be used for a bunch
¢ Field screening and ppax Will stay the -
same if the bunch is short, Ly<«<k,™” Vi N, = yn,

¢ pmin Will be modified because of finite V
bunch length

e For small p electric field of plasma
electrons can be neglected

¢ Deceleration will be growing from bunch head to its tail
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Bunch Deceleration and Wake in Plasma (2)

m Inlogarithmic approximation an integration yields:

4 o0
dEz47zneNzee L.F,(s), Fg(s):ZIcos(kp(s—s’))f(s’)ds’, If(s)ds:l

0

ds mc <
In(l L J electrons 1 is added to logarithm makes
L Dy P Y /zﬁNeezas equation working for pmin™Pmax-
In(1+ 2.15ﬁcJ sositrons Jame’ Good coincidence with numerical
©oPmin simulations[*]

By definition §p*po @ po=pmin

B The contribution for I
P<Pmin IS sSmall

B The longitudinal wake is
close to a step function:

Gaussian bunch Gaussian bunch

W(s) o« 0(s5)cos(4,s) Lot > B
. . . . -2 -1 0 1 2 -2 - 7
¢ strictly speaking it is s Zog s 1o,
dependent on the bunch Plasma electron scattering on the bunch with impact
density distribution but it parameter ppy, - left - e-, right - e+

makes only logarithmic correction

[*] W. Lu, et.al.,”Limits of linear plasma wakefield theory for electron or positron beams” Physics of plasmas 12, 063101 (2005)
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Bunch Deceleration and Wake in Plasma (3)
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Longitudinal wake function is obtained in a logarithmic approximation
¢ TItis justified only for pmin< Pmax

If bunch radius is larger than pmin but is still much smaller than pmax
it should be used instead of pmin

Thin electron bunch (6.4 ¢ pmin ) leaves behind a cavity with radius
of ~pmin 0scillating at plasma frequency

The transition to the blowout regime happens when the bunch

intensity increase increases pmin 10 ~ P
¢ Then, the deceleration achieves its maximum field of about
GV

Emax - 47Z-ene — 302 \/ 17ne 3
kIo m V10'cm~

The same equation describes bunch deceleration in the blow
out regime

o | .R2 (In(1+pmax /pmin)’ Prmin = Lavity + Prmax = Veavity +1/ kp v Teavity =1/ kp )
The above equations describe bunch deceleration comparatively
accurate for the parameters of plasma colliders
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Collapse of electrons inside of the nositron bunch
B Collapse of plasma electrons to |

the positron bunch center makes
comparatively little correction to o5kl i ﬁx N j
' - 11T ] b || {7
the beam deceleration but AR (] 7
greatly affects the beam ((z) 0 W | I J|| f
focusing coming from plasma B I'w”'"'””"“"“”"“‘\.IIi 11
¢ Focusing is dependent on v AN
coordinate and is strongly non- L/ N
. = >do
linear 0 02 04 06 08 '
=emittance growth z,h
¢ That prevents acceleration of A trajectory of a plasma electron inside of the
positrons in the linear regime positron bunch for pe<<pmin

¢ Blow-out regime does not have
electrons on the axis but cannot be used for positrons due to their
strong defocusing from ions
e Using electrons for restoring focusing of positrons has a problem
with collapse of electrons to the center as it was discussed above
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Bunch Shaping

B Shaping bunch profile can significantly reduce accelerating
voltage variations along the

bunch dE | n[E::: I 1 n(s)
¢ Growth of accelerating & 35 e ]
voltage is compensated by [ GV} T
growth of decelerating o) 20 N
force along the bunch oL/ V loaded TP
B The total bunch length is Tai Head
ac0Ss (Vieagea /Vs) (60 deg. for T w @ & m "
50% loading) ks [deg]
B There are open questions Longitudinal bunch density and loaded

(1) How such sh ape can be accelerating voltage for 507% beam loading

created and
(2) how accurate can it be for the required bunch brightness
B An increase of beam loading reduces accelerating gradient
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Plasma Focusing

B Using Maxwell equation one obtains that magnetic field is zero in the
absence of external currents

. 2 I 0)2
47TJ+£6E, j:nee E, = I‘Oth:E(l__psza):O = B=0

rotB =

c cot 7 iom, C @

B Tn the case of quasi-linear regime this statement is not perfectly

correct. However electric field makes major part of focusing

F =eE, =-2ze’Snr _I &,
2 0z
B TIn the blowout regime focusing has contributions from E & B fields

partially compensated. That leaves contribution from ions only
F. =e(E +B,)=-27e’nr
B Hollow plasma channel problem (suggested as a remedy from
pinching)
¢ Anabsence of charge near the axis removes its focusing
¢ For laser driven plasma where an excitation wave propagates below c an

absence of E&B compensation results in minor defocusing for both
charges. It changes along the bunch.
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Transverse Wake

B There is no transverse wake in uniform plasma
¢ However focusing of trailing particles do exist (detuning wake)

B Beam acceleration perturbs plasma density and creates accelerating
channel and, consequently, transverse wake
B For small beam size (o,1<<c/wp) the wake field is nearly uniform in

transverse plane
¢ The wake-function grows almost linearly
¢ Inlogarithmic approximation it is

2
@ Clwy=0 —
sz[ : } (@j (S_Sr)ln[pmax) oo, )2(Anj s f,nﬁpmaxj
CGL n e IOmin n e O-L pmin

o, is the rms size of plasma channel
B Comparing it with focusing strength of plasma channel we obtain at

the bunch end

Ewake(S — Lb) ~ 2|‘b (dE/dS)Ioss |n IOmax
E o, (dE/ds) o

where (dE/ds).ss - average energy loss in plasma

(dE/dS)mex - maximum accelerating field for given plasma density
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Main Features of SLAC& BNL Proposals

LBNL [1,3] SLAC [2]
Plasma parameters
Regime of acceleration Quasi-linear Bubble
Excitation type Laser beam Electron beam
An/n ~ 0.3 1
he, cm™> 10Y 2-10"
Wave length, 2n/k,, um 105 234
Emax, GV/m 30 13.5
Loaded dE/dx, GeV/m 5 7.6
Beam parameters (colliding bunches)
Final beam energy, GeV 500
Luminosity (geometr.), cm®s™ 1.9-10%
Repetition rate, kHz 15
Particles per bunch, N.=N, 4-10° 10"
Rms. norm. emittance, &,/¢y, nm 100/100" 10%/35
Beta at IP, B,/ By , mm 17 11/0.1
Rms bunch length, um 172 20

TEmittance is not presented in the most recent publication
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Issues with the LBNL Proposal

B RMS bunch length is only 3.4 deg. (1 um)

¢ Tt is incompatible with small energy spread at large beam loading
e 50% beam loading => total bunch length of 60 deg. (~15-20 deg. rms)

B Bunch population is at the beam loading limit
e Average deceleration force (~30GeV/m) exceeds
accelerating gradient (~10 GeV/m)
B Pinching of plasma electrons by a positron bunch and their

repulsion by an electron bunch destroys transverse focusing
¢ Anincrease of transverse bunch size suggested as a remedy does
not look as a possibility for the required small emittances due to
emittance growth supported by multiple scattering
B Large number of sections will require incredible control for the

optics match between sections
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Issues with the SLAC Proposal

B Overall looks as a carefully thought-through proposal
B However:
¢ There is no clear understanding of how positrons can be

accelerated in the blowout regime
e There are already a lot of publications and it is rather improbable
that more work will open the way for acceleration of positron beam
with required brightness
e Presence of electrons on the axis required for transverse focusing
will amplify the beam deceleration and pinching of electrons
¢ Pinching of plasma protons completely destroys transverse

focusing for electrons
e Addressing ion collapse requires an increase of emittances or
decrease of particle number in the bunch with consecutive decrease
of luminosity
= It creates a possibility for y—y collider with compromised
luminosity
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Issues with the SLAC Proposal (continue)

H-function [em] & beam size [um]

()
|
l

o [um]
a k |E)

[:' | |
11070 3x10™ sw1ott
E

S D U | R B |
Phase advance of plasma ions oscillations in the L0 0T 3100 &0 310

field of electron bunch = [eV]
B Impact ionization by bunch fieldis  _ | |
not negligible problem GViem] 110’
¢ Compare to el. field at ap in the 310
hydrogen atom is ~6 GV/cm 2:10°
B Tt prohibits a usage of heavy 1‘"“”"; | |

atoms in plasma

10* 3x10'! Sx10™
E [eV]
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Conclusions
¢ Fair discussion with SLAC and LBNL proponents of e+e- collider
based on plasma acceleration is required
B Beam interaction with plasma puts severe limitations on
efficiency of the energy transfer from plasma to beam and the

emittance conservation
¢ As far as we can presently judge an acceleration of “a collider

quality” beam required to achieve luminosity comparable
to 10°* cm™s™ is not supported by the present proposals

B No doubts Plasma acceleration presents

¢ interesting scientific subject
¢ can find good application in a number of fields
¢ But it hardly can be a valuable tool for future e’e” colliders of

TeV energy scale

19
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Objective
B An active discussion on the R&D for plasma accelerators in

application to e+e- colliders in the TeV energy range

e Two competing proposals:
0 beam-based from SLAC/UCLA
o and laser-based from LBNL

B Figure of merit

¢ Luminosity | __fN® _ R, N
dro,0, 4rk, o,0,

¢ N/oo, is limited by disruption and beamstrahlung

¢ Energy efficiency (Poeam/ Protal) is the primary issue

¢ Beam emittances and momentum spread need to be small
enough to allow focusing in the desired spot

B Our main goal is to discuss the collider applications of plasma-

based technology.

¢ The plasma acceleration is an interesting research topic.
This technology may have other applications
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Introduction

B A design for a conventional e+e- collider of up to 3 TeV exists!
A plasma-based concept is being offered o the HEP community
as a cost-saving proposal (or as an after-burner).
¢ The proponents argue that plasma-based colliders could cost less
because they could be made shorter and with fewer components;

¢ We know from existing cost estimates that the overall length is
just one of many factors going into the facility cost. Others
include complexity, total power, risk of new untested
technologies, R&D costs, etc.

B Here we consider only the first principles limitations on the
plasma colliders luminosity
¢ TImplying that technology limitations can be overcome in future

B To compete with ILC or CLIC designs, a plasma-based concept
needs to achieve a luminosity of ~2x10°* at ~1 TeV c.m.

B Tf acceleration of collider quality positron bunch is unfeasible
then the y-y collider (NOT e-e-) can be interesting alternative.
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Single Particle Deceleration and Wake in Plasma

B Well-known three-step solution:
1. Collective plasma response at large impact parameters

e Solution of Maxwell equations with ¢=1-w°/®*+is, &§—0
o diverges at small p where perturbation theory does not work
2. Particle interaction with independent plasma electrons
e Energy transfer to a single electron => Deceleration rate
— diverges at large p where screening of particle field by plasma
needs to be taken into account

3. Combining two approaches for m >> m. one obtains:

dE Arn Z%" 2
(_j ~ e : In Prmax ’ P zllZBl’ o= Ze |
ds j  myV Prin - w, ™M myV
Logarithmic approximation : it works well as long as Pma > Prin
B |ongitudinal wake is E 2 —
E
d—E:(d—Ej 2cos(k,s) 0 1F *
ds \ds ),

B At p>pmin (plasma pert. theory works)
B=0, E=-V¢g, on=n-n =0
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Deceleration of Ultra-relativistic Bunch

B For sufficiently small number of particles the bunch deceleration

is not much different from single particle

¢ Field screening and pmax will stay the same if the bunch is short, Ly«<k,
¢ pmin Will be modified because of finite bunch length

¢ Deceleration will be growing from bunch head to its tail

B For small impact parameters we can S em
neglect collective electric field of v ) n', = yn,
plasma on plasma electron motion Vs
¢ Then in the beam frame the plasma
electric field is:
eE'=— dq) =47ne’ d (pnjaxpln[r(s"p)]dp}
ds ds’ Yo,

0

-1

where T(S', 0) is particle trajectory for impact parameter p
e We assume zero L beam size (actually any size < pyin is small enough)

¢ Inlogarithmic approximation an integration yields:

- -
(Zlemzicl\lzee L.F,(s), F( chos (s— s))f(s’)ds’, jf(S)dS=1
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Coulomb Logarithm and Minimum Impact Parameter

C 2.15.2¢
In| 1+

|n[1 N V2 ] electrons, 1 is added to logarithm makes

a)ppmin

min

\/2\/§Neezgs equation working for pmin™pmax-

. Jrmc? | Good coincidence with
, pOSItrOnS, . . . *
O, Pri humerical simulations[*]!
Electrons Positrons
Gaussian bunch Gaussian bunch
T T T T T r 2 T T T T T
Z-ﬁ-Ne-ez-c}/ a l_ﬁ.};e.ej.ﬂ-s
. I’Ozpmin = — 15k I|:|'=F'111j11= - —
\/?.m. ‘I.‘Em:...
u _ | _
o~ I " -
s ~ 0.3
1 — | | I\ S~ 1
_2  —1 0 1 2 p— : L
~2 -1 0 1 2
S /\/EGS < .|I'.1||§.CI'5

Plasma electron scattering on the bunicn witn impacr paramerer pp

B Trajectory shape p/pnin depends only on po/pmin
¢ Definition of pmin: 8p=(p - po ) ®po for po=pPmin
B The contribution for impact parameters p<pmin is small

[*] W. Lu, et.al.,”Limits of linear plasma wakefield theory for electron or positron beams” Physics of plasmas 12, 063101 (2005)
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Deceleration of Electron Bunch
B The longitudinal wake is close to a step function:
W(s) « 0(s)cos(4,s)
¢ strictly speaking it is dependent on the longitudinal density distribution
in the bunch but it makes only logarithmic correction
B For Gaussian bunch(os<< 1/ k)

4 . 2
dEz47zneNzee in| Poax 3 pmax’ S | FG(X,s)zZ erfc(s)In 2X :
ds  mc D Puin N20, 2In X Vs (2-erfe(s)) +exp(—s’)

Gaussian bunch
5 - 1 erfc(s) =

F ¥
G pmax'llpmin=1uqlll"fl ll""-. :

L3 |:'n'|ax"ll|:'n'|in=1l:l3

|:'n'|ax"ll|:'n'|in=1l:l2

2
> dx

£

1 -
1\‘ 0.4
0.5 \
' *\ -10.2
nisl .
. -2 I 2 .
glfde
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Eneray Spread and Acceleration Efficiency of Gaussian Bunch

o 100
_E[%] -
o T——
a-"-‘rd-
i »
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.1
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Fa | e nﬁn_ [d?eg]
EPE: “kt (%] ZE— Ar

i 20r

20F
02 e

I I I
DD 0.1 nz2 03 0.4 I:II:I 01 02 03 04 g

B Small energy spread is required to transfer
the beam from one accelerating section to
another and to focus the beam in IP
¢ For 1% rms energy spread only ~9% of plas-

ma energy can be transferred to the beam
e +25% total spread is a huge number

10F

YT

) / /f, \\ \\
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.

.
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.
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N
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.
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.
.
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3
B,

Longitudinal electric field with and
without bunch field: AE/E,=0.15,
$=33,, 0./Ip=0.024 => E,../E,=0.68.
E, - amplitude of plasma accelerating
electric field
Ey - decelerating electric field in the
bunch center
n - percentage of enerqy transferred
from plasma to beam
oe/E - rms enerqgy spread in
accelerated beam
E, - average accelerating field
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SLAC Proposal for e'e” Collider (Ref. [2])

~4.5 km
<€ >
New concept for a PWFA-LC

CW option with recirculation

E,,. = 1TeV, L=1.6x10°*, T=1.0
- g

Main e- beam (CW) :
Q=1.0x 10'%-@ 15 kHz
Prsfoa = 12 MW

Main e+ beam (CW) :
Q=1.0 x 10%%*@ 15 kHz

ee— source e+ sourcel

20 plasma stages, AE=25 GeV each stage

; BDS a

Magnetic chicanes: 4 ns delay

>
nd final focus,
(3.5 km)

< >

" Main e- plasma acceleration (0.5 km) “ Injection every halfturn, Main e+ plasma acceleration (0.5 km)
C=1000 m, Pjo../Pps =8%

mulator
ring

Drive beam after accumulation :

4passes Recirculating SCRFCW linacs
Trains of 20bunches, 4 nsapart @ 15 kHz

Each linac: 3.16GV, 19 MV/m, 250m
Eacharc:437.5m

b

W/
Drive beam (CW) :

P - E=25GeV,
MB bunch Matching b8 Q=2.0 x 10*% @ 15x40kHz
dump P = 2x24 MW
@ 15kHz Ppgnial = 2X
w A Main beam structure
N . Blasma call @ @ ® ©® - e- source
AZpews um - 67
@ injection AE=25 GeV, Drive beam structure out of linac
o L 0 e -
DB 20-bunch train =87
4 nedelay 9710 mrad, Drive beam structure out of acc.ring
------- v v w vew
“54? 66.7 1= .
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L BNL Proposal

Picture is from [3]: Wim Leemans for the ICFA-ICUIL Joint Task Force, "White Paper of the ICFA-ICUIL Joint
Task Force - High Power Laser Technology for Accelerators”, ICFA BD (2011)
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