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Particle	acceleration:	how	many	volt	does	your	particle	gain?

A	particle	accelerated	by	one	volt	has	a	kinetic	energy	of	one	electron	volt	(eV).
1000	eV =	1	keV (kiloelectronvolt)
1'000'000	eV =	1	MeV (Megaelectronvolt)
1'000'000'000	eV =	1	GeV (Gigaelectronvolt)
1'000'000'000'000	eV =	1	TeV	(Teraelectronvolt)

A	simple	way	to	make	an	electron	accelerator:	electrostatic	acceleration	with	a	cathode	emitting	
electrons	and	an	anode,	at	a	higher	potential,	pulling	the	electrons	towards	it.

Voltage	for	cathode	ray	televisions:	few	10	keV



Radio-frequency	linear	accelerators
By	using	time-varying	fields,	oscillating	at	radiofrequency	(RF),	particles	can	
in	principle	be	accelerated	to	any	energy,	using	a	limited	peak	voltage.

Widerøe-type	RF-linac.

Later	development:	enclose	RF-fields	in	metal	cavities	(RF	cavities)

½		TRF v	=	L

RF-cavities	is	used	in	
all	high-energy
particle		accelerators	
today.

Typical	voltage:
~ 10	MV/m

wikipedia
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The	Oslo	Cyclotron:	
MC-35, acceleration	
of	p	up	to	35	MeV

Norway’s	only	
research	
accelerator

Circular	accelerators

Cyclotrons	:	

Synchrotrons	:

The	CERN	Proton-Synchrotron	(1959,	628	m)
28	GeV (28	billion	volts)



Focusing of particle beams

€ 

σ(s) = εrmsβ(s)

Beam quality: emittance

Lattice

Magnetic	lenses,	often	quadrupole
magnets,	are	used	to	focus	the	
particle	beams.		Analogous	to	
optical	lenses.



Hadron	production	from	
lepton	collisions

Lepton	production	from	
hadron	collisions

I) Particle	type

II)	Centre	of	mass	energy

sL=R

yx

nnf
sps4
21=L * n1, n2 :particles per bunch

* sx, sy : bunch transverse 
size at the interaction point 
* bunch collision rate ( f)

III)	Luminosity

p,	pbar,	Pb,	Au...
e-,	e+,	µ,	g...

What	characterizes	a	particle	collider?

Small cross sections -> production rate as important as energy

l =	h	/	p (~	1	Å for	100	MeV	e-)	
ECM >=	mc2 Wavelength	of	probe	should	be	smaller	than	the	object	you	want	to	

study.	De	Broglie	wavelength:

Centre-of-mass	energy	sufficient	for	particle	production:



Up	to	14	trillion	volt	(LHC)

The	Stanford	Linear	Accelerator	
(1966,	3	km)	50	GeV electrons	and	positrons
L	~ 1030/cm2/s

The development	of	particle	accelerators has	been	driven	by	the	quest	
for	the	understanding	of	the	fundamental	origins	of	matter.

The	Large	Hadron	Collider,
CERN	(2008,	27	km)
6.5 TeV	protons
L	~ 1034/cm2/s



The	Large	Hadron	Collider



The Large Hadron Collider, LHC
• Circumference = 26.7 km

• Four interactions points, where the beams 
collide, and massive particle physics 
experiments record the results of the 
collisions (ATLAS, CMS, ALICE, LHCb)

• Eight straight sections, containing the IPs, 
around 530 m long

• The arcs uses 1200 superconducting 
dipole magnets to bend the paths of the
protons

9

B=8.3	T	maximum	field,	limits	proton	beam	
energy	to	7	TeV.		Generated	by	a	current	of	12	
kA	in	the	superconducting	Rutherford	coils.



LHC beam focusing
Bunches	with	n=1e11	protons,	at	f=40	MHz,	are	focused	
to	1	mm	s in	arcs,	squeezed	down	to	s=20	um	at	the	IP.
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LHC cavities 

• Superconducting RF cavities.  Standing wave, f = 400 MHz
• Each beam: one cryostat at 4.5 K, 4+4 cavities in each cryostat
• 5 MV/m accelerating gradient, 16 MeV energy gain per turn  11



Future	Colliders



Example of physics 
at Lepton Colliders vs Hadron colliders 

Hadron collider SppS, √s=540 GeV, 
W+/- and Z0 discovery

Lepton collider LEP, √smax=209 GeV, 
precision measurements of Z0

decay width

1983
1990s



Hadron versus lepton,
Linear versus circular colliders

Length of a linear collider:  Each cavity 
accelerates each bunch only once. Collider 
length is driven by how large electric field 
can be sustained in a metallic cavity.

e+ e-

Due	to	synchrotron	radiation,	a	TeV-
scale	electron-positron	collider,	for	
precision	physics,	must	be	linear.	

Circular	collider	:

Linear	collider	:

Electromagnetic	field	break	down	:
Limits	acceleration	to	10	- 100	MV/m



The energy frontier: what to build next?

FCC-ee

FCC-ee	+	FCC-hh

CLIC



FCC integrated program
inspired by succesful LEP – LHC programs at CERN

baseline position was established considering:
• minimum risk for construction, fastest and cheapest construction
• efficient connection to CERN accelerator complex  

• Total construction duration 7 years
• First sectors ready after 4.5 years

Tunnels 

Small Experimental C.

Dump CavernLarge Experimental C.
Service Cavern

Shafts

Implementation	studies	in	Geneva	basin:

Up	100	TeV	protons,	with	16	T	Nb3Sn	magnets	(time	scale	~	40	years)
Up	to	365	GeV	electrons-positron	collisions	(time	scale	~	15	years)

The	Future	Circular	Collider



The	International	Linear	Collider:
Fly-through	of	how	to	make	500	GeV	collisions	with	
superconducting	RF	technology

At	some	point	cost	and	practical	considerations	will	limit	the	size	of	future	colliders.



Linear	Collider	Projects

The International Linear Collider, ILC
Main linac technology: super conducting RF 1.3 GHz SW cavities, 31.5 MV/m
Nominal design for ECM = 0.5 TeV, 31 km (250 GeV to 1 TeV)

The Compact Linear Collider, CLIC
Main linac technology: two-beam scheme.  Normal conducting Cu RF 12 Ghz TW 
cavities, 100 MV/m. Nominal design for ECM = 3 TeV, 50 km (375 GeV to 3 TeV)

power-extraction and transfer structure (PETS)

accelerating structures

quadrupole quadrupole

RF

BPM

12 GHz, 68 MW

(c)FT



The CLIC Two-Beam scheme

Animation courtesy 
SLAC ACD group
(A. Candel)

power-extraction and transfer structure (PETS)

accelerating structures

quadrupole quadrupole

RF

BPM

12 GHz, 68 MW

(c)FT

Main beam – 1 A, 156 ns
from 9 GeV to 1.5 TeV

Drive beam - 101 A, 240 ns
from 2.4 GeV to 240 MeV

CLIC:		“Transformer	ratio”	of		
~1.5	TeV	/	2.4	GeV	=	15 Demonstrated	

experimentally	
at	the	CLIC	Test	
facility	at	CERN.

FI@UiO	research



30	A,	140	ns
120	MeV

30	A,	140	ns
60	MeV

20

CLEAR	consists	of	the	
experimental	hall,	CLEX,	
housing	the	200	MeV	
S-band	electron	CALIFES	
linac.

Test	beam	facility	at	CERN.	
Research	peformed	by	Oslo	students	and	Oslo	
researchers.

CLIC	Test	Facility	and	CLEARFI@UiO	research



100	MV/m	gradients

Experiments	at	the	CLIC	test-facility
FI@UiO	research



Novel	Accelerator	Concept:
- plasmas	acceleration	

-muon	colliders



Particle	collider	Livingstone	plot

CLIC

ILC

We	want	to	go	here,	and	beyond

Particle	accelerators	have	
seen	a	tremendous	
improvement	in	performance	
since	the	1960s.

->	research	required	to	
overcoming	limits	in	
luminosity/intensity	and	
energy/power.

Great	success	of	accelerator	
physics	and	technology.



Novel	accelerator	research
Cutting	edge	accelerator	physics	research,	with	the	objective	of
overcoming	limitations	of	conventional	accelerator	technology.
Very	high	frequency	normal	conducting	rf
structures	(~100	GHz	to	~THz)

116	GHz	
structure	
(SLAC)

Dielectric	structures

Laser	based
acceleration	"DLA"
Several	100	MV/m
demonstrated	
(SLAC)

Feed	of	laser	
beam	into	Si	
structure

SiO2

~1.0	THz,
1-10GV/m

Plasma	wakefield
acceleration

The	topic	here.



Breakdown	limits	and	plasma
In	metallic	structures :	break	down	of	the	surfaces,	creating	electric	discharge.		Field	
cannot	be	sustained.	Current	practical	limit	(CLIC):	order	of	100	MV/m	gradients..

Alternative	to	high	fields	in	
vacuum:	high	fields	in	plasmas:	
collection	of	free	ions	and	electrons.		
• Plasmas	of	a	large	range	of	densities	can	

be	produced.		Fields	scales	with	density.		
Very	high	fields	can	be	generated.

• Material	is	already	broken	down.	The	
plasma	can	sustain	the	very	high	fields. 25

Break	down	of	field	limits	the	gradient.



Gauss	law	:	estimate	fields	in	a	plasma	wave
Assume	that	the	plasma	electrons	are	pushed	out	of	a	small	volume	of	neutral	plasma,	
with	plasma	density	n0 =	ne =	nion :

Scale of electrical fields (1D)  :

n0 = 1e17/cm3 : EWB = 30 GV/m

Apply	Gauss’	law:

Assume	wave	solutions:

Gauss’	law:

Field	scale,	EWB
“wave	breaking
field”

Typical	plasma	density,	available	by	many	types	of	plasma	source	:

Plasma	electron	frequency	:

26



Plasma	Wakefield	acceleration

n0 ~ 1014-1018/cm3

Fields:  EWB ~ 1-100 GV/m ~ √n0

Focusing : Fr = ½en0r/e0c ~ 0.03-30 MT/m

kp
-1 = lp/2p ~ 5-500 µm ~ √n0Length :

Ideas	of	100s	GV/m	electric	fields	in	plasma,	using	1018 W/cm2 lasers:	1979	
T.Tajima and	J.M.Dawson (UCLA),	Laser	Electron	Accelerator,	Phys.	Rev.	Lett.	43,	
267–270	(1979).		
Using	partice	beams	as	drivers:	P.	Chen	et	al.	Phys.	Rev.	Lett.	54,	693–696	(1985)	

e-

Typical	scales	:

~kp
-1=c / wp

e-



Development	of	novel	accelerators

28

Li	heat	
pipe	oven

CHERENKOV

LANEX10	TW	Ti:Sa
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Plasma	source Pre-ionizing	laser

Laser	axicon focusing
2	km	linac

Electron,	or
Positron	bunch	

E	=	20	GeV
Q	=	3	nC
sz,min =	20	um
sr,min =	20	um
en ~	100	um

Plasma	
densities,	n0,
1016-1017cm-3

~	1	m	length

FI@UiO	research



M.	Litos et	al.,	Nature 515,	92	(2014)
29

FACET	two-bunch	results

1.7 GeV energy gain in 
30 cm of pre-ionized Li 
vapor plasma.

2% energy spread

Up to 30% wake-to-
bunch energy transfer 
efficiency (mean 18%).

6 GeV energy gain in 
1.3 m of plasma

2013

26	GeV

1.3	m	plasma

2014
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The	Oslo	plasma	lens	experiment	at	CLEAR,	CERN
FI@UiO	research



AWAKE:	proton	driven	
plasma	wakefield	at	CERN

AWAKE	is	installed	in	
CNGS	Facility	(CERN	Neutrinos	to	Gran	Sasso)
à CNGS	physics	program	finished	in	2012

AWAKE experiment 

Department	of	Physics,	UiO	is	member	of	AWAKE

FI@UiO	research



December	13,	2016 SPC,	CERN

The	AWAKE		experiment
FI@UiO	research

In	the	AWAKE	tunnel
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Rb VAPOR SOURCE (heat exchanger) 

! The longest compact accelerator in the world! 

Back side, from the wall at CERN 

10m! 
Straight! 

@ Grant 

equivalent to providing uniform plasma density. The density
uniformity of such a closed system can be estimated as follows:
the density fluctuations can be related to temperature fluctuations
for an ideal gas with the ideal gas equation:

p¼ nkT

where p is pressure, n is density and k¼ 1:38" 10#23

m2 kg s#2 K#1 is the Boltzmann constant. At constant pressure,
density and temperature fluctuations are related by

Δn
n

¼
ΔT
T

:

The fluctuations result from two sources: the externally imposed
and internal fluctuations. The internal fluctuations are estimated
from the average value of temperature fluctuations for an ideal gas
[3] at temperature T which is given by

〈ðΔTÞ2〉¼
kT2

cV

where cV is the heat capacity at constant volume. This can be put
in a useful form to calculate the temperature uniformity
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〈ðΔTÞ2〉

T2

s

¼

ffiffiffiffiffi
k
cV

s

50:002:

Therefore the externally imposed fluctuations dominate and hence
a density uniformity of Δn=nr0:002 can be achieved with a
temperature uniformity of ΔT=Tr0:002.

2. Description of Rb vapor source

Rubidium is chosen because of its low ionization potential
(URb ¼ 4:177 eV), and relatively low temperature requirement to
obtain the desired vapor density when compared to other alkali
metals. Rubidium has a melting temperature of 38.89 1C, conse-
quently it is in solid form at room temperature. The temperature
range in order to reach the required densities is & 150–200 1C.
This is determined by the vapor pressure curve of Rb [4] (see
Fig. 1). Independently heated liquid reservoirs provide the desired
Rb vapor density inside the 10 m-long 2 cm radius pipe. A sketch
of the vapor plasma source is given in Fig. 2(a). Proton, electron
and laser beams enter and exit the source through fast valves.
Valved Rb sources with temperature regulation of 70.03 K will be

purchased from MBE-Komponenten incorporated [5] Fig. 2(b).
They contain only a few grams of Rb. An advantage of having
two independent heating systems for the reservoirs and the pipe is
that by keeping the temperature of the pipe a few degrees above
that of the reservoirs prevents condensation of Rb in a cold spot
inside the pipe, all the condensation occurs in the reservoir.

Rubidium is known to form dimers and clusters at these
densities [6]. However, the number of dimers or clusters is
expected to be small when compared to the number of single
atoms. In addition, a fraction of non-atomic species will not effect
the plasma density uniformity unless they are themselves non-
uniformly distributed in this constant temperature environment.
Several methods are described in literature to get rid of these
dimers [7], such as by super heating the vapor or by using a diode
laser tuned across Rb2 D2 resonance line. It is also possible that
after the passage of the beams the clusterization may be enhanced
by plasma electrons seeding [8]. Since the reservoir and the source
can be independently heated and isolated it is possible to get rid of
non-atomic species by dumping the vapor onto a cold plate at
room temperature and completely refill the source from the
reservoirs between events.

Vapor density can be determined by using the vapor pressure
curves [4,9,10] or using the hook method. In this method the
source is placed in one arm of a Mach–Zehnder white light
interferometer, and interference patterns that resembles hooks
resulting from the ground state absorption lines of the vapor
element [11,12] are measured.

Uniformity of 0.2% means the temperature should not change
more than 0.85 K at 423 K (i.e. 150 1C) and 0.95 K at 473 K (i.e.
200 1C). Therefore for the required temperature range the source
needs to remain at T & 70:4 K. In the literature it is reported that
to set the temperature standard in the temperature range 50–
350 1C, stirred liquid baths containing a synthetic or mineral oil
[13] are used. For example a small 50 cm deep liquid bath can
provide a uniform temperature with ΔTo1 mK i.e. ΔT=Tr2"
10#6 at T¼473 K, 1000 times better than the requirement for the
plasma source.

A custom built circulating oil bath is developed to reach the
temperature uniformity (see Fig. 3). A simple calculation for the
temperature change of hot oil flowing through an insulated pipe
over 10 meters demonstrates the feasibility of such a system: Steady
state solution energy balance leads to a simple equation [14]

ΔT ¼ ðT0#TrÞ
z
λT

where z is the position along the pipe, ΔT ¼ TðzÞ#T0, T0 is the
temperature of the oil at the entrance of the pipe and Tr is the
surrounding ambient temperature. The constant is λT ¼ cpω=U2πro,
where cp is the heat capacity per unit mass of the oil, ω¼ ρvπr2o the
mass flow rate, ρ the oil density, ro the pipe radius, v the oil flow

Fig. 1. Rubidium vapor density (blue line) and vapor pressure (green dashed line)
as a function of temperature. Region between 1"1014 cm#3 and 1"1015 cm#3,
and the corresponding temperature show the parameter range of interest for the
PDPWFA. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)

Fig. 2. (a) Sketch of the plasma source. Two independently heated sections consist
of a 10 m long Rb vapor section with fast valves for proton, electron and laser beam
access and valved Rb liquid reservoirs. (b) Photo of the valved Rb liquid reservoir by
MBE Komponenten incorporated.
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a b s t r a c t

We describe a novel plasma source developed at the Max Planck Institute for Physics that will be used for
a proton driven plasma wakefield accelerator experiment at CERN. Rubidium vapor is confined in a
10 meter -long, 4 cm diameter, oil-heated stainless steel pipe. A laser pulse tunnel ionizes the vapor
forming a 10-meter long, ! 1 mm radius plasma with a range of densities around ! 1015 cm"3. Access to
the source is provided using custom manufactured fast valves. The source is designed to produce a
plasma with a density uniformity of at least ! 0:2% during the beam–plasma interaction.
& 2013 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Plasma-based advanced acceleration is a topic of much con-
temporary interest. Accelerating fields orders of magnitude higher
than in conventional radio-frequency-based accelerators can be
produced with plasma-based accelerators. For the plasma wake-
field accelerator scheme where a charged particle bunch creates
the wakefield, the accelerating field is related to the inverse of the
bunch length of the drive bunch sz (with the condition that the
plasma wavelength is equal to 2πsz); therefore, shorter bunches
are needed to reach higher accelerating fields. Recently the
AWAKE collaboration proposed a Proton Driven Plasma Wakefield
Accelerator (PDPWFA) experiment in order to take advantage of
the energy of a single CERN SPS bunch (! 7 kJ). With this scheme
it could be possible to accelerate an electron bunch in a single
plasma stage for a future linear e" =eþ collider. Since short
(! 100 μm) proton bunches are not yet available, the proposed
experiment relies on the self-modulation-instability [1] to reso-
nantly drive GV scale accelerating fields. In the experiment a
12 cm sz, 400 GeV CERN SPS proton bunch enters a !10 meter-
long, ! 1 mm radius ! 1015 cm"3 density plasma. The transverse
self-modulation-instability causes the proton bunch to self mod-
ulate and transforms it effectively into a train of micro-bunches.
The train resonantly drives large accelerating fields (!GV). In this
wake a ! 20 MeV co-propagating electron bunch is injected and
accelerated. Accelerating an electron bunch in such a wake brings
a strict requirement on the plasma density uniformity. It can be
estimated as follows: After the electron bunch is injected the
maximum phase shift allowed so that it remains in the

accelerating and focusing phase of the wake is λpe=8 [2] where
λpe is the plasma wavelength, which is inversely proportional to
the square root of plasma density, λpep1=

ffiffiffiffiffi
ne

p
. Therefore the

following relation can be written between the change in plasma
wavelength and the density

dλpe
λpe

¼ "
dne

2ne
:

If the injected bunch is located N plasma wavelengths behind the
point where the wakefield starts, then the total allowed phase
shift at the injection point is

Nλpe
Δnmax

2ne
¼
λpe
8

where Δnmax is the maximum allowed perturbation for a given
plasma source. Hence, for a CERN proton bunch with sr ¼ 0:2 mm,
sz ¼ 12 cm, and optimum plasma density (corresponding to
λpe=2π %sr) of 7&1014 cm"3 (sz % 100λpe), choosing N¼100 the
point where the accelerating field reaches its maximum along the
bunch, the requirement on plasma density uniformity becomes

Δnmax

ne
r0:0025:

For 1&1015 cm"3 the requirement is Δnmax=ne≲0:002, therefore
our design criteria for the cell is chosen to be 0.2%.

This strict requirement can be satisfied by a fully ionized Rb
vapor confined in a closed long tube at a constant temperature, T.
The low ionization potential of Rb, 4.18 eV, makes it possible to
fully field-ionize Rb vapor with a relatively low laser intensity. A
more detailed description of ionization is given later in the text.
Since the vapor is fully ionized (first electron), the density and the
uniformity of the plasma are the same as those of the neutral
vapor. Therefore, in this case, providing uniform vapor density is
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Plasma requirements: 
! Lp~10m, rp>1mm 
! Easy to produce, to (laser) ionize 
! Allow for SMI seeding 
! !n0/n0<0.2% (e- injection) 
! => Rubidium 
! Up=4.177eV 
! Ith=1.7x1012W/cm2~Up

4 

! T<230°C 

equivalent to providing uniform plasma density. The density
uniformity of such a closed system can be estimated as follows:
the density fluctuations can be related to temperature fluctuations
for an ideal gas with the ideal gas equation:

p¼ nkT

where p is pressure, n is density and k¼ 1:38" 10#23

m2 kg s#2 K#1 is the Boltzmann constant. At constant pressure,
density and temperature fluctuations are related by

Δn
n

¼
ΔT
T

:

The fluctuations result from two sources: the externally imposed
and internal fluctuations. The internal fluctuations are estimated
from the average value of temperature fluctuations for an ideal gas
[3] at temperature T which is given by

〈ðΔTÞ2〉¼
kT2

cV

where cV is the heat capacity at constant volume. This can be put
in a useful form to calculate the temperature uniformity
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〈ðΔTÞ2〉

T2

s

¼

ffiffiffiffiffi
k
cV

s

50:002:

Therefore the externally imposed fluctuations dominate and hence
a density uniformity of Δn=nr0:002 can be achieved with a
temperature uniformity of ΔT=Tr0:002.

2. Description of Rb vapor source

Rubidium is chosen because of its low ionization potential
(URb ¼ 4:177 eV), and relatively low temperature requirement to
obtain the desired vapor density when compared to other alkali
metals. Rubidium has a melting temperature of 38.89 1C, conse-
quently it is in solid form at room temperature. The temperature
range in order to reach the required densities is & 150–200 1C.
This is determined by the vapor pressure curve of Rb [4] (see
Fig. 1). Independently heated liquid reservoirs provide the desired
Rb vapor density inside the 10 m-long 2 cm radius pipe. A sketch
of the vapor plasma source is given in Fig. 2(a). Proton, electron
and laser beams enter and exit the source through fast valves.
Valved Rb sources with temperature regulation of 70.03 K will be

purchased from MBE-Komponenten incorporated [5] Fig. 2(b).
They contain only a few grams of Rb. An advantage of having
two independent heating systems for the reservoirs and the pipe is
that by keeping the temperature of the pipe a few degrees above
that of the reservoirs prevents condensation of Rb in a cold spot
inside the pipe, all the condensation occurs in the reservoir.

Rubidium is known to form dimers and clusters at these
densities [6]. However, the number of dimers or clusters is
expected to be small when compared to the number of single
atoms. In addition, a fraction of non-atomic species will not effect
the plasma density uniformity unless they are themselves non-
uniformly distributed in this constant temperature environment.
Several methods are described in literature to get rid of these
dimers [7], such as by super heating the vapor or by using a diode
laser tuned across Rb2 D2 resonance line. It is also possible that
after the passage of the beams the clusterization may be enhanced
by plasma electrons seeding [8]. Since the reservoir and the source
can be independently heated and isolated it is possible to get rid of
non-atomic species by dumping the vapor onto a cold plate at
room temperature and completely refill the source from the
reservoirs between events.

Vapor density can be determined by using the vapor pressure
curves [4,9,10] or using the hook method. In this method the
source is placed in one arm of a Mach–Zehnder white light
interferometer, and interference patterns that resembles hooks
resulting from the ground state absorption lines of the vapor
element [11,12] are measured.

Uniformity of 0.2% means the temperature should not change
more than 0.85 K at 423 K (i.e. 150 1C) and 0.95 K at 473 K (i.e.
200 1C). Therefore for the required temperature range the source
needs to remain at T & 70:4 K. In the literature it is reported that
to set the temperature standard in the temperature range 50–
350 1C, stirred liquid baths containing a synthetic or mineral oil
[13] are used. For example a small 50 cm deep liquid bath can
provide a uniform temperature with ΔTo1 mK i.e. ΔT=Tr2"
10#6 at T¼473 K, 1000 times better than the requirement for the
plasma source.

A custom built circulating oil bath is developed to reach the
temperature uniformity (see Fig. 3). A simple calculation for the
temperature change of hot oil flowing through an insulated pipe
over 10 meters demonstrates the feasibility of such a system: Steady
state solution energy balance leads to a simple equation [14]

ΔT ¼ ðT0#TrÞ
z
λT

where z is the position along the pipe, ΔT ¼ TðzÞ#T0, T0 is the
temperature of the oil at the entrance of the pipe and Tr is the
surrounding ambient temperature. The constant is λT ¼ cpω=U2πro,
where cp is the heat capacity per unit mass of the oil, ω¼ ρvπr2o the
mass flow rate, ρ the oil density, ro the pipe radius, v the oil flow

Fig. 1. Rubidium vapor density (blue line) and vapor pressure (green dashed line)
as a function of temperature. Region between 1"1014 cm#3 and 1"1015 cm#3,
and the corresponding temperature show the parameter range of interest for the
PDPWFA. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)

Fig. 2. (a) Sketch of the plasma source. Two independently heated sections consist
of a 10 m long Rb vapor section with fast valves for proton, electron and laser beam
access and valved Rb liquid reservoirs. (b) Photo of the valved Rb liquid reservoir by
MBE Komponenten incorporated.
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The	compact	linear	collider,	CLIC

Size	of	possible	future	particle	colliders,	compared	to	the	LHC

Summary

CLIC	100	MV/m	accelerating	structure

Plasma	wave	with
accelerating	fields



Extra



Advanced	accelerator	movies

Two-bunch:
https://www.youtube.com/watch?v=N2lmtSk-rYE

Positrons:
https://www.youtube.com/watch?v=LVXj5hRyP8s

Accelerator	on	a	chip:
https://www.youtube.com/watch?v=V89qvy8whxY

AWAKE	TEDX:
https://www.youtube.com/watch?v=5Ryp6UTCeUo



The	energy	frontier:	what	
machine	to	build	next

D.	Schulte 37Higgs	Factories,	Granada	2019

Project Start	construction Start	Physics	(higgs)

CEPC 2022 2030

ILC 2024 2033

CLIC 2026 2035

FCC-ee 2029 2039	(2044)

LHeC 2023 2031

Proposed	dates	from	projects

Would	expect	that	technically	required	
time	to	start	construction	is	O(5-10	
years)	for	prototyping	etc.

From	“European	Strategy	Update”	meetings	(2019)


