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* Great Accelerators Near You
— Advanced Photon Source at Argonne - BES
— Tevatron Collider — Energy Frontier HEP
— Main Injector at Fermilab — Neutrino Research

 How They Work

— LHC mechanics
— Technologies are the key: magnets, RF, etc

 \What's Next ?

— Economics of post-LHC machines
— Focus on accelerator research
— Opportunities for you
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Advanced Photon Source @ ANL

C=1100 m, e- E=7 GeV
Serves community of
>5,000 unique users
per year

ll storage ring light
source w.photon
energy > 4 keV

Started 734M$
upgrade,
by 2024




APS Upgrade: 2-3 orders In Brightness

APS Now
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APS will maintain US

leadership in Photon Science
FOCUSED BEAMS

Five synchrotron facilities are developing special magnets so that they can become ultimate storage rings.

Clrcumfe:ence 844 n ~ r:rfdw Sweden
@ 2015 1,436 m
|
“APS (UPGRADE) ESRF (UPGRADE) SPRING-8 (UPGRADE)
Location: Argonne, lllinois Grenoble, France Harima, Japan

2019 2019?77

518 m @_SIRIUS

Campinas, Brazil

2016

Adapted from
Nature News

APS, Advanced Photon Source; ESRF, European Synchrotron Radiation Facility. Sep 10, 2013



Fermilab Complex : 16 km of accelerators and beamlines,
two high power targets, several low power target stations...

- ~
- <

Advancod Acceiefm e W e
Pro'tonBﬂam'?ﬁ\’é -

‘t b= . Tevatron ot
Test Beamﬁsﬁx 7/ : "'Acco]oratorTochnm 5% / {Decommiasioned) |

-

FBC!ﬁty )
e

Linac

Booster \\l‘

“Muon Area

" Neulrmo Beam

To aneqot-, =

Main Injector and Recycler

Protons
B Neutrinos
N Muons
L Targets
B R&D Areas




Tevatron Collider: 1985-2011

S Holmes and V Shiltsev

8

1000 =
. ° Run la
i  Run b

A].OO_E  Runll

|U) E

= |

O

e

- :

3 - g

= : .

= L= :
| <CERN Courier May 2016

0.1 | | | | | | | | |

1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012

V.Shiltsev: Accelerators, UIUC

10/05/16



Good Physics Out of the Tevatron

=

V4
10 ol L Higgs 3-sigma evidence

y 4

CPV in B
top Ag,

/

tighter highs mass exclusions
ﬂ
Higgs mass exclusions
di-muon asymmetry /'

/.

o Tare B decays

4140) evidence/ |

single top discovery , —
exclusions

o —

precision W mass
.4’///2
2 charm mixing

Bs— ¢
B, mixing / :
citiiahia chii CERN Courier May 2016

top exclusive ee/yy
discovery I | | | [ [ | I

1995... 2005 2006 2007 2008 2009 2010 2011 2012

00
I

»
|

tighter NP exclusions

Y(

1S
I

integrated luminosity (fb™?)




B e a. m P h yS i CS Particle Acceleration and Detection
out of Tevatron:

« 1stever superconding magnet collider
» World's record antiproton production rate

« 1stever permanent magnet ring 8 GeV RR ACCElerator

» High(est lect ling of '
' rll?ipﬁ?o)nznergy electron cooling o PhyS|(S at

o 18t lectron | f llimati d
ittt the Tevatron

- Slip-stacking and barrier bucket RF C ”‘d
manipulations O I er

Valery Lebedev
Vladimir Shiltsev Editors

see in Accelerator Physics at the Tevatron
Collider - by V.Lebedev and V.Shiltsey,
(Springer, 2014)
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Fermilab Accelerators Now: Fixed Targets/~2300 Users

* Proton Source (400 MeV Linac and 8 GeV Booster ring):

— 8 GeV Booster Neutrino Beam (BNB)
 ANNIE
* MicroBooNE
« MiniBooNE
« MITPC 8 GeV proton program expanding
« SciBath
» ICARUS (future)
« SBND (future)

— Mucool Test Area (MTA, 400 MeV beam test facility)
« 120 GeV Main Injector / 8 GeV Recycler:

— NuMI: MINOS+, MINERVA, NOVA

— LBNF/DUNE (future)

— Fixed Target: SeaQuest, LArIAT, Test Beam Facility

— Muon: g-2, MuZ2e (future)

Neutrino experiments



Accelerators for Neutrino Research

} 300+ kW JPARC (Japan) 30 GeV
} 400+ kW CNGS (CERN) 400 GeV
’ 630 kW Fermilab’s Main Injector (2016) 120 GeV

EVOLUTION OF INTENSITY FRONTIER ACCELERATORS
P | » 700+ kW Proton Improvement Plan (PIP, 2017)

1.2+ MW Proton Improvement Plan-Il (ca 2025)

e B ——) 2.5 MW

Plan for multi-MW Upgrade (under study)

12 V.Shiltsev: Accelerators, UIUC 10/05/16



Intense Beams : Forces and Losses (1)

eE
I Electric Force Repels

eB(v/c)=eE(v/c)?
Magnetic Force Attracts

Net Force: Repels
eE-eE(v/c)? =eE (1- B?)=eE/y?

2L Fermilab
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Intense Beams : Forces and Losses (2)
Defocusing Force iIs Non-linear

e
F @@ :
& :

Forax—€N/G?y?

Space-charge effect (emittance growth, losses):
a) proportional to current (N) — and we need that!
b) scales inversely with beam size (o)

. . . Li 5-20 MeV
c) scales with time at low energies (y) rns. .10 Mee\,’}&




Proton Improvement Plan-Il (PIP-II)

+ Key elements:

— Replace existing 400 MeV linac & Old 400 MeV linac
with an 800 MeV linac capable of
CW operation.

» Higher energy + painting
= more beam in Booster

— |Increase Booster rate to 20 Hz

— “Modest” improvements to
Recycler and Ml

— Significant contributions from India

« Goals: Proposed 800 MeV PIP-Il linac
- 1.2 MW @ 120 GeV for LBNF/DUNE

- Additional power. nmmmmm

« 82KkW @ 8 GeV )
— Neutrinos (and kaons?)

« ~100 kW @ 800 MeV . . ' ' ' . . .

— Arbitrary bunch structure bC 162.5 MHz 325 MHz 650 MHz
y (muze” 0.03MeV  0.03 -10.3 MeV 10.3-185 MeV 185-800 MeV
— Muons (mu2e
e :
a¢ Fermilab
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LHC Accelerator Operations

‘CERN Control Centre (CCC)[! CERN accelﬂerater _
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Figure of Merit: Integrated Luminosity

2016 goal

30

S —— ATLAS 28.000 fb™!

= —— CMS 29.751 fb?

£ —— LHCb 1.383 fb™!

é 20— —— ALICE 10.050 fb™?

= preliminary

= ~3fblina go?d week
;Eo Recipe : a) peak

2 10— luminosity; b) max
'-é availability; c) short
§ turnaround time
%.)

O_
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LHC Peak Luminosity R —~R=Lo

. . AN
The relationship of the beam to Cross-section
the rate of observed physics “Luminosity”  (“physics”)
processes is given by the Unit of Luminosity is cm2s1
“Luminosity”

Colliding Gaussian beams Particles in a bunch

Collision frequency 9 Geometrical factor
Number of bunches x f_rev
O(1):
L _ f N P R - crossing angle
— 0 b 2 - hourglass effect
Ao
Transverse beam
size (RMS)
Record e+e- Luminosity (KEK-B): 21000 x10%° cm—=s?
Record p-pbar Luminosity (Tevatron): 430 x10%° cm=st
Record p-p Luminosity (LHC): 14000 X% 1030 cm—=st milab

Record e-p Luminosity (HERA): 75 %x103%0 cm2st 20



LHC Peak luminosity: design 1034 em2 s reached!

2500

- (8 yrs after start up,

8 2000 on oo :
S 1500 - 6 yrs after 15t lumi)
o] @ @
5 1232 B . ‘. — No of bunches ~2100 due
= | - | ’ to SPS beam dump
oL@ Py 2 -
14 134 , — 6.5TeV -8% off design
g_ 121 ¢ Aas AN G, — 25 ns beam - nominal
ST gg [l > O g PO bunches ~1.2e11 p/bunch
£< 08| ' ~
52 o6 f@ 5 unches ~1.2e11 p/bunc
xZ 04 o8 ~
E 02 a9 . *N\ * But: Lower emittance from
e & = % injectors (2.9 vs 3.5 um)
N N N
& & \ & + Squeeze harder in ATLAS and
) ) S S CMS
— beta* =40 cm
1034 — ¢f. 80 cm in 2015, 55 cm design

LHCb and ALICE: levelled operation at ~3x1032 and ~2x103° cm2s™! respectively

21
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Luminosity evolution of hadron colliders
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Proton’s Death in LHC

R=Lo

/ Cross-section

“Luminosity” (‘physics’)

1 barn= 1024 cm?

Example: total p-p inelastic+elastic cross section at 13 TeV
cme is 110 mbarn (58 inel+ 12 ssd+40 el not seen)—>
~30 interactions per crossing (NB: pile up is only ~20! ) x
40,000,000 collision/sec= 1.1B protons leave each beam

every second
Beam lifetime due to such “Burn up” T=N/(dN/dt)=

2.5e14 protons/(1.1e9/s) =63 hours

2L Fermilab
23



LHC : Luminosity Lifetime

Take into account two IPs (ATLAS, CMS and 3% LHCb) 1/64+1/64 hrs
Take into account beam gas 1/110hrs* and that Lumi~N"2 - x2

ATLAS luminosity and fit - Fill 5102 Average tau: 24.

12000
.- 2x(1/64+1/64 + 1/110) hrst |
T =8%/hr (12.5 hrs lifetime)
cg 8000 | , i
& ~ |
© 6000 | ' -
= .
S 4000] T
I=
3
2000 |
D . . , . . . , , , .
) 0 5 10 15 20 milab

Time (hours) 10/05/16



LHC : Electron Cloud & Need of Scrubbing

The critical energy of
the photons at
7 TeV~44 eV

(LHC Beampipe !)

- N —— P——— o

20 ms Sos 20 ns Sns

Primary sources of electrons in the , ‘ '
LHC Erma=239.5 eV T SizSmecsey! SR002
— At Injection (450 GeV): gas & =2.5 um
lonization
— At 7 TeV: Synchrotron Radiation
Consequences:

72x 2.2E11ppb(25ns)

S
o
O

L=

- instabilities, emittance growth,
desorption <bad vacuum, beam loss

-
o

36x 3.5E11ppb(50ns)

e-Cloud Line Density(#e/m)

- excessive energy deposition in the
cold sectors

=
o\l

o

-

N

w._
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What e-cloud can do to the Beam?

L% “,'“ Beam 2 2011-10-24 20h19
12 ! ! ! ! !

I
wd of Flll Intonsity
s— | pjection intensity

> Fill: 2249 (2011)
25 ns Bunch Spacing
» Energy =450 GeV

» Time between Injection to
End ~10 min

» Dumped by BPM
» 1020 Bunches

Intensity

0

L 1 1 1
800 1000 1200 1400 1600

1 1
200 400

[ N Bunch #

Injection Intensity
End of fill Intensity -

360G |-

Measured Emittance Growth wmml-

~33% Horizontal Lo : :
~110% Vertical . ﬁ } W" gg‘“@ w;«—;q: &.MQ
Associated beam |OSS i} 1‘58 3‘88 11‘58 EIBB '.-'ISB 988 1858 1288 1358

O Save Delay [s] Synch Clean after save lé}' glear"@Save As “ x glosel
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Scrubbing @ 25 ns bunch spacing

So far it is the only cure in the LHC....Takes time to clean the
surface and reduce SEY (secondary electron yield) from ~2.2
to ~1.5

Scrubbing “memory” kept while running with 25 ns beams -
deconditioning was observed after few weeks of low e-cloud
operation

= o= NN
o U1 o W

L S

Average losses within
45 min. after inj. [%]

Time [days]



Other remarkable achievements :
* “Accident” Sep 19, 2009

— Bad “splices”, QPS and He release
— Damage 1 km of LHC

— “real fix” and run at 6 5 TeV/beam

* Machine “uptime”
— Many trips, short stores
— UFOs, cryogenics trips
— Unbelievable progress: time in
collisions went from 33% in 2015
to 67% in 2016 !

(see more Iin backup slides) T Stable Beams 67%

28 V.Shiltsev: Accelerators, UIUC



Colliders : 1964 O—E—*f-O » O— ®

V2mE

It's easier to collide e+ / e-, because synchrotron radiation naturally “cools” the beam to smaller size.

« VEP-1 (Bcmpeunbie SnekmpoHHbie *  ADA (Anello Di Accumulazione) at
[lyuku) at Novosibirsk, USSR INFN, Frascati, Italy
— 130 MeV e x 130 MeV e- — 250 MeV e* x 250 MeV e-

— 1961 : Construction Finished

— ~ May-June 1964: Luminosity Detected
2= Fermilab

10/05/16




Colliders: 29 Built... 7 in Operation
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2F Fermilab
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Collhiders: Glorious Past
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Will There Be Energy Frontier Colliders After LHC?
( Yes or No ) = ( Physics X Feasibility )

« PHYSICS case of post-LHC high energy physics machine
depends on the LHC discoveries:

— 1t might call for a collider (if signals are clear)

— otherwise, search for signs of new physics in the
neutrino/rare decays (Intensity Frontier) or astrophysics
« FEASIBILITY of an accelerator is actually complex:
— Feasibility of ENERGY
* Is it possible to reach the E of interest / what's needed ?
— Feasibility of PERFORMANCE

« Will we get enough physics out there / luminosity ?
— Feasibility of COST
* |s it affordable to build and operate ?

« What can we learn/take from the past/present?




Four “Fea3|ble” Technologles

£ Norma

3¢ Fermilab
... in addition to “traditional” technologies of tunneling, electric power and site in]folfoasé]teructures, etc ...



Analysis:

2014 JINST 9 T0O7002

17 “Data Points” - Costs
of Big Accelerators:

 Actually built:

— RHIC, MI, SNS, LHC

 Under construction:

— XFEL, FAIR, ESS

* Not built but costed:

— SSC, VLHC, NLC

— ILC, TESLA, CLIC,
Project-X, Beta-Beam,
SPL, v-Factory

Wide range :

* 4 orders in Energy, >1 order
In Power, >2 orders in Length

Almost 2 orders in cost

(normalized to US TPQC)

Cost (BS) | Energy | Accelerator Comments Length | Site TPC
Year technology power | range
(TeV) (km) | (MW) | (YI4BS)
SSC 11.8BS 40 SC Mag Estimates changed 87 | ~100| 19-25
| (1993) muny times [6-8| L
FNAL M1 260MS 0.12 NC Mag “old rules™, no OH, 33 ~ 20 | 0.4-0.54
(1994) existing injector [9]
RHIC H60MS 0.3 SCMag | Tunnel, some 38 | ~40 | 0.8-1.2
(1999) infrastructure, injector
re-used [10]
TESLA 3.14B€ 0.5 SCRF “European 39 ~ 130 11-14
(2000) accounting” [11]
VLHC-I 4.1BS 40 SC Mag “European 233 | ~60 | 10-18
(2001) accounting”, existing
injector [12]
NLC ~ 7.5BS 1 NC RF <~ 6BS for 0.5 TeV 30 250 9-15
(2001) collider. [13]
SNS 1.4 BS (0.001 SC RF |14]) 0.4 20 1.6-1.7
(2006)
LHC 6.5 BCHF 14 SC Mag collider only — 27 - 40 7-11
(2009) existing injector, tunnel
& infrstr, no OH,
R&D [15]
CLIC 74-8.3B 05 | NCRF “European 18 | 250 | 12-18
CHF(2012) accounting”™ [16]
Project X 1.5BS 0.008 SCRF [17] 0.4 37 1.2-1.8
(2009)
XFEL 1.2B€ (L014 SCRF in 2003 prices, 34 ~ 10 | 2940
(2012) “European
accounting” [ 18]
NuFactory | 4.7-6.5B€ | 0.012 NC RF Mixed accounting. 6 ~90 7-11
(2012) w. contingency [ 19]
Beta- 1.4-23B€ 0.1 SCRF Mixed accounting, 9.5 30 | 3.7-54
Beam (2012) w. contingency [19]
SPL 1.2-1.6B€ | 0003 SCRF Mixed accounting, 0.6 70 | 2.6-4.6
(2012) w. contingency [ 19]
FAIR 1.2B€ | 0.003-08| SC Mag “European ~3 30| 1,830 |
(2012) accounting” [20]. 6
rings, existing injector
ILC 7.8BS 0.5 SCRF “European 34 230 1319
(2013) accounting” [21] ’
ESS I.84B€ | 0.0025 SC RF “Europeard0/05/16 (1.4 37 | 25-38
(2013) accounting™ [22, 23]

d KﬁJaue ybiy Jd,l |apow 1S09 [eaibojouawouayd v ‘A3SIIYS'A

SJOJelo|adde a|dlle



' WARNING!

Cost(TPC) = a LY2 + g E12 + p P12

+33% estimate, for a “green field” accelerators
“US-Accounting” = TPC ! ( ~ 2 X European Accounting )

Coefficients ( units: 10 km for L, 1 TeV for E, 100 MW for P)
— a= 2B$%$/sqgrt(L/10 km)
B=10B$/sqrt(E/TeV) for SC/INC RF
B= 2B$ /sqrt(E/TeV) for SC magnets
B=1B$ /sqrt(E/TeV) for NC magnets
v= 2B$/sqrt(P/100 MW)

USE AT YOUR OWN RISK!

D00 FIABIT B BT ICADTITICCRMR KTV




Total Cost vs Model (Log-Log)

"VLHC- ,
TR c1SsC
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10 - ! TlcLic-os
= ] TESL
&
@/ Beta-Bea . {
T) - N'uFact
o FALR /7
§ PEX /| XFEL
Z rHIC" | ESgH SEL
© U, N The afy-model is
= ][mr good to +-30%
Q I
5 o -

| 10

"Actual" Cost (BY) ilab
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[ Total est. cost of civil construction (BS) ] [Est. cost of SC RF accelerating elements (B$)}

S

=

1
10 F

SNS

107 =

10B$ x sqrt(E/TeV)

]

e | " PR ke i P S S N o Y
10 100 1000

[SC RF Acceleration (GcV)]

—
o
—

<

“.10 & .....1.00
[ Total tunnel length (km) ]

lllustrations

Comment:
Sgrt-functions are gquite accurate

over wide range because such
dependence well approximates
the “initial cost” — effect :

Gomponent cost, total cost and unit cost —»
%
(]
B

Capaglty ==~

Fig. 9.5. Variation of costs of power plant versus its capacity.



Take LHC as an Example:

* aBy - Model: |
— 40 km of tunnels 2\/40/10 = 4

— 14 TeV c.0.m SC magnets 2V14 = (.0

— ~150 MW of site powel 2\/150/100 —925
TOTAL PROJECT COST : 14B$ +

4.5B%
. CERN LHC Factbook (2009): jgHC
_ 6.5 BCHF incl. 5 BCHF for the guide

accelerator
(European Accounting)
— x2to USTPC - 10 BCHF=10B$ e
— Cost of existing injector complex Ps =
~30-40% 3-4 B% =

TPC : ~13-14B$ 2| [zo0scos




Possible Future Lepton Colliders

{ CepC/FCC-ee 250GeV c\

C=52/100 km SCRF NC Mag

v

/" ILC 30 km long, 250 + 250 GeV e*e" - SCRF)

Electrons

Undulator

Detectors Electron source

DampingRings = Main Linac

/' CLIC

ete" 50km
15+15TeV
- NCRF

acceleration

e

v
[ TA

Inve beaty wctslension

\\ -

>

- Two beam |

CLIC 3TeV

.......

/ Muon CoIIlder\

~15km p-u+ 3+3TeV

NC RF+5C Magn+Muon
produc’n;cooling; accel’n
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LHC refereni:e
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Possible Future Hadron Colliders

[ « HE-LHC same tunnel, 25-30 TeV cm pp 16T SC magnets }

/ sC 37k . FCC/SppC ¥ —VLZ"3’§ k \
40cme=20+20TeV 1?)2/17%0453 m 175 TeVn::me
- 6.6T SC Magnets evcme
_ 16-20T SC Magn - 9.8T SC Magnets
1Ay - '
*53 7' »
= 3¢ Fermilab
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Option 2 : Develop Technology to Lower Cost
100 TeV pp : Qualitative Cost Dependencnes

50 base cost parameters set
N ! tunnel 5 times cheaper .
3= \ magnets 5 times cheaper
= 40 -
- L .
S
e 30 e — e
S 2
Q - \ : -—— P B 8
0 90 2
QO o
5 L 1 |
o> 5
?3 10 E
o =
= S

O 2 : i i *
0 5 10 15 20 _
Fermilab

43 v Dipole field B (arb units) Lojoshs



State of the Art SC Magnets: 3 Decades

8.3T
LHC,
4.5T 5.3T 3.5T 15 m, 56 mm
1276 dipoles
HERA, RHIC.
9m, 75 mm 9 m. 80 mm
416 dipoles 264 dipoles

Tevatron,
6 m, 76 mm
774 dipoles

4.5 K He, NbTi NbTi cable NbTi cable NbTi cable
+ warm iron cold iron simple & 2K He
small He-plant Al collar cheap two bores
3¢ Fermilab

(Tev magnet, NbTi cable, Cu bus, HTS tape)



On SC Magnet Technology
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Superconductor
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Driven by SC cable
technology

- NbTi—upto 10T
- NbsSn—upto 16T
- HTS—-20+T

Cost of SC conductor

NbTi— SS
Nb,Sn — SS x 5
HTS— $Sx25

2L Fermilab
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High Temperature Superconductors (HTS)
REBa2Cu307-x (REBCO, RE = rare earth) NHMFL (Talahassie)

coated conductors Geneva, 2016  YBCO coil test (2015)
Achieved 25 T = 21T LTS +4T HTS insert 27 T = 18T LTS +9T HTS insert
- - pd- " : »

— -
\‘

ab
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R&D On Cost-Effective SRF Structures

.l...
v “e o0 e
«10" b ""'V"'" . ..l...
e Mvww -
“A‘A“ "' ...
? AA"~ v " ]
b, Yy
e
O
PIP-Il high beta spec
(@ AESDO4 N.oped
J & PAV-103120C baked T=2K
' wsm} NM A A A A A A A vy - A
ol-v-8 6 18 20 22 24 26 28 30 32 34

E_. (MV/im)

New materials (Nb3Sn) -
higher gradients

New techniques (Nb on Cu) -
lower cost

Surface treatment (N2 doping) —
higher Q0 and lower operation cost
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Option 3: “Move to China !”

Average hourly compensation costs of manufacturingemployees,
selected economies and regions, 2002-2009

140
R
120
100 —
o 80 -
E|
n
“
2 &0
80
] -—
i | el 1| : T
United States China Mexico Brazil EuroArea  Eastern Europe Japan East Asla ex- Philippines
b 4 Jspan

Note: For a description of the economicgroups, see the technical notes at www.bls.gov/ilc/ichcctn.pdf, Table 2.
Source:U.S. Bureau of Labor Statistics, International Labor Comparisons.



(SSRF \Spring-8 Diamond NSLSII
China | Japan UK USA

« 432 m * 1436 m « 562 m « 792 m

«35GeV | *8GeV « 3 GeV « 3 GeV
. 1.2B RMB| * 11 BY «383M £ + 912 M$
2007 1997 2007 2015

Account infl’'n, convert to USD and scale to sqrt(1 km):

(350 M$ ) 772 M$ 1040 M$ 1024 M$

2F Fermilab
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“Move to China !” - Caveats

CHINA AVERAGE YEARLY WAGES

30000

s s
Histoncal Nicbium Price Perfformance

Hﬂ] 535 75
2100
b |
200¢ i
F_E-l]
x
i
- |
m 1 :u
$1333 §390 §1291  §1255 gpoag el
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Option 4: New Technology- Plasma

|dea- Tajima & Dawson, Phys. Rev. Lett. (1979) Plasmf'sl wave. elegtron Laser/beam pulse ~ A /c
(b) density perturbation =

30

m.co
E,=—2 mlOO[GeV]-\/no[lolgcm‘B]
m

Option A: Option B:

Short intense e-/e+/p bunch Short intense laser pulse
Few 10%cm3, ~5 GV/m over 1.3m ~10cm3, 50 GV/m over 0.1m

2L Fermilab
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plasma wave
| trapped e- — laser Dawson
externally - £ N pulse

&

self-injected ¢ njected

: Reg o
"
l \-'j

L

‘lelec%on%’p”(ﬁt-m i | ;'E.’.f"""

-

Helium Gas Jet




PRL 113, 245002 (2014) PHYSICAL REVIEW LETTERS 2014

5

Multi-GeV Electron Beams from Capillary-Discharge-Guided Subpetawatt
Laser Pulses in the Self-Trapping Regime

W.P. I_f:emans,"z'* AL Gonsalves,' H.-S. Mao,' K. Nakamura,' C. Benedetti,' C.B. Sc:hmeder,' Cs. Téth,' I Daniels,'

D.E. Mittel Iberger,”" S.S. Bulanov,”" J.-L. Vay,' C.G.R. Geddes,' and E. Esarey’
'Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
Ehepartnwnt of Physics, University of California, Berkeley, California 94720, USA

400 800 1200

;g Charge Density [nC/SR/(MeV/c)] - |

G energy gain

A 4.3 GeV

=

< over 9 cm

o

=

2

|

o

= 5 I 1.5 2 25 3 35 & a5

3 Momentum (GeV/e)
n el7cm™; ~t5cem
Laser Electrons Q=6pC
—&™ AE/E=.06 16 J (laser) = .024 J (e):

16J, 30 fs AB = 0.3 mrad 0.15% efficiency

“— Q rm—>



| linac delivers synchronized 20 GeV
ve* drive & witness bunches to a 1m plasma

: e W
L b 7
R, - - -
= . ) - < “ :

ﬁ. In¥

ions

’-'m‘_
Dr'IVe beam -

.Accelerating y

beam

Nonlinear “bubble” or “blowout” regime



1 A7~ Nature 515, 92 (2014)
ghﬂv: 2 0 14 doi:10.1038/nature13882

High-efficiency acceleration of an 616(_3t11‘061('51 l:\)/eamsi? a
plasma wakefield accelerator ©"¢'8Y 83N ~5%e v overbem

5.0GeV over 1.3m
M. Litos', E. Adli"?, W. An?, C. 1. Clarke', C. E. Clayton®, S. Corde', J. P. Delah sooo |, Frederico,
S. Gessner', S. Z. Green', M. J. Hogan', C. Joshi®, W. Lu®, K. A. Marsh*, W. B.

G. White!, Z. Wu!, V. Yakimenkao' & G. Ynck}fl

badi?®, D. Walz',

<4500

Accelerated
000 trailing

e bunch
L _Issoo (~80 pC)

Beam density (5.0 x 1016 cm) 26-

S000

24

2500

2000

22

Energy (GeV)

*°° Drive e-

e0e BUNCh
(20 GeV, 1 nEZ, 83 fs)
.o -ermilab
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NB: now “Plasma-Colliders” do not work even on paper
can not accelerate e+, staging kills the gradient <E>~2 GV/m, &, efficiencies

80 T Ty xve
| @ Lepton ™ I~y Q : T
£ | ®M Hadron < § A
8 S0r| @ Lepton Future § T Q. (\(3 ﬁ |
— | i o 5 L, L
= ® o & : 3 & |
m 3018 9% 9 s el 0 -
Ne S < TRl S
= O o031 & S 3
= L =0 = 2
o\ 20 @) d - - o d
~ S “Dream” %
o ] ke ud
*g ki collider
3 ' N
o p— : ©) :
"5 lO ; <3 :
: e 8 © fan ~
E‘j F e |
= ; L s : -
3 g L ; 4
S T * |
ll; l L L LA 1l l L L L

0.1 T ] - 10 100 -“1-000
C.0.M. Energy (TeV)

56 V.Shiltsev: Accelerators, UIUC 10/05/16



“Dream” Collider: Choices
» Far Future “Energy Frontier” assumes
< 300-1000 TeV  (20-100 x LHC)
“ “decent luminosity” (TBD)

* Surely we KNnOW:  gcular collider

1. For the same reason there P

is no circular e+e- collider above L OC M g_y
Higgs-F there will be no circular pp E3 B
colliders beyond 100 TeV = LINEAR y

2. Electrons radiate 100% linear collider

beam-strahlung (<3 TeV) . P N
and in focusing channel L T’lmac wall _Y

(<10 TeV) = u+u- or pp

57 V.Shiltsev: Accelerators, UIUC 10/05/16
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“Phase-Space” Is Further Limited

» “Cost Feasibility”: for 20-100 x LHC
+ <10 B$
< <10 km
< <10 MW (beam power, ~100MW total)

->New technology should provide >30 GeV/m @
total component cost <1M$/m ( ~NC magnets now)

SC magnets equiv. ~ 0.5 GeV per meter (LHC)

[ 3. Only one option for >30 GeV/m known now: }
d S

ense plasma-> that excludes protons—> only muon

3¢ Fermilab
= (Xtal model) osns



“Dream” Collider = Muons + Acceleration In
Crystals + Continuous Focusing (Channeling)

40 TW, 30 12 X_ ray
Iaser pulse
( L el sources
" 3em caplilary
: % plasima
seelerdlor ;
) aceelerdio Undulator
\ magnet

m,ca

E, = £ 51000~

Loy

e

GeV

Crysal accelerator

V.Shiltsev, Phys. Uspekhy 55 965 (2012)

59 gte

Crystal _
; ]

funnel ¢ .5

L) . oSyl
SELns

& > i -
0.1-1 PeV %27

Lt
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: \/ n,[10"em™]

n~10%2 cm3,

10 TeV/m
S

1 PeV =

1000 TeV
n,~1000
ng ~100

frep ~10°

L ~1030-32
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Paradigm Shift : Energy vs Luminosity

10" g

1 ) 1 ) Uilllll | L) llllll' l'll L) L) IIIIIU'
fundamental problem :

40

limited facility power -

10% Pb':'bE 9 Ib=Pb/E 9 \,"’”S
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N
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HEP’s “Far” Future

e Good News

—options EXIST
* 300-1000 TeV muons in plasma/crystals

« Bad News
— It will be

High
Energy
Low
Luminosity



Unique Accel. R&D Facility IOTA at Fermilab

50 M.e\l/ e- spectrometer
photoinjector CM2 and e- dump
150+ MeV e-

Electrons and protons RFQ
Ring and linacs 2.5 MeV p+/H-
SRF and nonlinear magnets

MANY Opportunities for research: 150 MeV e-

Integrable nonlinear optics with magnets 2.5 MeV p+
Space-charge compensation with electron lenses and electron columns

Optical stochastic cooling
Laser plasma wakefield injector
Acceleration in carbon nanotubes and crystals, etc etc

IOTA/FAST supported by:

— DOE Office of HEP: construction,
installation, research, operations

— Collaborators (25): components, research 1005115

IOTA




IOTA (Integrable Optics Test Accelerator) Ring at FNAL

Kicker for protons ¢=40m
— e- 150 MeV/c

p+ 70 MeV/c

Protons injection

Evaporation and ionization

by laser pulse '
Pulsed heater
Q =‘ =

—'

Plasma

target  icker for

plasma injector
Driver

laser —

“Electron injection into a cyclic accelerator using laser wakefield acceleration”, Ya. V. Getmanov, O. A. Shevchenko, N. Vinokurov
“Laser wakefield acceleration using a laser produced aluminum plasma”, J. Kim, Y. Hwangbo, S.-G. Jeon , W. J. Ryu, K. N. Kim, S. H. Park, N. Vinokurov

2L Fermilab
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May 2016 : IOTA Electron Injector 50 MeV

Equn CC1 CC2 . : Beam
/9 l l Chlclane Spectrometer<i>ole Absorber
a et :n:}:m; mml" 'mm[ Wt bof ko pod H i st ;"" Ib-"-'{ “:.{:I:' —= 1,“ , s { H oo f—vra {‘ Rre—fote—f
< 20 meters —>

52.5 MeV e" beam through IOTA/FAST injector !

May 16, 2016: Beam accelerated by two 1.3GHz SRF
Capture Cavities #1 and #2: 4.5 MeV (gun)+28MeV+20MeV

10/05/16




| Betain P lerutor Te

http://www.illinoisacceleratorinstitute.org/ |’l'l{s I e v o Gl
el

2016 LLEg TENG

UNDERGRADUATE INTERNSHIP
IN ACCELERATOR SCIENCE & ENGINEERING

Next Prograoan

Accelersior Funtamenisls stusests decurs B HGN-NNT it sod 113 FEPICISDS 1D rIS0 TEIUENCY Creiies
with Lab instructor Cov e

1990 US Particle Accelerator School

June 11-22, 1990  Harvard University, Cambridge, Massachusetts

.
Two weeks of graduate level courses.
Each course includes lectures, problem sessions and recitations.
Four Harvard units each course.

~-99’“’ ] “‘ou.

'Ih:[unglntcrnshipism The internship is 2 te=n week summer program in which
cxditing education and research each smdent will wark dosely with « mentor from the
riuni n to sclect students Fermi National Accel Lab y or Acg
ZZ)U.S. Z;J::siﬁcs who have just ) *owst Latortory, nexr Chicapro, Tiiooks. Sctoters
will receive generoas sipends, as well as travel and
lodging sllowances. In addition, the program includes
2 full scholarship m attend the owo week US. Parvicle
Accelerstor School, which will be held in Farr Colling,
*Ournanding sopbemores may alss be considered. CO, sponsored by Colorsdo Smate University.

completed their junior year® in

physics, engincering, or computer
science.

For further information and to apply, see
www.illinoisacceleratorinstitute.org

agome®  {EFermilab @ENERGY |22 us

Sechosl

by .
Introduction 1o Accelerator Physics Introduction to Charged Particle Beams
D.A. Edwards, SSC Laborstory S. Humphries Jr., University of New Mexico




Summary
» Accelerators progressed immensely

— now set up landscape of photon science, neutrino research
and HEP colliders (success of LHC)

» Post-LHC colliders are possible but :
— Dependent on the LHC results (motivation)
— If based on current technologies (SRF, SCMag, etc) only
HE-LHC is cost feasible (<LHC), some are close

(CepC/FCCee, ILC, Muon Coll, VLHC-I), others need
significant R&D (FCC)...or in China (?)

— hopeful technology of plasma acceleration
IS very expensive now, need ~3 decades of R&D; “dream”
1PeV Xtal yu will be a H.E.L.L. collider

We need you - please join!



Thank You for Your
Attention!

2L Fermilab
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Splices... all began
t19 2008

A splice with bad thermal E d electrical contact
between the superconductor and the copper
produced sufficient resistive heating to lead to
thermal runaway.

This provoked the melting of the material surro-
unding the splice, and subsequently an electric
arc developed between two exposed cable ends.

This arc melted through the helium line in which
the cable travels, releasing Helium into the
insulation vacuum of the interconnect.

The rapid and voluminous expansion of the
Helium caused a pressure wave that propagated
along the insulation vacuum causing extensive

damage
J Flat copper profile Bus bar from right

Bus bar from left Sc cables

Bad contact among bus bar and U-shaped Bad contact between Sc cables
interconnection copper copper profile (~ 220 nOhm, see text)



LHC = "big and long vessel”




Sample 3A left (26 uQ)

Sample 3Aright (43 pQ)

Sample 2A right (43 uQ)

Sample 3B (21 uQ)

Pictures by J.-M. Dalin

Sample 2B (42 uQ)

2L Fermilab
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The main 2013-14 LHC consolidations

1695 Openings and Complete reconstruc- Consolidation of the Installation of 5000 300 000 electrical 10170 orbital welding
final reclosures of tion of 1500 of these 10170 13kA splices, consolidated electrical resistance measure- of stainless steel lines
the interconnections splices installing 27 000 shunts insulation systems ments

18 000 electrical Qual- 10170 leak tightness tests 4 quadrupole magnets 15 dipole magnets to be Installation of 612 pres- Consolidation of the
ity Assurance tests to be replaced replaced sure relief devices to 13 kA circuits in the 16
bring the total to 1344 main electrical feed-

A 13kA splice has a resistance of about 300 pQ, which can be measured with a precision ~20pQ. The acceptance
criteria is 10 nQ. Any splice does not meet this criteria is replaced/repaired. The resistance acceptance criteria at the
Cu - superconducting splice joints was 5 uQ. Any joint does not meet this criteria is replaced or repaired.



LHC : Cryogenics, Trips

« LHC: 8 cryoplants total 35 MW wall plug; 130 tons of LHe to
keep 36,000 tons at 1.9K

« Efficiency ~250 W wall plug power per Watt at 4.5 K
— CERN cryocapacity of 150 kW @4.5K and 20kW at 1.9K

) Ievel
— 50-70 T-shield \

— 4.6 K Heat Intercept

Heat inleaks [W/m]

Total TS [W/m]

— 4.6-20 K Beam Screm " Heat inleaks [W/m] 023
Total HI [W/m] 0.23

— 1.9K cold mass Heat inleaks [W/m] 0
° Safety factor 1.6 (d |gn) Synchrotron radiation [W/m] 0.33
BS Image current [W/m] 0.36
° Reality: ~None (117) Photo-electron cloud [W/m] 0.90
Total BS [W/m] 1.82
Heat inleaks [W/m] 0.21
M Resistive heating [W/m] 0.10

Beam-gas scattering | [W/m] 0.05
Total CM [W/m] 0.36
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Performance assessment of all sub-system (at lea
type test) before being connected to the next on




Cryo: Complex and Large Machinery

AGABZLE W

MSR4 ARC45 MSL5 |TLs

LHC Cryo Plant : Machines Status

Compressors Cold Box Compressors Cold Box ol
45K 45K 1.8K 1.8K
= | . o
545
——— r——  ————— —t+——————|
MsR2 o I [ J[[ |
P2:ALICE ]

HmI,0rg

Meock racant Aaka v “. erml a
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2015 LHC Machine availability

Statistics for 25 ns run from
September 7 to November 3

@ LHC Downtime [h] M System Downtime [h]

SIS
Magnet circuits

Collimation

Stable Beams, 450 h, 32 %
Turnaround Time, 515 h, 37 %

Controls

Beam Losses

Operation

Vacuum

Machine Protection System
Beam Injection

Quench

Experiments

Other

Injection Systems

Access System

Radio Frequency

Technical Services

Beam Instrumentation
Transverse Damper Downtime, 427 h, 31 %

LBDS
QPrPs

Injector Complex

Power Converters

i

Cryogenics

100 150 200 250 ll'ITIiIat)

76 V.Shiltsev: Accelerators, UIUC 10/05/16

0

w
o



2016 LHC Availability: 11t June — 239 July

Access - No heam: 10.56% From 32% to 67%
In one year !!!

Ramp + squeeze: 8.19%

Machine setup: 4.08% © '

= Fermilab
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Will There Be Energy Frontier
Colliders After LHC?

"Any headline that ends in a question mark
can be answered by the word NO."

Betteridge's law of headlines

o D F’ _ lan Betteridge, a British technology
E O W journalist
X | Hinchliffe's rule

# F particle physicist lan Hinchliffe

—_— i

Ty =

Davis' law

WIKIPEDIA @ (who's Davis ?)

The Free Encyclopedia 3¢ Fermilab
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