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V.Shiltsev | DM @BSW223

Neutrino Superbeams – ν Oscillations

Japan Proton Accelerator Research 
Complex – 3/30 GeV (295 km to SuperK)

Fermilab Proton Accelerator  Complex –
8/120 GeV (810 km to MINOS)
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V.Shiltsev | DM @BSW224

Fermilab and J-PARC Power Upgrades

PIP-II 800 
MeV Linac

PIP-III 8 GeV 
Linac or RCS

Magnet PS Upgrade 
2.48 s → 1.32 s

RF Upgrades 
Incl. 2nd harm. RF

862 kW
515 kW
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Muon g-2 – 2021 ! 

V.Shiltsev | DM @BSW225

Run 1:
0.46 ppm2.5e20 protons →

0.8e14 muons →
2e12 stored

…soon x10

see Martin Ferti’s talk Tuesday
03/23/22



800 MeV SRF p Linac – Proton Improvement Plan-II

V.Shiltsev | DM @BSW226

Fermilab Accelerator Complex
03/23/22



• The PIP-II Linac was designed with the flexibility to 
support multiple users in mind and is also compatible 
with continuous wave operation. 

• Thus, PIP-II is capable of simultaneously supporting a 
high-power long-baseline neutrino beam and supplying 
an additional 1.6 MW of proton beam power at 800 MeV.

• Furthermore, the PIP-II Linac tunnel includes space and 
infrastructure to reach 1 GeV and space to add an RF 
separator for beam sharing to multiple users.

Boundary Condition 1: PIP-II

03/23/22 V.Shiltsev | DM @BSW227



Boundary Condition 2:

DUNE/LBNF/PIP-II

03/23/22 V.Shiltsev | DM @BSW228

PIP-II to be finished ca 2028
In few years – MI will be 
capable of 1.2 MW operations
DUNE Phase I starts 2032
Physics requires Phase II: 
three prong upgrade ca 2038
(that will surely affect 
everything else in the US)



Phase II parts: FD volume+MI power+new ND

03/23/22 V.Shiltsev | DM @BSW229

https://arxiv.org/abs/2203.06100



Spectrum of “Post-PIPII” Accelerator Complex 

Upgrade Opportunities (and relevance to NP-

neutrino physics, DM, MP-muon physics)

03/23/22 V.Shiltsev | DM @BSW2210

1. $ - “Cheap” complex upgrade (Booster, RR, MI, target) to 
get to 1.6-1.8MW in MI at 120 GeV

– NP, mb MP and DM

2. $ - PIP-II upgrade to 1.0-1.2 GeV (power gain unclear) 

– NP, mb MP

3. $ - Small ~1 GeV accumulator ring (PAR: PIPII Accum Ring)

– DM at 1 GeV

4. $$ - Booster replacement 8 GeV RCS (~2.5 MW in MI)

– NP, DM, mb MP

5. $$$ - 8 GeV SRF linac+modifications MI, RR? (~2.5 MW)

– NP, DM, mb MP



• M. Toups, R.G. Van de Water, Brian Batell, S.J. Brice, Patrick 

deNiverville, et al. ”PIP2-BD: GeV Proton Beam Dump at 

Fermilab's PIP-II Linac”, arXiv:2203.08079 [hep-ex] (pdf)

• William Pellico, Chandra Bhat, Jeffrey Eldred, Carol 

Johnstone, et al. ”FNAL PIP-II Accumulator Ring”, 

arXiv:2203.07339 [physics.acc-ph] (pdf).

PAR will enable three newly proposed 0.8-1 GeV HEP 

programs at Fermilab:

1. DS (dark energy sector) physics [9],

2. PRISM/PRIME type experiment [10], and

3. a charged lepton flavor violation program.[11]

Snowmass AF/RPF Discussions– PAR White Papers

03/23/22 V.Shiltsev | DM @BSW2211

https://arxiv.org/abs/2203.08079
https://arxiv.org/pdf/2203.08079
https://arxiv.org/abs/2203.07339
https://arxiv.org/pdf/2203.07339


• All these experiments demand 0.8 MeV intense short 

bunches of lengths in the range of 12 to 500 ns.

• PIP-II linac is “underemployed” by Neutrino program:

– NP takes only 0.55 ms of 2 mA linac current every 20 Hz (duty 

factor of 1.1%) → 17.6kW of avg beam power

• BAR will transform long linac pulse into short bunches and 

will do more often: 

– rep rate from 20 Hz to 100 Hz, avg power 100 – 200 kW 

• The plan is to use a 2.5 MHz (h=4) type RF

system that is currently used in Recycler for 500 ns bunches 

and to use Booster type RF systems for short bunches. 

– Barrier bucket RF systems, that have been used in the past at 

Fermilab, can be used to produce compressed bunches of 

variable bunch lengths as needed by the experimenters.

Accelerator Requirements: 

03/23/22 V.Shiltsev | DM @BSW2212



Folded ring (C~480 m in 240 m Tunnel)

03/23/22 V.Shiltsev | DM @BSW2213

Permanent magnets (energy 

fixed 0.8 or 1 GeV – TBD)

3” aperture

20-120 Hz injection/extraction 
rate

Note, that PIP-II injections to the 
Booster are independent, 20 Hz



BAR location and lattice

03/23/22 V.Shiltsev | DM @BSW2214



Lattice: 

03/23/22 V.Shiltsev | DM @BSW2215

Challenges: 

Permanent magnets vs EM
Injection foil heating
100 Hz extraction kickers
Overall cost optimization



• (Besides PAR) 

• C-PAR : C=100m  with 20 ns bunches, dQ_sc=0.24

• RCS-SR: in case 8 GeV RCS will be constructed, some MW 

of beam power might be available at its 2GeV injection 

energy

High Demand on Protons (Short bunches)

03/23/22 V.Shiltsev | DM @BSW2216



Another rare process: mu→e conversion 

(not mu→e and two neutrinos … e- peak at 105 MeV)

03/23/22 V.Shiltsev | DM @BSW2220

• Mu2e project at Fermilab : 8 GeV proton beam, slow 

extracted, high extinction 

• Avg beam power 8 kW



Mu2e 

Project in 

good 

shape

= CD3… 

start 

“soon”

03/23/22 V.Shiltsev | DM @BSW2221

• Already thinking 

about next step 

– “mu2e-II”

• How this expt

can benefit from 

having 0.1-1MW 

of 1 GeV protons 



Part III : DIMUS 

03/23/22 V.Shiltsev | DM @BSW2222

DIMUS at Fermilab: An Opportunity for  

Super Compact Di-Muon-Spectroscopy 

Collider

Vladimir Shiltsev, Sergo Jindariani, Patrick Fox (Fermilab) 



Snowmass “White Paper”

03/23/22V.Shiltsev | DM @BSW2223



Part I: Dimuonium

03/23/22V.Shiltsev | DM @BSW2224

μ+μ+
μ-

• Dimuonium is a bound state of μ+ μ- pair

• Two-lepton system described by QED

• There are 6 leptonic atoms: positronium (e+e-), 

muonium (μ +e-), dimuonium (μ+μ -), tauonium(τ+e-), 

tau-muonium (τ+μ-), ditauonium (τ+τ-). Only 

positronium and muonium are observed.

• Dimuonium is more compact system than the 

positronium and muonium 

Rμ μ ≈ (1/100) R μ e≈(1/200) Ree.



03/23/22V.Shiltsev | DM @BSW2225

• Observation of dimuonium would be a significant discovery.

• QED tests (dimuonium ≠ positronium x me/mμ)

• Muon sector anomalies:

– About 4.2 sigma difference between the (g-2)μ SM prediction  

and measurement (soon will be > 5 sigma)

– Proton/deuteron radius puzzle

– Hints of lepton-universality violation in rare B decays:

B+→ K+e+e- and B+→K+ μ+ μ- (@SuperKEKB)

• Very complex experimental task → challenge for 

experimentalist → development of new methods

Fundamental Physics



S.J.Brodsky and R.F.Lebed Phys. Rev. Lett. 102, 213401 (2009)

03/23/22V.Shiltsev | DM @BSW2226

merge at 5o-15o



DIMUS Detector

03/23/22V.Shiltsev | DM @BSW2227
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Novosibirsk “Mu-Mu-Tron” Design

03/23/22V.Shiltsev | DM @BSW2229



Novosibirsk “Mu Mu Tron” Design (2017)

03/23/22V.Shiltsev | DM @BSW2230

Also possible –

collisions in 

“reverse” direction 

(at 15o )

✓Covers the c.m. energy region from 
500 MeV to 1000 MeV 
✓This region of the ρ and ω resonances 
is important for the SM (g-2)μ
calculation
✓Very high luminosity O(1033cm-2s-1)



Key – e+ production 

03/23/22V.Shiltsev | DM @BSW2231

✓requires about 1 x 10^10 
e+/s
✓BINP c0mplex delivers 
about 0.2-0.5 x 10^10 e+/s



Positron Production: BINP and CESR   ~(0.01-0.03) e+ per e-

03/23/22V.Shiltsev | DM @BSW2232

BINP

CESR



NML
Part II:       .

DIMUS @ 

NML

03/23/22 V.Shiltsev | DM @BSW2233



• IOTA/FAST: 5 MeV e-, 50 MeV e-, 100-300 MeV e-, ring and 2.5 MeV p+

IOTA/FAST Facility for Accelerator and Beam Physics R&D

03/23/22 V.Shiltsev | DM @BSW2234

• The only dedicated facility for intensity-

frontier accelerator R&D; ranked as top 

facility (“Tier 1”) for acc. & beam physics 

thrust by recent GARD review (Jul 2018)

• ~30 Collaborating institutions

• Nat. Lab Partnerships: ANL, BNL, LANL, 

LBNL, ORNL, SLAC, TJNAF

• Many opportunities for R&D with cross-office 

benefit in DOE/SC IOTA proton injector



DiMuonSpectroscopy (DiMuS) at NML : Opportunities

03/23/22V.Shiltsev | DM @BSW2235

• Excellent source of high energy electrons:

– eg 3000 bunches x 5 Hz x 2e10 = 3e14 e-/s

– at 1% conversion → 3e12 e+/s

• DIMUS will probably need much less

– eg 200 bunches x 1 Hz x 2e10 = 4e12 e-/s

– at 1% conversion → 4e10 e+/s

• Efficient linac – now upto 300 MeV

– DIMUS will need extra ~108 MeV → total of 408 MeV

• Infrastructure and expertise: 

– wide & (important) long tunnel, cryo, power, HCW, etc

– knowledgeable people



To Covert NML into Collider Facility One Needs:

• Collider e+e- Rings (2 x 408 MeV)

• Second CM, so the final energy 408  MeV

• Positrons: 

– Conversion/collection system 

– Acceleration

– Storage ring accumulator

• Fast injection kickers

03/23/22V.Shiltsev | DM @BSW2236



Placement of the DIMUS Collider

03/23/22V.Shiltsev | DM @BSW2237



The Second CryoModule

03/23/22V.Shiltsev | DM @BSW2238

• will be good for 250-320 MeV

• DIMUS might need only 208 MeV



Positron Production - Several Options

• Need (at least) two linacs:

– Accelerate electrons (50… 300 MeV)

– Convert them on tungsten target

– Accelerate positrons which then go to a damping ring

03/23/22V.Shiltsev | DM @BSW2239

408 MeV ~50 MeV 200 MeV +208 MeV 

e+ e- to  DIMUS

Accumulator Ring: ~200  bunches → few

inj extr

408 MeV ~50 MeV +250 MeV 204 MeV 
e+ 

e+ to  DIMUS

Accumulator Ring: ~200  bunches → few

inj
extr



Very Fast Kickers

• ILC (5 GeV): 

03/23/22V.Shiltsev | DM @BSW2240

• DIMUS (0.408 GeV) : 

333ns

333ns

3ns

2-3ns



Very Fast Kickers (2)

• 1997, 6ns, 300 pulses, 1.4 MHz, Grishanov, Podgorny, Rummler, Shiltsev

03/23/22V.Shiltsev | DM @BSW2241

• Now, ILC:  3ns, 3000 pulses, 1.3 MHz, KEK team



Example: 4 ns kicker = 2 ns min bunch spacing 0.6m

• Generate and accelerate ~200 e- bunches 2e10 

each, 333ns apart

• Convert them into 200 e+ bunches 2e8 each, 333ns 

apart

• Inject them into accumulator (damping) ring 2 ns 

apart → 200 x 0.6 m = 120 m long (400 ns long)

• After sub-second damping time combine 200 e+

bunches into one with 4e10 e+

• Extract and accelerate that bunch to 408 MeV

• Inject into 23 m long (~80 ns) DIMUS e+ ring, it will 

be one of ~40 e+  bunches (others intact) → collide

03/23/22V.Shiltsev | DM @BSW2242



DiMuS at NML : Summary

03/23/22V.Shiltsev | DM @BSW2243

• Dimuonium atoms are of fundamental interest

• They can be created in e+e- collision with large 

longitudinal momentum (as they quickly decay)  
– e.g. 408 MeV/beam at 75o

• FAST/NML is perfectly suitable for DIMUS: 

– SRF accelerators, plenty of e-, wide/long tunnels

– potential for O(1e32) luminosity and ~0.5M 

dimuons per year

• Requires: 

– second SRF CM, positron production and 

accumulation system, collider rings, detector(s)



Part III: PWA Muon Source

03/23/22 V.Shiltsev | DM @BSW2244

Also FERMILAB-PUB-22-137-AD



Plasma Acceleration: 
– Fast acceleration

– Very strong focusing

Eg in the bubble regime

Where

That’s exactly what’s needed for a muon source 

03/23/22 V.Shiltsev | DM @BSW2245



03/23/22V.Shiltsev | DM @BSW2246

a) using pulsed short-focus Lithium lens 

O(300T/m) for collection of pions
b) using very high field SC solenoids O(20 T) 

protons

multi-GeV
solid 

target

pulsed 

Li lens p
io

n
s π → μ

decay 

channel

Lower field larger aperture solenoid

Very high field small  aperture solenoids

RF cavities and π→ μ

decay channel solenoids

Solid or liquid target

4-8 GeV proton beam

Traditional Muon Sources: 



Conceptual Scheme

03/23/22V.Shiltsev | DM @BSW2247

• Muons can be born in a plasma channel via:

– Either via photoproduction (need O(1+ GeV) e- beam)

– Or via pion decay 

– Or via vector mesons (prompt muons)

• Muons originally have large angular spread and small 

transverse dimension:

– θ≈mμ/E μ

– r smaller than the radius of the bubble ~λp

• Muons get quickly accelerated in the plasma while super-

strongly focused by the focusing fields of the plasma:

– Come out with small emittance

– Come out with very high energy O(10 GeV)



Plasma WFA Muon Source Scheme

03/23/22V.Shiltsev | DM @BSW2248

μ

~λp



short e- bunch  

or laser pulse

Possible arrangements:

03/23/22V.Shiltsev | DM @BSW2249

a) b)

plasma channel plasma channel
short e- bunch  

or laser pulse

primary beam for muon production : 

electrons, photons, protons…

The focusing forces of the plasma bubble



Plasma WFA μ Source Potential

• Eliminates the most complex 

muon production and early 

acceleration part of multi-TeV

muon colliders

• Very compact O(10 m) total 

• O(10 GeV) beams with  norm. 

emittance from few nm to few μm

• Very large energy and angle 

acceptance

• (solves so many problems of 

traditional muon ionization cooling 

scheme – from scattering and 

struggling to massive hardware 

needs, magnets and RF)

03/23/22V.Shiltsev | DM @BSW2250



Muons in PWA Channel

• Longitudinal DoF:

03/23/22V.Shiltsev | DM @BSW2251

- quickly becomes relativistic



Muons in PWA Channel – Transverse Plane

03/23/22V.Shiltsev | DM @BSW2252

- betatron oscillations are fast compared to the rate of acceleration:



Muons in PWA Channel – Transverse Plane (2)

03/23/22V.Shiltsev | DM @BSW2253

Therefore, the transverse motion is adiabatic, the period of the 
muon oscillations grows as: 

while the amplitude slowly diminishes as

The maximum angular deviation 𝜃 = 𝑑𝑟/𝑑𝑧 and the maximum 
amplitude relate to each other as
thus

and the maximum normalized acceptance of the muons captured and accelerated in the
PWA channel:



Tapering of PWA Channel to Maximize Acceptance

03/23/22V.Shiltsev | DM @BSW2254

E.g., if one takes the desired normalized acceptance of 𝜖max𝜇 then according to 
eq. (2.9), in order to keep it constant along the channel, the plasma wavelength 
should scale as:

where initial plasma density should correspond to initial wavelength of

Solution of  is trivial,



Example of “Tapered” PWA Channel

03/23/22V.Shiltsev | DM @BSW2255

density profile for a 2.5m long 10 GeV muon source with 𝜖max𝜇 = 25 μm (corresponding to 
𝜆0𝑝 = 0.33mm and 𝑛0𝑝 = 10^16 cm-3.



Photoproduction: 

03/23/22V.Shiltsev | DM @BSW2256

Nuclear production channels: 



Prompt muons: 

03/23/22V.Shiltsev | DM @BSW2257

Can other advanced schemes be of help?

Gamma factory?

Positron driven production?



Challenges and Open Questions

03/23/22V.Shiltsev | DM @BSW2258

• Acceleration and focusing of μ+ as challenging as for 

positrons in “traditional” LPWA and PWFA

• Collider application requires both small emittances 

and high intensity (ie brightness) muon beams – that 

needs to be studied in detail and most promising 

options analyzed

• Plasma wakes are essentially low-Q, so only one of 

few plasma periods/bubble can be employed → few 

short muon bunches

• Bubble wake loading by secondaries (e+e-, pions, etc) 

• Simulation tools are widely available – detail analysis 

needs to be carried out 
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Table II
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