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Negative muon

e Negative muons are produced in the decay of negative pions.

e Mass: 105.7MeV ~ 200 X electron mass

e Lifetime : 2.2usec o —e +U.+u,
e Muonic atom )
e Muon X-ray : cf. 1.7 keV for uH? atom ‘\\i)\\ /},,f}:/ o
e (aptured by nucleus ( Z>20 ) : B decay, Z — Z-1 nuclear transformation /:y?v{'j/ |
A

® Application /

¢ Muon Catalyzed Fusion

e uDT molecule formation :inter-distance of D and T nucle1 < 1/200 small —
The chain reaction continues during the muon lifetime.

e Muon Collider

e Lepton collider : utp- Vs ~5-10TeV



Muon Collider
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Muon collider
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Muon beam generation
-low emittance and continuous beam-

® Positive muon: Two schemes(under developn ) e
aser Lkttt

(1) Ionization of Muonium (Mu) : KEK-JPARC[PRL.,74(] (1)lonization  122nm,3550m  =—

. g
e [aser 1onization of Mu(ls—2p—free) Pre N ol F j N Q@ ="
»(2) Frictional cooling : PSI[PRL., 125,164802(2020)] Surface muons @ {0 ~ Ultraslow
muons
e Cooled by LT-helium & wall, - Ptg;;gf“"
e £>0.2MeV/c avoiding Mu formation (2)Friction
. . rape.
e Negative muon:No practical scheme Y, I 5 nfjgiversp ongitudina
.o : S SSiop E COmpression
e Frictional cooling cannot be used because, 2
e Muonic atoms(MuX) form easily. b
output
input beam

e Hard to detach(strip) p- from pX, 293 K

=5 mbar He

e BE is (mu/me)2~40,000 times large.

® New scheme: low emittance u- beam with accelerated pHe+ ions from MuCF
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Muon catalyzed fusion

® MuCF reaction

* First observation in LHZ2 Bubble chamber.

L.W. Alvaretz, 1956.
u- + p-d > Hes + y (Q5.5MeV)

e Energy output

e d-t fusion : n(14.1MeV) , o (3.5MeV)

e uDT molecule formation :>1000-2000cycles/u-life o

Energy gain ideally — 20-30GeV/u- but reality 2—3G
Muon production energy  ~5GeV/u

¢ Restriction of energy gain—>Muon trapping by a partic
U+ a— pHe"
e Chain reaction stops.—100-200cycles/u-life : ~1/10 §
e Energy gain : 20-30GeV/u — 2-3GeV/u
* MuCF break-even ~ 2.5 times less.

* To overcome restrictions : Y.Mori: https://doi.org/
10.1093/ptep/ptabll1



https://doi.org/10.1093/ptep/ptab111
https://doi.org/10.1093/ptep/ptab111
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Cyclotron resonance acceleration ot uHe+ ion
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Generation of negative muon beam with
accelerated pHe+ 10ns

H€2+—>
EE } ,u_

Eu~10MeV/c -AE Eu
a) n- beam  b) MuCF c) acceleration d) stripping p-beam

Scheme

a)Negative muons produced by hadron accelerator
b)Generation of uHe™ 1ons with MuCF
c)Acceleration of pHe* 1ons

d)Stripping and formation of u- beam
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Difliculties

(1)Neutralization of nHe+ ion by electron
capture

- | | | ~Focapture ———
. I 1 : F+:detach
e If ]JH6+ 10N energy 1S < IMGV, MHe"’ 10N w etachment

captures an electron and neutralized.

pHet + X — pHe + X7 01

fraction

e The acceleration of pHe"1ons become f
difficult. oot |

® In the MuCF reaction, fortunately, the
initial energy of pHe™" ion is 3.5MeYV,

which can escape neutralization. 0.001 ‘ —
enerqgy(kev)

e But, while passing through the medium,
it is slowing down and captures an
electron.

Equilibrium fraction of yHe+ ions and uHe
atoms as a function of uHe ion/atom energy

® Energy recovery and acceleration of nHe*
ions are required to avoid neutralization.
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(2) Energy loss of u- through stripping
pHet + X = u~ + He*" + X,
o AE(uHe")=AE(u) because vy=vuHe. — FEu after stripping must be larger than AE.
e Stripping probability of uHe™ 10n into u- & He?* can be evaluated by,

B Er o(E)n
a = exp {/EO S(E) dE

® Thus, when o=1/e, the energy loss, AE=Ey-Er, becomes,

—S(Fo)

AFE ~
O'(Eo)’n,

e The energy of negative muon, Eu, must be larger than AE because its energy loss at the stripping
target also equals AE. Therefore, £y should be,

By > [_S(EO)] x ( iz +1>

o(Eg)n M He

e cf. Sripping foil — Be:thickness 50um
AFE ~ 2MeV. Thus, Ey > 82MeV. < This is too high!

® Eocan be low, if S(E¢) decreases “effectively”.— Energy Recovery by re-acceleration
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Energy recovery of u- for relaxing
the acceleration uHe™ 10ns
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In order to lower the energy of uHe+ ions, the stopping power S(E) of
negative muons at the stripping foil must be effectively decreased.

For that purpose, the energy recovery of negative muon is useful.

If S(E) of the negative muon is virtually zero in the stripping process, Ey
could be large.

This is also the “lonization Cooling” of negative muons.
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Ionization cooling of negative muon beam

e Th energy recovery of negative muon beam through stripping is
actually ionization cooling itself.

® Change in emittance evaluated by the rate equations ;
e Energy of muon : Eu=0.5MeV (E=20MeV for uHe")
o Stripping foil : Beryllium(Be) , t=4.8um x 20(N)

® ReSUItS 0.001 w ! ‘ 200
transverse emittance 0.0008 | Et
- 150
€ t=0.2mm EL
energy spread . 00006 | /
ol=150keV

0.0004 | P
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0.0002 |
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Characteristics of the negative muon beam
created using MuCF reaction:simulation

———lp B=10~20T
Be(t~4.8um) x10-20

¢ D>~1 o
u-(10MeV/c) »-latm u-(0.5-1MeV)
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L 10~20MeV
~ G 0 vy=y1MvV
p®~2-5atm E=-1~2MV/m
MuCF region Stripping &
Energy Recovery/
® Scheme Ionization Cooling

e MuCF region
e Extract uHe+ 1ons and acceleration.
e E(uHet): 10-20MeV
e Stripping and Energy recovery/ionization cooling for negative muons
e Thin foil (Be) or Gas(Ar)
e Energy recovering ~1.5-2MeV



MC2022(FFA’22)

Simulations:
Acceleration of uHe+* 1on
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Simulations:G4BL

MC2022(FFA’22)

u-:Eu=0.5MeV, t=0.0048mmx 10stages, E=2MV/m
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Summary

e Generation of low emittance negative muon beams with nHe+ ions from MuCF
e Generation and acceleration of uHe+ ions
e Cyclotron resonance acceleration (B=10~20T, Erf=10~20MV/m)
e uHe* : E~10-20MeV
e Stripping and energy recovery of u- from uHe+ ion
o By ~0.5-1MeV
e Stripping foil(Be) or gas target(Ar)
e Energy recovering : E~-2MeV/m
e Jonization cooling
e Emittance
e ¢ =2.2mmm], € r=1.5][mmm]
e Comparable or even smaller than those in MAP strategy after ionization cooling.
e The technical challenges
e Localized DT (liquid or gas) target in MuCF region
e Acceleration of uHe* ions up to 20MeV or more.
e Rotating (circularly polarized) RF field : E~ 15-20 MV/m, {-76 MHz.



