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UCF Principle

Normal hydrogen atom/molecule vs Muonic atom  Future muon sources,
Huddersfield,UK 13 Jan 2015
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muCF is interesting because of large cross section
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UCF Cycle

After injection of muons into D/T mixture Future muon sources,
, _ Huddersfield,UK 13 Jan 2015
Formation of muonic atoms and molecules K Ishida (RIKEN)

d-t fusion in small dtp molecule

muon released after d-t fusion
transfer to He

- muon works as catalyst — «- -------------------- @ +Dp, DT
S dtp

injected
muon —»

Rich in few body physics.

14MeV dtu

neutron

Can we consider a MuCF reactor? nuclear
KoK P fusion
05
X-ray 9
17.6MeV x Y,

effective sticking
0s=(1-R)ogd

energy output
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MuCF cycle

Cycle rate ~ few 100 ps’?

compared to muon lifetime = 0.45 ps
Muon a-sticking loss ~ 0.5%

Muon atom
formation %
formation

0%s

at liquid hydrogen density (LHD)

—~

Nuclear fusion |
1012 g
Muon life 10-%s

100-200 dt fusions/muon a stickin

Depends on T P, density, solid/gas,
d/t mixture, etc
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Key process of uCF(1) - dtp formation

:: dtp
T formationE

Making bound state
by removing surplus energy (is not so easy)

-120 cycles
Auger process
tu+ D, — (dtu) + D + e~

dissociate molecule by removal of electron

fusion
neutron

too slow for fusion (2 x 106 s) foa i

Observation of unexpected fast and
temperature dependent rate at Dubna (1975) 0) M
Resonant formation was proposed tu §> %

Presence of shallow bound state in ddu. dtu

tp + D, — [(dtw)Dee] ®
Even a small energy difference matters
(temperature, molecular state) Remgece I\C/I%T;E(Jlseite

Future muon sources,
Huddersfield, UK 13 Jan 2015
K.Ishida (RIKEN)
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Key processes of uCF (2) Future muon soufces,
Huddersfield,UK 13 Jan 2015

u-to-o sticking K Ishida (RTKEN)

dtyu
formation

Some of the muons may follow the recoiling a—particle
after dt-fusion
with small but non-negligible probability ®.°,

1_(DSO oL +M + n ~120 cycles
dt“ —< e, fusion
wgY au (3.5 MeV) + n x
R .
1-R Moy (thermal)  to a0 7
o, = (1-R) ®° artiel

®Y is an intrinsic value determined only by local atomic parameter

® (nl) = 3 |F(nim)|2, F(nIm) = .r Poim(r) € Winlr) dr 1) Gtest most precise calculation:

: : 0 _ N ao
with powerful few body calculations ®.,° = 0.9% M.Kamimura et al.

R (~0.3) can be dependent on target condition Phys. Rev. C 107, 034607 (2023)
, place limit on the number of fusions WO ='O 85770 '

R~0.35 for high densities w. = 0.557%

Additional stripping by pHe+ acceleration: ymex ~ 180 Cydes

Y.Mori , Prog. Theor. Exp. Phys. 2021, 093601 (2021)
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Maximizing uCF efficiency

Future muon sources,
Huddersfield,UK 13 Jan 2015

To increasing muCF rate K Ishida (RIKEN)

Cycling rate A_ (T") (vs Ay: muon life) '

dtu formation :tu + D, >[(dtu)dee]
Muon loss per cycle W ()

muon sticking to a-particle, etc

sticking

Fusion neutron disappearance rate :
Ay = Ao TWOA,

Number of fusion per muon:
Yn = ¢r /A, =1/ [(Ao/L)+W] (1)

DT target conditions matter:

Temperature, pressure, density, solid,
molecular state etc

Fusion per
A
o he Muon

neutron yield—®
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(JINR, LAMPF, PSI, RAL, TRIUMF); a-particles
and mesic ions (pHe) * from reactions (24 b) and (26 b)
(LNPI, LAMPF, PSI, RAL); y=
reactions (7b) and (32 b); also ?
transitions in (pHe)* and in

Figure 20. The scheme of muon
a D, + T, mixture.

and the denendence
¥

muon stripping processes and cascade transitions in
mesic atoms and mesic molecules are taken into ac-
count. In the description of the p-catalysis resonant

Muon catalyzed fusion, L.I. Ponomarev
Contemp.Phys. 31 (1990) 219-247

Muon catalysed fusion

process, the various processes of elastic and inelastic change reaction (235) (PSI, KI
scattering of mesic atoms, whose cross-sections also muon depolarization rate in spin- 182
display a rather spectacular dependence on collision (JINR); the decay p~ —e + V. +V, o8
energy, should be taken into account at the same time. in all p-catalysis processes. P
-323 3 CA=RCIPY
S=%[=1 5 82
Sk Muon catalysed fusion 27
00
rates of the dominant channel are given)
7 -159 o
b= o —77—&:: He+n+p- (320
3
o o iy wHe+n 32b)
593 s=21=% 509 t+p+p- (339
e 50-6 At =10
00 / ——tt thtp (33b)
/ ,:u/,,—%us 08 13 0
“He+p~ (34a)
—1789 ptp ——< p'He+y (34b)
Figure 13. The fine u by ‘He +e* +e~ (34¢)
splitting schemes of the 5 o6 \/o7 » )
1 molecule states (/; ¥ (10)
the atom total spin,
ol i - . He 4 3sa)
in of nuclei, # =S + P
il g WHe+ G55
the angular momentum 05 002
ues are given in meV, i ” (00) In the mesic molecule ddy for example, reactions (32 a)
S=11=% (1989) (‘n“::o “h'l l: : =12 and (32 b) are by a factor of about 1-5 more probable
meV). | than (33 a) and (33 b); the probability of reaction (35 a)
02 in the mesic molecule pdy is only ~ 14% and the relation
of channel probabilities of reaction (34) in the mesic
Figure 18. The scheme of cascade transitions in the mesic molecule pty is still the subject of investigations.
bty i molecule dty, formed in state ({l oy 1) in the resonant reac- The relation of cascade transitions to nuclear reac-
7 i tion (24 5). All rates are in 10" s™". tions leads to the fact that in the dtp molecule, nuclear
dp { ———pF——q----00 reactions proceed from states (01) and (00) with proba-
\ ol bilities 0-8 and 0-2 respectively. The fusion rate from
From the states J =1; ; pec
A the initial state (11) is small (~ 107 s~"), and the proba-
ol -23 A= B|VY (0 3la) bility of muon loss due to its decay in the cascade
where ,,(R) is the mesic molecule wave function, R is process and due to nuclear mﬁ"c’“ in the dty molecule
" " . " the internuclear distance, 4 and B are constants of the is also negligibly small (<10~°).
Figure 21. The scheme of p-catalysis processes in the triple mixture H, + D, + T. ooy = 19653 Args/ &l = I [ nuclear reactions (65) (scattering state J=0) and
i 3 g i (6a,6) (J = 1) respectively. 4.10. MUON STICKING AND STRIPPING
= = = 2 In table 5 the results of the calculations of fusion In the channels of reactions (32 ), (34 b) and (35 b) the
rates in the different mesic molecules in states (Jv) are muon in the final state of the nuclear reaction ‘sticks’ to
presented. (The fusion rate in the mesic molecule ppy is the helium nucleus and is lost for further catalysis
s negligibly small in comparison with 4,). cycles; ‘catalyst poisoning’ occurs. The probability of
S=n frs § % 1% 80 fimm n“(;::‘)" The reactions in mesic molecules can proceed from muon sticking in a state (n/) of the mesic atom (pHe),,
——< ——————————————————————— 0:0 mm‘ﬁ,mm At different states (Jv) via different channels (in table 5 the in nuclear synthesis from the mesic molecular state (Jv)
I=1 \ sy Sy tures T~30K tn
PP -16.0 (F=32)—»i (S=1/2
All values are given in

Table 5. Synthesis reaction rates A7 in units of s~" from mesic molecule states (Jv)t

State
Molecule (00) (o1) (10) 11 (20) (30) Experiment
l 3 d 3 d . 3 pdp 8% 10° = & - = = Ix10°
ptr <108 - - - - - 0.7 x 10°
Multi body, mixtures, different reactions, X o = e e c - S
dtp 12 x 1012 1:0 x 10'2 - - - - -
ttp - - 13 x 107 12x107 - - 1:5 % 107

Transitions from different excited states,
resonance cross-sections....

Complete picture is quite complicated

1 The experimental data arc given for orientation without the proper analysis of the results from different groups. The theoretical values are compiled according to

the paper by Bogdanova (1988).
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Present Status and Outstanding Problems

Future muon sources,
dtu Molecular Formation Huddersfield,UK 13 Jan 2015
, , , K.Ishida (RIKEN)
Resonant mechanism was basically established

kdtu((l), T, E, Ct,...) - very much dependent on condition
puzzles and surprises

(three-body, epithermal, non-equilibrium)
Muon-to-Alpha Sticking
Initial Sticking (0.9%) - hard to modify

Muon Reactivation - final sticking, KB/Ka ratio puzzle

Best conditions for uCF (several directions)
Solid D/T (high density) (Y,~120 @PSI,RAL)
Non-equilibrium D/T (Y,~124 @PSI tp+D,, ortho/para@RIKEN)

High temperature - high density (Y,=150? @LAMPF,Dubna)
Epi-thermal tu (TRIUMF)
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UCF History

Future muon sources,

1936 Discovery of muon Huddersfield,UK 13 Jan 2015
K.Ishida (RIKEN)

1947 Idea of MuCF (F.C. Frank), 1948 (A.D. Sakharov)

1956 First observation of muon induced fusion (Alvarez in bubble chamber)
(1957 Discovery of parity-violation)

1977 Prediction of fast molecular formatic

1982- Observation of large dt fusion rate cocievzodn
Studies in Dubna, LNPI, LAMPF, PSI,
TRIUMF and
KEK (1986-)
RIKEN-RAL (1996-)

' 500MeV,5 pA
(J-PARC

3GeV, 3,7:3 ﬁA}

Muon Sources in theWorld

-2003

$ Pulsed Muon
Il DC Muon


https://indico.cern.ch/event/356972/contributions/1766751/attachments/710273/975034/Ishida-muCF-Huddersfield_20150113.pdf

Atomic Energy Produced |) NobelP Luis Alvarez discovered muon

i
1| By New, Simpler Method||| i\ et it | | fusion in th hich
{ y IYew, Jimpler Vet U iloiors & meanamweght stemicl 1 CATQA yzed usion in the 1956, which was
7 parilele i_lkmwr! ns ‘L:.'Ia‘:u:;:
: < mu-meson)  as & calalys . . . . '
‘s . . . ®inake s hydroger rucleus fusel h h
{|Coast Scientists Achieve Reaction Without| { Lriv.siimir iviiie.  Studied with renewed interest in the '70s
& & of EERD muclous, Thiz fuzlon o\ p
Uranium or Intense Heat—Practical Slcurs at low temperatures, an d '80s
i =k e redult ia the formation o
I kellum—a  varkety known as .
W Use H ok i Further Tests Bep "% helivm-3, Ansiher is ur. ralenan)
. lof prodigious amounis of energy.
Spec.al by The Hew Yok Time h a.l:illcuhl.t!lﬂ at aboul a.‘m.é.{.’i_u ) n
MONTEREY, Calif., Do, 28— usen, but at the Berkeley ]ah—L a|tlectron vells for each reaction. |L¢ e
A third and revolutiorary way|oratery, which -s devoled to r.!_thﬁ":‘h’::'m“ﬁ“é,:‘;ﬁ:f;mmy ;
Lo produce a Auclear reaction|fundasental research, &7l iised up E: w catalyst, But oes ST
5 was described hére today, It does| Thuk far, the new reaction bs) +  Plotpine frew 1o bring  togethor| 59
*4inot Invelve uranium, as in the|litle more lhan a lsboratary oypther miclel of hydrogen and| T
||!'|.Bs.‘lm reaction, o million-degree| cudloshy, the scientists sald The| | deutecium, and form  maor|of
heat, 5 n the fusion resction. |enesgy It produced came from| L";E;gz A prodics  mamichk 8]
ff The new process |8 ealled|the fusion of a few hydrogen I:-u.lnlrﬂ Shnrt-Lived .,p:;

“extalyred nuclear reaction” It|tlome, they explained, and was h
was discovered mesidentally alicATcely encigh to regisler on if[ Wy A e "E,“’"-f-.i'..ﬂ""ﬁ}f Ma
few weeks ago duting routine|highly sensitive messuring in- :ﬂ“d't;;:ﬂ,_&“;-m":‘wn'u“’_‘““é 1
work with the huge'Rtom-smagh. struments. o mu-meson has a life of approxs o
ing bevatron =t the Universfty] The process has no commier- of imately one-millionth of ofe soc- ﬁh
Glaf California radiation labora.i¢ial valus now, though it sug.|, ['B°load. & pericd sullicient to let it g,
28 Lory. | pests possible industrinl uses of AY lcalalyze no mors than one or w0

af=twn [uslong before it perishes.
W A Cekm of Lwelve scientisls immeasurable |mportance, It W. In a::nwtnth'ig opn the futer II"m}

()

8 from the university explained the| ™2, sclentiste said, point & way |, m-lor iy reaction, Dr, Alvacez - 1 p
e ety eyt e ot 4 2 . 2o S ol At g R Hee et
: of the hyd “If this s Lo become of prac-| o - S -
Jelent Boctoty here. The team waslCl 8 e perposen || %n|tical tmporiasce, we would ave| 42 du+d —He’+n+ e dusd —T+pru T
G:mmt’dn&munﬁg m: Others In the Ublversity af ilte find a different estalyzinglo Lemp '+ utVe 2 +Vyt Ve

. Mr.|particle which has properties

of|tory, California group were Dr. Hughlp * act!siemiiar to the mu-meson but has{"®

! Curiously enough, it was|Erdner, Dr, Frank 8. Craw-l. In-|3 jiictime of at lenst tem of|™
{made not at the Iaboratory at|f°rd T, Dr. John A, Crawford | ¥A%|twenty minutes.”

i o Nr, Paul Falk-Vairant Dr, ard|  Suckh a particle would permit
| Ldvermore, where scientisis are Myron L. Good, Br. J Dﬂ'l:l. Cow _ millions of energy-prodacing re-
tniatiempting to conlegl Lherma- : g i uallgetione and, it may be presumed,

nutledr reaclion for practicallDr, Arthur H., Rosenfeld, D[ :; the release of encugh enecgy o

in Frank Saolmitz, D Lynn| 4 AT|operate electrie penerators, me-

g o il | ME|tors and other heavy squipmest,

(Btevenson, Dr, Harold K. Tiche e f

| = i %l In thiz conmectian, Dr. AlVAres

aed Dr. Rabect D, Tripp. he|—who recontly traveled through|
Cne methed of oldaining mgs olthe Soviet Unlon and viait

clear rédcibon—Lthe so-called “ - ﬁ ;th!’mtl.h:’: taboratories  there-—

fujon "reactbon” employed in the erved: |

ntom bomb—relics on ihe bom- p. b8 KTMDATL R Cult Fuasian,

*|seientists Hav evidence!
ibardment of atomic muclhel with 1e ﬁﬂ_ ml,;l & " 1o does axist!
ather afomie particles,

4
1
b hiin cosmic rays."”
(| The wother—ihe “thermonu.| | The antouncement of the dis-
altlear reaction’ of starg-and the) y|eeveTy of the “catalyzed nli.h‘.'lﬂ.‘l.'
stmodern  hydrogen bomb—de-| , m:":;“'%v by o P et

PR Y CEEEGE

g

“I[‘fﬂ'ﬂs upon the unlon or fuslen § mmém in Wuhlnltm. &l
sy 01 two light atomis nuclel tol | commiss,on  provides  finaneial
j.":-!'ﬂrm one hervy nuclgus &t tem-| | support for the fundamental re-|
o Peratures of about 1,000,000 de-| 1 search at the Berkeley Atomic|

a0 BETEE, 1 Laboratory.




Annu. Rev. Nucl. Part. Sci. 1989. 39: 311-56
Copyright © 1989 by Annual Reviews Inc. All rights reserved
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MuCF review papers:

Muon-catalyzed fusion, W.H. Breunlich, P. Kammel, J.S. Cohen, M. Leon

Ann.Rev.Nucl.Part.Sci. 39 (1989) 311-356

Muon catalyzed fusion, L.I. Ponomarev, Contemp.Phys. 31 (1990) 219-247
Muon catalyzed fusion, P.Froelich, Adv. Phys. 41, no. 5 (1992)
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LUCF in laboratories

Dubna
observation of temperature effect (resonant formation)
LAMPF
First observation of Yn>120 high-density D/T
PSI
process in various low density mixtures
ol ion detection, ....
TRIUMF
tu atomic beam
KEK
o-sticking x-ray, muon transfer to He
RAL
o-sticking x-ray ,
fusion in various mixtures, ...

Future muon sources,
Huddersfield,UK 13 Jan 2015
K.Ishida (RIKEN)


https://indico.cern.ch/event/356972/contributions/1766751/attachments/710273/975034/Ishida-muCF-Huddersfield_20150113.pdf
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Longitudinal fields upto 5 T N
Transverse fields upto 600+ G (pulse width limited) I
Temperature range 30mK — 2000K Ny
Laser excitation —
Pulsed techniques e.g. RF, EF, Light, ac susceptibility li‘
\&m%
RIKEN-RAL Muon Group__i/
RIKEN I
Variable Momentum Muons ~15 — 120 MeV/c \\'t.’
Positive or negative muons QW
Longitudinal fields up to 0.4 T 2N
Transverse fields up to 600+ G (pulse width limited) /‘
Temperature range 30mK — 500K \, »
Pressure & ®

Elemental Analysis
Ports for long term experiments

ISIS-2 upgrade plans from ~2040: The UK's next-generation neutron and muon source _"Q
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MuFusE Collaboration

Diamond anvil muon catalyzed fusion (MuFusE Collaboration)
PSI BVR25, A. Knaian, K. Lynch et al.
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Acceleron Fusion, Inc. (Cambridge, USA)

Temperature and Density Increase Fusion Rate
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Fig. 12. (a) Normalized cycling rates as a function of temperature for the gaseous D/T mixture at C, = 33% and different densities
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Fig. 2: Reactivation probabilities R, following on (dtu) fusion. (a) Q=0:
no 2p-2s quenching, (b) Q=1: full 2p-2s quenching.

H. Rafelski, Muon Reactivation in
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Progress report to the Paul Scherrer Institute beam allocation committee, Feb 2023

PSI BVR25, A. Knaian, K. Lynch et al., Feb 2025

Experiments at piEl, PSI
Next beam time Oct.2025
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Results

MuFusE Collaboration

Experiments at piEl, PSI
Next beam time Oct.2025

PRELIMINARY data on DT cycling rate to 2.2 LHD (2024)

Muon Catalyzed DT Fusion - Cycling Rate vs. Density
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Effect of tuy(n=2) +d resonances on MCF rate

1
11

A long-standing problem in LCF kinetics: Resonance state

+ Feshbach resonance state between tu(n=2) and d.
+ Decay with lifetime ~ 10 ps.
+ Spontaneously formed during cascade?

7
@mm & dur

0
tu(n=2) +d
—_ +® o @ + @ -1 dty*
decay tu d ¢ o §
B
g 2]
L
e tu(1s) +d
e 54
%\/\/\/\/\ 150,
dtl.l* ° T T T T T T
d 00 10 20 3.0 40 50 6.0
d-t distance (pm)
- B=n

X-rays can be an evidence of dtu” and ddp”

The X-ray spectrum has a state-specific energy structure and becomes
their footprints.
However, K X-rays from the muonic atoms are also nearby...

H (e) X-ray spectrum from dty*
12
@Jnmu o aw m : »
- 10 4 " 4

10 1 T4
| 38
— +é& +v o8] 3|z
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Y d L6l .
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2 44
g
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t du 0 Ppr - /q
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Radiative dissociation X-ray energy (keV)

TY et al., Scientific Reports 12, 6393 (2022).

Muon catalyzed fusion, T. Yamashita (Tohoku Univ.)

T.Yamashita et al., Scientific Reports 12, 6393 (2022)
Takuma Yamashita, Muon4Future 2025

13
Kinetic model with resonance states may

explain the previous experimental results
TY et al., Scientific Reports 12, 6393 (2022).
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Muon catalyzed fusion, T. Yamashita (Tohoku Univ.)

tu(n=2) +d can form resonances
Can be studied by looking on K X-rays spectra


https://agenda.infn.it/event/42349/contributions/262854/attachments/136024/204100/Muon4Future2025_yamashita_v2.pdf
https://www.nature.com/articles/s41598-022-09487-0

J PARC experiment

studies by looking on K X-rays spectra uma Yamashita Muon4Future2025

Results of the experiment: C ose up view

using Transiton-edge sensor (TES) for precise X-ray spectrometry

22 E
. . . s00
Experiment at J-PARC with TES detector & solid D> target s F
o 0|—
Note: We used pure D2 instead of D2-T2 mixture as the first step % i
8 300 E
- beam _ Feb 5- 11, 2023 e
TES H Solid D2 -
detector target 100 — ;
VOZNSNL VISNEES + u- beam was irradiated to the
- I?I — solid deuterium target. 3d0
o f + ddu* was produced in the target v=_
M + Dissociative X-rays of ddu* were e L Y <
L el | N I L | detected by TES detector eSS — ]
T Homys G0 e - Transmittance: ~40%@2 keV 1500 160 1700 1800 1900 2000 2100 2200 2300
1 + Calibration X-rays from X-ray 0 .
T T T T I X-ray tube tube IWere melasured Energy [eV] to be submitted
o] simultaneously.
— . o N 2
Vacuum . Other detectors Possible application of RB transition: Fast track
(1x10 Pa) Thermal « Plastic scintillator + PMT (for decay e°)
hield + SDD (for reference) i -
\ 5 (57(I)9K) . MIMIPX (o oraton scattered ) ‘Conventlonal model‘ ‘New model w/ resonance-bound path

D2/T2

Y. Toyama et al., EXA conference (2024).
\/ 1010-1012 -1
Muon catalyzed fusion, T. Yamashita (Tohoku Univ.) \
a+n+u
First observation of ddpy* resonance states \\ // //

with a high branching ratio directly o dtpy bound oy A tu (25)

STG.'-e mOI€CU|€. o . . Fast track
De-excitation rate of tu(2s) via dtpu
into dtu (if selected) is faster than 1012571 t“ 108 s1
dtu

ordinary Vesman formation of dtu Rate Limiting

Formation of molecular resonances affects CF rate from tu(1s), rate-limiting process. Hol


https://agenda.infn.it/event/42349/contributions/262854/attachments/136024/204100/Muon4Future2025_yamashita_v2.pdf

In-flight muon catalyzed fusion (IFMCF)

tu + d = fusion cross section increase with T
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Non-adiabatic effects
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Bare nuclei binary collision
d+t— ‘He + n+ 17.6 MeV
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Atsuo Tiyoshi,

AIP Conf. Proc. 2179, 020010 (2019)

Skipping thermal dtpy molecular formation
+ muon regeneration by (ap)* stripping through

high-T plasma

- higher uCF rate ~ 1000 fusion/p ?

Muon atom
formation
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Nuclear fusion |
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Fresh free 101 muon/s

.

x1000 fusions
.

28 MW fusion output

- .

8.5 MW electricity

What about muons cost?

Most of MCF related papers cites theoretical
lowest cost 5 GeV/muon

- 8MW price for 10 muon/s

assuming 100% efficiency of power conversion
— needs 300 fusion/muon

M.Jandel, CERN-TH-4810/87, 1987
Needs >700 fusion/muon, but require low density


https://doi.org/10.1063/1.5135483
https://inspirehep.net/literature/248937
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Future Muon facilities

The Advanced Muon Facility at Fermilab
PRISM / PRIME experiments at J-PARC AMF: Cartoon Overview A—

O A concept based on the
racetrack evolution of
. PRISM
pilonrancocr socron QO Would be designed for the
lowest practical muon
momentum (30-40 MeV/c)
Q The + and - beams are

PRISM specifications (Akira's baseline lattice) ~ ~10' muon/sec
\\\ i ::tfl::(z;‘l;o can co-exist

Charge selection in the

@\\\Wm (e dizc o \\\\ 7+, 4¢* injection transfer solenoids is done
- 2x10'2 muons/sec. E by displacement
Matching Section %

1 experiments

Capture Solenoid

® Intensity :

Q The yellow and crange
1 Muon transport solenoid

boxes (not to scale)

Solenoid

- for multi-MW proton beam power - i

represent the kickers and
matching sections

Q Injection and extraction
kickers are rather different

Central Momentum :
- 68 MeV/c

i* experiments
[T Q Injection/extraction is done

Pion/muon out of the plane vertically

Enstelispionoxs " due to beam aspect ratio
& IS Q Can this be done with
e Momentum Spread : . e oEh

Detector

- =3% (from +20%) by phase rotation Caltech Sophie Middleton, NuFact2024

Beam Repetition :

- 100 - 1000 Hz Machine overview MUOn Colllder'

- due to repetition of kicker magnets of the muon storage ring. efzieliilediuen Collider Collaborafiel
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https://indico.cern.ch/event/1216905/contributions/5448773/attachments/2700953/4688094/230822_PRISM.pdf
https://indico.fnal.gov/event/63406/contributions/296836/attachments/181825/249479/AMF_NuFact.pdf
https://agenda.infn.it/event/42349/contributions/262704/attachments/135767/203633/Stratakis_Muons4Future.pdf

Mu2e-Il vs. Mu2e proton beamlines

J. Miller, P5 , 2023

Mu2e/Mu2e-II

Parameter Mu2e Mu2e-11 Comment
Proton source Slow extraction from DR~ PIP-II Linac
Proton kinetic energy 8 GeV 0.8 GeV
Beam Power for expt. 8 kW 100 kW MuZ2e-II can be increased
Protons/s 6.25 x 10'? 7.8 x 10
Pulse Cycle Length 1.693 us 1.693 us variable for Mu2e-11
Proton rms emittance 2.7 0.25 mm-mrad, normalized
Proton geometric emittance 0.29 0.16 mm-mrad, unnormalized
Proton Energy Spread (or ) 20 MeV 0.275 MeV Q
Sl © a0 22 % 104 MAP Collider Parameters
Stopped p per proton 1.59 x 1073 9.1 x107°
Stopped i per cycle 1.2 x 10° * as developed by the US MAP
Stopped muons per second 9.9x10° 7.1x10" RAST, Vol 10, No. 01, pp. 189-214 (2019)
Top - High Top- High
et Parameter Units Higas Resolution  Luminosity Muiti-TeV
CoM Energy TeV 0.126 0.35 0.35 1.5 3.0 6.0%
Avg. Luminosity 10%cm 2! 0.008 0.07 0.6 1.25 4.4 12
Beam Energy Spread % 0.004 0.01 0.1 0.1 0.1 0.1
Higgs Production/107sec 13,500 7,000 60,000 37,500 200,000 820,000
Circumference km 0.3 0.7 0.7 2.5 4.5 6
Ring Depth [1] m 135 135 135 135 135 540
No. of IPs 1 1 1 2 2 2
Repetition Rate Hz 15 15 15 15 12 6
*y cin 1.7 1.5 0.5 1{0.5-2) 0.5(0.3-3) 0.25
B*xy
No. muons/bunch 1012 4 4 3 2 2 2
Norm. Trans. Emittance, &r 7 mm-rad 0.2 0.2 0.05 0.025 0.025 0.025
Norm. Long. Emittance, gL 7 mm-rad 1.5 1.5 10 70 70 70
Bunch Length, o cm 6.3 0.9 0.5 1 0.5 0.2
i A IYAT A 1 1 1 1 14

9 June 2025

* Accounts for off-site neutrino radiation
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https://indico.fnal.gov/event/58272/contributions/262208/attachments/165130/219309/jmiller-P5-mar-2023-vf.pdf
https://indico.cern.ch/event/1022802/contributions/4293870/attachments/2218112/3755618/MuonCollider_UChi_03292021_v1.pdf

Muon cost

Modern Mu2e/COMET muon production facilities

17 MeV x 100 fusion/muon x 10! muon/sec - 30 W ’@\

Future Muon Collider

10'3 muon/sec = 3 kW

At price of ~ 10 MW proton driver (another x10 for wall plug cost)

UCF needs to have 3-4 order magnitude more intensive muons source
at 3-4 order cheaper price

Would be huge breakthrough for particle physics

9 June 2025 Liverpool 27



Muon cost IS Issue

Muon catalysed fusion 243
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Prospects

MuCF program at RIKEN-RAL has observed many interesting process.

We have to close it in a safe state.

The reduction of muon-to-alpha still seems difficult,

giving the limit on number of fusions. Ee

—

\the balance could change the situation. -

9 June 2025

( " If an efficient way of muon productlon is con5|dered \

J

PVARILVAAVAAL VAWAIAMAWG WL ATANCAREN.

This conclusion is valid for all the alternative meth-
ods of energy production: thermonuclear, laser, inertial
etc., and muon catalysed fusion is no exception in this
respect. We only hope that in future it will have a
worthy place among them.

If only one of the alternative breeding methods turns
out to be successful, the Earth’s supply of #®U is
enough for mankind to be free of energy problems for

-

phenomenon ought to be continued. (Among recent
work in this direction one could mention the theoretical
studies of p-catalysis in a dense low temperature plasma
(Menshikov et al. 1988, 1989)).

In the past ten years most attention has been paid to
studying the processes of the p-catalysis phenomenon
itself: calculations of mesic molecular energy levels and
of various mesic atomic and mesic molecular processes,
in particular, the detailed description of ddp and dtp
molecule resonant formation. Certainly this work
should be continued and one should try to determine
the conditions under which the probability @, of muon
sticking to helium can be decreased and the p-catalysis
cycle rate A, (i.e. the number of p-catalysis cycles)

But from the point of view of practical applications,
the least studied and the most important physical prob-
lem now is to find the optimal conditions for the

production of n-mesons and, as far as it is possible, to
decrease the energy expenditure for their production.

for the capture of 14:-1 MeV neutrons in the different
blankets.

It is important also to obtain reliable experimental
information on electronuclear breeding (the number of
fissions, the plutonium yield, etc.) over a wide range of
accelerator beam energies.

And, finally, the development of various types of
high current deuteron accelerators with energy >
1 GeV nucleon~! and 7 > 100 mA should be intensified
to estimate the possibility of their construction and the
necessary investment.
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Outlook

Physics of pCF itself is very interesting
improving theoretical tools/descriptions of multi body process and etc should be
useful in others fields (astrophysics, plasma physics, thermonuclear synthesis)

Future energy source
low-T fusion, No plasma confinement;
150 fusions/muon has been achieved so far
didn't change much from first resonance production discovery
is it possible to reach 300-1000 fusions/muon?

Needs x10* more powerful and 1/10* cheaper muon source
maybe something in between of usual thermo fusion and pCF can give some profit

Mono-energetic neutron source

Material analysis

Transmutation of long lived fission nuclear waste,

Nuclear fuel breeding (nfest + 238U -> 23%Py used in power plants)
Ultra-slow muons ~10 keV

as cooled source for a muon accelerator
9 June 2025 Liverpool 29
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