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SPAN: SPectroscopy with Atomic Neutrino

PRF - PpFIcLBZa1— ) /B=E

BEDRBEZATE mc® ~0.1 [eV]

» Radiative Emission of Neutrino Pair; RENP 1&%2

S EFRCH O BHAE
Energy [eV] &) = gy +y + vV Energy [keV]
Xe il 3
83151 &) = P) 18.6 H
two-photon Y
A QI% ; % emission < ¢
N, RENP €
o~ T Y 3
0 | —X—1Ig) =1'So) \ 7 0 He
01 0 ' » Endpoint Spectrum |
» Endpoint Spectrum Freq. [GHZ] | mv) =1eV O\
_— hwe, (mi+m)*ct mrmeya e i
I T T T 2ha, I

s\L— NH/ --IH

Rate [HZz]

N

3 4 -
Y 4.1565 4.1570
Photon Energy [eV]

1 2

—m_ =10 meV
— m, =50 meV | ;

i
i m(ve) = 0
/ \

-2 -1 i
\_ E - 18.6 keV )

4. 1575 eV
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L= =KEBRFZEI AV TAYY b
oRENP B12% L— %' — THHE | S HEEESI A ATEE

two-photon

emission >TmeVO_a1—Fr') /BE— 100 MHz DBEEE > 7 b
RENP > L——DRIEE D #EEE<1 Hz
QTT =3— U/ RROBREREHTHE
Freq. [GHZ]

XREEL— FHIERITHETL
> 1 RFHTY 103457 (~10% year™) AP =107 s7!

>A b —L > MNRFEFDKES L — MMIEFEN [CEEF NAP =N x 10734 57!
—> 103 BADFEREFEZESHTEH 10"HzDFEL— F (1 HEIC 3 EHE)

oL —H—cLYETFD TETRIE) HElhE
CEFEFEO I —L Y (BEHE ) #iS5E

RBEIVRICESDHREL— FOXKIRIEREZIHD
INAP? = N> x 1073* s7!
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° Bz 7 O—F .
> 22— FOEAEIEYPY (e.9.200kg DEZ—47 v )
1RiFHfcDL—FA — NHFTIENA
> BREREIRIVF—DRE
eg. eV EE 1.2um), 102 EDREIEE — 16 kJ (160 kW for 10 Hz)

Incoherent Atomic Ensenble Coherent Atomic Ensenble
e) 99999 Z k; =0 le)
Z e_iZi ki""Ma
9) — - — — = L+ — a 9
Rate: NA X\ Rate: N2A

o BFFHIEEALLT 70— ;
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mml=lb Y X (BR¥IR ) IC& A58 L — EDIRE

2 #BikET (Dicke (1954), E1 Mgt L — b DiEig ) R Dicke
»N. Skribanowitz et al (1973) HF molecule C323E

HF molecule
SR pump ‘/“\’ 200 ns
l 2 w
P ' U SR a1~
2 5uLnrﬁ (Natural lifetime ~10 s) A/ | N g"“ﬁ&"jj%/:p 1~10s
' T e BRGYTEm 2X107s

N\ R Sl — b 10068

e 0 = N EOHRT—RICHE
@ Raman &L L — + D31E1g (Stokes / Anti-Stokes YD ETHRFLE)

INTENSITY
(ARB. UNITS)
o —-7»

A ..... S.E. Harris (1997)
Nd:-YAG ' W K. Hakuta, M. Katsuragawa (1999)
- H qgas 369 \436 R
532 nm F 5%’ 29 3
436 \53
Nonlinear cee
Frequer_lcy o1 -\ .
conversion o j ;5
5md +5mJd w2

¢ ~ 200 um beam
(peak intensity:

+7 +6 +5
9 GW/cm? total) 209 228 252 282 320
Y. Miyamoto, SU, et al., Prog. Theor. Exp. Phys. 2014, 113C01 (2014)



WEIRICE S E1XE1 ZEF1% L — F 8% i
A%

Nd:YAG AN\

ECLD
CW684 nm

Nd:YAG [

ECLD+TA S0sum Al Vot
CW864 nm LPFs Detector
N ]
P . | | | | | Monochromator
:t L > 2R ’
A_ R 0.8 - -
684 nm — 5
532 nm = 0.6 "5
FUA—HER | S,
- SHFEE | B
- A 02- K
0.0 1 -

¢505 Mm I T T T T Mutual timing [ns]
5020 5030 5040 5050 5060 5070 5080

(=0 J
Wavelength [nm]
Y. Miyamoto, SU, et al., Prog. Theor. Exp. Phys. 2015, 081C01 (2015)
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Introduction: KKEEFOFREREMBZDOHE

Willis Lamb
o Lamb ¥ 7 FDRR (1947 F ) LEFERNF (QED) DEE

2s, 2p
n=2 U= (?t’ D 2p3/2 __________ 2p3/2
~ 2
11 GHZ( 0-11":':22:::: 5112 ¢ 1GHz
251/2’ 2p1/2 2p1/2 (~10° H2)
-
Lyman-a:121 nm SZER(E (1947 &) : 1057.77x£0.10 MHz
(2.47 X 10° GHz) TEME (1949 &£ ) : 1057.70%=0.15 MHz
(~10" Hz) (BFERNTF | NEDPFICLIERYIDEDEFH)
> ZDEDIZNDETFR - FHFIRERRDOREEN
n=1 *
Is

-
—
—

> R—771&% (1913)  » Dirac A= (1928) »E2FE/IF (1947~) ¥ A
Schrédinger A12, (1926) 1EXERIEFHE Lamb < 7 k Hans Bethe
(FEFEXIERAY ) EFNE  (1BXH + EF/IF)



Introduction: *?ﬁﬁ?wFE‘ﬁ%&Eﬁ%Eﬁ

e @y, . %Pw  2p,
rer 25, 2P 2S1/2
25, 2P, 2P,
n=1
O potential of .
Coulomb+ Is " T
new force " e’ Si2
IS1/2
Bohr Dirac QED
2 IKZEFBRIERF ( BFHR) xbHBEMERIERER
/I?\}l/:\: 'f d)*ﬁu_u d\EEEFFHD-I_%:b\—J %557;3%
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KEEF 15-2S DL ~ BEEDHEMD kv TS5 F— ~

Optical Spectroscopy of Hydrogen  Ay,q,q ~ 2.47 x 10" Hz

relative accuracy

105 1 o 196[9 fﬁji\ — REEHE © [2E&] 11 Hz O
{ T 7 _ _ T. W. Hinsch
10° T [ 5% (575 )] 44 kHz P
. L — L
10:4 Iasert V1S_28§ = ZCROO + D12 h 112 LnSUz: gﬂrﬂb
108 T spectroscopy o i
° . D\% AEEHT : 34 Hz 44 kHz
10- 0 —-— 4 - il
! KEFF T EERIEE & HEMED 3 Kifss
= =— I\ R OSSO REMICER
10°11 ¢ 1010 E 3S BiE (EEAEEE 0)
10-12 T g \ 3.0)
1999 -/EE : _> 03 \
13 1 S 0.2
L SR T L3RR “\
10-14 T : 0.0 \
@ \
10_15 1 10_15 m (; 5 10 15 26
o016 1 Z ISBED I RILF—T b
2ra, 5 )
10_1?' i AEI — le (O)lRE
-18 : | : — g Rr PBF31X%
L 1940 1960 1980 2000 2020 quark<10""m AR |
year R ﬁ?_: 77]'—2 3 {& (RMS Charge radlus)
T. W. Hansch, Nobel Lecture Slides (2005), P & 3#E&HLF

with recent results o [1] Phys. Rev. Lett. 110, 230801 (2013) [2] Eur. Phys. J. 172, 109 (2009)



— 3 LZSl/z _ L181/2
2 1S Lamb Shift DFtEEE RFREHE @ Visas = 7CRw + p

Term of the Lamb shift Value for the 1S level Uncertainties
Self-energy (one-loop) 8383339.466 kHz 0.083kHz
Vacuum polarization (one-loop) —214816.607 kHz 0.005 kHz
Recoil corrections 2401.782 kHz 0.010kHz
Proton size 1253.000 kHz 50kHz
Two-loop corrections 731.000 kHz 3.300 kHz
Radiative recoil corrections —12.321 kHz 0.740 kHz
Vacuum polarization (muon) — 5.068 kHz < 0.001 kHz
Vacuum polarization (hadron) —3.401 kHz 0.076 kHz
Proton self-energy 4.618kHz 0.160 kHz
Three-loop corrections 1.800kHz 1.000 kHz
Nuclear size corrections to SE and VP —0.149kHz 0.011kHz
Proton polarization —0.070kHz 0.013kHz

1S Lamb shift

8172 894(51) klz

»>QED SHEDAREM I 3.7kHz (two-loop corrections HhZBZHY )
> FHEREDAEDL THEED 50kHz ( BEF-FHFEELEERE 0.895(18) fm (c K5 )
—Proton radius puzzle [E7& (up: 0.84087(39) fm — 1105 kHz for 1S level)
BHE R IC LD 2 (m )3 o (2mRN )2

TRILFE—T TR NS =5

Me

[2] Eur. Phys. J. 172, 109 (2009)
[3] Rev. Mod. Phys. 77, 1 (2005): eq. A42

n3 /lC



KEREFVSEHLIT M VEF(ZaF=IL) OFEDN

H[KZEIRF (ep)] : Fon >10%* &
G F & BFDRIBERER

O «— lepton (&HLF)

quark ( Z=MIF )
INFOYOEENFEL T b THER
FRFZDOBETCIRIVF—TT K
%finﬁﬂ n-l_% _Iiﬁ

+§‘—ﬂ BIIIR 1 X

-65 Hz
>— ¢~ PRA 53, 2953 (1996)

N ROV EZERE
+232.7(1.4) Hz

e~ Sov. J. Nucl. Phys. 53, 626(1991)

BIIRNR 2 K

long-range force

—0.028 mHz

arXiv: 1810.05429

+

u

e

Mul S aAZ DL (ue)] : Fm22us
FZ1—RFEEFORBRER

3\ lepton
%#\I?
R

RETDLGEWL T~ DI+ THERL
—>IZIBEDAEED L
—IBSRETE AIEE

- QED
‘%%WEW%
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— iR

IBER D SfEERL

it

AT RETO—7

1l
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BREDFRE

Mu Energy Level

2 F
2 S 1/2 1
——<_ O
Laser Spectroscopy
Avisas
7
My

mass uncertainty
120 ppb (exp)

CODATA 2014
22 ppb (theo+exp)

Mlcrowave
1 S1 Avis. HFS

1) )

3 e
1S-2S Laser Spectroscopy Avisxs = ime ]+ Ze
8h my,

NS

mass

Tﬁﬁb\é U[Avlszs ]Theo.: 1.4 MHz
(%’TETH@#‘S 120 ppb #2&H )

B ERBNDBREEEDEE : 1.2 THz (0.48%)
1S-2S B DS A QED error:®¥! O(m,a® In’ @)
i=muon mass m, DFEER LICEERIEE 10 kHz

4 —2)
1S-HFS microwave Ay N 1—6a2R Fu (i, Me ’
spectroscopy IS-HFS = 3 Ug m,
Tﬁﬁb\* U[Avs. HFS]Th : 515 Hz mass

(BEFREHT 120 ppb #_l )

mzw* T “| Electroweak Frequency shift: -65 Hz

< ~—2.|Hadronic vacuum polarizaiton: +232.7 Hz
[2] M. 1. Eides, Phys. Lett. B 795, 113 (2019) [3] M. 1. Eides, Phys. Rept. 342, 63 (2001)




Mu Energy Level

225 1/2 If
T <

0

Avisas
7

my,
mass uncertainty
120 ppb (exp)

CODATA 2014
22 ppb (theo+exp)

Mlcrowave
Avis. HFS

<]

REDRE CFMAEDEIR

1S-2S Laser Spectroscopy Avisys = S—hme

|

1\
m
1+ —
my

v

Laser Spectroscopy

AHEDE u[Avisos |,
(BEEAHED T 120 ppb X

===
1S-2S BiEFEE

uf[Avisas ], - 10 kHz

(RAL 1999: 9.8 MHz!")

[1] V. Meyer et al., PRL 84, 1136 (200})‘
.

1.4 MHz

mass

263 kHz — 22 ppb
100 kHz — 8 ppb
10 kHz — 0.8 ppb

HiE (a) : 1S-2S L—H—493%¢
BEEREREZRL
120 ppb » 1 ppb

)

/

s

1S-HFS microwave
spectroscopy

AHEDE U[Avismrsl.,

(B=AREEDT 120 ppb EH )

MuSEUM B1Z
U[Avis.grs ]exp_: 8 Hz>
(LAMPF1998: 53 Hz)

S

—
: 515HZ7T 4 Hz

16

u
Av1s-HFS = ?CKZR =

HB

e

—3)
[+ 5)

mass

.

V

E1ZE (b) : 1S-HFS 93¢
ESHEEBOFSRBIREE -

FTNERERFEN

+ +
u prH v H
V4 q q
e € o Y e

\_

Electroweak Frequency shift: -65 Hz
Hadronic vacuum polarizaiton: +232.7 Hz

[2] M. I. Eides, Phys. Lett. B 795, 113 (2019)

[3] M. I. Eides, Phys. Rept. 342, 63 (2001)



muon g-2 AIEAND contribution ———
Towards ultimate test of the muon g-2 anomaly

inspired by K. Jungmann’s slide

Fermilab E989

- N g_ 2 J-PARC E34 (this experiment)
% g w m,, g A
ay = = X g, = 2ol
H Wa o Y 4 H )
/ \ Wp He Me
Wp Hp \
\ 120 ppb ) l/ \ \ 8 ppb 120 ppb 0.3 PPt
/ \
Hy / \mu
MuSEUM(J-PARC) ,l \ Mu-MASS(PSI), new exp.(J-PARC)
/ \
Mu HFS %====-==--=3Muy 15-2S
muonium .. muonium
16 My Mme\ - H 3a’ me\
Avisyrs = — @ Roo— |1 + — g | S |
V1S-HFS 3 0 - ( + mﬂ) Avisis = 2 mec (1 + mﬂ)
V34 — V19 X K Three quantities are mutually correlated.

Fp | Closing a triangle with new experiments will establish ultimate precfssion.
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FTPEE

’

dra

1079

10"

10-13

Spin-independent Forces

1073}

| Phys Rev. D100 |
015010 (2019)
arXiv:1902.08585

a.d,

__

(*)
S’

4

" Mu 19-25 ‘ /
(IRIX 9.8 MHz) /

------------

Mu 18-2S ( aifﬁﬂc EEE 10 kHz)

10° 103 10 161
A’ [MeV]

“Xr + CL’”(Se ° Slu)e_/l//r)
r r r
TR
( \ )
Spin-dependent Forces
0
a0 Phys. Rev. D'82, 113013 (2010)

102 |-

10% | -
10 | Ps _
108 | -
10—10 | H _]
1072 IR -

2| Mu 1S-HFS
10 " [ 1

120 ppb

-16 | _]
° ¥ {8 Hz (BEEE)
10 108 10°% 10* 102 10° 102 10* 10°

A" [MeV]

J

1S-2S 93¢ +1S-HFS 33¢,

(*) Constraints from astrophysics: J. High Energy Phys. 02, 033 (2017)

ﬁﬁé&%u;
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History of Muonium Laser Spectroscopy
Japan World wide

> The first laser excitation of
1987 1S-2S transition

S. Chu, A.P. Mills, Jr. A.G. Yodh,
K. Nagamine, Y. Miyake, T. Kuga

» Laser spectroscopy of
1999 1S-2S transition (RAL)

V. Meyer et al.

> Good facility for 1S-2S laser > Mu-MASS (PSlI)
before 2017 spectroscopy of Mu -

> No proposal of experiment

»> KAKENHI type-S: approved

S. Uetake (PI), K. Shimomura, M. Yoshida,
2019 1. Yamazaki, M. Yoshimura
> S type research project of J-PARC

MLF: approved

Two different KAKENHI was approved:
2020 > type-S (1S-HFS, PI: K. Shimomura)
» Specially Promoted Research (g-2, Pl: T. Mibe)
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Signal (%)

N
o

[\~
o

1S-HFS: Previoius Measurement

W. Liuetal, *

»>Phys. Rev. Lett. 82, 711 (1999)
High Precision Measurements of the Ground State Hyperfine

Structure Interval of Muonium and of the Muon Magnetic Moment”

T T T T | . T T T T
4 Conventional|

L DL L L
Conventional

\312-4.07s]

.\.—

6937, 87us

| 300 400
v, - 72000 (kHz)

“old muonium” & L CTIRIEEINZ 5

500 - 600 |
v 1897000 (kHz)

L \_O
700

110

130

Signal (%)

vi2(exp) = 1897539800(35) Hz (18 ppb), (7)
vys(exp) = 2565762965(43) Hz (17 ppb),  (8)
Av(exp) = 4463302765(53) Hz (12 ppb),  (9)
Mu/pp = 3.18334513(39) (120 ppb) ., (10)
e () () (22)
m, 2 My My

206.768 277(24)

120 ppb : #ietERE D ZECHY
DEETIF,

- HIRBRA DM D

« IA U ORNT —DEIE
DAFENE DK EL (~60 ppb)

(120 ppb).



Energy /h [ Av,q ]

Hyperfine Splitting of Muonium

\ D RIEEZ A
-1/2,-1/2)

\>\;\\\ > ERILE RETTHE
|| (15 ppb OHEERET )

@22 | 51525 L—H— KT8
0 Y 1 15 ; T 25 TE{IE(E$¥1 ppp)c‘:@tt
| | U OB EREMREE

H=al -J+upg;J -H— g I-H AV =vir + v
HFS Zeeman Splitting My
10 — X V12 — V34
: + Hp
s L u (172, 1/2) e L« =
- _ oHFS DREIRECAIED 5
6 [ € A >R E— A/ M5 ppb
L (Fum) 1 { > EMEERE 8Hz
: y DiEEZHIET
2 12
e Ok o
T @ me \2 N\,
-2 : V34
! | |

Magnetic Field [ T ]



1S-HFS T Y QiR ARBt Y b7 v 7

_ transm@

RF cavit

detector
/E;EJ:E%EW U)EY_/EZ
B Field (T)
L . N i
T 16
14
0.05-
‘j@m - 12
% E o "’
= o+
> : 8
0,05 °
L 4
~0.1F 2
i 0




1S-HFS *R A 7 O:ER =Rty b7 v T

1.7T BB T % b

Positron Detector -

400 mm
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Previous Muonium Laser Spectroscopy
@ &FTD 15-2S IERIE(E (@Rutherford Appleton Laboratory, 1999)

VOLUME 84, NUMBER 6 PHYSICAL REVIEW LETTERS 7 FEBRUARY 2000

Measurement of the 1s-2s Energy Interval in Muonium p.1136

V. Meyer,! S.N. Bagayev,’ P.E.G. Baird,” P. Bakule,> M. G. Boshier,* A. Breitriick,' S.L. Cornish,? S. Dychkov,’
G.H. Eaton,® A. Grossmann,' D. Hiibl,! V. W. Hughes,® K. Jungmann,' I. C. Lane,? Yi-Wei Liu,>2 D. Lucas,’
Y. Matyugin,> J. Merkel,! G. zu Putlitz,! I. Reinhard,! P. G. H. Sandars,? R. Santra,! P. V. Schmidt,! C.A. Scott,’
W.T. Toner,”> M. Towrie,®> K. Triiger,! L. Willmann,! and V. Yakhontov'

Alexandrite| 1, (T.. Fast Beam
[ Laser 73 Diagnostics
7y nm
Cavity Control MCP
Electronics ) Vacuum g

Apparatus
Retroreflector! ——=

» Uncerntainty from Residual
Doppler — 3.4 MHz

» Pulse laser was used
linewidth ~ 10 MHz

— 1.4
b

[ Muonium o signal

[ F=1>F=1 % « Theory
.

0.8
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1S-2S Result of RAL 1999 Experiment

Result: 2 455 528 941.0(9.8) MHz
ur[m,u/me] = 820 ppb

[V. Meyer et al., PRL84,1136(2000)]
Conclusion of the paper:

Our reported measurement here was|statistics limited.
RAL(1999) In the fuw:re the accuracy of the 1s-2s transition frequency
could be improved using the novel technology employed

u* intensity 3500 x 50 Hz here, with extended running and by a more restrictive se-
: lection for laser pulses with low chirp swing. Significant

p p g g
Mu yleld 600 Cps progress could be expected from|a cw laser experiment.

num. of Mu in Laser 1.5 /pulse The loss in signal strength due to lower cw light intensity

Laser / Linewidth | pulsed / ~8 MHz could be compensated in part withl an enhancement cavity.
Further, the narrower linewidth would be advantageous.

Number of signals 99 Such an experiment can be expected to be successful with

Uncertainty the| higher numbers of M atoms| that can be produced at

‘ot future high flux muon beams. They may become available

SIENSIES 9.1 MHz at planned accelerator sites such as|the Japanese Hadron

Residual doppler 3.4 MHz Facility, the Oak Ridge neutron spallation source, and the
Freq. calibration 0.8 MHz front end of a muon collider.
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Line shape 1.2MHz
Total 9.8 MHz
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Solutions for improvement:
@ Larger number of Muonium

@ CW laser with optical cavity
@ Freq. measurement by opt. comb
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Requirements for Mu Laser Spectroscopy
@ 1S-2S Signal Rate: (for CW laser, | <1 MW/cm?)

2
I !
R = Ny(Qget)* = 4.6 x 1078 ( 2) ( 0

1 RIFRhiEe L — b

N, Number of Muonium to - Mu-Laser Interaction time
(Beam diameter) 1

- oC
(velocity) \/(temperature)

[ :Laser intensity ~

Qe |
2; ~ 740(1(W/cm2) [Hz] : Two-photon Rabi frequency
? Laser beam diameter of 1 mm: @ Large number of Mu

>4 W laser power — [ =1kW/cm? © Higer laser power

> 300 K Mu 8.1km/s) — t =123 ns © Lower Mu temperature
(longer interaction time)

@ Natural linewidth of the 1S-2S transition (1.2 PHz x2)
» Radiative width 1.3 Hz } © <1 kHz laser linewidth,

> muon lifetime 72 kHz long-term stability
10~'% accuracy
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Result: 2 455 528 941.0(9.8) MHz
ur[m,u/me] = 820 ppb

RAL(1999)

PWES 1 Mu EDEN
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Mt intensity 3500 x 50 Hz
Mu yield 600 cps
num. of Mu in Laser 1.5 /pulse
Laser / Linewidth | pulsed / ~8 MHz
Number of signals 99
Uncertainty
Statistics 9.1 MHz
Residual doppler 3.4 MHz
Freq. calibration 0.8 MHz
Line shape 1.2MHz
Total 9.8 MHz
" Solutions for improvement:
@ Larger number of Muonium
2 CW laser with optical cavity
@ Freq. measurement by opt. comb
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Result: 2 455 528 941.0(9.8) MHz
ur[m,u/me] = 820 ppb

RAL(1999)
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Mt intensity 3500 x 50 Hz
Mu yield 600 cps
num. of Mu in Laser 1.5 /pulse
Laser / Linewidth | pulsed / ~8 MHz
Number of signals 99
Uncertainty
Statistics 9.1 MHz
Residual doppler 3.4 MHz
Freq. calibration 0.8 MHz
Line shape 1.2MHz
Total 9.8 MHz
" Solutions for improvement:
@ Larger number of Muonium
2 CW laser with optical cavity
@ Freq. measurement by opt. comb
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Result: 2 455 528 941.0(9.8) MHz
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ur[m,u/me] = 820 ppb

RAL(1999)

PES 1 Mu oM
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%8~y 75— LY |
> Ry TS—LHY &iF
>YmpiElc kb Ky T7o5—Fv )b
PIEDOL——HEERE Y T5—

Mt intensity 3500 x 50 Hz
Mu yield 600 cps
num. of Mu in Laser 1.5 /pulse
Laser / Linewidth | pulsed / ~8 MHz
Number of signals 99
Uncertainty
Statistics 9.1 MHz
Residual doppler 3.4 MHz
Freq. calibration 0.8 MHz
Line shape 1.2MHz
Total 9.8 MHz
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PWESS L HALITKBEREETA
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Solutions for improvement:
@ Larger number of Muonium

@ CW laser with optical cavity
@ Freq. measurement by opt. comb




Doppler Broadening

P2 § @ Velocity distribution at temperature T
S~o / (Maxwell-Boltzmann distribution)

r 1 v _ kBT
/%‘: wo — kv f(lﬁzmvexp 5z | V=N

O]
Er cos(wot — kz) @ Doppler width (FWHM) £
v [8kgTIn2 & \/
— MENTH S
|_ |
A f
wo laser frequency

" Doppler shift @ Doppler width of 1-photon transition, e.g.

l9) Lyman-a (A=121 nm, v =2.4 PHz), T=300 K

Hydrogen 6vj = 30 GHz

Muonium  6}" = 91 GHz



Doppler Cancellation: Two-photon Absorption

@ Two-photon excitation by counter-propagating plane-waves

Egrcos(wot —kz)  Wr = wo — kv wr, = wo + kv E; cos(wot + kz)

v

WR + WL, = 200 = Wy

@ Doppler shift can be canceled wo w1
—Doppler-free spectroscopy A




Residual Doppler Broadening

@ Gauss beam propagation

gating

Imperfect
o counter-propa
\ beams: k' = -k
| k
k/

@ Muonium 1S-2S spectroscopy at RAL (1999)
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1st Order Doppler Cancellation in Optical Cavity

@ A stable resonant-cavity mode (standing wave):
Consists of perfectly counter-propagating laser beams

© — 1st-order Doppler shift is always cancelled

@ Beam intensity can be enhanced in the cavity to

© Leaviy = F louside  F ~ 100 for a typical 1S-2S cavity

@ Beam diameter for the stable mode is ~1 mm

@ 2nd-order Doppler shift / broadening cannot be cancelled

) 1)2

OVpyr = — —
VD2 > 2



Result: 2 455 528 941.0(9.8) MHz
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ur[m,u/me] = 820 ppb

RAL(1999)
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Mt intensity 3500 x 50 Hz
Mu yield 600 cps
num. of Mu in Laser 1.5 /pulse
Laser / Linewidth | pulsed / ~8 MHz
Number of signals 99
Uncertainty
Statistics 9.1 MHz
Residual doppler 3.4 MHz
Freq. calibration 0.8 MHz
Line shape 1.2MHz
Total 9.8 MHz
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Solutions for improvement:
@ Larger number of Muonium

@ CW laser with optical cavity
@ Freq. measurement by opt. comb




Transit Time Broadening
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T =300 K ; Tr_an3|t width 2nd-order
time Doppler
Hydrogen | 2.7 km/s 366 ns 1.1 MHz 0.1 MHz
Muonium | 8.1 kmy/s 123 ns 3.2 MHz 0.9 MHz

Beam diameter

2w =1 mm

@ To decrease the muonium temperature
(i.e. increase the interaction time)

Reduction both of
{ transit time }
2nd-order doppler
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Development of Optical Comb (1999) for their contributions to the

development of laser-based
precision spectroscopy, including
the optical frequency comb technique
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