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Muonic Helium Atom

Muonium Muonic Helium

System composed of a helium atom with one of its two electrons replaced
by a negative muon (i) (bound muon Bohr radius: r, = 1/400 a,).

Hydrogen-like atom very similar to muonium (Mu).

Ground state hyperfine structure (HFS) results from the interaction of the
remaining electron and the negative muon magnetic moment (almost
equal to that of muonium but inverted).

Same technique as with muonium used to measure muonic helium HFS.

Sensitive tool to test 3-body atomic system and bound-state QED theory,
and determine fundamental constants of the negative muon magnetic
moment and mass to test CPT invariance with 2"d generation lepton.



Mu & pHe HFS Comparison
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Muonic Helium Atom HFS

The *Hep e~ ground state energy levels in an static magnetic field H are given
by the Hamiltonian

—

}[HFS = _hAVIM ‘] +g] ‘ug] y I?I) + gLuglﬂ -H

where g; and g,, are the g-factors of the electron and muon
bound in “Heue~, respectively.

Energy / h (GHz)

The transitions frequencies vq, and vz, are given by the I S RS P
Breit-Rabi formula. And, same as with muonium,

g 1
o !
> 12 |
 The sum of v;, and v3, is constant, and equal to the § °r | ]
ground state hyperfine splitting Av at zero field: g 2 [ | =
= C Vaa | ]
Vi + V34 = AV ‘ 3-body & QED test § 'F ~£-15T .
e The difference is directly related to the ratio of the A
negative muon and proton magnetic moments p,—/p,: Magnetic Field (T)

(a) Breit-Rabi energy level diagram
(b) HFS transition frequencies for
muonic helium (Av = 4.465 GHz).

C. J. Gardner et al., Phys. Rev. Lett. 48 (1982) 1168; PhD Thesis, Yale University, 1983 (unpublished)

V34 —Viz ®—— | mEE) Negative muon mass




Muonic Helium Atom HFS

Precise determination of Av =) 3-body atomic system & QED test

* The precision of Av only depends on the experimental statistics and
systematics of the measured frequencies v,, and v3,

Precise determination of |-/, =m) Negative muon mass

* The precision of y,-/u, depends on the experimental statistics and
systematics of the measured frequencies v,, and v;,, and on the
uncertainties of the known parameters

* g,.:free-electron g-value (1.7x1013)
* «: fine structure constant (1.5x10°) from CODATA 2018
* W,/ug : proton magnetic moment to Bohr magneton ratio (3.0x10)

* Presently, those parameters contribute to the order of 1 ppb to the final
u,~/1, value (negligible compared to the foreseen experimental accuracy).



Previous uHe HFS Experiments
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FIG. 2. Schematic view of the apparatus. The Helm-
holtz coils are used for muon-spin rotation. A cylindri-
cal high-permeability metal shield (diameter 50 c¢m,
length 100 cm) was installed (not shown in the figure)
during the microwave magnetic-resonance experiment
to reduce the stray magnetic fields.
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FIG. 3. Resonance curves for the AF=+1, AMp=%1
hfs transitions in (*He**u"e”)’, simultaneously observed
in the backward (upper graph) and forward (lower graph)
electron telescopes as a function of the microwave
resonance frequency.
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H. Orth, et al., Phys. Rev. Lett. 45 (1980) 1483
HF: C.J. Gardner, et al., Phys. Rev. Lett. 48 (1982) 1168
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FIG. 1. Typical resonance curves for the v, transi-
tion obtained with the forward telescope at (a) 15 atm
and (b) 5 atm. The data for these curves were obtained
in (a) 24 h and (b) 100 h. For each curve obtained with
the forward telescope there is a corresponding curve
for the backward telescope.
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FIG. 2. Av as a function of He +Xe(1.5%) gas pres-
sure. Closed circles show the results of this experi-
ment; the open circle is the result of Ref. 3. The

straight line shows the linear extrapolation used to
extract A v(0).



Previous Measurements (1980s)

Previous measurements were performed in early 1980s at PSI (Paul Scherrer
Institute) and LAMPF (Los Alamos Meson Physics Facility) with experimental
uncertainties mostly dominated by statistical errors.

et | s

weak field[1]  4464.95(6) MHz (13 ppm)
“He
high field [2] 4465.004(29) MHz (6.5 ppm) 3.18328(15) (47 ppm)

3He weak field[3,4] 4166.41(5) MHz (12 ppm)

[1] H. Orth, et al., Phys. Rev. Lett. 45 (1980) 1483.

[2] C.J. Gardner, et al., Phys. Rev. Lett. 48 (1982) 1168.

[3] V. W. Hughes and G. zu Putlitz, in Quantum Electro-
dynamics, ed. T. Kinoshita, World Scientific, (1990) 822.

[4] M. Gladish, At. Phys. 8 (1983) 197-211.



Av: Experiment vs. Theory

* Ground state HFS of muonic helium very similar to muonium, however ...

* Muonic helium is in reality complicated, because three-body interaction
has to be considered, thus theoretical approach has been limited.

* Calculations performed since the late 1970s mainly on the basis of the
perturbation theory (PT), variational approach (VA) and Born-Oppenheimer

(BO) theory. Muonic Helium-4 HFS (¢He2*p-e")
. 4467 | LI I LI I LI I LI I LI I LI I LI I LI I LI
PT: Amusia, Krutov, Lakdawala, ... ’g 1465 = Experiments E
VA: Chen, Forlov, Huang, Pachucki, s - 4[ % -
Aznabayey, ... > 4465 = ¥ —8 @*@ T —
C C ]
BO: Drachman, ... S 4464 7\/%/ | T_:
- s e 3
. T 4463 [ error from o ot =
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] e - H -
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© 4461 | ® Lakdawala —
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e Pachucki suggested that Year
QED effects calculation in 3-body systems could be performed more precisely
in higher orders of perturbation theory. K. Pachucki Phys. Rev. A 63 (2001) 032508



CPT with Second Generation Lepton

* The “positive muon mass” is experimentally determined by muonium
ground state HFS measurement through p,+/p, to 120 ppb [5].

New precise measurements will soon come out:
*  MuSEUM at J-PARC
*  Mu-MASS at PSI [6]

*  Muonium 1S-2S spectroscopy at J-PARC

* The direct experimental value of the “negative muon mass” is only
determined to 3.1 ppm from muonic X-ray studies using bent-crystal
spectrometer [7]. y,- obtained within the same accuracy.

> The ratio p,+/p,- gives a CPT invariance test at a level of 3 ppm [8].

* W,~/H, also needed to determine a,- and its g factor g - in the existing BNL
muon g—2 experiment [9] (maybe soon at Fermilab). U

5] W. Liy, et al., Phys. Rev. Lett. 82 (1999) 711.

6] P. Crivelli, Hyperfine Interact. 239 (2018) 49 More precise measurement of
7] . Beltrami, et al., Nucl. Phys. A 451 (1986) 679.

8] X. Fei, Phys. Rev. A 49 (1994) 1470. the hegative muon magnetic
9] G.W.Bennett et al., Phys. Rev. A 92 (2004) 161802. moment highly desirable !

—



Why so difficult compared to Mu?

Muonic helium atom residual polarization

* Depolarization during muon cascade — ~6% expected for most | = 0 atoms.
e Helium capturing a muon forms (*Hep™)* ion — need an electron donor !!!

* Previously 1-2% xenon (IP = 12.1 eV) was used. But, Xe (Z=54) prevents
efficient u= capture by He (Z=2), due to the Z-law.

* Recently methane (CH,) found more efficient because of its reduced total

charge (Z=10) and similar IP of 12.5 eV. Polarization of 5% reported.
D. J. Arseneau, et al., ). Phys. Chem. B 120 (2016) 1641.

Negative Muon Beam Intensity

* Negative muon beam are generally 10 — 100 times less intense than surface
(positive) muon beam.

Theoretical calculation of muonic helium ground state HFS (Av)

e Very similar to Mu, but in reality complicated because of interaction and QED
effects in 3-body systems, thus theoretical approach has been limited.

* 1980s experimental values by far still outweigh any theoretical calculations.



New pHe HFS at J-PARC MUSE

New precise HFS measurements are being planned at the Muon Science
Facility (MUSE) of the Japan Proton Accelerator Research Complex (J-PARC).

by N. Kawamura

Three key components for improvement: % Detallsingthe ta'kJ

1) Using high-intensity negative muon beam at J-PARC MUSE.

measurements.

2) Applying Rabi-oscillation spectroscopy technique to HFS
\[ by S. Nishimura

Details in the talk }

3) Producing highly-polarized muonic helium atoms to
improve the pu~ residual polarization in helium by SEOP.



Experimental Arrangement

(a) Experiment apparatus
Forward Electron

Detector
\ |

Polarized Negative
Muon Beam

Backward
High-Pressure Gas Chamber Electron
Detector

Helium Microwave Cavity

Online Beam
Profile Monitor

(b) Zero-field measurement (c) High-field measurement
Magnetic Shield Superconducting Magnet




-PARC Muo

H-line

N

iz e o

Muon
Target

C—

D-line

D2 Area

]
| 1
H ! =
s if
|

n Science Facility (MUSE)

Phase 2 (g-2/EDM, TuS)

Under Commissioning

H-Line: for particle and atomic physics large
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scale experiments, “precision frontier”.
Higher intensity tunable (4 — 50 MeV) p* & pu~ beam.
(Exp.: MUuSEUM, Deeme, g-2, ...)

MLF Experimental Hall No. 1 (2018)

Beamlines in Operation

S-Line: Surface muon ()

Slow (4 MeV) beam for condensed matter physics.

D-Line: Decay muon (u* & p)
Slow (50 keV) — fast (50 MeV) beam, general purpose.
U-Line: Ultra-slow muon (p*)

Ultra-slow (0.1 — 30 keV) beam for near-surface
condensed matter physics, chemistry, etc.




Negative Muon Source at MUSE

Negative Muon Intensity at D-line
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Rabi-Oscillation Spectroscopy Technique

Developed by Nishimura for MuSEUM experiment !!!
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Nishimura et al., Phys. Rev. A104 (2021) L020801
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Possible advantages of this method:
* Each detuning frequency data fitted individually.
e Can determine Avygs with only one frequency data.
* Most sensitive detuning frequency is ~60 kHz.
e Can improve statistical uncertainty by 3.2 times
compared to the conventional method.
e Can reduce systematics of microwave power
variation (free fitting parameter).
* Need high-statistics data.

Time (us) Slide from MuSEUM experiment



Zero-Field Measurements at D-line

Experimental Setup

New Microwave Cavity for Zero Field
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MRI Magnet for High-Field Experiment

Second-hand 2.9 T MRI magnet CW-NMR Field Monitoring System

140 —
- h1
= Entries 1001
120~ Mean 1.2772¢+08
C RMS 1.4142
w100 — 2 I ndf 6.07029152¢+01 /15
= C Constant 1.20969254e+02 + 4.96309757e+00
S g0l Mean  1.27715272¢+08 + 2.05373836+00
8 - Sigma 2.29974365e+00 0.1
60 |—
of- 15 ppb
20
_I 11 1 I EX g I 11 1 I 1 1 1 | I 1 1 I 11 1 1 I LES X I 1.1

127.71525 127.71527 127.71529 127.71531
NMR RF (Hz) x10°

Field Homogeneity (after shimming)
Long Term Stablllty Spheroid :

- T T r=100 mm, z=300 mm
Freq x d
64 HZ / 97 ays O 2 :Ir},[;:gésg=72§85215.790726
230 72384380 ° p p l I I p- p fter a-shimming #3
.
€ 25 72384360 &
g P 0.6
£ g 0.4
2 ) 0.2 ',.
5 20 7233434:‘:)5 /h £ . ’
021
0.003 ppm
: PP
215 < 172384320 -0.8
210 72384300
03/30 03/31 04011 0402 04003 0404 04005 046 04407 0408 0449 04710
Date

Slide from MuSEUM experiment these data: 1.4 ppm (p-p)



High-Field Microwave Cavity

Second-hand 2.9 T MRI magnet
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Expected Improvements

Previous experiments: (Av: 6.5 ppm, p,-/1,: 47 ppm)
e 5x10%u7/s at 55 MeV/c (low field), 4 x 10* u~/s at 35 MeV/c (high field)
H-line:
e ~107 u /s at 30 MeV/c (at 1-MW proton beam power)
— ~10% times more statistics (intensity x ~103 & runtime of 100 days)

10" statistics (x100) 100 ppb 1000 ppb
Rabi Spectroscopy (x3) 30 ppb 350 ppb
Highly-Polarized pHe (x7) 4 ppb 50 ppb
imi 11
Systematic uncertainties: Very Very Preliminary !!!

* MUSEUM experiment has similar systematical errors.
* Present estimation: ~2 ppb for Av and ~20 ppb for p,—/p.,.

D-line: (zero field)
— 102-103 times more statistics (depending on beamtime allocation)



Recent Developments



nuHe HFS Measurements at Zero-Field

MuSEUM Zero F|eIdExper|mentaI Setup MuSEUM Mlcrowave Cavity (TM220)

Av = 4.465 GHz

Preparation of MuSEUM
apparatus in D2 area at D-line

(students from Nagoya University

[2019B0318] and the University of Tokyo).




Counts

Decay Electron Time Spectra
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LHe HFS Resonance Curve
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Extrapolation to Zero Pressure
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Pressure Shift Comparison: Mu vs. H
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:> Hydrogenic pressure shift:



Muonium HFS Resonance Curve

MuSEUM Beamtime HHe Beamtime
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Comparision with pHe pressure shift



Frequency - 4463302 (kHz)

Pressure Shift Comparison (Update)

1 I I I I I I I I I I I I I I I I I I I I I I I

2022 March (+a)
o € [0,8] kHz (blind analysis)

He + CH, (2%)

Muonium

—LIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

2021 May
40 measurements [1] H.Orth et al., PRL 45 (1980) 1483
[2] C.J. Gardner et al., PRL48 (1982) 1168
20 F. M. Pipkin et al., Phys. Rev. 127 (1962) 787
0 & Liuetal (1999) E.S. Ensberg et al., Phys. Lett. 28A (1968) 106
- L v r Ll i vl i v a1 11 1 dI5] D.E. Casperson et al., Phys. Lett. 59B (1975) 397
0 2 4 6 8 10 2
Pressure (atm at 0°C) (blind analysis)

Mu 14.7 £ 0.9 kHz/atm [1] 14.0 + 0.2 kHz/atm (b.a.)
“He 11.4 % 2.7 kHz/atm [2] 11.4 + 2.7 kHz/atm (b.a.) n/a

H  15.0+0.3 kHz/atm - 16.3 £ 0.3 kHz/atm

Pressure shift in noble gases: on isotopic effect observed for H, D, T & Mu [5]



Highly-Polarized Muonic He Atom

Production of highly-polarized muonic helium atom by spin
exchange optical pumping (SEOP)

VOLUME 70, NUMBER 6 PHYSICAL REVIEW LETTERS 8 FEBRUARY 1993

Highly Polarized Muonic He Produced by Collisions with Laser Optically
Pumped Rb

A. S. Barton, P. Bogorad, G. D. Cates, H. Mabuchi, H. Middleton, and N. R. Newbury
Department of Physics, Princeton University, Princeton, New Jersey 08544

R. Holmes, J. McCracken, P. A. Souder, and J. Xu
Department of Physics, Syracuse University, Syracuse, New York 1824/

D. Tupa
Los Alamos National Laboratory, Los Alamos, New Mexico 87545
(Received 24 September 1992)

We have formed highly polarized muonic helium by stopping unpolarized negative muons in a
mixture of unpolarized gaseous He and laser polarized Rb vapor. The stopped muons form muonic
He ions which are neutralized and polarized by collisions with Rb. Average polarizations for *He and
“He of (26.8+2.3)% and (44.2+3.5)% were achieved, representing a tenfold increase over previous
methods. Relevant cross sections were determined from the time evolution of the polarization.
Highly polarized muonic He is valuable for measurements of the induced pseudoscalar coupling g,

in nuclear muon capture.
A.S. Barton et al., Phys. Rev. Lett. 70, 758 (1993)

for u*He: 6% — 44%
Improvement by a factor 7 achieved !

Maximum theoretical polarization: *He = 100%, 3He = 75%



Polarization of Muonic He Atom

By spin exchange optical pumping (SEOP) with Rb vapors:

(u"He)* ion will form molecular ion in few ns in high-pressure He gas (~10 atm).

(1) Polarization through dissociation of molecular ion He(u He)* via:

Rb T +He(u He)* > Rb™ + He+ (uHe)t e 1

After the charge exchange, the “pseudo-nucleus” (Hep™)* and the polarized e~
are coupled through the HFS interaction, thus polarizing the muon.

(2) After neutral muonic helium atom is formed, further polarization via:

RbT+(u He)te” | > Rbl+(u He)te 1T

After short-lived collisions the polarization of the transferred e~ is shared

with the “pseudo-nucleus” (Hep)*. & ‘ I i I

(“Hep)'e” (“Hep")"

A. S. Barton et al., Phys. Rev. Lett. 70, 758 (1993)



SEOP for puHe HFS Measurements

New MuSEUM-SEOP collaboration just started !

KEK: T. Ino, S. Kanda, S. Nishimura K. Shimomura
Nagoya Univ.: S. Fukumura, T. Okudaira, M. Kitaguchi, H. M. Shimizu
Tohoku Univ.: M. Fuijita, Y. Ikeda (glass cell) Mirror
JAEA: T. Oku | Laser Diode C ) O S
Schematic layout y
RF Cavity

|
(2574 mm x 152 mm I : Mirror
(picture from T. Ino)

I
I
I
A 1] |
Prototype Gas Cell I:(>—| T }_:_/
I
I
I

, Heaters

Experimental Challenges:

* Microwave field inside glass cell

e SEOP in high magnetic field

* Magnetic field uniformity Example:

 Gas pressure and temperature stability ’He gas spin filter of

N . POLANO (MLF BL23)
ew systematics ... by T. Ino et al. (KEK)




1)

2)

3)

uHe SEOP Objectives

Demonstrate re-polarization of uHe atoms at J-PARC using SEOP technique

 Test experiment at D1 area under development

Further improvements expected with an hybrid-SEOP technique

 Use K/Rb to enhance the spin-exchange efficiency

 Rbis used as spin-transfer agent to K, to prevent depolarization of Rb
due to Rb-Rb collision.

 K-He transfer the angular momentum with much greater efficiency than
directly Rb-He (nearly 10 times greater than with pure Rb pumping).

 Can achieve high polarizing rate with high polarization, which is very
important for HFS measurements

Demonstrate SEOP technique can be applied to muonic helium HFS
measurements

e Simulation (in progress)

* Test experiment



New Laser System for uHe SEOP

i i S. Fukumura
A laser system for muonic helium SEOP has been constructed: T Okudaira

To confirm that SEOP is possible with the new laser, EPR
signal was measured using a cell containing Rb and K.

SEOP Cell surrounded by Laser Diode Array

* Oven heater (200°C) * Power: “60 W

° |nsu|at|on Foam ® Wavelength: 795 nm
| * Operating mode: CW

< piia
N Prototype
Gas Cell

EPR: Electron Paramagnetic Resonance

* Excite Rb and K with RF and measure the de-excitation light intensity.

* The population of each sub-level can be estimated from the de-excitation light intensity
and the applied RF frequency.
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EPR Measurements

EPR signal was clearly observed !

156°C, 10.5G

B mF='2<—)'1
mF='1<—)0

85Rb 87Rb —_—
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S. Fukumura

T. Okudaira
<——200°C
39K 39K
meg=-2-1 /mF=-1<—>0
/ 156°C -

6.6

6.8

7 F jr 7.4 7.6

Frequency [MHz]

 The line broadening caused by the doppler effect was confirmed.
For each atom, the population is concentrated in one state, i.e., Rb and K have high

polarization.

At 156°C the different signal intensity of the two peaks from 3°K indicates that the
alkali metals are not fully polarized but close to 100%.

7.8

8



Laser Enclosure at D1 Area (D-Line)

A removable laser enclosure for SEOP e R «‘”
experiment at D1 area was constructed ! » . ko A
D1 uSR =
Spectrometer o |
30 ﬁ E_' A
Muon ¢ Laser
Beam Cell 2 System _+
—> C)<:$ 5 S
| Laser =z =
\ = @
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o I v
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Door (with intelock)

Removable Panels < 1 >



LLHe SEOP Experiment in Preparation

New results coming soon !!!

Picture from S. Fukumura



Summary & Future Plans

We are now proposing precise measurements of ground state HFS splittings of
muonic helium atom at J-PARC MUSE.

Key components for improvement:
e High-intensity negative muon beam at J-PARC MUSE
e Rabi-oscillation spectroscopy technique
* Highly-polarized muonic helium atom formation

Preparation in progress:
 MHe HFS measurements at zero field using MuSEUM apparatus at D2
e Already new results were obtained.
* Pressure shift in He + CH, measured for uHe and muonium.
* Analysisis in progress (blind analysis).
* SEOP development for uHe measurements is on-going.

Future perspectives: p3He HFS, excited states HFS measurements, ...

This project is supported by a Kakenhi grant (FY2021-2023)

“High-precision measurement of the negative muon mass by muonic helium atom hyperfine
structure spectroscopy”
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Muonic Helium Atom HFS

The “Hep e~ ground state energy levels in an static magnetic field H are given
by the Hamiltonian

—

}[HFS = _hAVIM ‘] +g] ‘ng] y I?I) + gLuglﬂ -H

Energy / h (GHz)

where g; and g,, are the g-factors of the electron and muon
bound in “Heue~, respectively.

_30:|||||||||||1|||

—_ I‘I
E \
The transitions frequencies v;, and vs, are given by the e . |
Breit-Rabi formula 5 f S
r MU H Av 2 E °F ! E
vlzz—guﬂBzﬁ—?(l—X‘F 1+X) _§ C Vo, \
2 1 b ~£.15T .
H Av £
I A _ — ./ 2 L L 1 Y
V34 = glt:uB h + 2 (1 T X I+x ) Oo_o 0.5 1.0 1.5

Magnetic Field (T)
(a) Breit-Rabi energy level diagram
(b) HFS transition frequencies for
muonic helium (Av = 4.465 GHz).

C. J. Gardner et al., Phys. Rev. Lett. 48,1168 (1982); PhD Thesis, Yale University, 1983 (unpublished)

with x = (g]ug — g;“ug) H/hAv



Muonic Helium Atom HFS

Same as with muonium,

* The sum of the two transition frequencies v,, and v, is constant, and
equal to the ground state hyperfine splitting Av at zero field:

Vip + V34 = AV

* The difference is directly related to the ratio of the negative muon and
proton magnetic moments p,—/p,:

Vgq — Vip = g,’“ug v/ Uy + AV (x —+/1 +x2)

!

and by using 7. = g;up/21, and T, = gLﬂg/Z,up we can get

!/
9 2viv3s 1V (Vag — V1) Gy By
=T — = V34 = V12 =

Gu v, (Zre’vp — (V34 — V12)) I Hp

Hu~
Hp

Note: The g-factors of the electron and muon bound in *Hep e~ (g, and 9;’1) have

recently been calculated up to the 3 order by S. G. Karshenboim.
S. G. Karshenboim et al, Eur. Phys. J. D 73, 210 (2019)




Counter Development

Positron Counter (1)

Segmented Scintillation Detector
32ch MPPC input FPGA Ethernet Trigger input

ASIC PROM +5V(A), +1.8V

Plastic scintillator + MPPC(SiPM) + Kaliope readout circuit

e Unitcell: 10 mm x 10 mm x 3 mmt

* Area: 240 mm x 240 mm

* High-rate capability

* 24x24 segments x 2 layers = 1152 ch

Positron Counter (2)

* Readout chips (SIiT128A, 128 ch/chip) * Strip pitch:
* Developed for J-PARC g-2/EDM experiment | * Strip length:
* Highly-segmented * No. of strips:
* High-rate capability (S/N ~ 21) * Thickness:

Silicon Strip Detector

* Pileup loss at 3 MHz/ch ~ 2%

Muon Beam Profile Monitor

H
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100-um fiber hodoscope (16 ch x 2)
3 x 3mm? active area MPPC with
15-um pixel pitch

EASIROC readout
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HES Signal: Muonium vs. pHe
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Figure 1.5 (a) Muon spin polarization originating from pion decay. (b) Spatial distribution of
positrons from the decay of a polarized muon.

Figure from K. Nagamine in “Introductory Muon Science” (2003) pp.
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HES Signal: Muonium vs. pHe
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Figure 1.5 (a) Muon spin polarization originating from pion decay. (b) Spatial distribution of
positrons from the decay of a polarized muon.

Figure from K. Nagamine in “Introductory Muon Science” (2003) pp.
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Pressure Dependence

HFS changes when atoms are present in the surroundings !
» Measure the pressure dependence and extrapolate to vacuum !

Atomic collision effect

» Atomic collision effect consists of two effects.

= Pauli exclusion effect -> Decrease e- density at muon.
-> Increase transition freq.

Short Range
Interaction

Forbidden overlap
= van der Waals interaction effect -> Increase e- density at muon.

-> Decrease transition freq.

Long Rar\ge N -~ e— © n
Interaction H A .‘. .‘
©
expand attracted Gas atom @

inductive dipolo Figure bogrowed from

S. Seo slide for ICHEP2020



Muon Polarlzatlon in Muonic He

Glass cell target: (T = 200°C) 00 = ‘i iy T
* Sphere: ~@2.5 cm x 100-pumt 80 r ‘ He (no CH4L_
* He:8atm 60 — *ﬁTH*‘
* Rb:4.4x10'"atoms/cm? 40 |— =
* N,:75Torr 5 55 oL i
* CHg:upto 250 Torr & : | |

ol L L 1 T
=0 2 4 6 8

m — Ny 100 T T
A(t) L ‘ ) l ]
- Ny + Ny, 80 C. 4He (with CH,)
Rb polarization reversed every 2 min. 50 L . ;f'ﬂ B
A(t) . T
Pﬂ(t) = 20 r}j ]
f®)ae 5 I BRI T i
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f (t): fraction from He, a,: analyzing power

FIG. 1.

Time (usec)

Muon polarization as a function of time in muonic He. The four graphs correspond to four target cells: (a) *He
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without CHy, (b) 3He without CHy, (c) *He with CHy, and (d) ®He with CH4. The solid lines are given by (6) for (a) and (b),
and by (5) for (c¢) and (d), where the numerical values of the parameters resulted from a global fit to all of the data (including

A. S. Barton et al.,

the muonium data of Fig. 2).

— + + — + ,-
(1) Rb T +He(u"He)™ —» Rb™ + He + (u"He)" e™ 1 % without CH,: reactions (1) + (2)

~l > Rbl+(u He)T e T .

(2)Rb T +(u"He)*e
3)CHy, + (uHe)" > CHf + (uHe) e

o0

o0

Phys. Rev. Lett. 70, 758 (1993)

% with CH,: reactions (3) and (2) only



Excited State HFS in Muonic He Atoms

(1) HFS transition with the muon in the 2s excited state:

e During the muon cascade, few percent of pHe atoms are formed in a
metastable 2s state with a lifetime of ~1 us (below 0.01 MPa) [1].

* 2slevel lifetime decreases rapidly with pressure (radiative quenching).

e HFS transition with the muon in 2s excited state attracted theoreticians
since early 1980s. Recent calculations results by Krutov [2].

10 a 10 E )

PHYSICAL REVIEW A 86, 052501 (2012) ) s

te %
Hyperfine structure of the excited state ls‘l‘;’22s:‘/‘2’ of the muonic helium atom

A. A. Krutov”
Samara State University, Pavlov Street 1, 443011 Samara, Russia

EI
T

ithout MIF
A. P. Martynenko! withou

Samara State University, Pavlov Street 1, 443011 Samara, Russia and

2s — POPULATION [%]
2s — LIFE TIME [s]

Samara State Aerospace University named after S. P. Korolyov, Moskovskoye Shosse 34, 443086 Samara, Russia 10
(Received 30 August 2012; published 5 November 2012)
1w 3
Experimental challenge: TN
Measurements at low He pressure to maximize 2s p L T ) Ol ol e s il
level lifetime require intense low energy polarized pu-. RRESSURE TatA PRESSURE (atm]

Population and lifetime of

[1] G. Reifenréther, E. Klempt, and R. Landua, Phys. Lett. B 191, 15 (1987)  the 2s state in uHe
[2] A. A. Krutov and A. P. Martynenko, Phys. Rev. A 86, 052501 (2012).



Excited State HFS in Muonic He Atoms

(2) Electronic 1s—2s transition in neutral p3He and p*He atoms:

* The 1s—2s transition measured in hydrogen and muonium, but not yet in
1u3He or p*He (with the muon in the ground state).

* The 1s—2s transition in neutral muonic helium (similar to that in hydrogen)
has been calculated by Karshenboim.

* The experiment is feasible: 1s—2s excitation in neutral pHe achievable via
Doppler-free two-photon pulsed laser spectroscopy (similar as H and Mu).

e Karshenboim proposed using a double resonance technique: appearance
of the 2s excited state and/or disappearance of the 1s ground state HFS
transition. PHYSICAL REVIEW A 91, 032510 (2015)

Lamb shift of electronic states in neutral muonic helium, an electron-muon-nucleus system

Savely G. Karshenboim"
Max-Planck-Institut fiir Quantenoptik, Garching, 85748, Germany
and Pulkovo Observatory, St. Petersburg 196140, Russia

Vladimir G. Ivanov
Pulkovo Observatory, St. Petersburg 196140, Russia

Miron Amusia
Racah Institute of Physics, Hebrew University, 91904 Jerusalem, Israel
and loffe Physical-Technical Institute, St. Petersburg 194021, Russian Federation
(Received 15 December 2014; published 23 March 2015)

S. G. Karshenboim, V. G. lvanov, and M. Amusia, Phys. Rev. A91, 032510 (2015)



Summary & Future Plans

We are now proposing precise measurements of ground state HFS splittings of
muonic helium atom at J-PARC MUSE.

Key components for improvement:
e High-intensity negative muon beam at J-PARC MUSE
e Rabi-oscillation spectroscopy technique
* Highly-polarized muonic helium atom formation

Preparation in progress:
 MHe HFS measurements at zero field using MuSEUM apparatus at D2
 pHe HFS resonances measured at three different pressures !!!
* Determination of pressure shift in He+CH,
* Muonium pressure shift also measured at 4 and 10.5 atm
e Analysis is in progress
* SEOP development for yHe measurements is on-going.

This project is supported by a Kakenhi grant (FY2021-2023).





