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Introduction

Physics Motivation
X-RAY SPECTROSCOPY of MUONIC ATOMS !

Powerful tool to probe the NUCLEAR
CHARGE DISTRIBUTION.

Usefully complement the knowledge
obtained from electron scattering and
laser spectroscopy.

Successfully used since more than 30
years to study STABLE ISOTOPES in
condensed or gaseous states !

Nuclear Charge Radii of Tin Isotopes

from Muonic Atoms
C. Piller et al., Phys. Rev. C 42 (1990) 182,
L.A. Schaller Z. Phys. C 56 (1992) S48.
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Fig. 3. Prompt muonic x-ray spectra showing the 2p, j — 1s and
2p3 /2 — 1s transitions in the two tin isotopes at the extreme ends
of stability, 112Sn and 124 Sn (ref.2). The isotopic purity of 112S5n
was 68%, which explains the appearance of further tin isotopes in
the upper half of this figure.



Towards Radioactive Muonic Atoms ?
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Towards Radioactive Muonic Atom Formation

RI BEAM PROJECTS are being planned or already coming into operation at
facilities where negative muon beams are also available:

ISAC Project at TRIUMF,

E-Arena in the J-PARC Project (3" phase),

RI BEAM Factory Project at RIKEN (if intense u~ beams can be produced there),
and maybe at a NEUTRINO FACTORY PROJECT

In the near Future
MUON BEAM of significant higher flux,
NEXT GENERATION of RNB facility,
SYNERGY effects if at one place, e.g., CERN, RAL , J-PARC, ...



Why Radioactive Muonic Atoms ?
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Probing Nuclear Charge Distribution

Matter distribution deduced from measured interaction cross sections. Charge
distribution needed to get information on proton and neutron distributions in nuclei.

X-RAY SPECTROSCOPY of RADIOACTIVE MUONIC ATOMS !

Deformation Properties

Quadrupole hyperfine spitting of muonic X-rays yield precise and reliable absolute
quadrupole moment values. Measure the deformation properties of nuclei.

IMPORTANT ROLE in ESTABLISHING and REFINING NUCLEAR STRUCTURE MODELS !

Muon Capture

Tools to explore changes in collective excitation modes of neutron-rich nuclei.
Kolbe, Langanke & Riisager, Eur. Phys. J A 11 (2001) 39

IMPORTANT ASTROPHYSICAL IMPLICATIONS !

Novel nuclear structure effects may exist far off the valley of stability ?



RAMA Workshop

EXPERIMENTAL METHODS

Radioactive Muonic Atoms

Merging Beams Scenario
(M. Lindros, CERN)
Combined Cyclotron Trap
& Penning Trap

SOLID HYDROGEN &
MUON TRANSFER

Unstable Nuclei

PRESENT:
Optical Laser Spectroscopy
(ISOLDE, RIKEN, ...)

FUTURE:
Electron Scattering using
electron & RI collider Rings
(MUSES at RIKEN, GSI, ...)
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MA* Technical Feasibility
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How to produce such very exotic yA* atoms ?

We propose:
SOLID HYDROGEN FILM used to stop both simultaneously
U~ and A* beams.

pA* ATOMS formed through MUON TRANSFER REACTION

to higher Z nuclei, i.e.,
Basic Concept (Two-Layer Arrangement)

MH+ A, — pA, +H | with

Ramsauer-Townsend lon Stopping
Effect Region

TRANSFER RATE: |A,=C,Z10" s

G,
HIGH TRANSFER RATE & HIGH EFFICIENCY —
e'g', Z = 50 and MUOn
C,=1ppm (5 x 10"° nuclei/cm®) Beam

—> A, =5x10°s"

Cold Foil



Preliminary Transfer Yield Estimation
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Transfer Yield Estimation l:_ Two-Layer Arrangement
(Two-Layer Arrangement) S 102 (I-mmH,/D, ®5-umD,) 7
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Z N, [1/em?]
Preliminary Yield Estimation for Tin (Z=50):

B Muon Intensity (1 cm®, 30 MeV/c): 1x10° [s'1] SHC confinement, 21st Century Muon Beam

M Implanted Sn lons (1 cm?): 1 x 10" Uniform Implantation in 5 ym thickness
M Transfer Yield per incident y: 2 x 104
M Muonic Tin Atoms Formed: 20°000 [s™]

M Total X-Ray Number Detected: 500 [hr']
Assuming for uSn 2p—1s X-ray detection (~3.4 MeV) : b.r. ~ 0.7, ¢ ~ 0.005 and AQ ~ 0.002.



MA* Formation Scheme

Comparison between different yA* formation schemes:

RI BEAM ENERGY
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Practical Considerations

RIKEN

SIMULTANEOUS implantation of unstable nuclei and measurement with y".

lon beam ENERGY and SPREAD determine the implantation DEPTH and THICKNESS.

lon range in solid hydrogen: 1 mm <= ~ 10 MeV/u
9 Yo M & ~30kev/u P SWEEPING Beam Energy

CONTINUOUS SPUTTERING of solid hydrogen films. S
If proven important, V
ifi H [
mm) SIMULTANEOUS | F1Yydrogen Deposition .-
& lon Implantation b
RI beam COMPLETELY stopped in the target! Lo g
13 A —B Bn 7
s+ ACCUMULATION of DAUGHTER NUCLEI . 1012% o 109 <1 >
= LIMITATION (static target): T4, > 10 min. g7 w=1000s 7
08__1011§_ NA //
« ACTIVITY HIGH RADIATION BACKGROUND oo 7 Bear?l.;)pumy
: / %
®» Pulsed Muon Beam 10° _0' """"1' ""'"'2' """"3' """"4' —
10 10 10 10 10 10

®» Active BG suppression, Detector segmentation, ... Time [s]



Chart of Isotopes (half-lives)
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Using Solid Hydrogen Films
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Advantages
WINDOWLESS TARGET in vacuum
WELL-DEFINED interaction region
EASY TARGET EVAPORATION and REPLACEMENT

RI BEAM: Impurities, Emittance, Energy spread, ... ﬂ NOT CRITICAL

Disadvantages
SPUTTERING
ACCUMULATION of DAUGHTER NUCLEI

ﬂ NEW IDEAS ! e.g., using sputtering vs. daughter nuclei accumulation
Other Considerations

Magnetic confinement field

Pulsed muon beam



Feasibility Study
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EXPERIMENTAL SETUP for X-ray spectroscopy of muonic atoms formed

from implanted ions in solid hydrogen

TEST EXPERIMENT at RIKEN-RAL Muon facility.

Establish the feasibility of this method by using STABLE IONS.
MCF RELATED STUDY: Helium transfer in Solid Hydrogen Films

In the near future, experiment using LONG-LIVED ISOTOPES.



RIKEN-RAL Muon Facility at ISIS
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uA* Setup at RIKEN-RAL Port 4
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Test Experiment to Implant Stable lons in Solid Hydrogen Films
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Counts / 0.89keV

Counts / 0.89keV

Control Targets: Deposited Argon Films
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Electronic X-Rays from Muonic Atoms
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Muonic Argon Electronic X-Rays
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(ATOMS/cm3) / (ATOMS/cem?2)

Target Preparation

T T T T T T T T T

6 \ 0.5-mm H2/D2 Deposition Argon Implantation (x3)
— 107"k 5.0 4
5 ¥ 6-um D2 Deposition ‘ Main Vacuum [mbar] ®
_g Target Temperature [K] 1 cg
— | .5-uym D2 Deposmon ::
= 1077 4.0 %
S c o
g 3
S L 3
C - C
F10°°% 13.05
= E EE
I AT =

10°° 2.0

15:00-00

Argon lon Range in Solid D,

16:00-00

ION RANGES
Ion Range = 2560 A Skewness =-0.0140
Straggle = 295A Kurtosis =2.7506
. 4
33 keV Ar'* 7"
10x10*
sx10*
100nm .
6x10
4x104
2x10*
- Target Depth - 1 um

17:00:00 _ 18:00-00

Time

500
400
300
200
100

Beam Profile [a.u.]

-100
-200
-300

19:00-00

RIKEN

Beam Proflle on Target

—e— X-Axis (start) | --o-- X-Axis (end) o]

—e— Y-Axis (start) | --o-- Y-Axis (end) %, oo

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 7
-20 -10 0 10 20

Position [mm]



(1) 0.5-mm H,/D; + 7-pm D,(Ar-multi) o
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(2) 0.5-mm D,(Ar-multi)
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du Atom Scattering in Solid Deuterium
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Summary
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FIRST TEST EXPERIMENT WITH ARGON SUCCESSFUL
Clear muon transfer X-rays observed from implanted argon ions.
Sputtering yield form solid deuterium can be measured with our setup

Improvements: target purity, Ge detector S/N, ...

FUTURE PLANS
Yield optimization using stable ions (Ar, Kr, Xe, ...)

Experiment using long-lived isotopes under consideration, e.g., radium
isotopes of special interest for P&T violation in atoms (K. Jungmann, KVI).

If proven successful, this method would allow studies of the nuclear properties
on unstable nuclei using muonic atom spectroscopy at facilities where intense
M- and Rl beams are available.

||- Unique opportunity at a NEUTRINO FACTORY !



