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Overview HE

> Muons and muonic atoms

» Muonic atom spectroscopy

» The muX experiment: Stable isotopes

» The muX experiment: Radioactive isotopes
» Test of transfer reactions with gold and uranium targets
» Towards 226Ra and 248Cm measurements
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Muons and muonic atoms



Electro-
magnetism

Fo rces

W

o
—
[«]
o

llllll

strong interaction

weak interaction



PAUL SCHERRER INSTITUT

Muons =

Mass m = 0.1134289257 4+ 0.0000000025 u
Mass m = 105.6583745 + 0.0000024 MeV
Mean life 7 = (2.1969811 + 0.0000022) x 107° s
Tt /TM_ = 1.00002 + 0.00008
cT = 658.6384 m
Magnetic moment anomaly (g—2)/2 = (11659209 + 6) x 1010
(gﬂ+ - gﬂ—) / Baverage = (—0.11 £ 0.12) x 107°
Electric dipole moment d = (—0.1 £ 0.9) x 1071% ecm
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p— DECAY MODES Fraction (I';/I) Confidence level (MeV/c)

V e Vel ~ 100% 53

€ Vel Y [d] (1.44+0.4) % 53
e u e Vv, et e [e] (3.4+0.4) x 1075 53
electron neutrino muon neutrino

Lepton Family number (LF) violating modes

e Vel LF [f] < 1.2 % 90% 53

ep ons ey LF < 5.7 x 1013 90% 53
e”ete™ LF < 1.0 x 1012 90% 53

e~ 2y LF <72 x 10~11 90% 53

> Muons are the heavy siblings of the electrons (m,=207me)
» Decay within 2.2 us into electrons
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Muon decay
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» Decay mediated through W exchange

» Decay into electron and two neutrinos (conservation
of lepton number)
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Wetterballon primdres kosmisches Teilchen

(20 — 30 km)

Muons In nature ' r,h

» Muons are created in the upper atmosphere

by impact of cosmic rays on gas molecules e o
» Flux at sea level of about 1 muon/cm2/minute

Forschungsballon
Victor Hess 1912
(5000 m)
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Location ot
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Location of Paul Scherrer Institute ===
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POl Proton Accelerator HIPA BE

Muon target stations TgM & TgE
.7 beam lines for particle
< physics and materials science

Injector cyclotron , —

f | /[ 590 MeV cyclotron
4 | 24mA, 1.4 MW
50 MHz

Spallation source for _

ultracold neutrons
NEDM experiment
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pPE

1

Muon FProduction Target Tqg

» 40 mm polycrystalline graphite

» ~40 KW power deposition

» Temperature 1700 K

» Radiatively cooled @ 1 turn/s

» Beam loss 12% (+18% from scattering)

| protons

|::> Up to 5x108 u+/s (depending on beam line)

Andreas Knecht 12
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Exotic Atoms =]

» A system bound by the Coulomb (electromagnetic) interaction that contains subatomic
particles other than electrons, protons or neutrons.

Andreas Knecht 13
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Muonic atoms =

. Muonic atom
» Muon as a tool to measure properties of the nucleus

» Enhanced sensitivity due to small radius

» E.g.: finite-size effects go as m3 = 107 enhancement!

Andreas Knecht 14
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A famous muonic atom =

8 July 2010 | www.nature.com/nature | $10 THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

» Measure the 2s - 2p splitting in up
— determine the proton rms radius r, with
improved accuracy (10 x better)

» Large discrepancy observed compared to

oEns U electron based measurements

There's mor:
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It's worse than
you think
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NYT, 12 July 2010

L":I.l> Proton radius puzzle
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pPE

Muonic atom spectrocsopy
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Traditional muonic atom 5p6ctr0560@ RSO

(o)

A

Negative muons at rest
~ quickly get captured by
surrounding atoms

» Cascade down into 1s
state emitting characteristic
X-rays

» For heavy muonic atoms:
X-rays have MeV energies

» Comparison to precision
calculations allows to
extract charge radius

Andreas Knecht 17
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Bohr radil and energies =

| mc? a*Z?
» Bohr energies: En — >
2 n

» Bohr radii: o =

> Neglecting finite size effects
» Energies are ~200 times larger
» Radii are ~200 times smaller

Andreas Knecht 18



Muonic atom level scheme FE
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Initial distribution F{ A(211)

Andreas Knecht
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» REGION 1

r REGION I

>REGION 111

Auger -
transitions

» Level scheme as in a hydrogen atom!

» Capture happens at around n~14

» Radiative transitions start to dominate
after n~7 for high-Z atoms

» Mostly circular transitions, but almost any
other allowed transition can be seen with
x-rey  €Nough statistics

transitions

19
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Auger transition BE

» Energy released in cascade from higher to
lower energy level is used to eject bound , E puger
electron g o

> Refilling of electron shells if available

> Possible transitions: Al = 0, = 1
Favored: Al =0, — 1 and An ~ 1

Auger electron emission

Andreas Knecht 20
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Radiative transition BE

> Energy released in cascade from higher to lower
energy level is in the form of a photon

> Possible transitions: Al = * ]

Favored: Al = — 1 and high An 25

» Decay rates are very high for large Z
» Finite width of energy levels: AE ~ —

» 2p levels for lead have 1.4 keV width ‘
— measurable!

Andreas Knecht 21
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Muonic cascade calculation o ==
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Principal quantum numner (n)

0 > 4 6 8 10 12 14
Angular momentum (l)

| ] ] ] | ] 1 0-1

» Population of states from full cascade calculation
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Germanium detectors PE

Knoll, “Radiation Detection and Measurement”

\ Detector
T~ Shroud

To Electronics Capsule
(power supply,
amplifier, etc.) Removed

Filter Charcoal
Pack

LN2 Flll end
Vent Tubes

Germanium Crystal
Detector

O-Ring Seal

Liquid Nitrogen
Flll Coller

Preamplifier

Dewar Flange

Cooled FET
Cooling Rod Cooling Rod Assembly

(copper) Stabilizer Mounting
Cup
Charcoal Contact Pin

End Cap

{to malntain vacuum)

» Germanium detectors quite old technology, but still the best choice for high resolution
measurements of X-rays or gammas of a few MeV

» Works as a semiconductor diode: charge deposited in depletion layer between P-N
junction is drifted to contact and read out

Andreas Knecht 23
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Why high resolution? BE

Knoll, “Radiation Detection and Measurement”

o KEv . "Bmag

KEV e TOMpg
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» Possibility to distinguish peaks Y & | |m ~
@1 | \-—\/ ~—
.‘ w. na.s \\
.. . Ge(Li)\ ans A\
» Less statistics needed to determine o L Y
energy of peak with precision ‘ S
K\ urs | 1‘1"‘“”
“WWMM 5
0 ‘&‘ 60 5409
X%‘“
%142!.2
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Features of a gamma spectrum B

Knoll, “Radiation Detection and Measurement”

1 Tlllll]'] 1 iy el

Y TOTAL MULTIPLE-SITE EVENTS

» Possible interactions of the photon with the
detector

SINGLE COMPTON
/ +PHOTOELECTRIC

> Photoelectric effect
» Compton scattering
» Pair production

10—

SINGLE
PHOTOELECTRIC

FRACTION OF FULL-ENERGY PEAK

6 cm dia x 6 cm

" Ge DETECTOR PAIR -

PRODUCTION

102! 1 Lot eaald L Lt

0.1 1 10
PHOTON ENERGY (MeV)
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~"hotoelectric effect RBE

1

» Photon is absorbed by atom and electron is
emitted instead

Andreas Knecht 26
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Compton scattering =

» Inelastic scattering of photon with
electron

» Energy of outgoing photon:
E’Y
Ty (E,/mec?)(1 — cos )

» Compton edge: Maximum energy
deposition in detector

cosf=—-1-

2 2
m,c m,c

’EdepNE]/_ 2

E}// d
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Cair production BE

Knoll, “Radiation Detection and Measurement”

» Photon is converted into electron/positron pair

- Pair production

» Minimum energy of photon: 2 x 511 keV

" Escaping annihilation
photons

» After stopping: Positron annihilates into two
511 keV photons

Andreas Knecht 28



Size matters!

PAUL SCHERRER INSTITUT

» Resulting spectrum depends on geometry of the detector

Photoelectric
absorption

small detector

Knoll, “Radiation Detection and Measurement”

Andreas Knecht

Escaping scattered
gamma ray

\ Single Compton scattering

-~ Pair production

' Escaping annihiiation
photons

Photoelectric abs.

Compton
scattering

Photoelectric absorption

Photoelectri
absorption

large detector

Compton
scattering

Escaping multiply scattered
gamma ray

Photoelectric

production absorption

&/ Single escaping
" annihilation photon

medium detector

29
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Features of a gamma spectrum BE

Knoll, “Radiation Detection and Measurement”

1.0E06

] [
Full-energy ——
peak

LRRAALL

» General features: 1.0E05

» Full-energy peak
» Compton edge

» Single and double escape
peaks

10000 p 511 keV Compton edge

E SE

»//\
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Energy (keV)
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Muonic atom level scheme FE

Fe spectrum

am

2p-1s

4d-2p
nd-2p

10* L\JW 3p-1s
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200 400 600 800 1000 1200 1400 1600 1800 2000
Energy (keV)
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Muonic atom level scheme

AE n=15
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Additional level splitting BE

» So far only talked about n and / of the muonic energy levels
» Fine structure:
» Coupling of orbital angular momentum / with spin of the muon s=1/2
> New quantum number total angular momentum j with j=l+s
> For =0 — j=1/2; For |0 — j=I+1/2
> Notation of levels: np; . 3P3/2

Two separate 2p transitions:
2p3/2 =2 1512
2p3/2 =2 1512

Andreas Knecht 33



Muonic atom spectroscopy

» Measurement of 208Pp as an example

TABLE V. Experimental muonic transition energies (keV) in 2%Pb (recoil corrected).

Kessler Hoehn

Transition (Ref. 9) (Ref. 27) This experiment
2p3 21812 5962.770(420) 5962.854(90)
2p1,2-181 2 5777.910(400) 5778.058(100)
3d;,5-2p, 2642.110(60) 2642.292(23) 2 642.332(30)
3ds,,-2p; 2 500.330(60) 2500.580(28) 2 500.590(30)
3d;,5-2p3 2457.200(200) 2457.569(70)
3p3,2-281 2 1507.480(260) 1507.754(50)
3p1,2-281 2 1460.558(32)
251/2'2p1/2 1 215.430(260) 1 215.330(30)
251/2'2p3/2 1 030.440( 170) 1 030.543( 27)
5fs5,2-3d3 1 404.740(80) 1 404.659(20)
5f7,2-3ds,, 1366.520(80) 1366.347(19)

5./‘5/2'3‘15/2

4fs,,-3ds )
4f1,,-3ds )
4fs,-3ds ),

4d,,-3p, /2
4d;,»-3p3 )
4d;,,-3p3

971.850(60)
937.980(60)

971.971(16)
938.113(13)

1361.748(250)

971.974(17)
938.096(18)
928.883(14)

920.959(28)
891.383(22)
873.761(63)

Andreas Knecht
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| |
Bergem et al., PRC 37, 2821 (1988)
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Muonic atom spectroscopy BE

Lead Z=82

> Muonic energy levels highly sensitive  Prosabity densiy
to nuclear charge distribution due to
large overlap

0.10¢

0.08;

» Using QED calculations and model for o
nuclear charge distribution allows to
extract charge radius

0.04}

0.02¢

charge distribution

Large effect:

E1s (Z=82) ~ 19 MeV (point nucleus)
— 10.6 MeV (finite size)

o
Andreas Knecht 35
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Muonic atom spectroscopy BE

E‘ 554 :' L Y I L L L L B N B B 83Bi —|—|ﬁ|=:

% 2521 g2Pb v

=2 55— v -

= m soHg 81Tl v -

© 548— v T

o - v vY n

5.46— YY -

- 78Pt 79AU v -

5.421— \ -

5.4 -

5387 " Relative sensitivity ~ 2x104/keV -

536 E

5_34 __ ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] I__
5400 5500 5600 5700 5800 5900 6000

2p3/2 - 1s, , Energy [keV]

» 2p - 1s energy is highly sensitive to charge radius

> What is the limiting factor? — Typically theory, especially calculation of nuclear
response to presence of muon (nuclear polarization)

Andreas Knecht 36



Charge radi in nuclear physics
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pPE

258N g
2490
212215227 A ¢ 249Bk | - 25°Fm
; 240 ZMAm - =
208-232R4 g W\ T 2sepg
202.228Fp | 5 Th \\ N\ F—
Kluge and Nértershauer, Spectrochim. Acta B 58, 1031 (2003) 181.200Hg 20'“’2"2'225Rn ‘ \ T -E...\ ~243Cm
Blaum et al. Phys. Scr. 2013 014017 (2013) 183497, At» \ — “238.20apy,
AU gt218pg 152
178-198pyg - bty
1l g — —198,202213R; . NP
&2 170178 4§ \.\ g Bi 235-233)
% 182-214p},
161-179] Hoes S _
146-160G o . 2 182-193)¢ 187-2087)
138112::1595u " y - o —wanyp
108-132g 135‘137'133Lasm SRR - SN 1se-ergy 153172Tm
E i n 1.20-1488a ’ \\\ - S5y 147-159Tb 151165H0
= " \ . "1sNg 146-165p)
= 102429Cd \ D 145,148Ce y
Z 90-108M° [ z = X\ )
= . oSy 118-146C g
(=) 771005 - = ran 97-110A, -
= \ g  116-146Xe Nucl hart
o 7498Rb - uclear char
a _— . O, - . :ﬂ ~90-93,99,101,103 p .
TTCu UK e \erogy grey: all known isotopes
5253Fe . = 92-102y
25 - et . _'1"’63-67,69-82(;3
24446 pp 4445T] | _alie 6379z
Al 0. g eMn Isotopes probed by laser spectroscopy
1728 M a0 c . .
No R 0<:Ca black: stable isotopes
0 gl T (] 2%Mg red: unstable isotopes
o 1120314
ey 1%Be
1] " -9-] = 3-8He
2H Neutron Number

» Large efforts at ion beam facilities to determine charge radii
» Wealth of information on nuclear properties from laser spectroscopy
> Need electron scattering or muonic atom spectroscopy for absolute radii

Andreas Knecht
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Laser spectroscopy

» Laser spectroscopy of specific transition

» Measure shift of transition energy for different

Isotopes

» Extract differences in charge radii along isotopes
» Needs good measurements of masses and good

atomic calculations

Mass Shift

-——
- ~\

______

(center-of-mass motion)

-——
- ~\

______

Andreas Knecht

Isotope 1 -.‘
Isotope 2 ‘I‘
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pPE
P

/
2nZe 5 o\ AA’
5 AL(0) 5(r*)
Field Shift  (finite size)

E

\

/K. Blaum, Workshop on Muonic

Atom Spectroscopy (2016)
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Laser spectroscopy

» Large chains of charge radii differences

have been measured

Andreas Knecht
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pPE

‘ e stable isotope
i o ground state
A isomer

T 0.1fm?

o< r2>

| Kluge and Noértersh&uer, Spectrochim. Acta B 58, 1031

95 100 105 110 115 120

Neutron Number

125 130 135
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Electron scattering RE

C
C
Detector
E
~\
E oo ® o 0 |¢
e—beam ———p [¢%® ®0% |- - - -
o o%0 ’0 oA S
H target : ey !

Mainz A1_ spectrometer
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Electron scattering =

5 \ * : ' I T I l r | ]
Pogm N\ e ey | e :
& \ | (188 MeV iab) | —\ B
é ; | |\ * W=2 GeV i
£ _ | | i \ x ----W=3 GeV B
s ? i « ——W=3.5 GeV
%) ; ; | .
- ; o'\ =
3 ——— F [~ - - —_—— 7]
g T © | - 4"\."Tlr}_ ----- ]
Point charge, B 7]
) ! | point moment |l B \ ~go 7]
1070 | —— i : (anomalous) i B \ ) 7]
; N\ Curve ! — - 3 4
4 ! 5
— —— b 2 \
| o 5 0°F \ ‘:
"y S :
Mottt curve ! — * -
S E—— i \ 1
Experimental curve""i"-ff ‘0-3 3 \\sﬁ\sno E
| al cur : | - SCATTERING ]
. | & ~ :
Nobel prize 1961 o2 ] NN Nobel prize 1990 . §
Robert Hofstadter curve N Jerome |. Friedman AN _
. ! \ ) ) \ i
size and stru_citﬁre of Inucleolns | | internal structure of nucleons ~
10 24 | + + i, 1041 ] | l | 1 L
30 50 49 <0 10 130 150 o) | o 3 4 5 6

-
Laberctory angle of scattering (in degrees) _ (

a2 (Gev/c)?
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Additional level splitting BE

» So far only talked about n and / of the muonic energy levels
» Defined total angular momentum j

» Hyperfine splitting:
» Coupling of total angular momentum j with spin of the nucleus i
> New quantum number f with f=j+i
> ffollows the relation |i —j| < f<i+]

> Notation of levels: (np, ) I=1/2 muonic hydrogen

g F=2
:ﬁ J=3/2 —

n=272¢ £
5 F=1 5
B =1/2 2,
_é J F=O Ig
£ =
s
F=1 o
n=1128 =]./2 >
J F=0 Is

N

Andreas Knecht



Quadrupole moment

» Energy levels affected by the size and shape of the
nucleus

» Size — charge radius
» Shape — quadrupole moment

» Effect of quadrupole moment shows up in the
hyperfine splitting of muonic energy levels due to
dependence on nuclear spin

» Note: also magnetic moment leads to splitting, but
effect very small as 4, < i,

Andreas Knecht
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pPE

i > Spherical o Prolate
o
- Oblate
@,
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Nuclear capture

» After the cascade there are two possibilities
for the muon:

» Muon decay with a lifetime of 2200 ns

» Muon capture with a lifetime of ~80 ns for
high-Z atoms

> Nuclear capture strongly dominating for high-
Z atoms

> Nuclear capture rates and accompanying
neutrons, gammas etc. explore the nuclear
structure

Andreas Knecht
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pPE

Muon decay:

p-— ey,

Nuclear capture:

p +p—-on+y,

1 1 1

Lot Tfree Tcap
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Total lifetime S

> Total lifetime can be measured by 1 1 1
detecting decay electrons — = I
» Extract capture rate by subtracting free Lot Tf’” ee TC@P
muon lifetime
'0°5: | SO BLELALL] O B MR
5 |- |
- 2.2 usec for free muon
- - g
e 50
] 2109 - ‘g
e E s 1 5
g * 120 3
— - @
s , o o
—— — 4
= 1 &
107 s
- °
5—
TIME (usec) B 12
5 Lo 1ol Lol

2 5 I0 20 50 100
Atomic number (Z)

]
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pPE

The muX experiment:
Otable 1sotopes
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Case ot rhenium =

» The two rhenium isotopes 8°Re and 187Re are the last stable isotopes without a
measured, absolute charge radius

» Their ground states have spin i=5/2 — also have access to their quadrupole moment

Andreas Knecht 47
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Hyperfine splitting of 5g-4f transitions [~

» For higher muonic transitions
measure full guadrupole moment 12000

— typically chosen: 5g-4f transition - Sggp — 4y measured spectrum

10000— 587, — 4y 5g.,, — dfs),

— B S5, — 4ds), S, — 4ds),
» Drawback: = 8000
» Transitions not separated = i
] ] o 6000—
» Effect only through widening of © N
peaks 4000

2000 | |

| | | | | | | | | | | I | | | | | | | | | | | | | | | | |
4 35 358 360 362 364 366 368 370
Energy [keV]

o
'd, |-
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Hypertine splitting ot 5g-4t transitions

Relative intensity

PAUL SCHERRER

INSTITUT

pPE

-E
(keV) -
g F
» 5 transitions split into 76 transitions g Z j
. . 9. o
between hyperfine multiplets 692.20 — : 1] 3 I
=0.15 keV
» Quadrupole moment changes spacing \ :
and intensity of the various lines
E/6
AEB(599/2- 4f,,)
~368.29 keV
F
1
i 500> 4y, By 4k, ]
B — 59— 4f,, v
0.8— § 2
L i 4t IilJ'\I =0.67 keV
B 1060.49 —
0.6_— = ¥
B  —
0.4_—
0.2
OT wl HH PN O T bbbl
-2 -1 1 2 3 4 5 6
AE [keV]
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Need to understand line shapel =

> F| Sona
=< 25000 —— Bkg
A | — Gaus+Step
3 L |- - - Tail+Step
> 20000:—:%?‘5
5
|_|>J 15000 —
10000:—
» Using various lines in the muon and .
background spectra to fix line e S =S = A N S S S
shape parameters Energy (keV)

— Gaus+Step

10* --=-Tail+Step

Events /(0.2 keV )
I
;Q

. AR Y
1 | 1 1 1 | 1 1 1 | 12 1 1 | 1 1 1 | 1t Y 1 | 1 1 1 | 1 1 1

258 260 262 264 266 268 270 272
Energy (keV)

]
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Fitting experimental spectra BE

8000 -
E 8000 :_ — model
7000— (a) I~ — background ' (a)
C — —>5g —4f
- 000" sg a;
6000— - —5g, -4,
_ - — 6000{—
3 5000— ; =
o C o 5000—
c — C I
S 4000/ 3 =
o - O 4000
3000[— -
- 3000—
2000— -
. 2000—
1000 Ll | | | Ly | | |
12000 — 8000—
N - Gel
10000/ (b) 7000~ 157 (b)
—_ B — 6000[— Re
o 8000 3 -
%) - o 5000
§ 6000~ S 4000
4000 3000
- 2000
2000 _I I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 : 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 T
354 356 358 360 362 364 366 368 370 354 356 358 360 362 364 366 368 370
Energy [keV] Energy [keV]

» Fitting the experimental spectra with the quadruple moment as a free parameter
» Two germanium detectors as cross-check
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Results on quadrupole moment ===~

PAUL SCHERRER INSTITUT

» Extracted quadrupole moments for

the two isotopes

» Comparison with existing results
reveals some difference.
However: performed with natural
rhenium, some errors in reported
values, weak transitions not
included

» Systematic uncertainties:
Background shape, line shape
model, energy resolution, cascade

2.07 +£0.02 £ 0.05
1.94 £0.02 £0.05

185
iis 2.21 + 0.04
187Re
2.09 + 0.04
Konijin et al.
185Re
‘%’Re 2.14 + 0.02 + 0.05

our result, no
weak transitions

2.02 +0.02 £ 0.05

Konijin et al., Nucl. Phys. A 360, 187 (1981)

Andreas Knecht
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Rhenium charge radius =

700 —
. 185Re *
5003—
» 2p-1s lines used to extract a0
charge radius = 2p - 1s Eg.
300 — |2p3j2,1=5/2,F=1> —
— [151)2,1=5/2,F=2>
_ 200 — /
» Hyperfine structure (+low-
lying nuclear levels) clearly PE
seen and more reSOIVed than 91(;0' | I52100I — I53|00I — I54|00I — I55100I — I56|00I — I5700
for 5g-4f transitions -
s 187Re A
» Work in progress... 400 —
300 — 2p - 1s Eg.
- |2p3s2,1=5/2,F=1> —
B [1s1/2,1=5/2,F=2>
200_— /
&1(:0l — l52|00l — I53100I — I54100I — I55100I — ]561001 — ]5700

Energy [keV]
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The muX experiment:
Radioactive 1sotopes




Atomic parity violation in radium BE

» Weak interaction leads to parity violating
effects in atomic transitions
— enhanced in heavy atoms («Z3) due to

large overlap with nucleus

» Extract Weinberg angle using precision
atomic calculations
— Needs knowledge of the radium charge
radius with 0.2% accuracy

» Weinberg angle comparable to a and me in

electromagnetism

PAUL SCHERRER INSTITUT

0.243 1
: E158
0241 (ee) NuTeV
- (v-nucleus)
0.239 1 T
E i Q I\
S 0207} oy
= APV n
< S PVDIS m
C.\IE 0.235-: ('°°Cs) (eQH)
)] i
0.233 1
- | Tevatron LEP1
0.231 1 SLC {LHC
- Nature 557, 207 (2018) e
0.229 i, i, e iy
1074 1072 100 102 104
Q (GeV)

E Atomic parity violation fixes weak interaction
properties at low momentum

Andreas Knecht
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What about radioactive atoms? =

> All stable isotopes (except rhenium) have been o Johnson etal, Phys. Lett. 1618, 75 (1985)
measured with muonic atom spectroscopy ; 241 A 1)
» ] " 50;
> In a few special cases also radioactive isotopes, ‘
e.g. americium _
29
» The paper describes the americium target as g . Fil | [[
1 . L ' Pt =T T |-
modest weight of 1 gram > 7 BARARERERASARRES
O ] 243 A 11y
50:
> Nowadays: 0.2 g of open 241Am allowed in :
experimental hall... 25 L |
(- ,uul,l A

I

l T T 1 l 1 ¥ 1

6200 6400 6600
Energy (keV)

I [ T

Cannot stop muons directly in microgram targets
Need new method!
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Our radioactive targets BE

226R Radium
1.602vr @226

22203 qFecen 2480m, 3x10° Yy
SF: 8%

218 At statme
15sec
. o
2;2 0 Polonium 2;2 o Polomum 2;2 o Polonlum a- 92 /O
vimin #2% gy C o 244Py, 8x107 y

o 214 Bismuth 210 Bismuth

21 4 I 21 0
B 20m|n 5day

2;3 0 Lead zgg Lead zgg ead .
268mn 42 * )l 0\ 20 - St,b.e Around 3 neutrons per SF emitted

210 Tha“mm 206 T Thalhum Vorobyev et al., AIP Conf. Proc. 798, 255 (2005)
13m|n > 42m|n

Q.QQ
m

206

» 9.5 g target material allowed » 32.6 ug target material allowed
» Gamma rate of ~400 kHz from all daughters » Heaviest nucleus accessible

» Interest from atomic parity violation
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Transter reactions BE

» Stop in 100 bar hydrogen (10% liquid density)
target with 0.25% deuterium admixture

» Form muonic hydrogen up

» Transfer to deuterium forming ud, gain binding
energy of 45 eV

» Hydrogen gas quasi transparent for ud at ~5
eV (Ramsauer-Townsend effect)

» Md reaches target and transfers to uRa

» Measure emitted X-rays from cascade

Inspired by work of Strasser et al.
and Kraiman et al.

o
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Transter reactions BE

» Stop in 100 bar hydrogen (10% liquid density)
target with 0.25% deuterium admixture

» Form muonic hydrogen up

» Transfer to deuterium forming ud, gain binding @
energy of 45 eV . ’\
® @
» Hydrogen gas quasi transparent for ud at ~5 14’&
eV (Ramsauer-Townsend effect)

» Md reaches target and transfers to uRa

» Measure emitted X-rays from cascade

Inspired by work of Strasser et al.
and Kraiman et al.

o
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Ramsauver-Townsend effect BE

c\j'_|
2_
5 1020
<
o
§10 ¢
S transport ..
w S
3
o 1 ¥
I
1l
10 F
. du+H,, T=300 K
_2-
10 :- N 22l N MR | N s a3l N MR | N MR
3 2 P 2
10 10 10 1 10 10

du energy in LAB [eV]

» Quantum mechanical effect in the scattering transitions due to matching of muonic
atom wavelength and scattering potential

» Hydrogen gas quasi-transparent for ud at 4 eV

» Transport cross-section: Taking into account angular dependence of cross-section;
change in momentum proportional to transport cross-section
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Ocattering cross sections
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NSTITUT

pPE

2
10

du energy in LAB [eV]

» Scattering on deuterium does not show a Ramsauer-Townsend minimum
» Need to be careful to not have too much deuterium in the gas mixture

Andreas Knecht
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Muon catalysed tfusion BE

: - : stopping
» Lot of experience on behaviour of p-d fusion cycle

muons in hydrogen gas due to past

work on muon catalysed fusion ®
» Most efficient cycle: atomic capture
d-t fusion, up to 150 fusions per
ey

muon

» Not enough for energy break-even 1 ‘

muon channel transfer

(rare)

Y Q
‘:\0
(&0((‘\3
stlcklng channel ec\)\a
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Fraction of atoms
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“rocesses in gas céll =

1.0 ¢

U
X
up hd
ud
0.2; . !
pud pPUP uX pud
0 1.x107° 2.x107° 3.x107° 4.x107°

Time [s]
» Simplified time evolution of muonic atoms in gas cell by solving coupled differential equations

> Assumes single production rate of uX production = need Monte Carlo to take geometry into
account
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Simulation of transter RE

° 2 0.07
015 0.06
0.05
1 0.04
0.03
0.5 0.02
0.01
0
27.5 28 285 29 29.5 30

P, [MeV/c]

» Developed simulation to predict efficiency of transfer
» Momentum of beam determines stopping distribution with respect to the target

» Deuterium concentration determines speed of transfer but limits range due to pud+D2
scattering

Andreas Knecht 63



PAUL SCHERRER INSTITUT

| OO bar hydrogen target HE

» Target sealed with 0.6 mm carbon fibre window
plus carbon fibre/titanium support grid

» Target holds up to 350 bar

» 10 mm stopping distribution (FWHM) inside 15
mm gas volume

» Target disks mounted onto the back of the cell
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Entrance & veto detectors BE

Entrance detector

Veto scintillator

» Entrance detector to see incoming

muon
Gas inlet

» Veto scintillators to form anti-
coincidence with decay electron

Andreas Knecht
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Germanium array HE

» 11 germanium detectors in
an array from French/UK
loan pool, Leuven, PSI

» First time a large array is
used for muonic atom
spectroscopy
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Array Detection Etticiency BE

o
o
a1

OH‘II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII||

0.045 Full energy peak efficiency

Efficiency

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005 —v-

1000 2000 3000 4000 5000 6000
Energy (keV)
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Experimental setup 2017/20186 ==

T e
manium array

d

I &
£y 3
a9
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Test of transter reactions with
gold and uranium targets
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Energy vs. time spectra [—=

tDIff (n

20041 |

100

o ‘ : | 4 IO < prompt events

-100

accidental calibration events

-200
%400 5450 5500 5550 5600 5650 5700 5750 5800 5850
Energy (keV)

» DAQ is free-running and recording every detector with a timestamp
» Sorting germanium detector hits in time after muon entrance hit
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Understanding target conditions =~

Target Size Backing N, / N, €
50 nm Au 4.9 cm? Cu (10.9+£0.3) x 107> 10.0%
10 nm Au 4.9 cm? Cu (6.9+0.2) x107°  6.3%

Cu (3.6 £0.1) x 107°  3.3%
kapton  (3.2£0.1) x 107°  2.9%
(1.3£0.1) x 107°  1.2%

3nm Au 4.9 cm
3 nm Au 4.9 cm
3 nm Au 1 cm? Cu

NN NN

» Detected 2p-1s gammas per incoming muon for various targets

» Not all pd converted in thin targets

» Impact of backing material small

» Can still reliably see gammas from 5 ug gold target (1 cm2, 3 nm)
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Measurement with microgram gold target = ~=

1700

Counts

Apud fusion

2p-1s transition in pAu

\

197Au

1600 208Pb 197Au —

1500

1400

208Pb

1300

_l_l,_llllIII|IIII|IIII|IIII|I

1200

==
o

1100

L

5400 5450 5500 5550 5600 5650 5700 5750 5800 5850
Energy (keV)

1000
Calibration events

» Measurement with 5 g gold target as proof-of-principle
» Spectrum taken over 18.5 h
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Measurement with microgram gold target = ~=

U) —
€ 1700— -
2 E Apud fusion
1600 :_ 208Pb 197Au e 2p-1s transition in pAu
1500 — W \
— 197
= o Au
1400 — 0.2% shift in
- charge radius 208Pb
- - 10 keV shift in
1300 — transition energy
)
1200§
1100 —
- LIHI_
1000 — I
— Calibration events _— |
:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

5400 5450 5500 5550 5600 5650 5700 5750 5800 5850
Energy (keV)

» Measurement with 5 g gold target as proof-of-principle
» Spectrum taken over 18.5 h
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Measurement with uranium BE

% 238U 2p-1s region
1200
: : 5mg
» Measurement with ~5 mg uranium as a o 1 cm?2
test for handling radioactive materials in
our setup 800
. . 600
» Complicated spectrum due to hyperfine -
splitting plus low-lying nuclear excitations 400
: 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
. . . 6000 6100 6200 6300 6400 6500 6600 6700
» 226Ra will look very similar Energy (keV)
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Measurement with uranium BE

% B 238 2p-1s region
1200
: . I 5mg
» Measurement with ~5 mg uranium as a - 1 cm?2
test for handling radioactive materials in -
our setup 800
. . 600
» Complicated spectrum due to hyperfine -
splitting plus low-lying nuclear excitations 400
:I 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
. . . 6000 6100 6200 6300 6400 6500 6600 6700
» 226Ra will look very similar Energy (keV)
Close et al., Phys. Rev. C 17, 1433 (1978)
2250~ 671g ]
| 5 174 cm?2
o . 1500 ot B
Similar performance as in the past ,
but a factor 105 less target material ™% M L wey
ol TN YA

Andreas Knecht 73



PAUL SCHERRER INSTITUT

Measurement with high rates BE

No Baseline correction

» Performed measurements with strong 88Y
source producing 420 kHz gammas
comparable to 226Ra target

» Able through offline analysis to improve

. . 0 1000 2000 3000 4000 5000 6000
energy and tlme resolutlon Max trapezoidal filter (adc)
Se00
> DAQ able to cope with data rate <k A o
800:—
B Sum of all detectors
600 — at 898 keV
B T FWHM ~17 ns
400:—
. . 200
Experiment is ready for measurements i
With radioactive targets! 200 '-1|56 | 'l1|oo' - '-éo' - '(|)' - '5|o' - 'ul)o' - '15|>o'tD'_ﬁ'('2§)o
| ns

]
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Towards 226Rg and 245Cm measurements
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Making radium target BE

» Attempted a measurement of 226Ra and 248Cm in 2018
» Electroplating the 226Ra out of the isopropanol solution onto gold plated copper foil
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Measuring radium target =

» We knew that we had lost a lot of radium in the target making process plus target had
a large organic contamination

» Mounted target anyway but immediately saw that we had only 1% of the required
target mass...

» Measured for a while, but clearly saw nothing
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PAUL SCHERRER INSTITUT

Making curium target B

» Curium-248 target was made in Mainz

» Some issues with plating too much
activity & contamination of Cm-246

» Due to the contamination could not plate
as much Cm-248 as planned
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Measuring curium target =

— Gold lines from 248Cm target
— backing plate

6000 —

5000 |-

4000

Expected positions of
W 248Cm 2p-1s transitions

3000

2000

ﬁ||||l‘llll‘ﬁllll

1000

5600 5800 6000 6200 6400 6600 6800 7000
Energy (keV)

» In the end we did not see any sign of curium x-rays
» Electroplating inherently leads to organic layers on the target
» The fact that we see the outline of the target clearly indicates a reasonably thick layer

]
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Alpha Spectrum =

i = %)
c — Our source T Calibration source
3 4nfl Cm246 | 3 10°= Gd-148 Cm-244
- Cm-248 -
10° = ]
- 10° -
1025— ) i
B "l h 10
105_ | ] \“ —
- w” T i -
L \ H IH\ il
i i 2
L Whﬁli PO | Ny 1
0 1000 2000 3000 4000 5000 76000 1o 1000 2000 3000 4000 5000 6000
Energy (keV) Energy (keV)

» Alpha spectrum measurements can reveal some hints on source thickness

» Tails and unresolved double peak clearly show that we have a “thick” source

» Performed some alpha spectrum simulations but quite a lot of free parameters
» Simulations tend to point towards organic layer of order 500 nm
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Carbon coatings on gold E51

» In order to understand the influence of the
organic layer on our measurements prepared
gold coatings with 100 and 500 nm carbon

coating on top.

> Results:
» 100 nm: 27% of gold x-rays left

» 500 nm: no gold x-rays seen

» We are much more sensitive to organic layers
than expected!

Andreas Knecht
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Developments for 2019 campaign  “~

» Radioactive target developments:

» Drop-on-demand technique and/or plating at low
voltage in Mainz (for curium & radium)

» Low-Z target cell to reduce background

» Use of Miniball germanium array
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Campaign 20| 9 =

» Measurement of charge radius of 248Cm and 226Ra

» Muon capture measurements to obtain input for nuclear matrix element calculations
relevant for double-beta decay

» Additional test requests using the muX setup:
» 25-1s measurements in muonic zinc: Access to atomic parity violation

» Elemental analysis: Exploring the use of muons for elemental analysis (non-
destructive, possibility to select depth)
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Conclusions =

» Muonic atom spectroscopy is a
powerful tool to study properties of
nuclei (charge radius, quadrupole
moment)

» muX project developed method based
on transfer reactions to perform
measurements with microgram target
material

» Good progress towards measuring the
charge radii of 226Ra and 248Cm
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Muonic atom spectroscopy BE

TABLE II. Theoretical nuclear polarization corrections in ***Pb.

- : : Energy B(EM1T 15,2 25,2 2p\ 2 2p3 . 3p\n 3pin 3d; ), 3ds )

» Nuclear polarisation is the (MeV)  I7 (eB?) (V) (V) (V) (V) (V) (V) (V)  (eV)
dommatmg factor that in the end 2615 3 0612 135 12 90 84 26 26 111 —63

_ 4085 2+ 0.318 198 20 182 180 76 84 0 4
determines the accuracy of the 4324 4% 0.5 14 8 7 2 2 1 !

_ 4842  1- 0.001 56 7 1 -9 -8 0 0 1 1

extracted charge radius 5240 3 0130 7 2 16 15 s s 2 2
5293  1- 0.002 04 9 2 =27 —19 0 -1 1 1

5512 1° 0.003 80 16 3 -9 —53 —1 -1 1 1

5946  1- 0.00007 0 0 3 30 0 0 0 0

: : 6.193 2+ 0.0505 29 3 22 21 7 7 0 0

» Typically assumed uncertainty: 6262 1° 000024 1 o 3 5 0o 0o 0 0
o 6312  1- 0.00022 1 0 3 4 0 0 0 0

10 - 30% 6363  1- 0.000 14 1 0 2 2 0 0 0 0
6.721 1- 0.00075 3 1 6 7 0 -1 0 0

7064  1- 0.001 56 6 1 9 1 =1 =1 0 0

7.083  1° 0.000 75 3 1 4 5 -1 -1 0 0

cr s 7332 1- 0.002 04 8 1 10 1nm -2 =2 0 0

» Nuclear excitation spectra Total low-lying states 458 48 233 242 111 117 123 —53
important 13.5 0+ 0.047 872 906 315 64 38 24 15 1 0
22.8 0+ 0043658 546 147 43 26 15 10 0 0

- - 13.7 1- 0537672 1454 221 786 738 255 258 66 54

P LOOkmg for theorists that want to 10.6 2+ 0761038 375 37 237 222 67 68 33 30
: - 21.9 2+ 0.566709 207 21 108 99 29 29 8 7

tackle these calculations with 56 - 0491596 17 7 40 3% 11 ; )
33.1 3- 0.429 112 53 5 25 23 7 7 2 1

modern methods > 3 176 15 80 71 21 21 4 4
Total high-lying states 3794 768 1383 1253 429 419 117 98

Total 4252 816 1616 1495 540 536 240 45

*Values from Ref. 7. Positive NP values mean that the respective binding energies are increased.

Bergem et al., PRC 37, 2821 (1988)

Andreas Knecht 87



PAUL SCHERRER INSTITUT

http://www.struck.de/si 16.html

» Struck S1S3316 digitizer: 16 channel, 14 bit, 250 MHz
» Firmware for online pulse processing
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Why atomic parity violation? pE

0.245

I | | lllllq 1 LB L BLALLI
measurements

¢ completed data taking

¢ proposed

ISLAC-E158 NuTeV

0.240
=
= { APV |
& 0.235 eDIS
£ 1
(/)]
R - Tevatron LEP 1 LHC
0.230 aT MOLLER T B
1 - - >€
P2 T | SoLID
QweakT
0.225 1
0.0001  0.001 0.01 0.1 1 10 100 1000 10000
u [GeV]

> Running of the Weinberg angle as a function of momentum transfer
> APV fixes the low momentum value
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~ossible New FPhysics [FE

Davoudiasl, Lee, Marciano, Phys. Rev. D 89, 095006 (2014)

Maark Z = 100 MeV
Maark Z = 200 MeV

y—DIS

Qweak (first)

~ 0.238
&
> 0.236
D
=
2 (0.234
0.232 : APVED) Moller -
- MESA
[ Qweak [} _
0.230 - "Anticipated sensitivities" SLAC .
-3 -2 -1 0 1 2 3

Log,, Q [GeV]

» Possible new physics in the form of a new dark Z boson hides at low momentum!
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Detection ot APV =

Weak Interaction in Atoms

Interference of EM and Weak interactions
2 fe. o2 e se. o] [ 212

= " |42 7 «x

e :
e gflefio oo

Weak

Ra*
Weak 6D,,

Interaction
E No dipole E PNC Dipole
transition! ~ transition'
7S 7S

12

Elpn.=K. Z3Q, =K, Z3 (- N + Z (1-4sin2 0yy))

/ f Heavy System
Measu rement H vy y K. Jungmann, L. Willmann, Worksho
‘:% / university of Ato m I c Th eo ry or.1 l\bljugnic Atc,>m. Spectrosc’opy (201 GF;

Andreas Knecht 91




PAUL SCHERRER INSTITUT

Benetit of Ra =
Scaling of the APV

increase faster than 73 (Bouchiat & Bouchiat, 1974)

<nS1 /2‘HW‘nPl /2> o« K Z° K. relativistic enhancement factor

3
2000 Z°K

| " Ra* effects
5 1500} larger by:
§ ; 20 (Ba*)
§ 1000} 50 (Cs)
= :
. 500} 23 L.W. Wansbeek et al.,

. cat srt Ba’ Phys. Rev. A 78, 050501

: (2008)

0 Pl |, L

20 40 60 80 100
Atomic Number

= 5-fold improvement over Cs feasible in 1day
Relativistic coupled-cluster (CC) calculation of E1,py 1n Ra”™

El,py = 46.4(1.4) - 101iea, (-Q,/N) (3% accuracy)

K. Jungmann, L. Willmann, Workshop
on Muonic Atom Spectroscopy (2016)
Other results:

45.9 - 10" jeay (—Q,/N) (R Paletal, Phys. Rev. A79, 062505 (2009), Dzuba et al., Phys Rev. A 63, 062101 (2001).)

» Need reliable charge radius at <0.2% accuracy for atomic theory

Andreas Knecht 92



PAUL SCHERRER INSTITUT

Flemental analysis with negative muons @ ~=

Measurements at ISIS Hl”'er et al 7 7 7 slice_px_of hGermaniumEnergyVsTimeFine xz
e I Entries 8862408
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» Elemental analysis with muonic x-rays -
» Depth profiling as a function of momentum N
» Proof-of-principle with stacks of foils QQQLLQQMLLML '18ioo' l lzoiog ' '22:L06LA1

Energy

]
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Muonic cascade o 1 =

— — - -
(@) [\ B> 0))

(oo)

Principal quantum numner (n)

» Muonic cascade after transfer favors 6
higher np-1s transitions

Direct capture on zinc

2
. ] cle e b b e e e L 10"
> Experlme_ntally confirmed for many low- o2 4 6 8 10 12 o
and medium-Z atoms S 107
:
‘(c; 10
hE_
1
Transfer to zinc
R S - S R PRV u T T

Angular momentum (1)

e e
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Muonic cascade

» One publication that claims that
enhancement is not seen in high-Z atoms

» Troubling as would like to predict our yields

» Additionally need to do a cascade
calculation to predict the relative strengths of
all the HFS states

Andreas Knecht

( UNITS OF 10%)

COUNTS 7 { 66 KeV )

384

PAUL SCHERRER INSTITUT

pPE

Bertin et al., Phys. Lett. 74A, 39 (1979)

} 1
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Measurements with noble gases BE

PAUL SCHERRER INSTITUT

» Performed measurements in pure Ar, Kr, Xe
and corresponding mixtures with Hz

» Effect of enhanced np-1s clearly seen also 10

in Xe

» Detailed yields under investigation

Andreas Knecht

Argon

2p-1s

—_
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n
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\_ J Argon/H2 mixture
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Transter Probability in Gold BE

Transfer Prob.

Tr
0.50
— 50 nm
— 10 nm
— 3 nm
0.10F 1 nm
: — 0.3 nm
0.05 — 0.1 nm

DI.G“I | 'D“ID | ’I T “II:I - E[EV]
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Rosenbluth separation (=

‘ Cross section measurement I

(38)s = (@) (47)

(380 ree = (00 1377 (F6H@) +760(@0)

Point-like, s=1/2

Gr(0)=1 (charge)
G (0) = p, (magnetic moment)

extrapolation to Q? — 0 required
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Form tfactor =

*There is nothing mysterious about form factors - similar to diffraction of plane

waves in optics. *The finite size of the scattering centre

introduces a phase difference between
plane waves “scattered from different points

in space”. If wavelength is long compared
to size all waves in phase and F(é’z) =1

For example:

point-like exponential Gaussian Uniform Fermi
p (?) sphere function
F((}Q) unity \ “dipole” \Gaussian sinc-like \
Dirac Particle Proton 6Li 40Ca

*NOTE that for a point charge the form factor is unity.

e For small |7]* we can expand the form factor as

F(@) = [ei®p(@) de
——\ 9
T
~ f(l—I—i(j’a_:’— ) +...)p(f)d3$
2 dF(q2)
= 1 (@ () o ) + - (%) =6
p— 6 q o q dq2 q2=0

]
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201 O Mainz data: most accurate ===

‘ extrapolation to Q2 — 0 required I | | | (r2) = —6h2 dGE(Q?)
b

\/ ||
“in

0.99 | Hfj |

il |
Lt {?WM |
0.97 r T - { .

World’s mostZaccurate
0os | |dataatlow @ {

[Vanderhaegen and Walcher, ArXiv:1008.4225.]
0 0.05 0.1 015 02 025 03 035 04

Q° [(GeV/c)y’] [Bernauer et al, PRL 105, 242001 (2010)]
rp = (0.879 £ 0.0055¢a¢ £ 0.004gys. £ 0.005,,04e1) M

Geo/Gp

0.95
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Benefit from more absolute measurements  #(~=

M. Kowalska, Workshop on Muonic

=> Modified King plot

® When data for at least 3 isotopes exists (i.e stable isotopes):

» Combine absolute radii (transitions in muonic atoms and/or electron scattering) and
isotope shifts in optical transitions to derive more preciselF and K MS|values

- A7 Mg 1A _ 4 o A m 4 Mmoa
ovA-A | 4 | = Kps + Fo(r3)4-4 A .
”)A= — v N?fA — m ar

o (r? 4.a0 Mg A —AMS + 1 spA.A g A
Mg — 1M ar F F My — My
Kars|E |
— &}[S ] fitted value (with uncertainty)

| [ -
T = .
JE o lsotope 1  Butif there are
< £ -oP ) I fewer stable
SN - pair A, A" - i _
S | isotopes ...
N g, i -
h o2 See Na, Mn, Cu, Ga
< = .
o E i < Isotope
= Rair A A’

B 51/A AL Ty My | 7

| N My — M4 i

‘|J modified isotope shift (GHz u)

]
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Instrumental ine-shape analysis BE

» Gaussian shape due to statistical fluctuations and electronic noise:

GE) = : exp| — (E - m)°
\/Zw 202

» Hypermet shape due to incomplete charge collection:

T(E)—L E—m_l_a2 » E—m+ o
= > cXp b 2b2 Cric \/56 \/Eb
> Step-like shelf shape due to accumulation of Compton scattering and pai duction
effects: A E—m
S(E) = —erfc
2 V26

Total PDF in RooFit: P(E) = Ny, (fg G(E) + £: T(E) + S(E)) + B
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