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High-resolution Exotic Atom x-ray spectroscopy with TES
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collaborating with NIST (US)

2014 + 1 atom @ PSI (Switzerland) | 2250ty
study
2016 + Study of
1 K- atom @ J-PARC (Japan) strong KN
Interaction
2018 T
T Study of
2020 + | H-atom @ J-PARC (Japan) | kL BSQED
under extremely strong
electric fields
| u-molecule
2022 future. . .

| X-ray spectroscopy for 30 ~ 100 keV
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1. Introduction



Muonic atom

. when a negative muon
- stopped in a target material,
muonic atom is generated

Excited state muon (as heavy electron)

process .-
when generateq at electron K-shell

< — e-mass : 0.511 MeV/c?

n o< | mZ ~ 14 U~ Mass : 105.7 MeV/c2
u me

Radius * . x 1/200

v
H E B m*

> X-ray energy > —— x 200

Z+

Cc.f. H atom (2p-1s) 122nm ~ 10 eV
uH atom (2p-1s) ~ 2 keV

nucleus



Strong electric field

v
...................................................... v muon feel an extremely strong electric field
.......... £ = internal electric field strength is to be 2002
deexcitation (=40,000) times higher than that of normal

process .. hydrogen-like ions.
= an ideal probe to explore QED

m
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electric : m
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field : -

“under extremely strong electric fields”

inversely
‘ proportional to*

the square of : | -4
Z+ the radius. X_ rays g * ’
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i’ high-precision
' spectroscopy

nucleus
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Internal electric field o< Z3

N Ne Ar Kr Xe Pb U

10%°
107
107
10%°

10"
Schwinger Limit :
1.32 x 1018 [V/m]

where the electric field
I becomes nonlinear in QED

/ normal hydrogen-like ion : n =1
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Atomic number Z
strong electric field @ heavier atoms — still lower than Schwinger limit
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Internal electric field : x 2002

N Ne Ar Kr Xe Pb U

| muonic atom : n = 1
A‘

Schwinger Limit :
1.32 x 1018 [V/m]
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Internal electric field [V/m]
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Avoiding nuclear-size effect

1n13

principal quantum number
for y atoms
Pb

AN

V/

n=1- Larger
Nuclear

n=2 size

n=3 effect

n=4+ Smaller

AN\

v But, in the Lower “n” (principal guantum number) state, nuclear size effect
(overlapping with nucleus) become dominant.

= Carefully choose X-ray transition into the energy level where the nuclear
size effect is negligible but having significant QED effect



Muonic Ne 5—4 X-ray

The first experiment (with ~10 keV X-ray region)
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— 23 N Ne Ar Kr Xe Pb U
& 10
E 102 E - n=1 for y atoms/ions
Q 10?" ;E / | In=2
D 2 = / //// n=3
M S — | — n=4
- / .
fpd .
O E / /// <« Schwinger Limit :
Q P ————— 1.32 x 1018 [V/m]
() %
© :
-
.
_'G_)' 101° Transition transition QED QED as a Nucl. Size
E energy with contribution  fraction of Error (eV)
1014 QED (eV) (eV) trans. ener. (%) Nucl. size effect
1 01 3 5f5p—4dsp 6304.340 0.08%
1 012 i 5f5p—4dsp 6300.435 0.08%
.t T ol Stip—4dsp 6301.432 0.08%
0 10 20 5g7n—4f5n 6298.611 0.04%
Sgin—4fn 6296.664 0.04%
Sgon—4tin 6297.261 0.04%
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Low pressure gas target

~ " Auger electrons

----------------
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.......
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¥ the muon peels off most (or all) of electrons
deexcitation bound to the nucleus as Auger electrons
process - “.. = a highly-charged muonic atom isolated in

. vacuum are generated

v Low density gas target is required to avoid
rapid refilling of electrons into this system from
surrounding atoms.

‘ e
from
nucleus surrounding

atoms



Problems so far

1. Electron refill

= To avoid rapid refilling of electrons from the surrounding atoms,
a low-density gas target (e.g., as low as 0.1 atom) is essential

= However, it is experimentally difficult to efficiently stop
muons in a low-density target due to their large momentum
distribution (Ap/p ~ several %) via traveling pion decay.

2. X-ray detector :

= need both “high resolution” and “large effective area”

15



This project

r B
1. High-intensity low-energy negative muon

= world strongest pulse low-energy y- source @ J-PARC
MUSE (muon facility)

= |solated muonic atoms in vacuum is available by using

low-density gas target
\_ J

r B
2. Novel superconducting detector

= an array of NIST’s multi-pixel TES microcalorimeters
= combining both “high resolution” and “large effective area”

\— _J
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2. What’s TES
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super
conducting
state
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TES microcalorimeter

Microcalorimeter

P
[>

articles
AE

1. Incident particles absorbed
2. Energy AE -> Phonon

3. Tiny temperature rise Is
measured by a highly sensitive
temperature sensor TES

Reference : Bennet et al., Rev. Sci. Instrum. 83, 093113 (2012)
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TES microcalorimeter

Microcalorimeter

S Ve
super particles
conducting 'p) AE
state

Transition Edge Sensor ——

Ro~50 mQ 1T T
- f normal
o conducting
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Reference : Bennet et al., Rev. Sci. Instrum. 83, 093113 (2012)



— Microcalorimeter
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TES microcalorimeter

super
conducting
state
T2
o]
b ng
""‘\.)\_if_lk./' Wr1
§R5h }RO
AN | 1
L {ogup, 6
T

S Transition Edge Sensor ——

RO~5ole rrJrrri1

0.8

04 particle |
» absorption
0.4

n

Rapid increase
In resistance

]

Resistance
R /R

0.2 )
¢ Tiny temperature rise
0 | | | | | | I | | | | | | | | I | | l1
119 120 121
Temperature (mK)
N -

Typical
pulse

Channel

Trai~C/G

[ U U -

MNONMNDEOOON SO

Trise™ L/(Rsh+ RO) 7

x103

rise time ~ 200 ps
decay time ~ 500 ps

2 4 6 8 10

Time |msec
J

.

high energy resolution (AE / E ~ 10-3)

TES : AE (FWHM) ~ 5 eV @ 6 keV X-ray
(ref. SDD : AE (FWHM) ~ 150 eV @ 6 keV)

Reference : Bennet et al., Rev. Sci. Instrum. 83, 093113 (2012)
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TES microcalorimeter

——  Microcalorimeter % Transition Edge Sensor ——
super particles
conducting 'HAE Ro~50 mQ ! rrT T
state - :
0.8 i
bias current ] i
0.6- /?\ -

1. Incoming radiation

2. temperature rise

-> Increasing resistance
3. reducing bias current

constant 8 |
bias b

-‘
®
@

'3

.

Time |msec
J

119 120 121
Temperature (mK)
\ J
. 16 x103 | |
Typlcal £ 14 rise time ~ 200 ps
520 decay time ~ 500 ps
pulse ol f
6 L
Trise~L/(Rsh+RO) g :
Trali~C/G 0 | | | |
2 2 4 6 8 10
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TES microcalorimeter

——  Microcalorimeter % Transition Edge Sensor ——
super particles
conducting 'HAE

state

bias current

RONSOle-"Illlllllll
0.8 / -'

constant 8| . . — 0.6 = -
bias b 1. incoming radiation J negative
2. temperature rise f
[ -> increasing resistance ' electro-thermal
<R, I?R 3. reducing bias current feedback
4. reducing Joule heat * -
5. temperature fall s

:: d 6. back to original position -|-|-|-|-/ PR S

119 120 121

N\L Temperature (mK)

9 J

x103

rise time ~ 200 ps
decay time ~ 500 ps

Typical
pulse

Channel
RN R U W —

Trise~L/(Rsh+ RO) 7
Tral~C/G | | | |
0 2 4 6 8 10

Time |msec
L J

MNONMNDEO®OON SO
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TES microcalorimeter

— Microcalorimeter

particl

€S

/

Transition Edge Sensor ——

super
conducting [)AE Ro~50mQ !rrTrrrr1Trrr 177
state -
T, 0.8 :
Absorber : :
C, ) .
| A 0.6 = 2 -
8 b 3 . -
e e 4_Dynamlc range
0.4 = @
! TES T. - S (e« C/ )
§R5h g RO = : Al
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—:_. OHI | I L | | | | | L| l | | |
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Temperature (mK)
\_ ™~ J
e SlogR To SR : 516117 ‘ ‘
Temp. sensitivity : a7 = =——| == — Typical £ rise time ~ 200 ps
0gL 1 0 Io pulse S 1ol decay time ~ 500 ps
8¢ ]
Energy resolution: AFE o +/T2C'/« o
9Y \/ ¢ / g Trise~L/(Rsh+Ro) g:
| Trai~C/G 0 ‘ | | |
Saturation energy : Fsat &~ 4TcC/ag 24 ; ” ; O




Adiabatic Demagnetization Refrigerator (ADR) :

Vacuum Jacket Size
33cmX22cm X
66 cm Tall

Experimental Volume
24cmX15ecm X
14 cm Tall

1st Stage Cooling Power
25W @55K

2nd Stage Cooling Power
0.7W @ 4.2K

GGG Cooling Capacity
12J@1K

(< 500 MK @ GGG)

ADR Base Temperature
<50 mK

FAA Cooling Capacity
118 mJ @ 100 mK

Y relatively |

B COmpact
e size [°

33 cm ==

U .
.
two-stage
pulse tube
(60K, 3K)

AR

i ’
y 5

b

s T

Al

~ElR | b

50 'mK cryoStat

(model : HPD 102 DENALI)
(double-stage salt pills : GGG 1K, FAA 50mK)

v Cooled down to 70 mK with ADR & pulse
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Time division SQUID multiplexing (TDM)

to reduce the number of wires running to the low-temperature stages of the cryocooler
-> 240 pixel readout

only 8 read-out lines (8 columns)

Column Column 1 Column 2
outputs: .,
EE —SQ2 flux bias Column 1
Al SA flux bias
Each =3 f Ve,
colored 7 [P
. S Y Veg
block is L 3308
1 pixel o
Row address
currents:
Row 1 ‘
E-f':_ on = P
E ﬂ ﬂ (7 LI liatl Column 2
independent 30ch
switching each 240ns
Row 2
(30 rows) S
< iliter
master clock
125 MHz

multiplexing flame time : 7.2 [us] (=240 ns x 30 ch) -> sampling rate=139 [kHZz]

Randy Doriese (NIST), NSLS Users Meeting: May 21, 2008



Example of pionic atom experiment

@ PSI M1 beamline

r» / arras

X-ray tube
for energy
calib.

Counts / 10 [eV]

S. Okada et al., PTEP 2016, 091D01 (2016)

27

-

Counts / 1 [eV]

resolution
~165 eV

X-ray energy [keV]

J




3. Experiment
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J-PARC

Japan Proton Accelerator Research Complex

" \q 3 y

'b

a{?—.“ o _orte  LAW
<% Rapid Cycle Synchrotron

Llnac | jn
g’ H "l m synchrotron

"\-, : .
Energy SGeV

= % P" \ a ﬁ" Repetition 25Hz
/ Power: 500kW -> soon 1MW
* - = Neutrino beam to Kamioka .

. . '.HF-:-A i | J-‘ ) ' ' i " :“"‘ ‘ » -

MLF

Material & Life Science Facility
- Muon Science Facility
Pose? 472 |

Main Ring
synchrotron
— 1.6 kmring —

providing high intensity (c.f. 27 km @ LHC)
poroton beam ; *




Muon beamline

J-PARC MUSE D2 beamline \
= |
« 3 GeV proton beam — higher 11- yield /‘
- avoiding window (@ solenoid magnet) TT-
— higher p- yield at lower energy region

Experimental area



Experimental setup

connected >
to beam pipe

HU- bea

1 - ©-9 TES>

Be

window

Target
gas

Kapton
windows

generator

Acrylic flange -5»

3D view
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4. Results



Energy calibration

Continuous X-ray irradiation during experiment

electron gun j

n
—t
c
-}
Q
o

160000 -

140000 -

120000 A

100000 -

80000 -

60000 -

40000

20000

33

v controllable intensity
vY'many x-ray lines

Ne:p=01atm |CoKa CuKa
Cr Kq
Cr Kg Co Kg CuKg
5000 6000 T 7000 8000 9000
uNe Energy (eV)
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Energy resolution ~ 5 eV @ 6.9 keV

160000 - e Experiment
CO KQ — Fitting

140000 A
120000 A

100000 - +

80000 -

Counts

60000 -

40000 +

20000 -

O =
6890 6900 6910 6920 6930 6940 6950 6960
Energy (eV)
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Energy vs. Timing (muon arrival time)

15

CrKa CrKg CoKa CoKg CuKy CuKpg

104, "l o

'" P Hu.”}: h un,' Il" ‘ "
| | '" | g 'I"[ “M il ::' |‘\C"\ 1l ”J W"l
mel Wil

T}

SjuNoH

Time defference (us)
& o

-104{ | ' H."
I |II I | |
. i it
3 f L |
_15 : ;i i n

5000 6000 7000 8000 9000
Energy (eV)



160 -

140 -

120 -

Counts

40 -

20 -

Muonic-atom X-ray spectrum

Qo
o
|

5000

Cr Kq

1uBe 3-

Cr Kg

6000

Energy (eV)

Ne : p=0.1 atm
IUNe 5-4
2
Co Kq Cu Ko
Co Kg Cu Kg
7000 8000 9000
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Effect of charged particle

Charged particles scattered at the timing
of the muon beam may hit the detector.

14000 -

| Charged ™"
Sibase  particle 100

‘mo

8000

6000 1

Feedback value

- 240 pixels
~— ~ 23 mm?2

: 1 g‘ - 2000 A
X-ray 0 -
-2000 0

4000 A

2000 4000 6000 8000 10000

0.7
—&— Cr KAlpha — At=0.0 us
0l —e— Co KAlpha 1 Co K —— At=320.0ps
'qu 4 —e— Cu KAlpha a
05 . : . 80
s shift to the high energy
T 04 side by pileup f; 50
2 p=
%0'3- g 40
Ui I=
0.2 <
20 1
0.1
0-
00 T 50 100 150 200 250 300 380 400 6900 6920 6940 6960

At (us) Energy (eV)



Muonic Ne atom 5—44 @ 0.1 atm

Counts / 1.00 eV bin

Residual / 1.00 eV bin

175 - . . — total
Preliminary = 5475 41y
150 - 5992 = 4f7)2
—==8g7 — 4fs5),
125 - | —== 5fsp = 4ds),
—— 5f7/2 - 4d5/2
100 A -== 5fsp = 4d3p
| 5ds;; = 4p3)2
75 - iy —-—= 5ds3;p = 4p1p
| II \\
I \‘
>0 & ‘\
II \
I/ \
25 - ! \
a4
N T I ~ ‘.v v // — P
04 2000 9% 4% s spe o i SR !..!.ﬁ.l
6260 6280 6300 6320 6340
20 -
reduced x? = 1.160
ndf = 95 l
0 Lo s T iy 0 '+M
¢
¢ A ¢ +I
[ )
_20 _

6260 6280

6300
Energy (eV)

38



40

Next target?

N Ne Ar Kr Xe Pb U

10%°

n=1 for y atoms/ions

T
Bw N

4_' Schwinger Limit :
1.32 x 1018 [V/m]

Internal electric field [V/m]

Atomic unit of
< ¢lectric field :

||||T|||||||||||||||||||||||||||||||||||| 5_14x‘|011[\//m]
0 10 20 30 40 50 60 70 80 90

Atomic number Z



Experiment purpose

TES under development

present

41

-

:dlnR
dInT

Ema,x ~ CTC/CV ]

Gamma-ray TESs

Future TESs

Energy
Lines of interest

Saturation energy
Absorber material
Absorber thickness
Absorber area
Pixel number
Total collection area
Absorption at 45 keV
Absorption at 100 keV
AE (FWHM)

15 keV
pu-Ne @ 6 keV

20 keV
Bi

4 um

320um x 305 um

240

23 mm?

5eV@ 6 keV

130 keV
u-C @ 75.3 keV
u-N @ 102.7 keV
pu-O @ 134.35 keV
150 keV
Sn foil
120~ 250 um
1.3mmx1.3mm
96
160 mm?
92%
26%
| 40 eV @ 130 keV and below;
60 eV @ 150 keV

50 keV
p-Ar @ 44 keV
p-Ar @ 20 keV

70 keV
Au/Bi
3um/15um
700 um x 700 um
150
70 mm?
20%

20 eV @ 40 keV and below

v New cryostat, readout system
v Available in a few years (for u-atoms)
v Multiple units can be installed

20 keV
p-Li @ 18.70 keV
pu-C @ 18.83 keV

50 keV
Au/Bi
1.5um /15 um
700 um x 700 um
150
70 mm?
17%
8 eV @ 20 keV and below;
Unknown @ 40 keV



5. Serendipity
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during TES detector study

connected — >
to beamline pipe

\ maen Just for a study of energy shifts at
Kapton windows beam tlmlng
ADR Observing characteristic X-rays from
© O excited by the
o0 o charged particles of the beam
o ged p
© S A This is what we expected
175
50 LBe 3-2
> 125
()]
© 100
% 75 -
S CrK
50 1 @ CoKa| Fekg
25 -
MNWW J
5000 5500 6000 6500 7000

Energy (eV)
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Serendipity !

=

connected
to beamline pipe

Kapton windows

muon Surprisingly,
other than Fe Ka and K,

an unexpected and very broad

ADR .
s structure was discovered.
o Structure is starting from Mn line?
° Be window —— — i{J * * *
Mn Kz Mn K~ Mn Kg
175 : ;
0. uBeIB 2
: | Fe K,
E 125 r) :
® 100 -
O 504 Cr Ke CoKaf Fe Kg
25
5000 5500 6000 hypersatelite 500 000

Energy (eV)



Counts / 3 eV

Serendipity !

Thanks to the high-resolution detector,
this structure could be observed.

TES
(AE~5 V)

SDD
(AE~150 eV)

Mn Ky Mn K" Mn Kg
175 - - ;

Bei3-2
150 A H :

Fe K,

RN
N
&)}

RN
o
o

N
(€]
]

Cr Ky

&)
o
]

CoKal Feky

N
(@)}
]

o

5000 5500 6000 hypersatelite G500 7000
Energy (eV)
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6

Fe behaves like Mn with a charge of -1 4

Muonic Fe atom (- Fe) Periodic table

electron orbitg|

osMn | ogFe

screening

e ﬁ) deexcitation

process

v Fe charge (+26) is shielded by p- (-1)

v From the standpoint of an electron, it looks
like Manganese with atomic number +25.

v The degree of shielding changes during the
deexcitation of muon atoms

v This precise spectroscopy of electron X-ray
energy captured the whole picture of
muon's atomic formation process.

muon orbital
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Results (PRL 127(2021) 053001)

MK

. UFe electronic Kg

5000 6000 6100

Energy (eV)

40

Mn Kﬁl,s

A

UFe electronic Kg

e)

SEHH

3

1

ll”"‘HIIII
pm

6500

6600 6700 6800

Energy (eV)

X-ray energy changes
depending on:

1. Shielding effect by muons
(-> principal guantum number
of pFe)



Counts /3 eV

Results (PRL 127(2021) 053001)

MK

. UFe electronic Kg

i |‘||||'|||

NII\‘I ‘ i

W\Mlln

IIIIIIIIIII

(” ( number of
NPoeio 1 2
59'0

Counts / 3 eV
a a0 NN

0
(e)

Mn Kﬁl,s

UFe electronic Kg

JIII\

iy
|||\I||||

JII‘”\ i

fu

0000000000000000000

X-ray energy changes
depending on:

Lﬁw 1. Shielding effect by muons

(-> principal guantum number
of pFe)

2. Electron configuration
(-> number of L-shell hole)

48



Counts /3 eV

Results (PRL 127(2021) 053001)

Mn Kq, Mn Kag,
120 : : 40 —— :
(b) : UuFe electronic K, 25 | (c) : UFe electronic Kg
100 1 [ :
2 80- ;
2 I
o 601 ig
2 ;
>3 - 1
& 40- : i
: Fidt'
1 i ii; Ty ﬂiqiﬁllhgl
ogﬂf“"‘ - LAY
(d) : ||||A| IHIH MNIIIIII ‘IIIIII LI
. oi |l | \IIIII L
2 iy \ | Hlll I
5 ill il ‘II |||\|||||
£EE, JII ~ JII ||||||| J
Ew® O J || | |
ss= ]
A |
o
O
£ 14 ] BEFLA 1
Nhole ; o 1234 5 O7& Npolelg 1 2 3 4 5
5800 5900 6000 6100 6500 6600 6700 6800
Energy (eV) Energy (eV)
120 120 h 1 40
(b) Kg 25 (c) Ks
100 s~ | 1001 — I'y=0.35fs™1 — Iy=0.35 fs™1
30 A
80 - 80 I{ .
60 | A R } 201
40 A 15 1
10471
20 1 el £
58I}

0= . . :
5800 5900 6000 6100

6100

6300

. |
T Y Wk
10132 g LYl
Ty P
0 T T 0
0

6500 6600 6700 6800

also reproduces “hyper-satellite x-ray”
from the double K-hole state
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X-ray energy changes
depending on:

1. Shielding effect by muons

(-> principal guantum number
of pFe)

2. Electron configuration
(-> number of L-shell hole)

V

Cascade calculation
reproduces spectrum

with ONLY one fit parameter, ['m

(Speed of side-feeding of electrons
from the metal band to the M shell )






Summary & Qutlook

-

® Muonic atom is an ideal probe to explore QED under
extremely strong electric fields

@ Introduced TES microcalorimeters

@ Successfully conducted muonic Ne X-ray measurement
with 0.1 atm gas target under an intense pulsed muon beam

@ lowards further measurements of higher atomic number /
(having a larger contribution of QED effect), a new TES
spectrometer having the energy range of < 50 keV and < 130
keV Is developing.

@ [Serendipity] fortunately observed dynamics of the muon
atom formation process for the first time
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