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\ \ Bound state QED—a rich landscape

LKB
Self-energy

ASOS 2023 2 Nancy Paul



\ \ Bound state QED—a rich landscape

Self-energy

LKB

SE-SE VP-VP
P . NP Ao @
SE-VP

222 e o

ASOS 2023 3Nancy Paul



G a0/100
Hydrogen-like .’.-_r:':::.".‘-,

Uranium

\ \ Strong field Bound State QED (BSQED)

High precision comparison between
theory and experiment possible for low-Z
systems (H, He, D)

Strong-field QED transitions in the ~keV
regime, no direct laser spectroscopy

10"
15 X, X ray detectors (AE ~100 keV)
10 AEqep =~ 500 eV
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\ \ Strong field Bound State QED (BSQED)

L
Hydrogen-like e
Uranium U /"'

« QED effects become relatively more
Important

* QED theory non-perturbative (Za)

* Theory exists but experiments difficult to

g test higher-order QED contributions
>,
A, :
L\j/.l 10 T Strong-field QED 1
10" | Low-field QED |
1010 - Laser spectroscopy (AE~10eV)
- H Hydrogen AEcqep = 10™ eV Frontier via complementary methods
10° / Ex. g-factors, high-intensity lasers, ...

1 10 20 30 40 50 60 70 80 90
Nuclear Charge, Z
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\ \ Strong field Bound State QED (BSQED)

LKB
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Highly-charged S emission:

1 1 0 20 30 40 50 60 7 80 90 Boyarsky et al, Physical Review Letters (2014)
Shah et al, The Astrophysical Journal (2016)
Nuclear Charge, Z
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\ \ Strong field Bound State QED (BSQED)

G a0/100
Hydrogen-like

Uranium

*QED untested beyond [¢t order effects,
2 order QED is ppm effect and currently untested!

T Strong-field QED 1

<E> [V/cm]
S,

| Low-field QED |

Laser spectroscopy (AE~10eV)

C > H Hydrogen AEcep = 10 eV
/ .. 2 P = 8 + B o b o 8 + 0 o B0 . 0

110 20 30 40 50 60 70 80 90 *QED tested to threshold of 3rd order
Nuclear Charge, Z effects
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\ \ Precision spectroscopy of highly-charged ions (HCI)

LKB
Theory-experiment comparison of QED effects in two-electron atoms (He-like)

for transitions to the ground state (Lyman-alpha)
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c',_ < 02 ’ ! Chantler et al (2012, 2014)
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e LKB measurements
-10
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Figure adapted from P. Indelicato, Topical Review: QED tests with highly-charged ions, Journal of Physics B 52 (2019) 232001
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\ \ The Double Crystal Spectrometer

LKB

Highest precision x-ray spectroscopy (2 keV—200 keV)

—crystal spectrometers

* Analyse x rays based on Bragg diffraction from crystal lattice

* Requires precise knowledge of crystal structure and dynamical

diffraction theory

;ﬂ = Z?Sm(é’Bmgg)
X-ray Crystal lattice M'e}ured
wavelength spacing Bragg angle
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The Source “SIMPA" for highly-charged ion production
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* Direct connection to plasma, 50um thick Be window
* In the plasma the ions are trapped in the space charge of the electrons (~10!! e-/cm3), ~ few eV trapping depth

* Intense source, provides access to forbidden transitions, narrow linewidths
Nancy Paul
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The Paris Double Crystal Spectrometer

l Control electronics PC Control electronics

* Sijy crystals from NIST, lattice spacing (d) known to 10-8

 Angular encoder for second axis: Heidenhain RON 905 with AWE 1024
interpolator —0.2” of arc angular accuracy

* Detector : LAAPD (large area avalanche photodiode) cooled at -10°C

ASOS 2023
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LKB
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\ DCS Recent Results

o\
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Highest precision, reference-free measurements in core- 36.25 36.30 3635 36.40 36.45

excited Li-like ions , .
First ppm measurements of the relativistic

Sulfur peak ratio : 0.46 [theory], 0.627(22) [exp] magnetic dipole transition in He-like S
Argon peak ratio : 0.44 [theory], 0.397(14) [exp]

Cannot be explained by known contaminant lines Test of 2e QED effects, sensitive to crystal

form factors

J. Machado, G. Bian, N. Paul, et al,

PRA 101, 062505 (2020) /JD'RAA/\Iafg;dgéz%z ’;a(;’b Zeé)a’f
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LKB

Impact of He-like S M1 measurement

Absolute measurement of the relativistic magnetic dipole transition in He-like sulfur

Jorge Machado,' * Nancy Paul* ' Gabrielle Soum-Sidikov,** ! Louis Duval * ¢
Stéphane Macé,' Robert Loctzsch ** Martino Trassinelli,* and Paul Indelicato®

! Laborutory of Imatrumentation, Hiomedical Enginecring and Rodiation Physics (LIBPhys-UNL),
Depurtment of Phygeics, NOVA School of Science and Technology,

NOVA Unsversity Lubon, 2529.516 Caparnca, Foertugal

? Laboratowre Kastler Broasel, Sovbomme Univermtéd, CNRS,
ENS-PSL Rescarch University, Colldge de Franmce,
Case 7§; 4, place Jussiew, F. 75005 Pars, France

SMINES ParisTech, Unsversitd PSL, 75006 Pars, France

Instidt des NanoSciences de Paris, CNRS, Sorbonne Universitd, F.75005 Parvs, France
Y Helmholta-Institut Jena, Fribelstieg 3, 07743 Jems, Germony
“Institut fir Optik und Quantenelektromk, Fricdrich-Schiller- Unsversitdt Jena, Mar-Wien-Platz 1, 07743 Jena, Germany
(Dated: September 30eh, 2022)

We bave made the first alwolute, reference-free mossarement of the 1525 *S; - 147 'S, rela
Livistic magnetic dipole transition in He-Bke sulfur. The highly-charged S lons were peovided by an
dectron-cyclotron resonance jon source, and the x rays were analysod with a high-precision double
crystal spoctrometer. A trazsition encrgy of 2430.3655(97) eV was obtained, and s compared to
st advanced bound state guantum edectrodynamics caleulations, peoviding an issportant test of
two-electron QED effocts and precision stomic stracture methods in medivm-Z specios. Thanks
1o the extremely narrow natural linewidth of this tramsition, and to the large dispersion of the
spectrometor at this energy, a complomestary study was also performed evalusting the impact of
different silicon crystal stomic form factor modols in the tramition energy analysis. Wo find no
significant depeadence on the model used to determine the transition energy.

* Now 2 data points with ppm
accuracies in this Z region, important
for analyses of He-like QED
agreement (Chantler 2012, 2014)

» Complementary to studies of He-like
U at GSI (experiment E125)

ASOS 2023
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QA Experiment-Theory (2022) .

| — Theory (2005)-Theory (2022) P

16 18 20 22 24 26 28 30
Z

Contribution 15 1S, 1525 %S, Transition
AEpirac —3495.0044 —874.5000 2620.5044
AE;pn 270.4822 80.9665 —189.5157
AEQED 0.7562 0.1014  —0.6548
AEgED -0.0715  —0.0110 0.0605
AESS 0.0009 0.0002  —0.0007
AE, . 0.0563 0.0137  —0.0426
Theo. [40] —3223.7803 —793.4292 2430.3511 (3)
Theo. [41] 2430.35208 (89)

Exp. (this work)

2430.3685 (97)

Nancy Paul |4
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LKB

Contribution [ppm]

0.010}

0.001|

Limitations with HCI : Nuclear physics!

Lyman-a transitions in hydrogen-like ions
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\ \ Limitations with HCI : Nuclear physics!

LKB
Lyman-a transitions in hydrogen-like ions
l ®
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l\/\ Strong-field QED with exotic atoms
LKB

Exotic atoms
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\ Strong-field QED with exotic atoms
e\

Strongest field QED — Highest sensitivity

: antiproton

Bohr
radius

electron

muon

Electric

field

my ~290 m,-
™ 2007
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\ \ Strong-field QED with exotic atoms

LKB
BN Ne A Kr Xe % B
l
Strongest field QED — Highest sensitivity 102 Muonic io—rli//_/ﬁ it Energy
| o2 | ] - levels in
electron E L / [ muonic
< 10 / ///___-————‘ n=4
/—’— : 1
muon . 2 10°f ??/////2 ions
antiproton 3 b/l e e e, s
..3 10" /%/
Q 4o é/ﬁ—' Energy
w o levels in
Electric Bohr o HCI
fleld radius 1012 Atomic
| P T T T PYTTT 1 PYTT] el
10 20 30 40 50 60 70 80 90 ‘e
Atomic number [Z]
my ~200 m,- * Heavy exotic particle —small Bohr radius —strong electric tield strength
r o~ L r » Higher order QED effects magnified and become measurable with new
k200 ¢ techniques

PAX theory paradigm—N. Paul et al, PRL 126 (2021)
First proof-of-principle with muonic atoms—T. Okumura et al, PRL 130 (2023)

ASOS 2023 Nancy Paul



Strong-field QED with exotic atoms

v\

LKB

v Strong field QED
X Nuclear effects 2 QED

effects

electron

antiproton

v STRONGEST field QED
\/ Nuclear effects << QED effects

Atom Transition Transition energy |15t order QED 2" order QED |Nuclear effects

H-like U Lyman a1 ~100 keV 3x10-3 1x107 2x103

antiprotonic-Xe n=12—n=11 ~100 keV 7x103 ? 6x10- Tx10 :> \
QED x 3-6 Nuclear effects / 100

ASOS 2023
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Strong-field QED with muonic atoms

Electric field [V/m]

10%
10%
107
10%
10"
10°
107
10™
10™
10™
10"
10"

N Ne Ar Kr Xe Pb U
I
E Muonic ions
H-like HCI, n=1
First experiments
/ @ JPARC
y
Elll 1 | Illlllll llllllll lllllllllllll llll
10 20 30 40 50 60 70 80 90

Atomic number [Z]

n=1

n=2

n=3
n=4

Schwinger
Limit

Atomic unit of

electric field
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LKB

\ \ First experiments with muonic atoms at J-PARC

» 5-year accepted scientific program at J-PARC muon
facility in Japan (2020-2025)

« QED tests=precision x-ray spectroscopy of Rydberg
states in muonic atoms

£ S A > SURPAS AN 7

HEATES Collaboration: RIKEN, JAEA, JAXA, KEK, Osaka

University, Rikkyo University, Tohoku University, Tokyo
Metrolopolitan University, NIST, CNRS

X-ray tube

ASOS 2023 Nancy Paul



\ \ First experiments with muonic atoms at J-PARC

LKB
Key technology
+ High energy resolution (AE/E ~10) Transition Edge Sensing (TES) pcalorimeter (NIST)

» High efficiency (~10)

200
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100 102 104
Energy (keV)  Ge detector

TES pcalorimeter

Rev. Sci. Instrum. 83, 093113 (2012)3

X-ray tube
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\ \ Key technology : Transition Edge Sensing microcalorimeter

LKB

¢ Mo-Cu bilayer TES S0 HEATES TES @ J- PARC D2

v 4-pm-thick Bi absorber
v Size : 300 x 320 um?

Two-stage pulse tube (60K, 3K)
(B00K—3K : 16 hours)

lflv -— -

ADR cryostat

Adiabatic Demagnetlzatlon Refrigerator

| (HPD 102 DENALI) 240 pi.

——

| '
N !
e
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\ \ Experimental setup—details

LKB /
connected > = za
to beam pipe cu 32¥ co

25 Hz pulsed u- bea | #ﬁxﬁ' :
pure metals
as secondary target

Kaptor
ADR | <, window

X-ray tube

CJ - )
Be ,
window - X-ray
Target
gas generatc
electron gun
Acrylic flange ==~~~ \ 9 /
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’\/\ Key technology—TES x-ray detector
LKB

Transition Edge Sensing (TES) pcalorimeter (NIST, Boulder, CO, USA)

Quantum Sensing Division

S S

95 96 97 98 99 100 101 10 0 1 2 3 4
temperature (mK) time (ms)

Figures from Ullom and Bennett 2013
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\ \ TES calibration

LKB
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Experimental pNe spectrum okumura et al, PRL 130 (2023)

LKB
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\ \ Theory and Sensitivity Okumura et al, PRL 130 (2023)

LKB

Theoretical
Contributions 599/2— 4f7/2
(599/2—417/2)

Transition energy and

Vac. Pol. (1st order) -2 34061 uncertainties (eV) 0.1 atm 0.4 atm 0.9 atm
Measured energy 6297.13 6297.06 6297.05
Selt-energy (1st order) 0.0015 Statistical error 0.07 0.06 0.06
Systematic error: Total 0.13 0.13 0.13
Vac. Po. (2nd order) -0.0212 (1) Calibration 0.07 0.07 0.07
(2) Low-energy tail 0.01 0.02 0.01
T .0.00031 (3) Thermal crosstalk 0.11 0.11 0.11
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Muonic atom cascade and electronic transitions

LKB
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Muonic atom cascade and electronic transitions

LKB
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\ \ Next step....QED with antiprotons

LKB Even stronger field QED!

a antiproton

Bohr
radius @

muon

electron

Electric

field
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Internal electric field of antiprotonic atom [V/m]

Next step....QED with antiprotons

Even stronger field QED!

Antiprotonic atoms
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\/\ Next step....QED with antiprotons

Even stronger field QED!

Antiprotonic atoms

a antiproton

<)

muon

10" Z— electron

10" i i
: Typical Rydberg state in

10 § antiprotonic atoms
? (n=13)

v
Ll 11l Ll llllllll llllllll lllllllllllllll

0 10 20 30 40 50 60 70 80 90
Atomic number Z

Internal electric field of antiprotonic atom [V/m]

QED with antiprotons

(precision methods) x (antimatter)

The T)AX project—antiprotonic Atom X-ray spectroscopy

Largest BSQED effects!
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DAX at ELENA

ELENA:

« Extra Low ENergy Antiprotons »

Beams of slow antiprotons since
August 2021

TES x-ray detector

100 keV antiprotons from
ELENA
N

Cyclotron trap

access for
detector

calibration "

Gas handling and
pumping

ASOS 2023
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Novel new device

Antiproton
injection
\ 9
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Antiprotons stop in
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DAKX in detail
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PAX radiative
transitions

Annihilation

electron refilling

First-ever application
to antimatter beams

100 pixel
microsnout

Antiprotons capture and emit
radiative x-ray cascade

X-ray spectroscopy with
large-area TES detector

ASOS 2023

Nancy Paul

36



The ﬁAX physics program

Transition (g,-v—)pvg) Appx. Transition energy | 15 order QED | 2" order QED | Nuclear N, = NﬁMEg eo€det Etrap

effects

N, =1 x 10°/spill
20Ne (6->5) 30 4 E-3 3 E-5 2 E-6 M= 10

=6x10"*
“Ar (6->5) 100 5 E-3 5 E-5 1E-5 ege‘;d o
et — VY-
BKr (958) 100 5 E-3 5 E-5 1E-5 €rap = 0.5
132 - - -
Xe (10->9) 170 5 E-3 5 E-5 2E-5 N, 21200 counts/spl
184y (12->11) 180 5 E-3 5 E-5 2E-5

Highest field system ever accessed in the laboratory ! ‘
— . < 1 week
pAX firsts

measurement time / transition
e Study second-order QED effects across 10<Z <74
* Achieve 107 experimental precision for heavy exotic atom spectroscopy

Perspectives: Strong interaction studies, exotic physics searches
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The ﬁA next steps

24

3 | ) So s ¢ 43 ,» ‘ » | | . - - ‘

| | Padilee o IWW
A\ 1) 6 A ANTIMAT

/ S 1 D ELENA

i
Test setup at GBAR
 Full simulations and design of « Simulation and measurement of annihilation background
cyclotron trap and vacuum solution * In beam test with prototype TES at ELENA (2025)
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LKB

v\

And now lets use the idea backwards...

For nuclear physics |

n
~120-200 |=-Q ...... 12 T, mwe mmemm— n ! capture
DT O T T WIS W SIS W Sl WP SIS O SIS W S .
: . Auger transitions
: : without

~10-20 — : : ' / 7 electron refilling

T
////
/////‘L
////

3;7#

2 — /ﬁ Nuclear properties

ASOS 2023
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* ForZ < 3:
Laser spectroscopy of muonic atoms, limited by nuclear theory

 ForZ > 6:

Measured x-rays from muonic atoms using solid-state detectors.
10<Z: limited by theory.
Z<10: limited by experiment (resolution).

e ForZ =3 — 5,and others:

orlr

Electron scattering, less accurate and systematics usually NOT under

control

e ForZ=6

E(2P-1S)~75 keV, measured with crystal spectrometer. Limited by

resolution ~75 eV

1073 |

Determinations of nuclear RMS charge radii

I |

® ux-ray (HPGe)
® ,-Laser
o
o)

e. scattering

px-ray (Crystal)

10

12

14 16 18 20
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\ \ QUARTET precision goals

LKB
1 .7L|T 1 I T T 1 1 T |
6 @ " ® ux-ray (HPGe)
eDetermine E(2P-1S) for 3<Z<8 with 10 : o C ® y-laser
0.2-1 eV 10-2 u | 3 @ e. scattering i
PPM accuracy U.Z-1 eV . : o''B e ,x-ray (HPGe)
: | W px-ray (MMCs)
*Improve radii by factor 3-10. | °Be |
¢ T E 14,15, .180 ®
I
~ D¢ : i .| o170
= v l
faw’ |
QUARTET Ky re ! g o
o | o o
w ! e o
2Ps/9 4 o ° o
9 107 [ w oo ! -
. o
pl/Q r i ‘3He 12; 77? : e © © . ° o
28 O - Y 8
- H. .4He > ¢ 0
- 9
1S
2 4 6 8 10 12 14 16 18 20
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LKB

PAUL SCHERRER INSTITUT

The QUARTET experiments

PIE1 beamline at PSI,
continuous ~50kHz p- /s

The Heidelberg Metallic magnetic calorimeter (MMC)

maXs-30 mounted on coldfinger of a dry dilution fridge

TAETN

L= &

R
g
'

SQUID loop

thermal link

Picture courtesy of the MIXE collaboration

thermal bath
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Who we are:

ETH:zurich

UNIVERSITAT
HEIDELBERG
ZUKUNFT PAUL SCHERRER INSTITUT
SEIT 1386 [
Loredana Gastaldo Andreas Knecht
Andreas Fleischmann Klaus Kirch

Quantum

Experimenters in exotic atoms
Sensors group

Ab. Initio. Nuclear theory QED in exotic atoms

* Spokespersons: npaul@lkb.upmc.fr, benohayon@physics.technion.ac.il

\ \ The QUARTET collaboration

JG|u

\ \Lahnratnire Kastler Brossel  ,.anves GUTENBERG

Physique quantigue et applications U N IVE RS |TAT MAINZ

NXVA Frederik Wauters

UNIVERSIDADE NOVA

DE LISBOA Randolf Pohl
Nancy Paul* =
Jorge Machado UEEINIDIN

' Israel Institute

Ben Ohayon*

& TRIUMF m

Petr Navratil

T. Cocolios
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The QUARTET collaboration

LKB

& GUTENBERG
UNIVERSITAT M \VERSITAT MAINZ
HEIDELBERG ,

ZUKUNFT
SEIT 1386

fderik Wauters
& 4ol Pohl

' TECHNION

Israel Institute
of Technology

Loredana Gastaldo
Andreas Fleischmann:

en Ohayon*

Quantum
Sensors group

Ab. Initio. Nuclear thEOry WL 11l TAULIL QLUITID

Petr Navratil

T. Cocolios

* Spokespersons: npaul@lkb.upmc.fr, benohayon@physics.technion.ac.il
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LKB

Sketch of test experiment and rates

.(_gc
3
3| e
Expected rates: oy 5 /
3He/4He dillution fridge !
103 | |
—_ 4_ Y I //Beam counters
0.8X107*X = 0.1 event/s —+—
' ]
Detelc’uon Solid angle  2P-1S rate : i
efﬂ(]ency % I zielitc;zr;otr)rif’c
|
MMC detector g V
. Thin windows/ 2 et
Stat. accuracy per nominal ——
Wee |< Electron counters/
10 eV
=/ V105 ~ 0.02 eV
Resolut Fvent . .
Seoltion - EVerts First test beam in October 2023
u-°/Li, uBe, y-'°B
ASOS 2023 Nancy Paul 45



\ \ Impact on BSM physics searches

LKB

T. Saller et. al, Nature 606 (2022)

» Combining isotope shifts between o | CF GC
electronic and muonic atoms to search for

new lepton-neutron interactions
107 |

* Best limits come from Hydrogen-Deuterium

pair. Z enhancement favors heavier pairs. 2 108 } e o 1S
— \ et
- Ar15”g+gIS
* Novel measurements of bound electron g- — Yb* IS-NL
. g . : 10710 -Ca* IS-NL
factors in H-like ions limited by muonic — (@-2).n
isotope shifts — H-D 15-2S IS
10_12 I 1 1 1 1 1 1 1
10" 10° 10" 102 10®  10* 105  10°

m, (keV/c?)
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Summary
N

LKB

» World-leading precision x-ray spectroscopy at LKB for strong-field QED tests

» Exotic atoms offer a new way to probe high-field QED by avoiding the problems
associated with nuclear physics

* New quantum sensor detector technologies make precision studies of exotic atoms
possible

« Experiments ongoing with muonic atoms at JPARC, Ne, Ar, Xe
* New experimental program, pAX, with antiprotonic atoms for BSQED

* New experimental program, QUARTET, with muonic atoms at PS| for charge radii.

< TERITTITITIIONG ‘\“ WHH
TS

| I FACTORY ELENA
Sy |
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\ \ What are radii good for?

LKB
First application, with MaXs-30 (10 eV resolution up to 60 keV)

| i/Be/B absolute radius — calibrate entire chains, test nuclear calculations inc. ’Li-’Be and (future) 8Li-8B mirrors

¢Li-’Li and '°B-""B isotope shifts (can be determined with higher accuracy) — compare with optical IS to test
many-body QED (mostly recoil) and search for new physics.

eUpcoming optical determinations of absolute radii for helium-like Li to C (Wuhan, Mainz). Important cross check
and strong test for new physics beyond isotope shifts.

All limited by reference

PRC 64, 024507 (201 PRL 122, 182501 (2019) PRL 108, 142501 (2012)
L) " [feez Expe;iment S SVMC ] 2.7 S B BN T SO T T 2.5

=28 B -& FMD v frozen core i —O— 2008 - D1
E | e - - 1% +—2010-D1|
= i (CDB2K) -o: ] E —s— FMD i
@ 25f i <26 , | &

w S
o ‘ = 2
— L «
o 24 [ % 2.5 4 u . et
5 | s S
.S (&) 1 <
= 2.3 g 5 = < ) 4 NCSM
5 o A 23F | = GFMC
EPY, i Z . 4 El. Scatt.

"
L 1 1 1 1 | 2 3 . - 2 3 2 5
1 b} 1 1) 1 ® I 3 1 1] T N I ) I .
E ¢ : 8. . ® e b 7 8 $ 10 1 12 13 14 "B charge radius (fm)
Lithium isotope Be Isotope
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\ \ Perspectives

LKB

600

500}

400}

Intensity
w
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200

100]

(v

/-

0 5000 10000 15000 20000 25000 30000 35000
Energy (eV)
Existing data on antiprotonic cascade Simulated TES data 5]
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\ \ Pileup correction

LKB
muon beam
200000 Lo Kat
d § CrK; 7501 | -06ms
175000 1 et AEpypy =[3-0 eV '] ® CoKq 3 500 - bo2ms i! ;
- <y Y CukKe : g o, : I!
150000 - E 1.0- ;32507 .}F a,m,'l t
125000 - T e = : S N O i
@ 6900 6925 6950 6975 > 05- ym GeI0 gr?s%y gi/?’)o 6940
S 100000 Enenay (BV) 5 ¢ 8
3 Co Ka QU Ka 5 o4 =
! Cr Ka N
75000 i Ne ag-4t $
50000 1 -0.5 4 :
25000 1 Cr Kg Co Ke Cu Kg oy
J 1 Jl 1| | N
0 . : ; : : Time difference At (ms)
5000 6000 7000 8000 9000
Energy (eV)
Total calibration spectrum at 0.1 atm Energy shift (tmuon-tx-ray)
T. Okumura et al, IEEE Transactions on Applied Superconductivity 31, 1-4 (2021) >2
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\ \ Pileup correction

LKB
muon beam
Lo Kat

B CfK; 7501 | -06ms 1

- ms
g Cok, < 500 - x 2 ; ;;
Y Cu Ka' *g .Flnlr ll £ 1

8 S .l! "l-l l:.

01 _ o

| W 6910 6920 6930 6940
: Energy (eV)
il
¢ -
%t :

v T v v r ' T -4 -2 0 2 4
6890 6900 6910 6920 6930 6940 6950 Time difference At (ms)
Energy [eV]

Energy shift (tmuon-tx-ray)

53
Dynamical Response of Transition-Edge Sensor Microcalorimeters to a Pulsed Charged-Particle Beam, T. Okumura, T. Azuma, D.A. Bennett, P. Caradonna, |.H. Chiu, W.B. Doriese, M.S. Durt
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