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FIG. 1. A measured spectrum of roughly 0.4 g of Pu ( 85% 239Pu and 14%
240Pu) comparing results with an array of microcalorimeters (blue) and a
high-purity germanium detector (red). The inset shows the same spectrum
over the energy range 40 keV to 220 keV.

system count rates of at least a kilohertz are required. For faint
sources, large collecting areas are also important.

Much of the literature about microcalorimeters for
gamma-ray spectroscopy has focused on the detectors them-
selves or analysis of spectra as opposed to the design and op-
eration of an entire instrument. This paper will address the
NIST-LANL gamma-ray spectrometer at an instrument level
including details of the experimental setup, fabrication of the
detectors, readout, operation of the instrument, and data pro-
cessing. We will also describe the characterization and perfor-
mance of the instrument.

II. TES MICROCALORIMETER THEORY

Transition-edge sensors have been used to detect pho-
tons and particles over a wide energy range that spans sub-
millimeter photons and MeV alpha particles. Although TES
microcalorimeters can be used over the whole range of
x-ray and gamma-ray energies, the best performance is ob-
tained when the device parameters are optimized for the indi-
vidual application. In this section, we describe the optimiza-
tion of our TES microcalorimeter spectrometer. We briefly
discuss the important considerations in instrument design, in-
cluding tradeoffs in energy resolution, dynamic range, speed,
and efficiency.

Figure 2(a) shows a schematic representation of the cou-
pled electrical and thermal circuits of a TES microcalorimeter
with a thermally linked bulk absorber. The TES is separated
from the thermal bath by a weak thermal conductance (G1).
When current is flowing through the resistance (R0) of the
TES, its heat capacity (C1) is heated to a temperature (T1)
above the bath temperature (Tb) by the electrical bias. The
sensor is voltage biased by placing its resistance (R0) in par-
allel with the smaller shunt resistance (Rsh). The equilibrium
current in the TES (I0) can then be chosen so that the equi-
librium temperature (T0) is in the superconducting transition
yielding a value of R0 that is in-between the normal resistance
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FIG. 2. (a) Schematic representation of the coupled electrical and thermal
circuits of a two-body TES. The thermal conductances are shown as resistors.
(b) A typical superconducting transition for a Mo-Cu TES at zero dc current
with a small ac current used to perform the measurement.

(Rn) and zero resistance, see Fig. 2(b). In the small-signal
limit, the transition is parameterized by use of the logarith-
mic temperature sensitivity at constant current
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and the logarithmic current sensitivity at constant temperature

βI = δlogR

δlogI

∣∣∣∣
T0

= I0

R0

δR

δI

∣∣∣∣
T0

, (2)

so that the TES resistance as a function of changes in tem-
perature and current is Taylor expanded with only first order
terms retained

RT ES(δT , δI ) ≈ R0 + αI

R0

T0
δT + βI

R0

I0
δI. (3)

For simplicity, we start by assuming the thermal conduc-
tance between the absorber and TES (G2) is large, so that heat
capacity of the absorber (C2) and C1 act as a single heat ca-
pacity given by C = C1 + C2. When a photon strikes C, the
temperature of the TES and the absorber rises momentarily,
but then returns to equilibrium as the additional energy flows
through G1 into the bath. If we decouple the electrical and
thermal portions of the circuit, an instantaneous increase in
resistance would cause an exponential drop in current with a
time constant τ el = L/(Rsh + R0). The inductance (L) has the
effect of slowing down the current change. Then the temper-
ature of the TES returns to equilibrium exponentially with a
time constant τ = C/G1. The current through the TES is the
sum of the exponential decrease in current limited by τ el (rise
time of pulse) and an exponential return to equilibrium (fall
time of pulse) given by τ .

When the electrical and thermal circuits of the TES are
coupled, the decay time back to thermal equilibrium is re-
duced by negative electro-thermal feedback (ETF).3 When the
temperature of the film is increased by a photon or thermal
fluctuations, the resistance goes up, then the current drops,
causing the Joule heating to go down, driving the tempera-
ture back to the equilibrium value. As with most feedback
mechanisms, the ETF can cause the TES to become unsta-
ble when the feedback overcompensates. Care must be taken
in choosing the TES parameters to ensure stable detectors.
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Resolution: ~ 5 eV FWHM @ 6 keV 
Dynamic range: 4-15 keV

Typical

pulse

τrise~L/(Rsh+R0)

τfall~C/G

rise time ~ 200 µs

decay time ~ 500 µs



• Cooled down to 70 mK with ADR & pulse tube. 
• 240 pixel: 8 columns x 30 rows time-division multiplexing (TDM) readout  
• ~23 mm2,  85% eff.@6 keV (Mo/Cu + Bi 4um) 
• First case to operate in a hadron beam environment.

NIST(US) TES spectrometer for E62
3

φ~1cm
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History of the project
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2013    Start collaboration with NIST

2014    Demonstration experiment 
   @ PSI (pionic atom) 

2015    Approved as J-PARC E62

2016    Commissioning with K- beam 
   @ J-PARC 

2017

2018    Physics data taking for K- atom 
   @ J-PARC, ~18 days

…

2022 PRL paper accepted !! 

JLTP 184(3), 930-937, 2016; PTEP 2016, 091D01, 2016.

IEEE Trans. Appl. Supercond. 27(4), 1-5, 2017.
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E62 setup 
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✓Asynchronous background contribution is negligible 
✓Most of background come from stopped kaon absorptions

J-PARC E62 results
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J-PARC E62 Fitting Results
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FIG. 3. Final x-ray spectra after all event selections. The
asynchronous background was estimated via the timing gate
defined in Fig. 2. The peak fitting lines, including decomposi-
tion into the main peak and the low-energy tail components,
are shown.
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timing selection slightly changes the peak energies and256

energy resolutions at calibration lines. These are taken257
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employ a single Lorentzian function as the intrinsic line262
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(�2p) of the x-ray lines of kaonic helium isotopes obtained275

are276

E
K�3

He

3d!2p = 6224.5± 0.4(stat.)± 0.2(syst.) eV,

E
K�4

He

3d!2p = 6463.7± 0.3(stat.)± 0.1(syst.) eV,
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Systematic errors are classified into the following four277

sources, and the estimated results are summarized in Ta-278

ble I. (a) The calibration accuracy is the main source of279

the systematic errors and energy dependent as already280

TABLE I. Measured x-ray energies and widths of the kaonic
3He and 4He 3d ! 2p transitions, together with the sum-
mary of the statistical and systematic errors. E.M. calculated
energies are also tabulated. All the numbers are in units of
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addition of spectra from pixels whose energy-calibration283
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The uncertainty on the charged kaon mass, tabulated by299
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calculated x-ray energies. The precision of the calcula-302
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teraction shifts in the 2p states of kaonic helium isotopes305

(�E2p ⌘ E
exp
3d!2p � E

e.m.
3d!2p) are306

�E
K�3

He

2p = �0.2± 0.4(stat.)± 0.3(syst.) eV,

�E
K�4

He

2p = 0.2± 0.3(stat.)± 0.2(syst.) eV.

The di↵erence between the 2p shifts in kaonic helium307

isotopes (�E
isotope
2p ⌘ �E

K�3
He

2p ��E
K�4

He

2p ) is:308

�E
isotope
2p = �0.4± 0.5(stat.)± 0.2(syst.) eV.

Here, the uncertainty that originates from uncertainty in309

4

FIG. 3. Final x-ray spectra after all event selections. The
asynchronous background was estimated via the timing gate
defined in Fig. 2. The peak fitting lines, including decomposi-
tion into the main peak and the low-energy tail components,
are shown.
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FIG. 3. Final x-ray spectra after all event selections. The
asynchronous background was estimated via the timing gate
defined in Fig. 2. The peak fitting lines, including decomposi-
tion into the main peak and the low-energy tail components,
are shown.
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Fig. 3. (a): The Gaussian width σ in the Voigt function at the Ti Kα (4.5 keV), Cu
Kα (8.0 keV), and Au Lα (9.6 keV) lines are plotted, where the data of all the target
materials were used. The fit curve using the function (1) is shown as a solid line,
and the root-mean-square error of the fit as dotted lines. (b): The deviations from
the fit line plotted for each target material separately: open circle (deuterium), filled
circle (3He), and cross (4He). The curves show the uncertainty of the determination
of the σ values in (a).

The energy dependency of the energy resolution of the SDDs
was evaluated from the peak widths. Fig. 3(a) shows the fit values
of the Gaussian width σ in the Voigt function against the X-ray
energy E , where the data of all the target materials were used.
The peak positions of the Ti Kα (4.5 keV), Cu Kα (8.0 keV), and
Au Lα (9.6 keV) lines are plotted. The value of σ (E) at the X-ray
energy E can be expressed as:

σ (E) =
√

a + bE, (1)

using free parameters a and b. In Fig. 3(a), the fit curve using the
function (1) is shown as a solid line and, as well, the root-mean-
square error of the fit as dotted lines.

The deviations from the fit line are plotted for each target ma-
terial separately in Fig. 3(b): open circle (deuterium), filled circle
(3He), and cross (4He). The curves show the error of the determi-
nation of the σ values. Since all the positions are located within
the error curves, the error is taken as the accuracy of the de-
termination of the detector resolution for the fit of the kaonic
helium X-rays. The energy resolutions (σ ) at the X-ray energy of
the kaonic helium 3d → 2p transitions were determined to be:
σ = (65.4 ± 2.3) eV for kaonic 3He, and σ = (66.4 ± 2.3) eV for
kaonic 4He.

In addition to the X-ray energy data, the time difference be-
tween the kaon coincidence and X-rays was measured, as well as
the kaon time-of-flight of the kaon detector. The X-ray events were
selected using this timing information, to obtain a good signal-
to-background ratio in the energy spectra of kaonic atom X-rays
without reducing their statistics [7,10].

Fig. 4. X-ray energy spectra of (a) kaonic 3He, (b) kaonic 4He, and (c) kaonic deu-
terium. The thin lines show the peak fit functions after the background subtraction.
The positions of the kaonic 3He and 4He 3d → 2p transitions are shown. In Fig. 4(c),
(1): kaonic carbon 6 → 5 transition, (2): kaonic carbon 8 → 6 transition, (3): kaonic
oxygen 7 → 6 transition, and (4): kaonic nitrogen 6 → 5 transition.

Table 1
Calculated energy of kaonic atom X-rays.

Target Transition Energy (eV)

C 8 → 6 5510
C 6 → 5 5545
O 7 → 6 6007
3He 3 → 2 6225
4He 3 → 2 6463
Al 9 → 8 7151
N 6 → 5 7595

The energy spectra of the kaonic 3He and 4He X-rays are shown
in Figs. 4(a) and 4(b), where the thin lines show the peak fit func-
tions after the background subtraction. The peaks at 6.2 keV and
6.4 keV are the kaonic 3He and 4He 3d → 2p transitions, respec-
tively. Fig. 4(c) shows the X-ray energy spectrum using the deu-
terium target, where the signals from the kaonic deuterium X-rays
are not visible. The upper limit of the observation of kaonic deu-
terium will be reported elsewhere [15].

In addition to kaonic helium, several small peaks were observed
in all the spectra, which originated from kaonic atom X-rays pro-
duced in the target window material made of Kapton Polyimide
(C22H10N2O5), since some kaons are stopped there. The X-ray
peaks at 5.5, 6.0, and 7.6 keV are the kaonic carbon (K −C) 6 → 5,
oxygen (K −O) 7 → 6, and nitrogen (K −N) 6 → 5 transitions, re-
spectively.

In these transitions, the shift and broadening due to the strong-
interaction are negligibly small [16]. Thus, their peak positions can
be calculated using the QED effect only, as shown in Table 1. The
energy shift caused by the vacuum polarization effect was ob-
tained using the formula given in [17], where the first order of the
Uehling potential was taken into account. For the #n = 2 transition
(K −C 8 → 6), the formula given in [18] was used. The contribution
from higher order corrections is estimated to be within 0.2 eV.
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Fig. 3. (a): The Gaussian width σ in the Voigt function at the Ti Kα (4.5 keV), Cu
Kα (8.0 keV), and Au Lα (9.6 keV) lines are plotted, where the data of all the target
materials were used. The fit curve using the function (1) is shown as a solid line,
and the root-mean-square error of the fit as dotted lines. (b): The deviations from
the fit line plotted for each target material separately: open circle (deuterium), filled
circle (3He), and cross (4He). The curves show the uncertainty of the determination
of the σ values in (a).

The energy dependency of the energy resolution of the SDDs
was evaluated from the peak widths. Fig. 3(a) shows the fit values
of the Gaussian width σ in the Voigt function against the X-ray
energy E , where the data of all the target materials were used.
The peak positions of the Ti Kα (4.5 keV), Cu Kα (8.0 keV), and
Au Lα (9.6 keV) lines are plotted. The value of σ (E) at the X-ray
energy E can be expressed as:

σ (E) =
√

a + bE, (1)

using free parameters a and b. In Fig. 3(a), the fit curve using the
function (1) is shown as a solid line and, as well, the root-mean-
square error of the fit as dotted lines.

The deviations from the fit line are plotted for each target ma-
terial separately in Fig. 3(b): open circle (deuterium), filled circle
(3He), and cross (4He). The curves show the error of the determi-
nation of the σ values. Since all the positions are located within
the error curves, the error is taken as the accuracy of the de-
termination of the detector resolution for the fit of the kaonic
helium X-rays. The energy resolutions (σ ) at the X-ray energy of
the kaonic helium 3d → 2p transitions were determined to be:
σ = (65.4 ± 2.3) eV for kaonic 3He, and σ = (66.4 ± 2.3) eV for
kaonic 4He.

In addition to the X-ray energy data, the time difference be-
tween the kaon coincidence and X-rays was measured, as well as
the kaon time-of-flight of the kaon detector. The X-ray events were
selected using this timing information, to obtain a good signal-
to-background ratio in the energy spectra of kaonic atom X-rays
without reducing their statistics [7,10].

Fig. 4. X-ray energy spectra of (a) kaonic 3He, (b) kaonic 4He, and (c) kaonic deu-
terium. The thin lines show the peak fit functions after the background subtraction.
The positions of the kaonic 3He and 4He 3d → 2p transitions are shown. In Fig. 4(c),
(1): kaonic carbon 6 → 5 transition, (2): kaonic carbon 8 → 6 transition, (3): kaonic
oxygen 7 → 6 transition, and (4): kaonic nitrogen 6 → 5 transition.

Table 1
Calculated energy of kaonic atom X-rays.

Target Transition Energy (eV)

C 8 → 6 5510
C 6 → 5 5545
O 7 → 6 6007
3He 3 → 2 6225
4He 3 → 2 6463
Al 9 → 8 7151
N 6 → 5 7595

The energy spectra of the kaonic 3He and 4He X-rays are shown
in Figs. 4(a) and 4(b), where the thin lines show the peak fit func-
tions after the background subtraction. The peaks at 6.2 keV and
6.4 keV are the kaonic 3He and 4He 3d → 2p transitions, respec-
tively. Fig. 4(c) shows the X-ray energy spectrum using the deu-
terium target, where the signals from the kaonic deuterium X-rays
are not visible. The upper limit of the observation of kaonic deu-
terium will be reported elsewhere [15].

In addition to kaonic helium, several small peaks were observed
in all the spectra, which originated from kaonic atom X-rays pro-
duced in the target window material made of Kapton Polyimide
(C22H10N2O5), since some kaons are stopped there. The X-ray
peaks at 5.5, 6.0, and 7.6 keV are the kaonic carbon (K −C) 6 → 5,
oxygen (K −O) 7 → 6, and nitrogen (K −N) 6 → 5 transitions, re-
spectively.

In these transitions, the shift and broadening due to the strong-
interaction are negligibly small [16]. Thus, their peak positions can
be calculated using the QED effect only, as shown in Table 1. The
energy shift caused by the vacuum polarization effect was ob-
tained using the formula given in [17], where the first order of the
Uehling potential was taken into account. For the #n = 2 transition
(K −C 8 → 6), the formula given in [18] was used. The contribution
from higher order corrections is estimated to be within 0.2 eV.
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~150 eV 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x 25 energy resolution 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Exclude large shifts&widths
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✓Precision of the absolute energy scale is the dominant systematics 
•

Systematics errors (20211018)
11

3He shift 3He width 4He shift 4He width

stat. 0.40 0.99 0.27 0.63

syst. 0.18 0.38 0.11 0.33 quad. sum

calibration 0.17 0.09

resolution 0.01 0.15 0.01 0.11

tail 0.03 0.10 0.03 0.10 fraction ±10%, length ±20% 

binning 0.05 0.10 0.05 0.10 0.5/1/2 eV bin, shift half a bin

background 0.01 0.10 0.02 0.20 compare pol0/pol1/pol2

fit range 0.01 0.30 0.01 0.20 min / max

robustness 0.05 0.33 0.05 0.30 binning + bg + fit range



✓ X-ray tube was always ON during the experiment 
✓ Pixel-by-pixel calibration every 4~8 hours

In-beam calibration
12

X-ray tube

w/ Cr, Co, Cu

1 run, 1 pixel, ~ 2 hour exposure 
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• Calibration curve = Non-linear energy response of the TES 
is not known precisely, differs by pixel, and changes in time.  
→ Interpolation uncertainty. need good calibration line near the science line

Difficulties in Calibration
13
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• We understand the response function rather well. 
• Uncertainty of the tail parameters does not affect peak position so much 
(+-10% -> 0.03 eV)

Response function: not a problem
14

Gaussian plus a low-energy exponential tail

Kα lines

Energy dependence of the tail parameters 
is well under control



Difficulties 
in charged-beam environments

15



• Small bumps by charged-particle hits on array deteriorate resolution  
• In E62: 180 cps from X-ray tube + 20 cps (triggered pulses) from Beam 
-> 100 count /spill / array ~ effectively 0.5 cps/pixel from beam 

• We partically recovered the resolution at a cost of 1/3 event loss. 
• Important to shield from charged particles as much as possible.
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Effective charged particle hit rate (Hz/pixel)
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• MIP particles give keV energies on 4um-thick Bi absorber 
-> main background in the final X-ray spectrum 

• I would like to consider VETO counter in front of the TES.

Charged-particle background
17
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Future propescts

18



• Present system is applicable up to 15 keV, limited by TES 
saturation and stopping power of 4 um thick Bi absorber 
• Strong interaction in light kaonic atoms (K- 6/7Li, …) 
• Charged kaon mass (K-N, K-O, K-Ne, … ) 

• New system for higher energy up to 100 keV region is under 
development for a muonic atom project 
(QED test under strong electric field) 
• Upper level of high-Z kaonic atoms to separate 1N/mN 
contributions (proposed in NPA 915 (2013) 170‒178) 

• Σ-atoms, Ξ-atoms etc… 
• Many unknown technical issues:  
detector performance, calibration lines, …

19

K- atom with TES: Future propescts



• Rapidly improving scalability using the new readout technology.

20

More pixels with new readout
Microsnouts for near term kilopixel arrays

46

TESX-Ray Spectrometer at SLAC LCLS-II 3

50
�m

m
�

120�mm�

67
�m
m
�

(a)� (b)�

Fig. 1 (a) A ³VQRXW´ assembly currently installed in SLA&¶s SSRL beamline 10-1 endstation. 240 TES x-
ray pixels readout by TDM SQUIDs. (b) Plan for SLA&¶s LCLS-II TES Spectrometer ³PLFUR�VQRXW´ array
package. Four 250 pixel subarrays to make up 1,000 total pixels at 0.5 eV energy resolution. Readout by
microwave SQUID microresonators with specialized tone-tracking electronics from SLAC. (Color ¿JXUH
online.)

whereTESbias linesare individually bonded toaÀHxiblesuperconducting aluminumcable.
This cable then brings the bias lines down to inductive interfaces and then to individual
SQUIDs in the timedomain multiplexed (TDM) scheme[10] . Finally, each of theseSQUID
channels are bonded to copper traces and connected with nano-D connectors at the base of
the snout. Figure 1(b) shows a schematic for the LCLS-II TES X-ray spectrometer snout
package. We have miniaturized the snout sub-package into ³PLFUR�VQRXWV́ arranged in a
two-by-two grid. Details of the micro-snout assembly are in section �4. With this tighter
arrangement of micro-snouts both the ¿OOLQJ�Iactor of the pixels as well as the total solid
angle issubstantially increased resulting in even higher photon collection ef¿FLHQFy, though
thepixels themselves remain thesamesize.

Futureimprovementsincreasethepixel count beyond1,000 initial pixelstowards10,000
that could tile the 120 mm diameter collection area. To increase the pixel count beyond
10,000 pixelswould requirean increase in theborediameter, which would requireasignif-
icant change in vacuum components, but isotherwise feasible.

The TES pixels for the LCLS instrument will be designed to have a characteristic fall
time of less than 100 microseconds and an energy resolution of 0.5 eV. Methods for litho-
graphically controlling TES pixel speed with fall times less than 100 us have been devel-
oped[19] . Recent demonstrations have combined these lithographic speed-controlling fea-
tures with geometric optimization of the sensor shape to independently control the device
current and critical current to optimize the resolution. These devices have achieved 1.0 eV
resolution at 1.25 keV with 80 us characteristic fall time[20] . These studies suggest that the
challenging VSHFL¿FDWLRQV for the soft X-ray LCLSarrays can be realized with device ¿QH�
tuning to optimize the heat capacity, current and critical current in the device, combined
with lower temperatures for the sensor. Lowering the critical temperature of the TES im-
proves the energy resolution since DE �

p
kBTEmax, where DE is the energy resolution,

kB is %ROW]PDQQ¶s constant, T is the temperature, and Emax is the deposited energy of the
incident photon[7] .

240 TESs readout with TDM 1024 TESs readout with µMUX

7'0�³VQRXW´ ³microsnouts´

Douglas Bennett @ NIST

+RZ�GR�ZH�JHW�WR���¶V�RI�WKRXVDQGV�RI�SL[HOV"
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Ⴣ90mm

Ⴣ60mm

256 TESs per microsnout
4 microsnouts
1024 TESs

1260 TESs per microsnout
8 microsnouts
10,080 TESs

2010~ 2020~ in a few years?



TES under development
21

✓New cryostat, new readout system 
✓Available soon (for μ-atoms) 
✓Multiple units can be installed 

J-PARC E62 Gamma-ray 50 keV 20 keV

Saturation energy 20 keV 150 keV 70 keV 50 keV

Absorber material Bi Sn Au/ Bi Au/Bi

Absorber thickness 4 um 120~250 um 3 um / 15 um 1.5 um / 15 um

Absorber area 320 x 305 um 1.3 x 1.3 mm 700 x 700 um 700 x 700 um

Pixel number 240 96 150 150

Total collection area 23 mm2 160 mm2 70 mm2 70 mm2

ΔE (FWHM) 5 eV 
@ 6 keV

40 eV 
@ 130 keV

20 eV  
@ 40 keV

8 eV 
@ 20 keV

Douglas Bennett @ NIST



• 80% efficiency upto 20 keV with 8 eV FWHM resolution

(Near) future low-E TES
22



• Kaon mass: N2, O2, Ne, … 
• multiple lines, targets, densities should be measured 

• Strong interaction: K-6/7Li 3d-2p 
• shift 6~15 eV, width 30~40 eV depending on potential models

23

X-ray line candidates for low-E TES
Z ρ g/L　

@STP
boiling 
point 9-8 8-7 7-6 6-5 5-4 4-3 3-2

He 2 0.1785 4.2 6.2  
6.4

Li 3 534 15.1  
15.3

K- N 7 1.250 78 4.6 7.6 14 30

K- O 8 1.429 90.2 6 10 18 40

K- Ne 10 0.900 27 4.2 6.1 9.4 15.6 28.8 62

done



• E62 TES array (Bi 4um, 23 mm2) at 6 cm from target center 
• N2 target, φ10cm x L10cm, at -15cm from IP 
• 0.15MPa, 120K ( or 0.375MPa@300K)

24

Rough yield, precision at DAFNE

X-ray energy (keV) 6 10 15

stopped K / day (5 pb-1) 50000

X-ray yield 50%

TES acceptance 0.03%

X-rays on detector 7.5 7.5 7.5

Efficiency 85% 40% 35%

X-ray count / day 6.375 3 2.625

X-ray count / month(20d) 127.5 60 52.5

resolution (FWHM) 6 8 10

statistical error (eV) 0.23 0.44 0.59

K mass error (keV) 18.58 21.67 19.30
PDG error: 13keV



• new TES array (Bi 15um, 70 mm2) at 6 cm from target center 
• N2 target, φ10cm x L10cm, at 15cm from IP 
• 0.15MPa, 120K ( or 0.375MPa@300K)

25

Rough yield, precision at DAFNE

X-ray energy (keV) 6 10 15

stopped K / day (5 pb-1) 50000

X-ray yield 50%

TES acceptance 0.09%

X-rays on detector 22.5 22.5 22.5

Efficiency 99% 85% 80%

X-ray count / day 22.275 19.125 18

X-ray count / month(20d) 445.5 382.5 360

resolution (FWHM) 8 8 8

statistical error (eV) 0.16 0.17 0.18

K mass error (keV) 13.25 8.58 5.90
PDG error: 13keV



• TES microcalorimeters are unique detector to realize both an eV-scale 
energy resolution & reasonable collecting efficiency. 

• We have successfully measured kaonic helium 3d→2p X-rays with TES in 
J-PARC E62.  Letter was recently accepted by PRL. 

• Challenges to use TES in kaonic-atom experiments. 
• Absolute energy calibration 
• Energy resolution deterioration by charged-particle hits 
• Charged particle background 

• TES detector technology is rapidlly advancing.   
More pixels and for higher energies. 

• TES at DAFNE would be feasible. (in terms of X-ray yield)

Summary
26


