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Measurements of Strong-Interaction Effects in Kaonic-Helium Isotopes at Sub-eV
Precision with X-Ray Microcalorimeters
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We have measured the 3d — 2p transition x rays of kaonic *He and “He atoms using superconducting
transition-edge-sensor microcalorimeters with an energy resolution better than 6 eV (FWHM). We
determined the energies to be 6224.5 + 0.4(stat) + 0.2(syst) eV and 6463.7 4+ 0.3(stat) £ 0.1(syst) eV,
and widths to be 2.5 + 1.0(stat) 4= 0.4(syst) eV and 1.0 + 0.6(stat) #+ 0.3(stat) eV, for kaonic *He and

“He, respectively. These values are nearly 10 times more precise than in previous measurements. Our results

exclude the large strong-interaction shifts and widths that are suggested by a coupled-channel approach and
agree with calculations based on optical-potential models.
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The interaction and properties of mesons in nuclear
matter are fundamental to hadron physics. Antikaons (K)
have been of great interest because their interaction with a
nucleon (N) is known to be strongly attractive. The possible
existence of kaonic nuclear bound states [1] and the role of
K particles in high-density nuclear matter, such as neutron
stars [2], have been widely discussed for decades.
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Experimental study of these phenomena requires the KN
interaction with low kinetic energy.

Two main experimental techniques have been used to
study the KN interaction at low energies: KN free particle
scattering and x-ray spectroscopy of kaonic atoms. For
short-lived particles like kaons, x-ray spectroscopy pro-
vides a crucial anchor point near zero kinetic energy, while
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scattering measurements are limited by the difficulty in
making a low-energy kaon beam.

A kaonic atom is a Coulomb-bound system of a
negatively charged antikaon (K™) and an atomic nucleus.
Spectroscopy of the x rays emitted as this system relaxes
from its highly excited initial state probes the KN inter-
action. Constraints from kaonic hydrogen experiments are
essential to establish the attractive nature of the KN
interaction in the isospin O channel [3,4]. Heavier atoms
provide information on the KN interaction in the nuclear
medium, and support an attractive K nucleus potential;
however, the strength of the attraction remains uncertain
[5,6]. More accurate x-ray measurements will allow quan-
titative evaluations of the potential.

Kaonic helium isotopes are of special interest in con-
nection to the light kaonic nuclear states, such as the KNN
state reported by J-PARC E15 [7,8] and other pioneering
works [9—11]. This state is naively supposed to be an
s-wave state, while the atomic 2p state in kaonic helium,
which is the most tightly bound atomic state that has been
observed with x rays so far, is sensitive to the existence of
p-wave nuclear bound states. Theoretical calculations
based on typical optical potential models predict a small
shift (<1 eV) from the Coulomb value and a small addi-
tional absorption width (~2 eV) due to the strong inter-
action [12]. On the other hand, calculations involving a
coupled-channel potential allow large shifts (>1 eV) and
widths (> 5 eV) if the potential is deep enough to accom-
modate a p-wave nuclear state [13].

Energy resolution on the electron-volt scale is necessary to
experimentally resolve the discrepancy described above.
Recent measurements of kaonic helium atoms made by
KEK-E570 [14] and SIDDHARTA [15,16] used silicon drift
detectors, whose resolution is limited to 150 eV FWHM at
6 keV. Subelectron-volt energy resolution has been achieved
by wavelength-dispersive crystal spectrometers in pionic-
atom experiments [17]. However, their low collection effi-
ciency, typically O(1077), is not practical for kaonic-atom
experiments because of limited K~ beam intensity and,
consequently, very low x-ray flux. There is only one
published experiment that used a diffraction-based spec-
trometer to observe kaonic atoms [18], and the resolution
achieved was not as good as in the pionic-atom case [19].

Our new approach is to use a superconducting transition-
edge sensor (TES) microcalorimeter spectrometer. A TES
pixel utilizes the steep temperature dependence of the
electrical resistance at the superconducting phase transition
to measure the thermal energy generated by an Xx-ray
photon with an excellent energy resolution [20]. A large
collecting area can be obtained with an array of these
sensors [21]. In this Letter, we report the first measurement
of kaonic-atom x rays with a TES spectrometer. We
measured X rays from the 3d — 2p transitions in kaonic
He and “He atoms and extracted the 2p shifts and widths
with subelectron volt precisions.

The experiment (J-PARC E62) was carried out at the
KI1.8BR beam line of the J-PARC hadron experimental
facility [22], in June 2018. Total data acquisition times were
198 and 149 h for the *He and “He targets, respectively, at a
primary proton beam intensity of 51 kW. Negatively charged
kaons emerging from the beam line at 900 MeV/c were
stopped in a liquid-helium target after passing through
copper degrader blocks. The typical number of the K~ beam
particles without the degraders was 1.1 x 10° per pulse.
Pulses were 2 s in length and the on-off-repetition cycle
period was 5.2 s. The beam contained approximately 5 pions
per K~. The kaon stopping efficiencies in the 400 mL liquid
target at 1.4 K are estimated to be 0.06% and 0.08% for *He
and “He, respectively.

The TES x-ray spectrometer [21] was of the same type as
used in the pionic-atom experiment at the Paul Scherrer
Institute [23] and the same spectrometer unit later used in
muonic atom experiments at J-PARC MLF [24,25] and
XAFS measurements at SPring-8 [26]. Each TES in the
240-pixel array consists of a bilayer of thin molybdenum
and copper films. A 4 ym-thick bismuth absorber on each
sensor leads to an 85% quantum efficiency at 6 keV. The
effective area of each pixel, defined by an aperture just
above the array, is 305 x 290 um. Thus, the total active
area of the array is approximately 21 mm? The TES
detector was installed in the same vacuum with the cryostat
of the target, 75 mm away from the beam axis, and 10 mm
behind a 300 gm-thick beryllium x-ray window of the
target cell [27]. The total collection efficiency of the TES
array for all 6 keV x rays emitted into 4z sr from the target
volume was 2.4 x 1074,

The TES spectrometer was cooled by a pulse-tube-
backed adiabatic demagnetization refrigerator and the bath
temperature was regulated at 70 mK. Because the pulsed dc
beam structure at J-PARC disturbs the spectrometer’s
temperature regulation, we tuned the kaon beam and
installed lead shielding blocks to reduce the flux of charged
beam particles, which are mainly contaminating pions, on
the TES system. As a result, the temperature fluctuation
in the thermal bath of the spectrometer was as good as
6 — 8 uKrms. Without the kaon beam, the typical rms
fluctuation was 5 uK [28].

The TES-current signals were read out via the time
division multiplexing technique at a sampling interval of
7.2 us [29]. The time scale of the (thermal) detector
response is on the order of milliseconds. Data records
for each TES pixel were 1024 samples (7.4 ms) long and
were edge triggered to capture a “pulse” in the TES current.
Each pulse record is analyzed to extract a single estimator
of pulse height via linear optimal filtering and a standard
analysis procedure [30,31].

To mitigate the effects of the charged-particle beam line
environment, several analysis techniques are employed.
The on-off cycling of the kaon beam creates gain structures
in the TES spectrometer, which are corrected based on the
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x-ray-event timing within the kaon-beam cycle [28].
Charged particles striking the silicon frame of the TES
array deposit enough energy to cause significant temper-
ature shifts in nearby pixels, which appear as bumps in the
measured TES pulse. To reduce the time window in which
these small cross talk pulses can affect the signal pulse,
only 324 samples out of the full 1024 recorded samples
are used to reconstruct the pulse-height estimator [32].
Charged particles passing through a TES detector can be
misidentified as several kiloelectron volt energy events.
However, most charged particles that pass through a TES
pixel will also transfer energy to adjacent pixels, so
multipixel analysis is employed to identify and cut these
charged-particle-induced pulses [33].

After all the analysis optimizations, and at a cost of
32%-35% event loss, the energy resolution with the kaon
beam on is 5.5-5.7 eV FWHM, measured at the Co Ka line
(6.93 keV). Without our optimizations, the energy reso-
lution is about 8 eV with the beam on. Without the kaon
beam, the inherent energy resolution is 5.1-5.3 eV. Our
targeted data cuts to remove charged-particle events also
give a more Gaussian-like response in the spectrometer.
Importantly, the exponential, high-energy-tail structure
observed in our pionic-atom experiment [23,34] is negli-
gibly small in the spectroscopic data presented here.

The TES spectrometer was energy calibrated for each
pixel via a ladder of K x-ray lines from high-purity metals
of chromium, cobalt, and copper. These calibration lines
are excited by a commercial x-ray tube source and are
observed concurrently with the kaonic-atom x-ray signal.
Each characteristic x-ray line in the pulse-height histogram
is fitted to line profiles from the literature [35]. Then, we
construct temporal calibration curves using measured pulse
heights (P) and the known energies (E) [35]. The calibra-
tion curve is a form of E = P/g(P), where the gain g is a
cubic spline [31]. The x-ray data are broken into observa-
tion periods of 4-8 h: for each pixel, the calibration curve is
recalculated for each new period.

In addition to the six intense calibration lines, we observe
the Fe Ka line due to the emission from various stainless-
steel parts. We can use a spectrum coadded across all pixels
to track the Fe Ka line shift vs time and separately use
a spectrum coadded across all datasets to observe pixel-
specific shifts. Then, we created the final calibration curves
with the Fe Ka position calculated including these two
shifts. Figure 1 shows the x-ray spectrum using these final
calibration curves.

In fitting the experimental spectrum to the line profiles,
the detector energy-response function is taken to be a
Bortels function [36], the convolution of a Gaussian with
the normalized sum of a one-sided exponential tail to the
low-energy side and a delta function. The tail results from
incomplete thermalization of the x-ray energy in the
evaporated-bismuth absorber of each TES [37,38]. This
function has three parameters: the Gaussian energy
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FIG. 1. TES-measured x-ray spectrum summed across all the

3He data. The characteristic lines used for the energy calibration
are labeled. The expected 3d — 2p x-ray energies from the
kaonic *He and “He are indicated as dotted lines. The small
feature near 6500 eV, just above the K~*He La energy, is the Bi
M escape peak of the Cu Kf line.

resolution (SF) and the scale length (1) and the fraction
(fwi) of the low-energy tail. E and f,; increase linearly
with energy, while 4 is nearly constant over energy [34].
fial and A are found to be uniform among the pixels and
across time, thus, we fix these parameters at common
values that are obtained from the fitting to the summed
spectrum of the full dataset.

The accuracy of the calibration curves is assessed by cross-
validation tests similar to that made by Fowler et al. [31], in
which new calibration curves are constructed with one
anchor point deliberately omitted. By comparing the known
energy of the omitted point with the energy of this point
predicted by the new curve, the fidelity of the curve at each
anchor point is tested. Our tests indicate that the absolute
energy has a 0.08 eV uncertainty for a 100-eV distance to the
nearest anchors. In addition, we allow a 0.07 eV systematic
error for possible undetected features in the spectra and the
systematic uncertainty of the calibration energies [31].

Figure 2(a) shows the correlation between the energy
deposited in the last beam counter in front of the target and
the timing of the TES pulses with respect to the kaon beam.
Most of the minimum ionizing particles (MIP), which come
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FIG. 2. (a) Correlation between the energy deposited (dE) in
the last beam counter and the TES pulse timing. (b) Timing
histogram of the TES pulses with dE > 16 MeV. The hatches
show the timing ranges of kaonic-atom formation events and
asynchronous-background events. These plots include events in
the x-ray energy range of 6100 < E < 6600 eV.
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FIG. 3. Final x-ray spectra after all event selections. The

asynchronous background was estimated via the timing ranges
defined in Fig. 2. The peak fitting lines, including decomposition
into the main peak and the low-energy tail components, are shown.

from kaon decays and reactions, were removed by the
online hardware threshold. Additionally, we required the
energy deposit to be larger than 16 MeV to select low
momentum kaons which are likely to stop in the target. This
off-line selection further reduces the background by half.
Figure 2(b) shows the projection to the timing axis and the
definitions of timing ranges synchronous and asynchronous
to the kaon beam, where a clear peak is observed with a
500 ns FWHM resolution.

The final x-ray spectra obtained with the timing range
synchronous to the kaon beam are shown in Fig. 3. The
3d — 2p x-ray lines from kaonic helium isotopes are
clearly observed. The asynchronous background contribu-
tions, shown with a normalization by the time-range width,
are negligibly small. The dominant contribution to the
background is attributed to the kaon beam itself or to
secondary particles from the kaon-absorption reactions
around the target. The pulse time-range selection slightly
changes the peak energies and the energy resolutions. This
effect is quantified as part of the systematic uncertainties.

The kaonic x-ray peaks are fitted in the TES spectra to
extract the intrinsic peak energies and widths. We employ a
single Lorentzian function for each intrinsic line shape.
This is justified because there is no fine splitting for a spin-
0 K~ meson, and parallel transitions have a vanishingly
small probability due to the large K~ absorption width. The
detector response, namely OF, f,;, and 4 at the kaonic x-ray
energies, are estimated separately via the calibration lines.
The energies (E3,_.,,) and widths (I',,,) of the x-ray lines of
kaonic helium isotopes are obtained to be

Eg((;lize], = 6224.5 + 0.4(stat) £ 0.2(syst) eV,

EX.% = 6463.7 0.3 (stat) £ 0.1(syst) eV,

5 M = 2.5+ 1.0(stat) = 0.4(syst) eV,

5 ™M = 1.0 £ 0.6(stat) £ 0.3(syst) eV.

Systematic uncertainties are classified into the following
four sources, and the estimated results are summarized in

TABLE I. Measured x-ray energies and widths of the kaonic
3He and “He 3d — 2p transitions, together with the summary of
the statistical and systematic errors. Electromagnetic calculated
energies are also tabulated. All the values are in units of eV.

K—*He K~*He

Energy Width Energy Width
Measured (E;’:lp_,zp, I,,) 622448 25 6463.69 1.0
Statistical error 040 1.0 027 0.6
Systematical error: total 0.18 04 0.11 03
(a) Absolute energy scale 017 - 009 .-
(b) Detector resolution 0.01 0.2 0.01 0.1
(c) Low-energy tail 0.03 0.1 0.03 0.1
(d) Fitting robustness 0.05 0.3 0.05 0.3
Electromagnetic (E5%, p) 6224.69 6463.46

Error from the K~ mass 0.17 0.18
AE2I’ = E;Tip—ﬂp - Eg'z;’n—;Zp -0.21 e 0.23

Table I. (a) The calibration accuracy is the main systematic
error and is energy dependent as already discussed above.
(b) The uncertainty of the energy resolution of the detector
comes from the pulse time-range selection and the addition
of spectra from pixels whose energy-calibration curves
differ from one another. The latter broadening term is
evaluated by the cross-validation tests. (c) The uncertainties
in the tail parameters (f,;, 1) are evaluated by the cross-
validation tests and the distribution of the parameters
obtained by fitting the tail parameters separately for each
pixel. (d) Robustness of the fitting process is tested against
the changes to the fit regions, different binning of the
histogram, and the choice of background model (constant
or linear slope).

The strong-interaction shifts are extracted from the
measured kaonic energies (E3,,, ) and the electromagnetic
energies calculated without the strong interaction (E5;%, ).
The electromagnetic energy of each orbital is calculated by
considering vacuum polarization to the next-to-leading
order and the relativistic recoil effect [39]. The uncertainty
on the charged kaon mass, tabulated by the particle data
group as 493.677(16) MeV/c? [40], translates to a non-
negligible absolute uncertainty of ~0.2 eV for the calcu-
lated x-ray energies. The precision of the calculation itself
is better than 0.01 eV including the uncertainty of the
electron screening effect [39]. Then, the strong interaction
shifts in the 2p states of kaonic helium isotopes
(AE2P = Eg)c(ip—ﬂp - Eg.clz’n—.ﬂp) are

AEK M — _0.2 + 0.4(stat) = 0.3(syst) eV,
AEf:He = 0.2 + 0.3(stat) £ 0.2(syst) eV.

The difference between the 2p shifts in kaonic helium
isotopes (AEIZS;“’Pe = AEZ He _ AEf:He) is
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FIG. 4. Strong-interaction shifts and widths in the 2p state of
kaonic-helium atoms. Results in this Letter (J-PARC E62) are
compared to the past measurements of the SIDDHARTA [16] and
the KEK E570 experiments [14]. The KEK E570 result is shown
as a band because no width value is reported. The errors quoted
here are the quadratic sum of the statistical and systematical
errors. The uncertainty in the electromagnetic calculation is not
considered.

AESY = —0.4 £ 0.5(stat) & 0.2(syst) eV.

Here, the uncertainty that originates from the charged-kaon
mass is almost canceled, making this result useful for future
comparisons to theoretical calculations.

The shifts and widths determined in this Letter are
compared to those of the past experiments in Fig. 4. Our
results improve the precisions by about a factor of 10, and
clearly exclude the large shift |AE,,| > 1 eV and a large
width T',, > 5 eV. The optical-potential-model approach
works rather well in these light systems.

This is the first experiment in which a finite width of a
few electron volts is directly determined for an atomic state
of kaonic atoms, whereas all the past reported widths below
10 eV are indirect measurements based on x-ray yields [5].
In turn, from the 2 p width of this Letter and the x-ray yields
of all the transitions to the 2p states in the literature [41],
we can estimate the Ka yields of kaonic helium to be of
the order of 0.01% per stopped kaon. This suggests the
possibility of a future experiment to measure ls states
with large-collecting-area devices, such as silicon drift
detectors.

In summary, we measured the energies and widths of the
3d — 2p transition x rays from kaonic *He and “He atoms
with a TES microcalorimeter spectrometer. With an energy
resolution better than 6 eV (FWHM), we achieved approx-
imately 10 times better precision than in the past experi-
ments. Our results exclude the large shifts and widths
predicted by a coupled-channel calculation and are
compatible with the optical-model-based calculations.
Comparison to more elaborate theoretical studies would

be beneficial for the precise evaluation of the K-nucleus
strong interaction, especially in connection to the properties
of light kaonic nuclei. The present experiment demon-
strates that TES detectors can perform physics experiments
such as measuring a rare signal of one event per hour even
in a difficult beam environment that produces many
charged particles. This marks an important milestone for
the widespread use of high-resolution microcalorimeter
spectrometers in harsh radiation environments, while the
range of applications is expanding rapidly by covering a
higher energy range and a larger effective area.
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