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Observation of Kaonic HydrogenK, X Rays
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We have measured the shift and width of the kaonic hydrogenstate due to theKN
strong interaction. We have observed, for the first time, distiieteries kaonic hydrogen x rays
with good signal-to-noise ratio in the energy spectrum. The measured energy shift and width
were determined to be\E(1s) = —323 * 63(sta) = 11(sysh eV (repulsive) andI'(1s) = 407 +
208(stah = 100(sysh eV, respectively. [S0031-9007(97)02992-X]

PACS numbers: 13.75.Jz, 25.80.Nv, 29.30.Kv, 36.10.Gv

The determination of the strong-interaction energy levebtopping yield and kaon loss during the atomic cascade
shift and width of the kaonic hydrogen x rays is one of thedue to the Stark effect, we chose to operate the hydrogen
most important subjects for the understanding of kimé
interaction. It is strongly affected by the presence of the

A(1405) subthreshold resonance. The study of ¥ 1000 —
interaction is also relevant to the important question of O | @ Sonstant Scattering Length
K~ condensation in dense matter [1,2]. "He&landaugs  Vehtefal 83 % Cloudy Bag Model

The observation of the shift and width of the kaonic gol N\ i C°"S"‘”e%9”a”‘“":°de' |
hydrogenkK,(2p — 1s) x rays gives direct information 0 Tanakag Suzukio2 / 7 ]
about theKN s-wave interaction at th&& ~p threshold i @fgs\. /;ij; 1
energy in a fairly model independent way [3]. The sta- /| = O Conboy 85l /;*j;
tus of the study was quite puzzling due to the contradic- o p K S Foae 70 /i;
tion between the signs of the scattering lengths obtained £ \\\_: Martin 81 8i2 /‘"/
by the previous Xx-ray measurements [4—6] and those ex- £, | \\\ Martin & Sakit 69 /
tracted from the analyses of the low enerfW data, | o pialel] oo & fmes !
e.g., Refs. [7-9], as shown in Fig. 1. This contradiction Hamaieet;”’;:’&l.'“°gam'5.°\\\ 7
is known to be almost impossible to reconcile within the 200 23 xg
conventional theoretical framework. Moreover, the x-ray i ) - R%S
signals of the previous experiments are very difficult to Present Experiment ;% §§
identify in their spectra. Therefore, a definitive experi- o SN 53 L
ment has been long awaited. 2%

We accumulated data for 760 hours at KEK-PS K3. A
detailed description of our experimental setup is given i

0
Shit (eV)

r‘:IG. 1. The energy shift and width df state. One-standard-

a sepgrqte Paper [10]. Here we pr_ese_nt a S,hor_t summaryeyiation region of shift and width of the previous experiments
Optimization of the target density is quite important are plotted together with theoretical calculations. The present
for this experiment. As a compromise between kaonesult is shown in bold.
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target at 4 atm and 100 K~0.94 X 1073 g/cn?) giving K~ p absorption produces various reaction products in-
an effective thickness @f0 mg/cm?. cluding high energyy rays which were the major back-
An array of 60 Si(Li) crystals, each with a sensitive ground source of the previous experiments. By selecting
area 0f200 mm?, was positioned directly in the hydrogen the branchesk  p — 3“7 * followed by 3* — nz™,
gas inside the aluminum target vessel to view the stoppinge can exclude all reactions producing high enengy
volume of the kaons. The inner surface of the vessel wagys. These branches-§0%) were identified by tagging
covered by thin titanium (Ti) foils whose fluorescenceon two charged pions.
served as an in-beam energy calibration. Furthermore, this two-charged-pion tag enables us to
Since the kaon beam is contaminated by pidtigit ~  determine the kaon reaction point as a vertex by tracking
0.01 just before the target), the timing of the x-ray signal both pion trajectories. We used two layers of cylindrical
is important for reducing the accidental backgroundwire chambers to reconstruct the vertex point and two
After time walk corrections of the Si(Li) detectors, a layers of plastic scintillation counters to trigger those
resolution of290 = 10 nsec (FWHM) was obtained for events. We applied the fiducial selection of the target
the summed time spectrum. We defined a “prompt time'volume using the vertex point. False triggers caused by
gate for kaons with at360 nsec width. We recorded high energy electrons, which are mainly producedyby
the time of beam pions striking the beam counters anday conversion, were rejected by waerenkov counters
rejected signals of the Si(Li) detectors coincident withplaced just behind the trigger counters.
these pions. In order to identify the formation of kaonic hydro-
An >Fe source was inserted periodically when beangen atoms and to reject the contaminating in-flight
was off to determine the calibration of each Si(Li) detector.decaygreactions, we utilized the correlation between the
Only Si(Li) detectors whose resolution was better tharkaon range and its time of flight in the hydrogen gas.
400 eV (25 detectors on average) were selected andBecause the stopping power of our gaseous target is quite
summed. low, the “kaon stop” events have a large delay depending
The Ti fluorescence x rays in the prompt time gateon their range in the gas.
(shown in Fig. 2) were used as an in-beam energy After applying these event selections, we obtained the
calibration source to monitor the gain stability. By x-ray energy spectrum shown in Fig. 3. In the spectrum,
fitting the summed spectrum of TX,,, K.,, and Kz we clearly observed kaonic hydrogdftseries x rays at
with the known intensity ratios and energies [11], weabout 6 and 8 keV, which are identified to kg, (2p
obtained an energy resolution 407 = 7 eV (FWHM).  to 1s) and Kcompiex (3p Or higher tols), respectively.
This resolution is consistent with that obtained usitige.  The pure electromagnetic value of the kaonic hydrogen
It is predominantly determined by microphonic noise K, x-ray energy Eem(K,)]is 6.480 = 0.001 keV, which
and its energy dependence is negligible in the region of

interest.
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FIG. 2. X-ray spectrum in the prompt time gate. The inset

shows the typical x-ray time spectrum for the x rays from 2 toFIG. 3. Kaonic hydrogen x-ray spectrum. The inset shows
20 keV. The dashed line is the prompt time gate. the result of peak fitting and the components.
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includes finite size effect and vacuum polarization. In In Fig. 1, we plot the one-standard-deviation region
Fig. 3, Ekm(K,) is plotted as a dotted line. Clearly, the of the shift and width in comparison with that of the

energy of thek,, peak is located on the lower energy sideprevious experiments and theoretical calculations. As
(a repulsive shift) and is broadened. shown in Fig. 1, the shift given in the present experiment

We utilized a Lorentz function convoluted with a is opposite in sign to the previous three experiments and
Gaussian function for the detector resolution to represertonsistent with the analysis of the low energw data.
each x-ray component. We fitted the background of Fig. 3his resolves the long-standing kaonic hydrogen puzzle.
in the energy region from 3 to 4 and from 10 to 18 keV, We acknowledge theoretical discussions with K. Ya-
where no structure is expected, with a quadratic functionzaki and M. Arima. We thank T. Harada who made an

In order to avoid the uncertainties due to the unknowrelectromagnetic calculation of the kaonic hydrogen atomic
intensity ratios of the individualk lines, we adopted states. Gratitude is also extended to Si(Li)-supplier JEOL
a fitting strategy that determines the energy and widtlstaff, K. Shibuya, H. Ohkubo, T. Watanabe, and especially
primarily from the K,. First we fitted a region around M. Kuwata. We thank E. Widmann, K. Nagamine,
K. (Rg,, defined below) to determine the peak positionl. Arai, and K. Nakai for their support. We thank
and width with fixed background. Then, using these shifte. Klempt and the ASTERIX collaboration for the use of
and width values to give the position and width of eachtheir cylindrical wire chambers. We are indebted to the
complex component, we fitted the 3—10 keV region toKEK staff, especially M. lwai, R. Ohkubo, K.H. Tanaka,
determine the shape &f.ompix and Ti fluorescence. We and S. Ishimoto. This work is supported financially by
iterated this procedure, treating the tails fmpiex and  KEK, with additional contributions from the Grants-in-
Ti given by the second step as part of the background iiid for International Scientific Research of Monbusyo,
the first step, until the energy and width converge. ThelSPS (Japan), NSERC (Canada), DOE and NSF (U.S.).
convergence was quite fast and the contribution of the tail
to the K, fit was small.

Rk, was varied in steps between 0.8 and 2.3 keV cen-  *present address: Department of Physics, Tokyo Institute
tered at 6.1 keV to estimate the systematic uncertainty  of Technology, 2-12-1 Ookayama, Meguro, Tokyo 152
associated with the procedure. We also evaluated the sys- Japan.
tematic error originating from the uncertainty of the back- ~ 'Present address: Muon Science Laboratory, RIKEN,
ground spectrum. These are the dominant components  Wako, Saitama 351-01, Japan. _ o
of our systematic error and are also normally distributed. ~ "Present address: Department of Physics, University of
Additional systematic errors were estimated for the Si(Li) ~ Manitoba, Winnipeg, MB, Canada R3T2N2. .
energy resolution and the absolute energy calibration. Present address: KEK, 1-1 Oho, Tsukuba, Ibaraki 305,

. : . . Japan.
We obtained an energy shift and width &t lpresent address: Meikei High School, 1-1 Inarimae,
AE(ls) = E(K,) — Egm(K,) = —323 = 63 = 11 eV Tsukuba, Ibaraki 305, Japan.
TAlso at: Department of Physics and Astrophysics,
and I'(1s) = 407 = 208 * 100 eV, California State University, Northridge, CA 91330.
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