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Introduction



Spectroscopy
of Kaonic atom x-ray

Fundamental study of strong interaction

between anti-K & nucleus at low energy limit



What is
Kaonic atom ?



Kaonic atom formation

K-

e-

Auger Electron

Nucleus

 n ~ sqrt(M*/me) n’ ~ 25 (for K-p)
 (M* : K-p reduced mass)

1) Initial capture

stopped in a target medium

highly-excited state



Kaonic atom formation

e-

Auger Electron

Nucleus

2) Cascade K- X-ray
deexcite



Kaonic atom formation

e-

Auger Electron

Nucleus
K-

3) Strong interaction

X-ray

Shift and Width
of last orbit

e.g. • 1s for K-p, K-d
• 2p for K-He



The strong int. width > Radiative trans. width

Kaonic atom formation

e-

Auger Electron

Nucleus
K-

X-ray



The strong int. width > Radiative trans. width

Kaonic atom formation

e-

Auger Electron

4) Absorption

X-ray



The simplest Kaonic atom

Kaonic Hydrogen

K-

p



2p

1s (only Coulomb)

1s

Shift : ΔE2p

Width : Γ2p due to
strong int.

Nuclear absorption

Last orbit = 1s
~  Kaonic hydrogen ~

2p-1s X-ray

measurement

(~ 6 keV)



2p

1s (only Coulomb)

1s

Last orbit = 1s
~  Kaonic hydrogen ~

∆E2p = Eexp
X − EEM

X 2p-1s X-ray

measurement

Repulsive :
Shift = negative value

(~ 6 keV)



2p

1s (only Coulomb)

Last orbit = 1s
~  Kaonic hydrogen ~

∆E2p = Eexp
X − EEM

X 2p-1s X-ray

measurement

1s
Atractive :
Shift = positive value

(~ 6 keV)



Kaonic hydrogen

 S-wave scattering length “a K-p”
expressed with isospin dependent
scattering lengths a0 (I=0), a1 (I=1)

€ 

−ε1s + i Γ1s
2

= 2α3µ 2a
K − p

 Deser Formula

€ 

a
K − p

=
a0(I = 0)+ a1(I = 1)

2

One of the most important observable
on the physics of the KN interaction

~ together with the values of K-d (for “a K-n”) ~

Shift Width



Difficulty of KH Kα X-ray

Density-dependent yield due to Stark mixing 

→ Low density gaseous hydrogen target 

→ Low energy Kaon with small energy spread



DAFNE
e- e+ collider



DAFNE
e- e+ collider

Suitable for Kaonic atom exp.

• Φ → K- K+ (49.1%)

• Monochromatic low-energy K- (~127MeV/c)

• No (beam) hadronic background

  ( compare to hadron beam line : e.g. KEK )



History of
Kaonic hydrogen

measurement



70-80’s : Kaonic hydrogen puzzle

exp.

Shift [eV]

W
id

th
 [e

V
]

Repulsive Attractive past 3 exp.



KEK E228

KEK-E228 exp.

Shift [eV]

Repulsive Attractive

98’ : solving K-p puzzle
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target at 4 atm and 100 K (!0.94 3 1023 g"cm3) giving

an effective thickness of 50 mg"cm 2.

An array of 60 Si(Li) crystals, each with a sensitive

area of 200 mm2, was positioned directly in the hydrogen

gas inside the aluminum target vessel to view the stopping

volume of the kaons. The inner surface of the vessel was

covered by thin titanium (Ti) foils whose fluorescence

served as an in-beam energy calibration.

Since the kaon beam is contaminated by pions (K"p !
0.01 just before the target), the timing of the x-ray signal
is important for reducing the accidental background.

After time walk corrections of the Si(Li) detectors, a

resolution of 290 6 10 nsec (FWHM) was obtained for
the summed time spectrum. We defined a “prompt time”

gate for kaons with a 6360 nsec width. We recorded

the time of beam pions striking the beam counters and

rejected signals of the Si(Li) detectors coincident with

these pions.

An 55Fe source was inserted periodically when beam

was off to determine the calibration of each Si(Li) detector.

Only Si(Li) detectors whose resolution was better than

400 eV (!25 detectors on average) were selected and
summed.

The Ti fluorescence x rays in the prompt time gate

(shown in Fig. 2) were used as an in-beam energy

calibration source to monitor the gain stability. By

fitting the summed spectrum of Ti Ka1 , Ka2 , and Kb

with the known intensity ratios and energies [11], we

obtained an energy resolution of 407 6 7 eV (FWHM).

This resolution is consistent with that obtained using 55Fe.

It is predominantly determined by microphonic noise

and its energy dependence is negligible in the region of

interest.

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 to
20 keV. The dashed line is the prompt time gate.

K2p absorption produces various reaction products in-
cluding high energy g rays which were the major back-

ground source of the previous experiments. By selecting

the branches K2p ! S6p7 followed by S6 ! np6,

we can exclude all reactions producing high energy g
rays. These branches (!50%) were identified by tagging
on two charged pions.

Furthermore, this two-charged-pion tag enables us to

determine the kaon reaction point as a vertex by tracking

both pion trajectories. We used two layers of cylindrical

wire chambers to reconstruct the vertex point and two

layers of plastic scintillation counters to trigger those

events. We applied the fiducial selection of the target

volume using the vertex point. False triggers caused by

high energy electrons, which are mainly produced by g-
ray conversion, were rejected by water Čerenkov counters

placed just behind the trigger counters.

In order to identify the formation of kaonic hydro-

gen atoms and to reject the contaminating in-flight

decays"reactions, we utilized the correlation between the
kaon range and its time of flight in the hydrogen gas.

Because the stopping power of our gaseous target is quite

low, the “kaon stop” events have a large delay depending

on their range in the gas.

After applying these event selections, we obtained the

x-ray energy spectrum shown in Fig. 3. In the spectrum,

we clearly observed kaonic hydrogen K-series x rays at
about 6 and 8 keV, which are identified to be Ka (2p
to 1s) and Kcomplex (3p or higher to 1s), respectively.
The pure electromagnetic value of the kaonic hydrogen

Ka x-ray energy [EEM#Ka$] is 6.480 6 0.001 keV, which

FIG. 3. Kaonic hydrogen x-ray spectrum. The inset shows
the result of peak fitting and the components.

3068 M.Iwasaki, PRL78(1997)3067

*Gas target
*Si(Li) as x-ray detector
*Hadron beamline



pattern of kaonic hydrogen K lines, clearly identifying K!,
K", and K# transitions, with an intensity ratio 1:1! 0:5 for
K!=K" (compatible with [15] within 2$), and limiting the
intensity of K#=K! to 0:2! 0:5.

A new precise value of the K"p scattering length aK"p

can be extracted from the DEAR result by using the Deser
relation [10]:

%1s # i
!1s

2
$ 2!3&2Tth

K"p; (5)

where ! is the fine structure constant, & is the reduced
mass of the K"p system, and Tth

K"p is the K"p ! K"p
threshold amplitude, i.e., the zero-energy scattering length
aK"p. In the isospin limit, i.e., in the absence of the
electromagnetic interaction and at md $ mu, aK"p can be
expressed in terms of the scattering lengths for isospin I $
0 and I $ 1, a0 and a1:

aK"p $ 1

2
%a0 # a1&: (6)

Recent work based on the nonrelativistic effective
Langrangian approach to bound states [16] shows that in
the case of kaonic hydrogen the isospin breaking correc-
tions to the lowest order relation given by Eq. (6) are
important, much larger than their counterparts in pionic
hydrogen, or in pionium (typically, a few percent). Here,
following the customary practice, we report aK"p at the
lowest order, as given by Eqs. (5) and (6):

aK"p $ !" 0:468! 0:090 %stat& ! 0:015 %syst&"
# i!0:302! 0:135 %stat& ! 0:036 %syst&" fm:

(7)
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FIG. 3. The kaonic hydrogen x-ray spectrum after continuous
and structured background subtraction: (a) results of analysis I;
(b) results of analysis II. The fitting curves of the various kaonic
hydrogen lines are shown.

PRL 94, 212302 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
3 JUNE 2005
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05’ : confirming repulsive shift

Shift [eV]
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Repulsive Attractive DEAR @ DAFNE

G. Beer et.al., PRL94(2005)212302

*Gas target
*CCD as x-ray detector



  error in shift  ~ ± 10 eV
  error in width ~ ±  35 eV

09’ : Present experiment

SIDDHARTA
precision goal



SIDDHARTA experiment

• Kaonic Hydrogen : 2p->1s (~6.4 keV)
     --- simplest kaonic atom -> K-p scattering length ---
     Significant improvement over previous measurements

• Kaonic Deuterium : 2p->1s (~7.8 keV)
     --- extract K-n scat. length  (three body int. of K-d) ---
     First measurement !

• Kaonic Helium : 3d->2p (~6.4 keV)
    First measurement with gaseous helium target



Experiment



Silicon Drift Detector - SDD

FET
electric field gradient

e-
e+

anode

X-ray



Silicon Drift Detector - SDD

( C = ε0S / d )

anode
cathode

electrode
Si(Li) SDD

small anode

small capacitance

High resolution
with thin depletion layer

Suppress a background
due to Compton scattering

inside the detector

parallel plate type
of silicon detector



Silicon Drift Detector - SDD

KEK, 1998 DEAR, 2005 SIDDHARTA

Detector Si(Li) CCD SDD
Energy Resolution 360 eV 180 eV 180 eV

Thickness sub 10 mm sub mm sub mm

Effective area 120 cm2 116 cm2 114 cm2

Time resolution sub μsec ~ 30 sec sub μsec

Same
order



Silicon Drift Detector - SDD
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SIDDHARTA overview
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kaon trigger
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p = 127 MeV ;  Δp/p = 0.1%

Φ

SIDDHARTA overview
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SIDDHARTA overview
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SIDDHARTA setup

Kaon detector

SDDs & Target
(inside vacuum)



Kaon detector



Silicon Drift Detectors

1 cm2 x 144 SDD



Target cell



Kaonic helium
Result

~ Estimation of statistical accuracy
of KH shift value ~



Energy (EM)
Yield rate*

(per stopK)

K4He Lα 6.4 keV ~10 -1

KH Kα 6.5 keV ~10 -2

* At ∼ 10 ρSTP of helium gas, x ray event per stopped kaon

Good for the test
of KH Kα measurement

✓  similar value of each transition energies

✓  ~10 times faster than the KH Kα yield rate
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Kaon correlated event timing

After slewing correction



Entries  18011
Mean    63.97

RMS     212.6
Underflow       0
Overflow     7195
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K-4He 3d->2p : Gaussian fit

P r e l i m i n a r y

Counts : 346 counts

Int. luminosity : ~ 7 barn-1

Acquisition time : ~ 17 hour

Resolution : 180 eV (FHWM) (σ=76 eV)

Yields per int. luminosity 
48 ± 5 [counts/pb-1]

S/N ratio = 6.6 (for ±2σ)

The mean value (shift) is
consistent with previous value
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Assumptions :
✓ Same background rate  

✓ Same energy resolution (σ = 76 eV)

✓ Requested Integral luminosity : 400 pbarn-1

✓ Yield ratio between KH Ka and KHe La = 1 : 10

✓ Natural width = 249 eV (DEAR: PRL94 212302)

Estimated precision of KH Kα
Kaonic Hydrogen 2p->1s

Ar t i f i c i a l  spec t rum

Energy [eV]

C
o

un
ts

Statistical accuracy

of determining the 

shift [eV] :

~ 10 eV



Summary



Summary

✓ SIDDHARTA setup with 144 SDDs in operation

✓ KHe Lα line mean value consistent with previous value

✓ KH Kα precision ~ 10 eV for 400 pbarn-1

➡ Further tuning for hydrogen target run in progress.




