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Observation of kaonic hydrogen atom x rays
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We have measured théseries x rays from kaonic hydrogen atoms and have succeeded for the first time in
observing a distincK « peak. Thel x-ray peak has also been observed. The strong-interaction shift and width
of the kaonic hydrogen atonslstate were determined from the transition energy and the line width & &he
x rays. The sign of the strong-interaction shift was confirmed to be repulsive, with the ra&jlts — 323
+63 (statistical}11 (systematic) eV anll;,=407+208+=100 eV. The measured shift and width of the
1s state are consistent with those expected from other low enzrgyiata, and thus the long-standing kaonic
hydrogen puzzle is resolved. ThHé€a x-ray yield per stopped kaon was estimated to betD% % at a
hydrogen target density of @p. [S0556-28188)05710-0

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

[. INTRODUCTION width due to the strong interaction between the kaon and the
proton. The shift and width are appreciable only in the 1
The kaonic hydrogen atom, a system composed of a prestate and are negligible in other states in comparison. It is
ton and a negatively charged kaon bound by the Coulomlthus expected that the shift and width of the state can be
force, serves as a unique tool to probe Kie interaction at  determined by measuring the energy of tiseries x rays.
the threshold energy. Its energy levels are shifted from theif Ne 1s state shift and width can be related to the real and

pure electromagnetic values and have a finite absorptiohnaginary parts of thé(™p scattering lengtray -, by the
Deser-Trueman formulfl]
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FIG. 1. Experimental apparatgsross section Negative kaons of 600 Me¢/were slowed down in the carbon degrader and brought to
rest in the hydrogen gas target, forming kaonic hydrogen atoms. The timing of the incoming beam was determined by the B2 counter. Three
Lucite Cerenkov counters served fi/ 7 separation. X rays from kaonic hydrogen atoms were detected with the) Siray detectors
placed in the hydrogen volume. The two layers of scintillation counter affidyand T3, the two cylindrical MWPC4C1 and C2, and the
water Gerenkov counter array surrounding the target served to detect two charged pioris Tpabsorption to select appropriate events.

gion. A resonant staté (1405) couples to th&N system and hence x-ray signals were very difficult to identify. There-
just below theKN threshold in thel =0 channel. The fore, a definitive experiment has been long awaited.

A (1405) is one of the most poorly understood objects amon% W_e hﬁvg performed a new experlmert at KE.K to tmle?suk:e
low-mass baryons. The dispute about its structure, whether aonic hydrogen X rays, using novel experimental tech-

L L nigues, and have succeeded in observing distifiseries
is aKN bound stat¢2—4] or a three-quark sta{®,6], is still 1.5 onic hydrogen x rays with good signal-to-noise ratio in the
unresolved. Since thd (1405) resonance dominates the

2" energy spectrum. A preliminary result has been reported
=0 KN amplitude near threshold, it is expected that the[12]. In this paper, we present a full account of our experi-
structure of theA (1405) can be investigated through study ment, including the details of the analysis that have not been
of the low-energyKN interaction, in particular, through mea- previously reported.
surement of kaonic hydrogen atom x rays. More importantly,
systematic studies of the low-ener¢g§N and KN interac-
tions will allow a more reliable determination of theN 3, Il. EXPERIMENTAL METHOD AND APPARATUS
term (Sxy), Which is related to the strangeness content of
the proton[7].

At present experimental data are available far K™ p

A kaonic hydrogen atom is formed when a negative kaon
is stopped in hydrogen. A typical experimental procedure for
eIastiE and ine]astic cross sectioif) branqhing .ratios for :‘ﬁﬁ%@'gnhfgggfgXarﬁ)%v?qeiaes};;erkgeo? Eggisfngf g:tpe?:?:gg
theK™ absorption at restin hydrogeft) = m invariant mass emitted x rays coincident with the incoming kaons by detec-
distribution below theKN threshold[showing theA(1405)  tors placed in or around the target. In this experiment, in
resonance bunjpand(d) three measurements of kaonic hy- aqdition to these, tagging on two charged pions from the
drogen x ray§8-10. The results of the previous studies of K~p absorption was used in order to select appropriate
the low-energyKN interaction are quite puzzling. Conven- events. The use of a gaseous target is another new feature of
tional analyses of data fde)—(c) find that Rek-,<<0. For  this experiment. A detailed description of the principles of
example, Martin[11] obtaineday,=—1.70+i0.68 fm and the experiment and the experimental apparatus is given in a
a;=0.37+i0.60 fm. From Eq.(1), if Reax-,<0, the separate pap¢l3]. Here we give a short account relevant to
strong-interaction shift of the kaonic hydrogen atomstate  the later description of the data analysis procedure.

should be repulsive. The three previous measurements, how- The experiment was performed at the K3 low-energy
ever, all reported an attractive shift. This discrepancy haseparated beam line at the KEK Proton Synchrotron. A
been found to be impossible to reconcile in the conventionatross-sectional side view of the experimental apparatus is
theoretical framework and has been called “the kaonic hyshown in Fig. 1. For later use, a Cartesian coordinate system
drogen puzzle.” The quality of the previous x-ray measure-(X,y,z) is defined with thez axis along the beam direction
ments, however, was also called into question. The x-raythe beam travels in the positiwdirection), thex axis hori-
spectra suffered from a large background and low statisticzontal, and they axis vertical. Also a cylindrical coordinate
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system €,¢,z) is defined with the same definition of tke  The %°Fe source was attached to one end of a rod so that it
axis. could be removed by pulling from outside the target. The
SFe source was inserted periodically when the beam was off

A. Beam counters to determine the calibration of each(ISi) detector. The in-
Negative kaons of 600 Me\/from the K3 beam line ner surface of the target chamber and the final Teflon de-

were slowed down in a carbon degrader and were brought tgrader in the gas volume were lined with thin titanium foils.
rest in the hydrogen gas target. The timing of the mcommgTitanium x rays(emitted when beam and other particles pro-

particle was measured with a scintillation counter B2. Thregluced in various reactions passed through the)feésved as
Lucite Cerenkov counter¢LC1, LC2, LC3) were used to an in-beam energy calibration source.

reject contaminating pions in the beam. The kGunters

were of the total-internal-reflection type. Their efficiency C. Two-pion tagging system

was checked using time of flight between B2 and the scintil-
lation counter B1 placed further upstream in the K3 channel
and was found to be>99.99% for pions. Placed after the

carbon degrader were beam-defining counters B3 and B
whose pulse height also served to identify kaons in the bea

The carbon degrader was s.urrounded k_)y pla_stic SCimi"""tio'ﬂrevious experiments. There are, however, reaction modes
counters(veto countersto reject events in which a nuclear that have noy rays in the final state’K*p—Ei’Tri followed

reaction with the kaon occurred in the degrader. The bear;Ey S*_, na*. These modegbranching ratio~50%) are

The K™ p absorption, which occurs as the final stage of
the atomic cascade of the kaonic hydrogen atom, produces
arious reaction products including high-energy rays.
'hese high-energy rays, which are mainly due to the de-
ays of°, A, andX°, were a major background source in

was tuned so that the kaon stopping yield was maximized. haracterized by the presence of two charged pions with mo-

was estimated from a Monte Carlo calculation that abou . : )
0.06% of the incoming kaons stopped in the hydrogen gagnenta higher than 150 Me¥/in the final state. There are

X ; . no reaction modes in whicly rays are emitted along with
target. The average kaon intensity and Kier ratio, both . : .
after the carbon degrader, were<@0® per spill and 1/90, two charged pions with momenta higher than 150 vi

respectively. The spill duration wa2 s and the repetition ;g%s'l%t?\ﬁl}g\'?tg (\)/\r/]etvc\:lgncgiz:?fgepgln fh\g'trg:;ggqnesm?:éﬂfr
rate was 1 spill per 4 s. ' P

ing high-energyy rays.

In addition, this two-pion tagging method serves to distin-
guish kaons stopped in hydrogen from those stopped in other

A kaon stopped in hydrogen is trapped in an atomic orbitmaterials and those which undergo in-flight decay or reac-
around a hydrogen nucleus, forming a kaonic hydrogerions in hydrogen. Since the lifetime of the chargedar-
atom. The x rays from the kaonic hydrogen atoms were deticle is short, theK™p reaction and the®, decay can be
tected with lithium-drifted siliconSi(Li)] x-ray detectors. regarded as taking place approximately at the same point
The target density is a very important factor in designing theseveral millimeters apartThus theK ™ p reaction point can
experiment: increasing the pressure increases the kaon stdpe obtained as the vertex of the trajectories of the two
ping rate but also decreases the x-ray yield due to the Stamharged pions. Also, the time taken for the kaon to slow
mixing effect. To obtain an optimum signal-to-noise ratio, adown and come to rest in hydrogen gas is several nanosec-
low-temperature pressurized gaseous taf@ed K, 4 atm  onds and can be measured as the time difference between the
was chosen as a compromise between the two. The densikaon injection into the target and the pion emission from the
of the target was-0.94x 102 g/en?~10pstp (pstpbeing  target. For stopped kaons, the time of fligiiOF) is deter-
the density at the standard temperature and presgiving  mined uniquely as a function of the range in hydrogen. Thus,
an effective thickness of 50 mg/émin previous experi- the requirement that the two-pion vertex occur in the hydro-
ments, the $Li) detectors were separated from the liquid gen volume and have an appropriate time of flight clearly
hydrogen target by beryllium windows, which not only at- selects only kaons stopping in hydrogen and forming kaonic
tenuate x rays and distort the energy spectra, but also redutydrogen atoms.
the solid angle subtended by the(lS) detectors. In this To achieve this two-pion tag, the target was surrounded
experiment, the use of a gaseous target allowed us to plaseth two layers of scintillation counter arrays T1 and {fér
the SiLi) detectors directly in the target volume, eliminating the timing of the outgoing particlgsnd two layers of mul-
the need for windows. In order to obtain a large acceptancediwire proportional chamber@dMWPC’s) C1 and C2(for re-
we installed 60 SLi) detectors, each with an effective de- construction of the particle trajectorjeas shown in Fig. 1.
tection area of 200 mfn The average number of i) de-  Both T1 and T2 were segmented into 16 in thelirection in
tectors used during the experiment, however, was kept airder to reduce the rate of multihits on the same counter and
~45 because if more than this number were in simultaneoualso to give a rough position in the direction. Each T2
operation, the reset of one (Bi) detector induced serious counter was viewed by two photomultiplier tubes, one at
cross talk in the other 8ii) detectors. The reason for this each end, which gave a rough position in #hairection. C1
behavior is still unknown. These windowles$l$) detectors and C2 had essentially the same structure, except for their
were developed in cooperation with and provided by JEOLsSizes. The anode wires were stretched parallel to the cylinder
Engineering Co[14] axis, whereas the cathode strips ran at angles 86° in C1

At the downstream end of the target chamber, there was and =45° in C2 with respect to the anode wires. With this
hole with a beryllium window through which at?Fe source configuration, it was possible to determine theoordinate
could illuminate the x-ray detectors for calibration purposesas well as thap coordinate of the position of the avalanche

B. Target and Si(Li) detectors
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by finding the intersection of the anode wire and the cathode 400000

i Raw spectrum i Raw spectrum

strips which were fired. The anode and both cathode planes .ot _A P

were read out by the charge-division method. The outermostg Rejected, K Rejected

layer was an array of watere€enkov counter§WC), which 3 200000 r K

served to reject false triggers caused &y, which are 100000 E 3

mainly produced byy-ray conversion. The watere€enkov - T

array was also segmented into 16 in thelirection. Because 12580 A ATuRDURSRT ot b

the thickness of the T2 counters was 1 cm, the pulse height "+ S'ﬁ%g"‘)id in b gﬁ‘,‘;’;d in

information was also used to distinguish between pions from g hydrogen hydrogen

the K~ p reaction (3~0.8) ande® produced byy-ray con- 3 7900 ¢ selected | selected

version (3~ 1.0). This two-pion tagging syste(il, T2, C1, © 5000 - 3

C2, and W@ subtended a solid angle of about 70% at the 2500 | ! H

target chamber, thus providing an acceptance of 50% to o LM ! !

events with two charged pions. 0 200 400 600 800 0 200 400 600 800 1000
B3 ADC (ch) B4 ADC (ch)

D. Trigger and data acquisition FIG. 2. ADC spectra of the beam defining counters. For each of

For the trigger we required that the incoming particle be aB3 (left) and B4(right), the raw spectrétop) and the spectra with

kaon and that there be at least two particles outgoing frongtopped kaons in hydrogen selectémbttom are shown. We re-
the target. Thus the trigger condition waéx (T1=2) jected events for which either the B3 ADC is below 340 channel or

X (T222), whereK=B2x (LE1ULE2ULE3)xB3xBa ' B4 ADC s below 360 channel

XVETO. Note that neither the &ii) x-ray detectors nor the o )

water Grenkov counters were included in the trigger. ThePeam using information from the beam counté2s Analyze
typical trigger rate was 250 per spill and about 70% of thethe MWPC data to identify two outgoing particle trajectories
triggers were accepted by the data aquisition system. Faind reconstruct the vertex poiii8) Identify whether the two
each trigger, the following information was recorded: theoutgoing particles were pions, using the WADC and the
pulse height information and the timing information for the T2 ADC information. (4) Identify whether the kaon was
beam coupters(B2, B3, B4 and the Lucite @renkov stopped in the hydrogen targethydrogen stopby looking
counters(LC1, LC2, LC3), the timing information for each at the correlation between the vertex point and the time of
T1, the pulse height and timing information for each T2 andflight between B2 and T2ZTOF cub.

WC, the pulse height information for the MWPC's, and the  For such selected events, thel$) data were analyzed
pulse height and the timing information for eaciL$j de-  through the following stepg1) Select those $ii) detectors
tector. The signals from the @i) detectors were processed which had a hit coincident with the incident kaon timirig)

by Ortec 570 shaping amplifiers set to 48-Gaussian shap- Reject data from $ii) detectors which were hit by outgoing
ing and incorporating dc base line restoration circuitry. Thepjons,(3) Reject SiLi) data time correlated with beam pions.

pulse height informatiofthe output of the shaping amplifjer Finally, collecting the selected @i) data, an x-ray energy
of each SiLi) detector was recorded by a peak-sensingspectrum was obtained.

analog-to-digital convertefADC) with a 20s gate width.

Before undertaking this event-by-event analysis, the
Il as t lect ianals i incid i the i SSi(Li) detector calibration parameters were determined using
Well as fo select x-ray signais In coincidence With the INCoOM-, o anganese x-ray peaks from the data taken witi%Fe
ing kaons, was recorded by a multifiip to 16 hit$ long- . o

. . T source inserted and the beam off and the titanium x-ray

range (64ps time gate LeCroy 2277 time-to-digital con- ks from the data taken with the beam on
verter (TDC). The timing of beam pions striking the beam peaks fro € dala take € beam on.
counters was also recorded with a long-range TDC in order _
to reject later, in the off-line analysis, the(Si) signals in- B. Event selection
duced by beam pions. Data were collected for three periods 1. Identification of kaons in the beam
of time, each about 2 weeks long, for a total of 6 weeks over v _ o
the period from February 1995 to June 1995. In total, 1.18 Although the LCcounters had a high efficiency for veto-

% 108 events were accumulated over 763.2 h. ing pions in the beam at the trigger level, there was still some
pion contamination in the trigger caused by the imperfec-
IIl. DATA ANALYSIS tiqns in the glectronic_s. This remainin_g cqntamingtion was
_ rejected off line by using the pulse height information from
A. Overview the LC counters. Also, since slowstopping kaons and fast

The detector analysis procedure can be divided into tw@ions had quite different energy deposits on B3 and B4, the
major parts: selection of “valid events” and creation of x- pulse height information of B3 and B4 was used to further
ray energy spectra by collecting(Bi) signals for such valid reduce the pion contamination. In Fig. 2, the pulse height
events. Here “valid events” are those in which the incomingspectra of B3 and B4 are shown. At the top are the raw
kaon stops in the hydrogen target and two charged pions aspectra without any cuts. At the bottom, the same spectra are
detected by the two-pion tagging system. shown but with stopped kaons in hydrogen selected using the

Valid events were identified by going through the follow- TOF cut(B2-T2 time-of-flight information using the method
ing procedure for each evenfl) Identify the kaon in the described in Sec. lll B}¥ It can be seen that the identifica-
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tion of the kaon in the beam by the beam counters is not 200 [~
crucial since the stopped kaon selection eliminates virtually
all the pions in the beam. ool
2. Vertex reconstruction I: Single combination events

Since the trigger required that the T1 and T2 arrays each
have two or more hits, each of C1 and C2 probably had two
or more hits in an event. The hits on the MWPC’s may be
due to particles created by K™ -nuclear reaction in or
around the target, or may be due to beam pions accidentally . -
coincident with the incoming kaon. The hits on the MWPC'’s VPSS PRI IR IR EI B
which were due to the two charged pions from kaons stopped -200 -100 0O 100 200
in hydrogen must be selected and their trajectories deter- Vertex x (mm)
mined. FIG. 3. Distribution of the vertex in the-y plane. For this plot,

Since the MWPC's were read out by the charge divisionvertices with 0 mm<z<300 mm are selected and the two-pion
method, a hit on a MWPC shows up as two adjacent preameut (described in Sec. |1l BBis applied.
plifiers fired on each of the anode and the two cathode S o
planes. The first step in the vertex reconsctruction was therd=ig. 5, we show the vertex distribution in thedirection. In
fore to seek pairs of fired preamplifiers on each plane. Th&ig. 5 (top), we clearly see events corresponding to kaons
ratio of the charges collected by the two preamplifiers ofStopping in the SLi) detectors and their holder. With the
such a pair determines a line on which the hit on the MWPCTOF cut, the kaons stopping in the(Si) detectors and their
is located. If there was only one hit in each event, the posilolder are suppressed considerably. The fiducial volume
tion of the hit would be obtained by finding the intersectionchosen for analysis;40 mm<z<300 mm and <125 mm,
of three such linegone from each planeHowever, in our Was chosen to maximize the statistical precision of our
case, there were in general more than two particles hittingesult.
the MWPC's. If two particles hit the MWPC's in two adja-
cent sectors of charge division, then information from one or
more planes may be unresolvable, and thus useless in recon- The trajectories reconstructed as described above contain
structing the vertex. Thus the intersection of only two lineselectrons and positrons as well as pions. Fe separation
was also taken as a candidate for the position of the hits. Faran be achieved by using the pulse height information of the
C2, thez position of the intersection of two lines was re- T2 counters and the W€ounters. Figure @left) shows the
quired to be consistent with that obtained by the T2 counterscorrelation between the pulse heights of the WWdTinter and

The position of one candidate hit from C1 and one fromthe T2 counter along the same particle trajectory. In the fig-
C2 gives a candidate particle trajectory. A natural way toure, regions corresponding to individual pion and electron
find the correct position of hits and their correct combina-(or positron tracks are seen along with events in which both
tions would be to look for the combination of candidate hitsan electron and a positron created lpyconversion pass
which gives the two trajectories for which the miminum dis- through corresponding detectorsef?. We required that
tance between the tracks is the smallest among all the pooth of the trajectories fall in the region enclosed by the solid
sible combinations. In our case, however, such a combinacurve.
tion may not always be the correct one for the following two
reasonsi(1) The two charged pions are not created at the 4 Stopped K identification: Kaon “range-TOF" analysis
same point: the points where they are created are separatedsSijnce the target density is quite low, far more kaons un-
by several milimeters because the chargettavels several dergo “in-flight’” decay in the hydrogen target than are
milimeters before decaying2) The vertex resolution of our stopped. Although most of the in-flight ~ decays are re-
tracking system for two-charged-pion tracks was estimategbcted by the two-pion cut which has just been described, it

to be as large as 10 mm, by a Monte Carlo study, due to thgs important to further reduce th€~ decay contamination in
multiple scattering effects in the target chamber and the

Vertex y (mm)
=}
I

-100 —

3. Selection of two-pion events

vacuum vessel. 1s00E . T
Thus we also used the B2-T2 time-of-flight information ]
(use of this information to select stops in hydrogen will be 10000 {Front walls Toflon piate =
described in Sec. Il B}to select a valid combination. We 2 75000 D‘ E
will come to this point later in Sec. 1l B 5 and here we only 3
deal with events with only one possible combination of can- © 50001  Accepted E
didate hits. 2500 packvel |
In Figs. 3 and 4, we show they andz distributions of 3 ,/ ]
the positions of the vertices for such events. In Fig. 3, we see oty T A
the SiLi)-detector holder and the (&i) detectors at the top =200 0 200 400

v
and the bottom of the holder. In Fig. 4, we see the peaks ertex z (mm)

corresponding to the front and the back walls of the target FIG. 4. Distribution of the vertex in thedirection. For this plot,
system. From the fit to the Teflon plate peak, the vertexertices withr<80 mm are selected and the two-pion dde-
spatial resolution was determined to be 9 mm rms. Also, irscribed in Sec. Ill B Bis applied.
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© 5.0 — : FIG. 7. Time difference between B2 and T2 versus verteh
E : can be seen that hydrogen stops are well separated from decays and
25— I reactions in flight. For this plot, events with vertices with
C : <80 mm are selected and the two-pion cut is applied. We accepted
0.0 11 I | P the events in the region enclosed by the solid curves.
0 50 100 150 200
Vertex r (mm) corresponding to the front and the back walls of the target

FIG. 5. Distribution of the vertex in thedirection(weighted by system are seen and, in the hydrpgen region, stops are_CIearIy
1/r) without the TOF cuttop) and with the TOF cutbottom. For sep_arated from decays or reactions in flight. Events in the
this plot, vertices with 822z<300 mm are selected and the two- region enclosed by the solid lines were selected as stopped

pion cut (described in Sec. Il BBis applied. We require¢  Kaons. . _ _

<125 mm. This clear separation can be understood by looking at Fig.
8. The curves drawn in the figure are trajectories of the in-

order to achieve a good signal-to-noise ratio. Also, in-fIightf:omt'rr:éJ Eag:]os 2‘2"!{2? g;ffe_lfﬁgténlrtlaelsvzlrzcglgs Vr\]'hﬁnste;tgr'of

K™ p reactions cannot be distinguished from stopped kaong]g nydroger get. . C urv whn 1 P

by the two-pion cut, ( .0lc, W|th the highest belngg?—_0.4. The slope of the curve '

Shown in Fig. 7 is a contour plot of the time difference :S the_treﬁ!prci_cal of the vgl?ﬁlty. As tt?e (lj<aon progeeg;st, It

between B2 and T2 (T2 TDEB2 TDC) against the value 0ses I1S KINelic energy and the CUrve bends Upwarads. After a

time interval which is uniquely determined by the incident

gstgem\r/r?rf;:felz:erléztlz dpfr;[éj ?r\:gn':vsvo\fwfgnvgﬂ?cﬁzsVzvalltrZa OIvelocity (neglecting the range straggling and multiple scat-
P Zering inside the targgtthe kaon comes to rest, if it has not

been applied. Since the particles detected by the T2 count N
are much faster than slowing-down kaons, the time diﬁer_drecayed, and the slope of the curve becomes infinite as the

. oo .~ frajectory terminates. The larger the initial velocity, the
ence between B2 and T2 is to a good approximation the tim . ,
; . . onger the time it takes the kaon to come to rest and the
of flight of the slowing-down kaons. In the figure, peaks

farther away from the entrance wall the stopping point is.
This is why the stopped kaons distribute as in Fig. 7. The

R clear ridge that has been identified as kaons at rest is an
o Without the TOFcut T With the TOFcut
B logoplot | logo plot 25 —
st & rom otz . = 2
£ L 2 _
_9 S’
g L - L
- 15
5| =) -
2 & _
2 - L
2 3 10
Sl ° _
g £ :
L s [
L 5 r
i N ol
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T2 pulse height (arbitrary unit) T2 pulse height (arbitrary unit) Vertex z (mm)

FIG. 6. The WCpuIse height versus the T2 pulse height, with-  FIG. 8. Calculated trajectory for kaons in hydrogen with differ-
out any cutgleft) and with the TOF cuftright). It can be seen that ent initial velocity. Compare to the “time-of-flight vs verteX plot
thee*/e™ events are suppressed with the TOF cut. shown in Fig. 7.
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indication of the effectiveness of ther2trigger. In Fig. 6

(right), the WCADC versus T2 ADC plot with this TOF cut 1 g SiL#30 1

is shown. It can be seen that thé events are significantly i * Mn K,
| L/ oMn K,

suppressed. 8 i

5. Vertex reconstruction Il: Multiple combination events

In order to select the correct position of hits on the MW-
PC’s from the candidate hits and find their correct combina-
tions even for events with multiple combinations, the infor-
mation from the range-TOF analysis was also used. The
following procedure was adopted to identify the correct com-
bination of the candidate hits: the minimum intertrack dis- 0 100020003000 0 1000200030004000
tance between the two particle trajectori@FF) was re- ADC (ch) ADC (ch)
quired to be less than 60 mm. If there is more than one such G, 9. Typical x-ray ADC spectra of single(&i) detectors for
combination, the one with an appropriate range-TOF corregata with the>>Fe source inserted and the beam off. Mangamase
lation for a stopped kaon was chosen. When this procedurgndk g x rays from the>Fe sourcdenergy=5.895 keV and 6.490
selected more than one combination, the one with the smalkev, respectivelyand titaniumK a x rays(energy=4.511 keV for
est intertrack distance was chosen. Ka;) can be seen.

The largest allowed value for the DIFF was determined to

be 60 mm by making a sample of events with only onesome typical detectors fot’Fe data are shown. Titanium as
pOSSible combination of candidate hits and an appropriat@ve” as manganese X rays froFﬁFe can be seen because x
range-TOF correlation for a stopped kaon, and looking at th(gayS from °Fe excite titaniunK-shell electrons.
DIFF distribution for such events. By using this procedure | order to demonstrate the linearity of our x-ray detection
for finding the correct combination of candidate hits, wegsystem, the deviation of the position of each x-ray line from
achieved almost twice the analysis efficierieyialysis effi-  the position obtained using the calibration parameter deter-
ciency = (the num_ber of valid events recognized as Valid mined by the position of the manganeker line and the
(the number of valid evenftbfor hydrogen-stop events than pedestal position is shown in Fig. 10. The linearity is better
obtained by simply seeking the combination giving the tWothan severalx 0.1% for the beam-off condition, using the
trajectories with the smallest minimum intertrack distance. pedestal as the zero energy point.
In Fig. 11, an x-ray spectrum summed over al(L®)
6. Summary of event selection detectors whose resolution was better than 400 e\PBe

By the method described above, %.80° valid events data is shown. The individual detectors had been energy cali-
were selected out of the 1.%8.0° events which had satisfied brated. On average, the number of such godHi Sdetectors
the trigger condition and had been recorded on the magneti/as ~25 out of the~45 that were used.
tape. - |

Using this number of valid events, the efficiency of the 2. Timing selection
two-pion tracking systentincluding the analysis efficiensy  Since we used a secondary kaon beam which was con-
for the two-pion events was estimated to b@0%. On the  taminated by pions, good timing resolution of the x-ray sig-
other hand, the measured efficiency of the tracking systemal is indispensable in reducing the accidental background
for cosmic rays was slightly greater than 50%. Here the efdue to pions. Also, in order to avoid distortion of x-ray en-

ficiency for cosmic rays was defined to be the ratio of theergy spectra, any x-ray signal which is piled up with other
number of events in which both C1 and C2 have two hits, alkjgnals must be rejected.
four of which can be fitted by a straight line, to the number

Si(Li)#42 1

Si(Li)#48 1

Counts

of events in which the uppermost and lowermost T2 counters 1.0 e e e e e
fire. . . . & 0.5 E—Si(Li)#OG — Si(Li)#30 —
Considering that under the beam-on condition the MWPC o r ] [ 3
efficiency decreases due to the multiparticle hits in the same 2 Y I -l—I—; ---------- I T
or adjacent sector@nostly due to beam piopsan efficiency £ o5k B E
of ~40% for the two-pion events is reasonable. 2 : ] ]
I S ARARERAREY ARSY RS A LR R A M

C. X-ray detector analysis & 05 ;_Si(Li)#‘*zI E Si(Li)#4BI E

=] F ] |

1. Energy calibration I: Calibration of the individual detectors % 0.0 ETTTTT {l_z “““““““ H‘—;
First, for each data séket of data taken under one run- g -0sp E g
ning condition, which typically lasted for several days to 2 JEPYoY T FUUN U PO ORI IO O PP OO0
weeks, the energy calibration parameters for individual x- O =2 4« 6 80 = 4 6 8

. . . E keV E keV
ray detectors were determined using the data which were nergy (kev) nergy (kev)

taken before and after the runs with tPRFe source inserted FIG. 10. Deviation of the position of each x-ray line from the
and with the beam off. In this process, the pedestal was agposition obtained using the calibration parameter determined by the
sumed to be the zero energy point. In Fig. 9, ADC spectra oposition of manganesé« line and the pedestal position.
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FIG. 11. Typical summed x-ray energy spectrum of data with  FIG. 13. The time-walk-corrected time spectrum summed over
the 5°Fe source inserted and the beam off. An energy resolution of]| the good SiLi) detectors for the energy range 2—20 keV with the
361+1 eV (FWHM) at 5.895 keV was obtained by a fit to the Mn TOF cut applied for a typical data set. A bump is seen at around
Ka peak. 3000-4000 ns.

In Fig. 12, a typical distribution of the multihit TDC mul-
tiplicity of a Si(Li) is shown. Here the TDC multiplicity is
defined to be the number of TDC hits on a singléLBi
detector in one ever(the time gate width is 64us). Itis
seen that for most of the events, the multiplicity is O or 1: for
any SiLi) detector, the ratio of events with multiplicity 2
to all the events is less than 1%. In order to avoid pileups, we Data were rejected for 8ii) detectors through which the
rejected data with multiplicity=2. outgoing particle trajectories obtained by the MWPC analy-

In order to achieve a good signal-to-noise ratio, all thesis went.
individual SiLi) detectors were time-walk corrected for each  In most cases, a &ii) detector which was hit by an out-

gate width for a typical data set was360 ns. In the figure,
we see a bump at around 3000—4000 ns which is discussed
in the next section.

3. Rejection of data of Si(Li) detectors hit by outgoing pions

data set. A function of the following form was used: going charged particle gave a huge pulse which did not af-
fect the SfLi) x-ray spectrum in the energy region of inter-
TDCj=p1j+ P2 X ADC; P3i, est. However, we found that the bump found in Fig. 13

disappears when such(Bi) data are rejected. One explana-

wherep;j, py, andps; are parameters for each detectortion is that the bump is due to pions hitting thel$) detec-
determined from a fit to the data. tor in the inefficient region where it takes time to collect

The time-walk-corrected time spectrum summed over alcharges deposited. In fact, the timing of the signals resulting
the good SiLi) detectors for the energy range 2—20 keVin the bump has such an energy dependence that, the lower
with the TOF cut applied is shown in Fig. 13 for a typical the energy, the later the signal even after applying the time-
data set. The time resolution after the time-walk correctionvalk correction developed for “normal” signals. In Fig. 14,
was 290-10 ns [full width at half maximum(FWHM)].  the time-walk-corrected 8ii) time spectrum is plotted as a
We defined a “prompt time gate” and X-ray signa|s within solid-line hiStOgram, rejeCting data Of(Bi) detectors which

this gate were taken as being coincident with the kaon. Thare hit by outgoing particles. The prompt time gate is shown
as dashed lines. Now the time spectrum is quite flat except

for the peak at=0. The flat part is mainly created by the
continuous beam pions. Thus from an x-ray spectrum gated
on the delayed and advanced part of the time spectrum, the
background due to accidental beam-pion hits can be esti-
mated.

108 ¢

10° E

4. Rejection of data time correlated with beam pions

Counts
—_
o
S

To reduce accidental background due to beam pions, the
1 timing of these pions was monitored using a multitip to

E 16 hitg long-range (16 us) TDC. SiLi) data that were time

] correlated with pions were rejected. The TDC was operated

- in the common stop mode and the stop signal to the TDC

o 1= was the trigger signal delayed by gs. Thus the “beam-

0 5 10 15 . . .2 ;
s o pion timing monitor” covered the time range of8 us

Si(Li) TDC multiplicity . . - .
with respect to the trigger timing. Shown as a dashed-line

FIG. 12. Typical TDC multiplicity distribution for a €ii). For ~ histogram in Fig. 14 is the 8ii) time spectrum after the
most of the events, the multiplicity is 0 or 1. beam-pion cut is applied. It is plotted only for the time range
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FIG. 14. The time-walk-corrected time spectrum summed over | | |
all the good SiLi) detectors for the energy range 2—20 keV with the o — — 15 —
TOF cut applied for a typical data set. The data of thgi$idetec- 5 10
tors which are hit by outgoing particles are rejected. It is seen that X-ray energy (keV)

the bump disappeared. Shown as a dashed histogram is the time FIG. 15. X-ray spectrum obtained with the prompt time cut. No

spectrum with the beam-pion cut. Dashed lines indicate the prompgtructure is seen except for the titanium x-ray peak and a small

time gate. bump at around 8 keV. An energy resolution of 407 eV

o ) (FWHM) at 4.511 keV for the beam-on condition was obtained by
of the TDC. This time range was not made longer in order tGitting to the titanium peaksee inset

keep the multiplicity to a reasonable value compared to the

maximum number of allowed hits of the TDC. tance of the preamplifier picking up the vibration caused by
boiling liquid nitrogen), it is expected that the energy depen-
5. Energy calibration II: In-beam stability dence is negligible in the region of interest. The energy de-
The titanium x rays were used to monitor the gain and its"endence was estimated by assuming that the energy resolu-
stability when the beam was on. Irrespective of the data setion is given by
when the x-ray data are analyzed using the calibration ob-
tained in Sec. lll C 1 from the beam-o¥fFe source data, the , FE
titanium x-ray peak in the summed spectrum appear at posi- AE (FWHM)=2.35 \/ Wi+ —, @
tions about 2% higher than those for the beam-off data while
the width of the peak remains more or less the same. We

interpreted this as a change in the gain, not a change in tt\fherGWN represents the contribution of noise to the resolu-

. . on (independent of the x-ray eneng¥ is the x-ray energy,
zero-energy point, and accordingly rescaled the factor tQ.". .
convert ADC channel to energy. The validity of this proce- is the Fano factor£0.12 for S), andw is the amount of

e ergy necessary to create an electron-hole(Ba68 eV for
dure was checked by processing in the same way the da o ; .
taken with the beam on and copper as well as titanium foils ). ObtainingWy by using the resolution at 4.511 keV, the

attached on the inner surface of the target chamber. The eff €1y dependence of the energy resolution can be calculated

ergy of the coppeKa, X ray, which is the most predomi- using Eg.(2). The difference in the energy resolution at

1 0,
sion factor to bring the titanium peak to the correct energy PP ' ay

the energy of the copper x-ray peak was within 0.4% of thethe range of interest when x-ray spectra are fitted in Sec. IV.

known value. This discrepancy is much smaller than other
relevant errors in this experiment.

In Fig. 15, we show the x-ray spectrum with the time cut Even with the number of 8ii) detectors in operation
applied, summed over all the good(ISj detectors and all maintained at- 45, occasionally, a reset of one(l9i) detec-
the data sets. It should be noted here that this summed speor induced a signal in other @i) detectors. If this strange-
trum is smooth even in the region below 3 keV althoughshaped pulse adds to a real x-ray signal, the resultant energy
TDC threshold levels of the individual detectors distribute inspectrum is distorted. The effect of cross-talk should there-
this region and the detection efficiency in this region is notfore be eliminated to obtain an undistorted energy spectrum.
known. By fitting to the titanium peakKa,;, Ka,, and These cross-talk events are characterized by high multiplic-
K B) in this spectrum with the known intensity ratifkb], an  ity. By looking at the ADC multiplicity[estimated as the
energy resolution of 4077 eV (FWHM) was obtained at number of SiLi) detectors with an ADC above a certain
4511 keV for the beam-on condition. This value for thethreshold -1 keV)], cross-talk events can be rejected.
energy resolution of our x-ray detector was used when inter- Figure 16 is a plot of $Li) energy versus 8ii) multi-
preting experimental x-ray spectra in Sec. IV. plicity. For this figure, all the cuts described above except for

Since the energy resolution is predominantly determinedhe beam-pion cut are applied, i.e., the stopped kaon selec-
by the microphonic noisénoise due to the feedback capaci- tion by the TOF cut and the two-pion cut, thg1S) timing

6. Cross-talk problem
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L B A B LN IR | kaon in the prompt time gate. The difference in the titanium
X-ray intensities between the prompt-time-gate and the off-

_ Rejected time-gate spectra is somewhat larger than the ratio of the

% ] rates of kaons and pior(s=1/0.25. This is due to different
< K-shell ionization and excitation cross sections for the fast
Ea : 1 pion and the slow stopping kaon.
z 25z 7] The off-time-gate spectrum has no structure except for the
. SB8882: 1 small titanium peak, as expected. However, the accidental
g E=EEE ] background seen in the off-time-gate spectrum does not fully
S S ===EE S account for the background observed in the prompt-time-gate
N oLitil spectrum. This difference may be caused by the two outgo-
§E8S8552---o . toi22282288 ] ing charged pions passing through the target. Bremsstrahlung
R EE S SR A i | f he & duced bv the pi : iol h
5 10 15 =0 25 30 rom the § rays produced by the pions is a possible mecha-

nism.
The structure in the 6—9 keV region is attributed to the
FIG. 16. SiLi) energy versus §ii) multiplicity. Those events kaonic hydrogerK x-ray series. The peak around 6 keV is
with multiplicity =8 were rejected as cross-talk events. Ka x rays and the structure around 8 keVHKsgmpiex that
consists of th&K 8 and higher x rays. Comparison of Figs. 15
selection, and the outgoing and beam-pion cuts. Events withnd 17 reveals the dramatic improvement in the signal-to-

Si(Li) ADC multiplicity

multiplicity =8 were rejected as cross-talk events. noise ratio resulting from the event selection requirement.
The dashed line in Fig. 17 indicates the pure electromagnetic
IV. ANALYSIS AND INTERPRETATION OF THE X-RAY energy of theKa x ray. Clearly, the kaonic hydrogeRia
SPECTRUM peak is located on the lower-energy side of its pure electro-
magnetic value, and the shift is threpulsive The pure elec-
A. Determination of the 1s shift and width tromagnetic energies of kaonic hydrogérseries x rays are

listed in Table I.
1. Description of the spectral region

The solid-line histogram in Fig. 17 shows the “prompt- 2. Fitting function and background estimation
time-g_ate spectrum” obtained after applying ‘_'"" the event- 1 order to obtain the position and the width of tKex
selection cuts. Also shown as a dashed-line histogram is the. o the spectrum was fitted with an appropriate function.
“off-time-gate” spectrum obtained .by gating on thg de]ayed The maximum likelihood method was used in fitting. Assum-
and advanced part of the x-ray time spectrum in Fig. 14ing that the number of counts in each bin is Poisson distrib-

normalized by thg rat.io of the gate widths. o uted, we determined the parameters of the fitting function by
The 4.5-keV titanium x rays used for calibration are minimizing the Poisson likelihood chi squaes]
clearly seen in both prompt and off-time-gate spectra. There

were ~0.25 beam pions passing through B3 during the

720-ns prompt-time-gate width, whereas there is always one x3= 2 [2(Nf— N9+ 2N*In(NPPYND)], )
|
80—
[ | | | ] whereN®is the observed number of events in itie bin
i _~Tifluorescence 1 and N{ is the number predicted from the fitting function. The
I / | change in a parameter value which causes a changg firy
60 M. _ unity was assigned as the statistical error of the parameter.
. / Since the energy of x rays which have a natural line width

was measured using detectors whose response can be ap-

3 proximated by a Gaussian function, edc¢iseries line is rep-

3 40 I a resented by a Lorentz function with a width corresponding to

N Kcomplex 1 the natural width convoluted by a Gaussian function with a

€ ¥ (Ko KyKs,...) ] width corresponding to the detector resolutitthe Voigt

] . 1 function). The Voigt functions used were calculated from the
Ay ik complex error functiori19], of which the numerical evalua-

20 Rl tion was performed using the algorithm by Gautd@a].

The shift and width being appreciable only in thedtate,
the energy spacing between the differéateries lines is

J‘i'lu\nl,‘v_‘

olb—t 1 | |||-|LFATJ‘|':||

determined by the electromagnetic value and allKkseries
5 10 15 lines have the same increase in width. Thus, we used the
X-ray energy (keV) following function for the kaonic hydrogen x-ray part of the

) . fitting function:
FIG. 17. X-ray spectrum obtained after applying all the cuts.

Also shown in dashed-line histogram is the off-time-gate spectrum %
(see text The dashed line indicates the pure electromagnetic en- | (E)= > A1 V(E,EEM  +AE Tyq,0), (4
ergy of theKa x ray. n=2
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TABLE I. Calculated values of the kaonic hydrogen electromagnetic enegitgi@sandK x-ray energies
(bottom lef) [16]. Vacuum polarization, the finite size effect, and the relativistic effect were included. The
uncertainty of the energy of each atomic level due to the numerical error is about an electron volt fer the 1
state and a few tenths of an electron volt for the other states. This difference is due to the unknown charge
distribution of the kaorithe uncertainty due to this is indicated in parenthps&lso, the uncertainty of the
kaon mass taken from Reffl7] (493.6770.016 MeV) causes aslenergy uncertainty of 0.0003 keV.
Consequently, the transition energies have an uncertainty of about one electron volt. Calcuatag
energies are also showhottom righj. When calculating thé x-ray energies, corrections to all thlestate
energies were neglected.

State Total Nonrelativistic Vacuum Relativistic Finite size Higher-order
energy energy polarization correction effect vacuum polar-
(keV) (keV) (keV) (keV) (keV) ization (keV)

1s 8.6339 8.6128 +0.0219 +0.0006 —0.0016 +0.0002

(+0.0003) (= 0.0006)

2p 2.1540 2.1532 +0.0008

3p 0.9572 0.9570 +0.0002

4p 0.5384 0.5383 +0.0001

5p 0.3445 0.3445

6p 0.2392 0.2392

7p 0.1758 0.1758

8p 0.1346 0.1346

Transition X-ray name EnergikeV) Transition X-ray name EnergikeV)

2p—1s Ka 6.4799 3I—2p La 1.1972

3p—1s KB 7.6767 4—2p LB 1.6159

4p—1s Ky 8.0955 5—-2p Ly 1.8097

5p—1s Ké 8.2894 &l—2p LS 1.9150

6p—1s Ke 8.3947 H—2p Le 1.9784

7p—1s K¢ 8.4581 81—2p LZ 2.0196

8p—1s Kz 8.4993 —2p Ly 2.0479

©—1s Koo 8.6339 ©—2p Loo 2.1542

whereV(E, E, , I, o) represents a properly normalized  For the titanium x-ray peak, three Gaussian functions with
Voigt function withEy, I', ando being its central position, a width of the detector resolutiop#07 eV (FWHM)] and
Lorentzian, and Gaussian widths, respectively, ants am-  with the known intensity ratiogl5] for theK«a;, Ka,, and
plitude. The electromagnetic transition energtﬁ%'\ils are  Kp were used.
listed in Table I.

The intensity of each lindand of course the intensity 3. lterative fit
ratios among the lingglepends on the details of the cascade
process, including the initial capture process and collisions

with surrounding hydrogen atoms, and cannot be calculated £ svst i taint d onlvKrepeak
in a model-independent way. Nevertheless, it is generall ource of systematic uncertainty, we used onlyRizepeax,

true that for largen, the contribution from thenp to 1s hich is well separated from other lines, at the cost of an

transition can be safely ignored, becae transitions with increased statistica'l unpertainty to derive the shift gnd width.

a largeAn are quite improbable. The values &f,_,,s were However, the co_ntrl_butlo_n of thi§ ;omplexMust be estlmate_d.

set to 0 fom=9 in agreement with results obtained using the Thus, the following iterative procedure was adopted to fit the

cascade code of Borie and Le§R1]. For o, the detector SPectrum(see Fig. 18

resolution of 407 eMFWHM), which was obtained in Sec. (1) A region Ry, around theK« peak was fitted with a

Il C 5, was used. The energy dependence was ignored. Ttgingle Voigt function for thek a peak and a background to

systematic error in the final fitted results due to the uncerdetermine the shift and width. The free parameters were the

tainty in the detector energy calibration and that associatedhift, the width, and the amplitude of théx peak.

with ignoring the energy dependence of the x-ray detector (2) The 3—10 keV region was fitted with the full function

resolution will be discussed in Sec. IV A5. keeping the shift and width fixed and allowing the amplitude
Assuming that the background is a smooth function ofof each line to vary.

energy, we determined the shape of the background by fitting (3) The regionRg, was refitted, this time using the full

a quadratic function to the prompt-time-gate spectrum in thdunction and treating the tail oK ompex and the titanium

energy region from 3 to 4 keV and from 10 to 18 keV, wherepeak as part of the background. The shift, width, and ampli-

no structure is expected. tude of theKa peak were free parameters. All the param-

In order to avoid uncertainties due to the unknown inten-
ity ratios of the individuaK-lines and thus minimize the
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FIG. 18. lterative fit procedurdl) Fit a regionRy, around the ) )
Ka peak with a single Voigt function for th&a peak and the FIG. 19. DifferentRy, widths plotted on the x-ray spectrum.
background to determine the shift and width. The free parameter§he average of the values for 1.3 keWRy,<2.1 keV were taken
are the shift, the width, and the amplitude of #e peak.(2) Fit ~ © obtain the final results.
the 3—10 keV region with the full function with the shift and width
fixed and the amplitude of each line allowed to vai). Again fit 0
the regionRy,, this time using the full function treating the tail of Ostal AE15) = N._ E ostal AE3S), (5b)
the K¢omplex @nd the titanium peak as part of the background. The =132
shift, width, and amplitude of th& « are free parameters. All the

and
parameters for thé&ompex @and the titanium peak are fixed4)
Repeat step$2) and (3) until the values of the shift and width 1
converge. U(sl;:s)(AEls): N1 2 (AE(lls)_AEls)z,
i={1.3,...2.1
eters forK compiexand the titanium peak were fixédote that (50)
separate values of the shift and width were usedfarand o ) ) ) o
K complex @t this step, although not physital and similar expressions for the width and its statistical and
(4) The last two steps were repeated until the values of theystematic errors, wherl is the number ofR¢,’'s used.
shift and width converged. Note that, although we CaH'(SL,FS)(AEls) and O'Sy'zs)(lﬂls) sys-

The convergence was quite fasee Table )l and five tematic errors for convenience, they are in essence statistical
iterations were sufficient. Also, the contribution from the tail in that they will tend to zero for high statistics.
of the K¢ompiexto the Ke fit was small. For the procedure described above, the shift and width
There is a certain arbitrariness in the choice of the regiorobtained were
Rk, Which may cause a bias in the fitted result. Thus, to
estimate the systematic uncertainty associated with this pro- AE;q=—323+63*+5 eV
cedure, the width oRy, was varied between 0.7 keV and
2.7 keV in steps of 0.2 keV with the center of the region keptand
at 6.1 keV(see Fig. 19 In Fig. 20, the fitted values for the
shift and width were plotted against the width R, . The I';s=407+208+63 eV,
average values for the shift and width and their statistical
errors for the region 1.3 ke¥Ry,<2.1 keV were taken as where the first error is statistical and the second is the sys-
our final result and the spread of the values was used as thematic error associated with this procedure. The systematic
systematic error associated with this procedure. That is, error associated with the energy calibration procedure and
L the background estimation will be given in Sec. IVAS5. In
_T 0 Fig. 21 and Table lll, the results of the fitting fdRy,
AElS_Ni:{l_&Z_ 21 ABis, (59 =1.7 keV are shown.

TABLE II. Values of the shift and width for each iteration. The widthR)f, was chosen to be 1.7 keV.
It is seen that the convergence is quite fast.

No. of iteration 1 2 3 4 5

Shift (eV) —299+68 —330=62 —384+61 —327£62 —326=62
Width (eV) 595+ 249 363-194 404+-198 394+ 200 397200
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Ry, region width (keV) of the last step of the cascade-unconstrained fit Ry,
=1.7 keV. The bar chart indicates the energy and the relative in-
FIG. 20. The shift and width versus tHc, width for the  tensity of each line.
cascade-unconstrained iterative fit.
(2) The 3-10 keV region was fitted to the full function
4. Cascade-constrained iterative fit keeping the shift and width fixed and varying the amplitude
The fit to the 3—10 keV region performed as the last stepOf each line. Here the intensity ratios among Weympiex

of the iterative fitting procedure in the previous section gaveWere constrained by the cascade code whose paranigigrs

rather unrealistic intensity ratios for thi€-series lines in ﬁjn(\j/;were fixed at 1.8 and 1.0 eV and odly, was allowed
Kcomplexs @lthough our criterion for the iterative procedure (3)),/0'\ ain the regionR. . was fitted. as in the cascade-
was that as long as the shape of the left side ofkthg,piex ga dfitd 9 ib Kg. h ’ di . his 1
peak is reproduce@vithout regard to the intensity ratios for unconstrained fit described In the preceding section, this time

) ; . using the full function treating the tail df.yex @and the
the lines in theK ;ompiey), the correct values for the shiftand =7 complex . :
width can be obtained. titanium peak as part of the background. The shift, width,

In order to check the validity of the iterative procedure, it and amplitude of thia peak were free parameters.
is appropriate to check whether the same result can be ob: (4) The last two steps were repeated until the values of the

. s : ; . . shift and width converged.
tained when more realistic intensity ratios for the lines in the . ; . . .
Y Rk, was varied as in the preceding section and the fitted

Kcomplex@r€ used. An iterative fitting procedure was therefore . . .
examined with the intensity ratios of the lines Kyompiex :)ebst;:ase\év(\a,\rlgrgvaluated in the same way. The shift and width
constrained by the cascade code of Borie and Li@dh

(1) The region R¢, was fitted as in the cascade- AE. = — 323+ 61+ v
unconstrained fit described in the preceding section. The free 15= —323261x5 e
parameters were the shift, the width, and the amplitude of thgnd
Ka peak.

I'1s=406+ 206+ 65 eV,
TABLE lll. Results of the cascade-unconstrained iterative fit.
The values of the fitting parameters were obtained from the lastvhere again the first error is statistical and the second is the
iteration forRy,=1.7 keV. The error values for the intensities of systematic error associated with this procedure. These results
Ky and higher lines for the 3—10 keV fit are not shown becauseare fully consistent with those obtained with the cascade-

they are strongly correlated. unconstrained iterative fit. The value obtained Far, from
the fit was~0.3 meV, which was within the range of com-

Ka region fit 3-10 keV fit monly accepted values. Also, the resultant intensitK ef,
DOF?2 31 132 which was not cascade constrained, agreed with the value
¥ 24 446 154.9 predicted by the cascade code within 10%.
XE’/DOF 0.789 117 5. Systematic errors associated with the background estimation
AE (eV) — 326+ 62 — 326 (fixed) and the energy calibration
I'ys (eV) 397=200 397(fixed) The systematic error associated with the background esti-
Ka x ray (counts 113.9+24.7 115.9-17.8 mati'on Was'evaluated by varying each goeffigit_ant of the qua-
K3 x ray (counts 55.2 (fixed) 55 1+ 28.8 dratic functhn by_ one standar_d deviation, fitting the spec-
Ky x ray (counts 37.8 (fixed) 37.3 trum by the iterative m(_athod vv_|th the new background, and
K x ray (counts 80.4 (fixed) 815 obse.rvmg the change in the fitted results. The bag:kground
Ke x ray (counts 0.0 (fixed) 0.0 function was expanded a_round t_Km electromagnetic en-
K{ x ray (counts 0.0 (fixed) 0.0 ergy so that the _changes in the fitted results b_y the variation

A ' of different coefficients are uncorrelated, that is,

K7 x ray (counts 142 .2 (fixed) 141.8

3Degree of freedom. lgc(E)=Co+Cy(E— Egi)’\i 15) T C2(E— Egb’\ils)z- (6)
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TABLE IV. Systematic errors associated with background esti- 6. Cascade-constrained noniterative fit
mation and energy calibration. The systematic errors associated

with the iterative fitting procedure are also tabulated. To further investigate the robustness of our fitting tech-

nique, an independent methodology was tried. In this case,
the full spectral regior{3—15 ke\j was fit. The amplitudes

Change in shift Change in width

Parameter eV) €V) Anp —1s in Eq. (4) were cpnstrained py the cascade code of
Borie and Leon[21]. This assumption imposes a model-
Rk o 5 63 dependent bias for which we do not know how to assign a
systematic uncertainty. In order to also investigate the sensi-
Co 4 36 tivity of the result to the choice of the cascade code param-
1 3 8 eters, we tried two different cascade parameter s@is:
C2 0 1 ksrk=1.8, T=1.0 eV, and I'y,=free and (b) Key
Titanium peak position 4 0 =free, T=free, andl',=free. . _ .
Detector resolution 0 7 It should be noted that because this analysis mainly uses

K complex t0 determine the shift and width, these results are
nearly statistically independent of the iteratittex fit de-

The change in the fitted result obtained by variation of eacl'?‘CribeOI above.

coefficient is shown in Table 1V, together with the system- T_he vilues obtained weréE, = —250+44 EV and
atic error associated with the iterative fitting procedure. The 15— 9584+ 110 eV for parameter sé) and AE, = —307

change in the fitted results due to the variation of different=41 €V and I';;=605:107 eV for parameter seth),

coefficients can be added in quadrature. The systematic err$f€re the errors quoted are statistical only. The consistency

on the fitted result for the background estimation so obtaine@! these results with the iterative fit is evidence that the sys-
was tematic uncertainties associated with the iterative procedure

are correctly estimated.
TSI (AE)=5 eV, oSI(I')=37 eV.
] ) ) ) B. Determination of the Ka x-ray yield
The systematic errors associated with the energy calibra- ) -
tion were also estimated. The error associated with the de- !N the prompt-time-gate spectrum in Fig. 17, there are

termination of the energy scale was estimated by scaling the13-2-24.7 kaonic hydrogerKe x rays and 238.418.4
statistical error in fitting the titanium peak in Fig. 15 to the fitaniumK (Ka andKpg) x rays. The kaonic hydrogeka

energy of theKa peak. The error associated with the deter-X@Y yield per stopped kaon was estimated by calculating

mination of the detector resolution was estimated by varyingn® expected intensity of the titaniukix rays and compar-

the width obtained by the fit to the titanium peak in Fig. 15/Nd the titaniumK x-ray and kaonic hydrogeK a x-ray in-

by one standard deviation and observing the change inghe 1€nSsities in the prompt-time-gate spectrum.

shift and width. These data are also tabulated in Table Iv.  The main contribution to the production of titaniux
Note again that the “systematic” errors associated with'yS comes from the incoming kaons exciting titanium atoms

the background estimation and the energy calibration are st¥Nen passing through the titanium foil attached to the Teflon

tistical in that they will tend to zero for high statistics. degrader. Other sources of titaniukh x rays are the two
As seen in Sec. Il C 5, there is a slight energy depen!@99ed pions from th& ™ p reaction, which pass through the

dence in the x-ray detector energy resolution, although it waltanium foil on the side walls, the beam pions which go

ignored. The effect on the final result should be estimatedihrough the titanium foil at the front and on the side walls,

Since it is rather involved to fully incorporate the energy@nd low-energy x rays, which can excite fitanium by the

dependence of the detector resolution in the fitting procePhotoelectric effect. ,

dure, the following approximate expression was used in Since all the kaons stopped in the hydrogen target passed

place of Eq.(4) and checked to see if there was any differ- through the titanium foi! when entering the target, the same
ence in the fitted results: number of kaons contributes to the numbers of the kaonic

hydrogen x rays and the titanium x rays in the prompt-time-
| «(E) gate spectrum. Also the number of titaniknx rays due to
the two tagged pions is proportional to the number of kaons
stopped in the hydrogen, since there is a pair of tagged pions
:nZZ Anp-1s per stopped kaon. For these two contributions, it is possible
to estimate the number of titanium x rays generated per
XV(E,ESM o+ AEss, I'ys, 0(ESY 1+ AE;g), (7)  stopped kaon and the probability of a generated x ray being
detected by the #ii) detector. Therefore, when ignoring the
whereo(E) is the energy-dependent detector resolution angontributions from beam pions and low-energy x rays, the
the energy dependence estimated in Sec. Il C5 was uselaonic hydrogerKa x-ray yield can be obtained by simply
Again the values oA, ;s were set to 0 fon=9. multiplying the estimated number of titaniukd x rays per
The differences between the shift and width obtained usstopped kaon by the ratio of the number of observed x rays
ing Eg.(4) and those obtained with E(7) were 0.1 eV and and dividing it by the ratio of the detector acceptance to the
4 eV, respectively. These are small compared to otherespective x rays.
sources of error and thus the energy dependence of the x-ray As to the contributions from the beam pions and low-
detector resolution can be safely neglected. energy X rays, they are not directly proportional to the num-

©
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ber of stopped kaons. However, it is possible to estimatén a similar way to that from the incoming kaons and found
their contributions to the number of titanium x rays observedo be 5.3% of the contribution from the kaons, that is,
in the prompt-time-gate spectrum as we will see belowYy; Q=YX QX+Y2™ 027=1.053rK QY in Eq. (8).
hence allowing us to subtract these contributions from the The contribution from the low-energy x rays was esti-
total number of observed titaniuki x rays before taking the mated by assuming that the rate of x rays arriving at the
above mentioned ratio. inner surface of the target chamber is uniform over the whole
Therefore the kaonic hydrogeiKa x-ray yield per surface and that the x-ray energy spectrum is the same as the
stopped kaonY,, . is given by the following expression:  prompt-time-gate spectrum. The number of titanium x rays
N3® in the prompt-time-gate spectrum due to the low-

Y. =Y. N Qi energy x rays exciting the titanium foil was estimated to be
Ka™ 'Ti NObs_ beama _ nxray () 18.1.

i i Ti The number of titanium x rays due to the beam pions can

Nﬁtf YK Qk+yzm 27 be obtained using the fact that the numbers of titanium x rays

T \jobs_ nbeanm _ X ray O , (8 due to the beam pions should be the same in both the

N7 — N7 — N7 Ka prompt-time-gate spectrum and the off-time-gate spectrum,

and the number of titanium x rays in the off-time-gate spec-

where Y stands for the number of x rays produced pertrum should be the sum of the number of titanium x rays due
stopped kaonN for the observed or estimated number of x to the beam pions and the number created by the low-energy
rays in the prompt-time-gate spectrum, ddor the detec- x rays. Therefore, the number of titanium x rays due to the
tor acceptance for a produced x ray, with an obvious notatiobeam pions in the off-time-gate spectrum was estimated by
for subscripts and superscripts. applying the same calculation for the low-energy x-ray con-

The detector acceptance for kaonic hydrodglem x rays  tribution to the off-time-gate spectrum and subtracting it
Q. , which in this case is simply the solid angle subtendedrom the number of titanium x rays observed in the off-time-
by the detector at the kaon stopping volume since the x-ragate spectrum. The result obtained W§2™ =9.2.
absorption in hydrogen is negligible, was estimated to be Putting all these together, the kaonic hydrodem x-ray
2.44+0.24% by a Monte Carlo calculation using the mea-yield per stopped kaon can be estimated to be
sured kaon stopping distribution. A 10% error was assigned
to the estimated value of the solid angle from comparison

: . X > ) 113.9+24.7
with the solid angles obtained by changing the kaon stopping Y, =
distribution to various limiting cases. {238.4-18.1-9.2+18.4

In order to estimater’,, the titaniumK x-ray production {(2.13+0.29 X 10" 1}{(3.04+0.15 X 10" 3}

rate per incomingK ™ for kaons that eventually stop in the X —
hydrogen, the velocity distribution of the incoming kaons as (2.44£0.249X10
they pass through the titanium foil and the titanithx-ray % 1.053
production cross section for kaon impact as a function of the
velocity of the kaon are necessary. The kaon velocity distri- =1.5+0.5%. 9

bution at the titanium foil was obtained from a Monte Carlo
calculation. For theK x-ray production cross section, the
expenmental data for prqton impai2] were simply US?d' ._trum obtained from a smaller fiducial volume to confirm that

since the cross secpon is only a function .Of the prOJeCt'lethe observed titanium x rays were not created by kaons
velocity [23]. Averaging over the kaon velocity, the average stopped in the foil. The result obtained is consistent with the

futanlumK x-ray prqdugtmn cross section for the kaons PaSSiasult obtained with the standard fiducial volume.
ing through the titanium foil was calculated to be 746

+100 b, where the error was estimated from the experimen-
tal error of Ref.[22]. For a 50xm-thick titanium foil, this C. Observation of theL x rays

—1
turns out to be (2.180.29)<10"" K x rays produced per A peak is also observed in the 1.5-2.1 keV region of the
kaon passing tr}lrough. the foil. _ prompt-time-gate spectrum. Some of the detectors were quite
Estimating()y; requires both the solid angle subtended byngisy in this region; so discriminator threshold level settings
the SiLi) detectors at the points where the titanium X raysranged from 0.8 to 3 keV. This could potentially produce
are produced and the absorption of the titanium x rays in th%purious peaks, but this would be expected to appear in the
titanium foil to be calculated. A Monte Carlo calculation was off-time-gate spectrum and also that in Fig 15, which are
performed to calculate the distribution of points where theguite smooth in this region. For this reason we attribute this
|nC0m|ng kaons enter the titanium foil. USIng this result, andpeak instead to the kaonic hydrogbn( rays_ However, be_
assuming that the points where titanium x rays are producegayse we are unable to estimate the efficiency of the detector

distribute unifOI‘m|y in the foil in the beam direction, the array at this energy, itis not possib|e to obtain a relidble
probability of a titaniumK x ray produced in the titanium y.ray yield ratio.

foil being detected was calculate@sing another Monte
Carlo calculation to be (3.04-0.15)x 10 3. The error was
estimated by changing the distribution of points where tita-
nium x rays are produced to various limiting cases. Based on ouK« iterative fit and combining the various
The contribution from the two tagged pions was estimatedystematic errors in quadrature, the strong interaction shift

The above procedure was also carried out with the spec-

V. RESULTS AND DISCUSSION
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1000

inconsistency among the low-ener)N data andthe long-
standing kaonic hydrogen puzzle is resolved.

] As to the kaonic hydrogeK a x-ray yield, the value ob-

- tained from this experiment is significantly below 4.38%, the
1 intensity predicted by the cascade code calculation with
I';,~0.3 meV (a value obtained from the cascade-
constrained iterative it ks = 1.8, andT=1.0 eV (values

800

< 600 - S,
2 i known to reproduce the™ p andpp x-ray data fairly wel).
S However, theKa to Ky, ratio of 0.27 obtained from this
2 400 | experiment is consistent with the cascade code prediction of
0.24 obtained with the parameters given above. If lihg
value of the cascade calculation is changed so thaKike
200 - x-ray yield is consistent with the experimental value, then

7 the Ka/K,,, becomes inconsistent with the experimental
value. For example, a parameter set of,,
=0.8 meV, k¢, =1.8, andT=1.0 eV givesYy,=1.53%
andK a/K ;= 0.16

0

-500 0 500
Shift (eV)
QO Constant Scattering Length Potential Model
@ K-Matrix g Cloudy Bag Model VI. CONCLUSION AND OUTLOOK
Constituent Quark Model

FIG. 22. The shift and width obtained in the present experiment. In conclusion, kaonic hydrogen atom x rays have been

The one standard deviation region is plotted. The statistical an orrectly measured for the f'rst time and a distiKet pe_ak
systematic errors are added in quadrature. Also plotted in (:ompar-as b_een res‘?"’ed- The experimental method, eSPeC!a”_y the
son are the results of the three previous measurerf@ats), some  (WO-pion tagging method, proved to be very effective in im-
of the analyses of the low energgN data[11,24—3Q, and some of  PrOVINg the S|gnal-to-n_0|se ratio. .

the predictions based on a phenomenological potential ni@del The strong interaction shift of the kaonic hydrogea 1

33], the cloudy bag modéei3,4], and the constituent quark model State was found to be repulsive. The shift and width were
[6]. determined to be AE;;=-—323+63 (statistical)

+11 (systematic) eV and I';;=407*=208 (statistical)

and width of the kaonic hydrogen atons &tate were found +100 (systematic) eV, respectively. These results are
to be consistent with the conventional analysis of low-enelkgy
data. This resolves the long-standing kaonic hydrogen
AE;=—323£63*x11 eV puzzle.
The next step for the further understanding of the low-
and energyKN interaction would be precision measurements of
both kaonic hydrogen and kaonic deuterium x rays. Kaonic
I';;=407+208+100 eV, hydrogen x rays provide information on the isospin-averaged
KN interaction at threshold, whereas kaonic deuterium x
respectively, where the first error is statistical and the seconrhys provide information on a different combination of the
is systematic. Simply applying the Deser-Truman formulal =0 andl =1 amplitudes at threshold. Thus, combining re-

[Eq. (1)], the complex ~p scattering length is sults of measurements of kaonic hydrogen and deuterium x
_ rays, one can resolve the isospin dependence oKtk&an-
ak-p=(—0.78£0.15+0.03 +(0.49+0.25-0.12i fm. teraction at threshold.

In Fig. 22, the one-standard-deviation regidtise statis-
tical and systematic errors are added in quadratafehe ACKNOWLEDGMENTS
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