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First Preface

“ The most tmportant experiment to be carried out in low
energy K-meson physics today is the definitive determination
of the energy level shifts in the K ~p and K ~d atoms, because
of their direct connection with the physics of KN interaction
and their complete independence from all other kinds of mea-
surements which bear on this interaction”.

R.H.Dalitz
Proc. Int. Conf. on “Hypernuclear and Kaon Physics”,

Heidelberg 1982.

also cited by

C.J. Batty
Proc. Int. Cont. on “Intense Hadron Facilities ahd

Antiproton Physics”, Torino 1990.
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PART 1
Review of Particle Properties
1734
Baryon Full Listings
A(1405)

N

doubt its existence or quantum numbers. A measurement of
the energy-level shifts and widths for the atomic levels of kaonic
hydrogen (and deuterium) would give a valuable check on
analyses of the (I, NX) amplitudes, since the energy of the
K~p atom lies roughly midway between those for the two sets
of data. The three measurements of (AE — iI'/2) for kaonic
hydrogen are inconsistent with one another and require that
the sign of Re(A;=¢9 + Ar=1) be opposite that deduced from
NK reaction data (see BATTY 89). Accurate measurements
of (AE - iI'/2) values for kaonic hydrogen are badly needed,
but may not be possible until the KAON factory becomes
operational.

To definitively settle the nature of the A(1405) will require
much further work, both experimental and theoretical. Higher-
statistics experiments on the production and decay of the
A(1405) are needed, but suitable X~ beams will not be available
until KAON. The low-energy reaction cross sections, especially
for the ?Dp interactions, last studied 25 years ago, need to be
better determined.
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Third Preface

The aim of this Proposal 1s to demonstrate the feasibility of
an X-ray measurement on the kaonic hydrogen atom for the
definitive determination of the energy level shift and width due
to the KN strong interaction.

We intend to use the K~ from the ¢’s produced in the DAPNE
machine; a low temperature pressurized hydrogen target; and
a Charge-Coupled Device (CCD) detector. The reliability of
the data that can be obtained from DAPNFE is based on:

- the unique features, in terms of low momentum, high pu-
rity, medium intensity, which characterize the kaons from
DA®PN E with respect to any other existing kaon beam:;

- the performance of CCD’s, in terms of resolution and,
above all, for background rejection capability, which make
this device the detector for soft X-ray measurements in
the background of an accelerator, as it has been demon-
strated in these last years with the spectacular results ob-

tained by CCD’s in exotic atoms research at PSI (Villigen)
and at LEAR (CERN);

- the use of a hydrogen target of moderate density, in order
to reduce Stark mixing effects, which cause strong absorp-
tion of the kaon from high-n atomic s—states and to obtain
a high statistics X-ray data sample.
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Chapter 1

Exotic atoms and the
kaon—nucleon interaction

1.1 Introduction

An “exotic atom” is formed when an incident negatively charged particle such as
a muon, a pion, a K-meson, an antiproton or a Y-hyperon, is stopped in a target
and captured into a high atomic Bohr orbit around the nucleus, replacing one of the
outer electrons and giving rise to a highly excited atom. The particle then cascades
down through its own series of atomic levels, initially by Auger transitions, in which
orbital electrons are ejected and in the later stages of the cascade by emission of
X-rays. Finally, in the case of hadronic atoms, at some final n-value, nuclear ab-
sorption by the nucleus dominates, all hadrons reaching the level are captured and
the X-ray series terminates.

" The strong interaction causes a shifting of the energy of the lowest atomic level
from its purely electromagnetic value, whilst the absorption reduces the lifetime of
the state and so X-ray transitions to this final atomic level are broadened. Precise
measurements of the X-ray energy. spectrum then allow the energy shift (e) and
width (T') associated with this final level to be determined. As the atomic number
and size of the nucleus increase, the absorption occurs from higher n—values. For ex-
ample, in kaonic hydrogen transitions to n=1 states (K series) have been observed;
in light nuclei such as He, Li, Be, etc. the transitions terminate at n=2, whereas in
heavy nuclei such as Pb or U the X-ray series finishes at n="7.

In order to determine the energy shift ¢, the electromagnetic energy of the un-
shifted line must first be calculated. This is usually obtained by solving the Klein-
Gordon wave equation using the Coulomb potential obtained from a realistic nu-
clear charge distribution. Other corrections can be calculated using second-order
perturbation theory and include first and higher order vacuum polarization, electron
screening, relativistic corrections to the reduced mass approximation, nuclear polar-



ization and the Lamb shift. Depending on the energy of the level to be calculated
and on the magnitude of the various corrections, the electromagnetic energy can
usually be calculated to an accuracy of a few electron volts.

In Table 1 the calculated electromagnetic level energies for kaonic hydrogen and
kaonic deuterium are reported.

Table 1

Kaonic hydrogen and deuterium level energies (KeV)

Line kaonic hydrogen | kaonic deuterium

K 6.46 7.81
Kg 7.66 9.26
K 3.07 9.79
K 8.61 10.41

K

The energy shift (¢) and width (T') of the 1s level in kaonic hydrogen, measured
from the 2p - 1s X-ray transition, can be related in a fairly model independent way
to the real and imaginary part of the complex s-wave K~ p scattering length ag-,:
to first order in paag-,

£ + %I‘ = 2a3p2 ag-, = 412ak-, eV fm™*

with p reduced mass, o fine structure constant. This expression is known as the
Deser-Trueman formula [1].

As far as experiments are concerned, collisional effects in the atomic cascade due
to Stark mixing and external Auger transitions are important and the yield of X-
rays decreases with increasing target density. This is a particular problem for kaonic
hydrogen experiments, where high density targets are required to reduce the path of
the kaon and hence the probability of kaon decay during the processes of stopping,
atomic capture and atomic cascade. A compromise between number of stopped
kaons in a reasonable volume and yield of 2p - 1s X-rays has to be carefully looked

by varying the density of a gaseous target through its pressure and temperature
parameters.



1.2 The kaon—nucleon interaction at low energies

The K N interaction at low energies has rich, complezr dynamical aspects, which are

neither stmple nor well understood. Not simple, since the K~ p and K n channels

are coupled by charge exchange and, furthermore, are strongly coupled to several

7Y channels (Y = A, ¥) open at the K~ p threshold (1432 MeV total energy in the
centre of mass):

Kp— K™p
K p—Kn—5MeV
Kp—ond +100MeV

K~p— 7°A + 180 MeV

Moreover, this energy region is dominated by the presence of the s-wave A (1405)
resonance, a strangeness —1, I = 0 resonance which decays only to Xw. This reso-
nance also couples strongly to the KN system, but does not decay to it since 1t is

some 30 MeV below the KN threshold.

Resonances occur also in other partial waves above (the A(1520) in d-wave) and

below (the ¥(1385) in p-wave) threshold.

Experimental data are available for:

a) the K~ p cross sections for the elastic and inelastic processes;

b) the three branching ratios for the K~ p absorption at rest|2]:

. oK p—7wtLl™)
v = lim
k—0 J(K“})—} 1r—2+)

= 2.36 £ 0.04

o(K~p — charged particle)

R. =l , = 0.664 + 0.011
~0 o(K-p — all final states)
K~ p— n°A
R, = lim o(Kp— ™A = 0.189 £ 0.015

k—0 o( K~ p — all neutral states)

¢) the 7Y invariant mass distribution below the K~ p threshold, which exibits the
A(1405) resonance;

d) the 1s level shift of the K~ p atom determined through X-ray measurements.



1.2.1 The scattering data

The data for a)-c), with varying degrees of accuracy, became available in the 1950s
through the 1970s. The data on a) were (and still are) available only for about 1440
MeV and above in the center of mass energy of the K~ p system.

Analyses have usually been made by using a K-matrix formulation with the as-
sumption that its matrix elements are smooth functions of energy, thus allowing
extrapolation down to threshold and below to describe the multichannel problem.
A constant scattering length approach was used in early analyses, equivalent to ne-
glecting the variation in the final state momentum. Energy dependences were then
allowed in subsequent zero-range and finite-range K-matrix analyses and in some
cases waves higher than s-wave were included, so as to exploit also high energy
data. The constraint to the K-matrix analysis that the #¥ mass spectrum obtained
from the " p — wX K reaction should be fitted simultaneously with data above
threshold was added, in order to better determine the parameters of the A(1405).
Dispersion relations turned out to give powerful constraints on the analysis of low
energy K ~p data.

No particular disharmony was noticed among data. The KN scattering lengths
were determined in this way [4]={5].

The K~ p scattering length ax-, is deduced by the 1sospin average:

1
GK—p = “2"((10 -+ (11)

where ao and a, are the scattering lengths for the channels I=0, 1. In Table 2
results of KN scattering analyses are reported. Common distintive feature of the
measured scattering lengths, obtained by considering cross sections, branching ratios
at threshold and 7X invariant mass distribution, is the negative value of the real part
of ag-p: |

Re Ag-p < 0

Table 2
S-wave KN scattering lengths (fm)

Reference I=0 I=1 |
' ' 40 by | a b,
Sakitt ef al. (1965) -1.6310.07  0.5110.05 -0.1940.08  0.44+0.04 |
Kim et al. (1967) |- 1671004 0.71:0.04 .0.0740.06  0.68+0.03
von Hippel ef al. (1968) -1.6510.04  0.7320.02 .0.1310.02  0.510.03 |
Martin & Ross (1970) - 1.74+0.04  0.700.01 _0.05£0.04  0.6320.06
Martin et al. (1981) I - 1.70+0.07 0.6810.04 0.371+0.09 0.6010.07

4



This means, from the Deser-Trueman formula, and the Warsaw convention [8]
that the energy shift due to the strong interaction turns out negative:

?

e < ()

1.e. the strong interaction is repulsive and shifts the electromagnetic level to a less
bound energy. Hadronic shifts and widths obtained from the scattering lengths given
by the analyses of scattering data|4]-[5]are reported in Table 3.

Table 3

The energy shift AE;q and width I',g of the K'p 1S state as

obtained from kaonic hydrogen X-ray measurements and
scattering analyses

Method Experiment AE g5 (eV) Tyg (eV)

Kaonic hyd;c;gen Davies et al. (1979) +40 + 60 0 *3°"
X-ray measurements lzycki et al. (1980) +370+£ 80 560 % 80

Bird et al. (1983) +193+60 80 *2°°
K'p scattering Sakitt et al. (1965) 2375+21 396+25
analyses Kim et al. (1967) -358+ 16 568 +25

von Hippel ez al. (1968) -367+ 8 S511x16 |
Martin & Ross (1970) -367+ 12 544 125
Martin et al. (1981) -272+21 527 £33

In addition to the data a)-c) there are data on the Coulomb—nuclear interference
In the K~ p scattering at higher energies, i.e., for E>1500 MeV. When extrapolated
to low energies, also these data were found to be consistent with Reag-, < 0 [9].

1.2.2 The *“kaonic hydrogen puzzle”

The three published X-ray experiments have all used liquid hydrogen targets and
one or more Si(Li) detectors to measure X-ray transitions. Davies et al.[10] observed
a 20 peak at 6.5210.06 KeV, which they attributed to the 2p - 1s X-ray. Izycki
et al.[11] observed a weak pattern of 3 lines at 6.96+0.09, 7.99+0.07 and 8.64+0.10
KeV with significance 20, 30 and 20, which they assigned to the 2p, 3p and 4p -
1s transistions. On the other hand Bird et al.[12] saw a similar series of three lines
with significance o, 30 and 0.5 o.

It 1s difficult to interpret and reconcile the X-ray spectra measured by these three
experiments. For example, in the experiment of Davies et al.[10] the single peak only

9



It is difficult to interpret and reconcile the X-ray spectra measured by these three
experiments. For example, in the experiment of Davies et al.[10] the single peak only
shows up clearly in the spectrum where the background has been reduced by selecting
a particular time region of pulses from the detector. Izycki et al.[11] claim a very
large detector acceptance by using a target which i1s not much larger than the beam
size and with the detectors very close to the beam. Finally, the X-ray lines measured
by Bird et al.[12] were only observed in the first part of the experimental run. In
the later stages of the experiment only a rather smooth spectrum was measured.

The measured values are generally inconsistent with each other at least as far as
the magnitude of the strong interaction shift ¢ is concerned, however they are all in
agreement about the sign of e:

e >0,

as reported in Table 3. This means that the hadron interaction of the kaon shifts the
atomic level to a more bound energy, in direct contradiction with the repulsive strong
interaction found from scattering data analyses. It follows, from the Deser—Trueman
formula, that X-rays emitted in transitions to the 1s level of kaonic hydrogen give
a positive sign for the real part of the scattering length

Reag-, > 0

whilst the real part of the K ~p scattering length obtained from K-matrix analyses of

scattering data turns out negative. Table 4 contains the scattering lengths obtained
from X-ray measurements {10}-[12].

Table 4

The Kp scattering lengths determined from kaonic hydrogen
X-ray measurements and those from scattering analyses

Method Reference Ak p
(fm)

Kaonic hydrogen Davies et al. (1979) (0.10+0.14) +i(0.00 *}%)

X-ray measurements lzycki et al. (1980) (0.65+0.19) +1(0.68+0.31)

Bird et al. (1983) (0.4740.14) +i(0.10 *§3%)
K'p scattering Sakitteral. (1965) (- 0.9130.05) +1(0.481+0.03)
analyses Kim et al. (1967) (- 0.87+0.04) + 1(0.6910.03)

von Hippel et al. (1968) (- 0.891+0.02) + 1(0.62+0.02)
Martin & Ross (1970) (- 0.891+0.03) + 1(0.66x0.03)
Martin et al. (1981) (- 0.66%0.05) + 1(0.64+0.04)




The striking discrepancy between scattering data and X-ray measurements, ap-
parent in Table 3 and 4, i1s often referred to as the “kaonic hydrogen puzzle”.

1.2.3 Corrections to scattering length

There are two principal corrections to the i1sospin average formula for the scattering
length. The first takes into account the threshold difference between the Kp and
K'n channels, the second considers the Coulomb correction. In Table 5 the results
of the corrections for threshold effects for zero range interaction[13] and for finite

range interaction[14| are reported. Two different treatments of Coulomb corrections
are also reported[15],[16].

Table 5

Corrections to scattering lengths

Correction Scattering Length
| (fm)

Isospin average a.=(a,+a,)/2 - 0.655 +10.705

Including threshold effects a, - 0.995 + 1 0.827

for zero range interaction
(Dalitz and Tuan)

including threshold effects in -0.945 + 1785
finite range interaction ag,

(Batty and Gal)

Coulomb correction ag, - 0.963 + i 0.702

(Dalitz and Tuan)

Coulomb correction a,, - 0.961 +10.683
(Wycech)

As it is seen from the table, threshold effects give a marked change in the value
of the scattering length, the real part increasing by about 50% and the imaginary
part by 20%. Inclusion of Coulomb corrections to the threshold corrected value,
using either the Dalitz[15] or the Wycech[16] approach, gives similar results.

Higher order terms to the Deser-Trueman formula were also considered by Trueman|1]
and by Stepien—-Rudzka and Wycech[16]. To second order, the effect on € is seen to

be small, whilst the values of I" are typically increased by 10% (values in parentheses
in Table 5).



1.3 The importance of an X-ray measurement on
kaonic hydrogen

We discuss now the scientific meaning of an X-ray measurement on kaonic hydrogen.

X-—rays given off in transitions to the 1s level of kaonic hydrogen show that the
nuclear interaction of the kaon is of attractive nature and therefore gives rise to a
more bound system[10}+[12]. This is a puzzle, in that the hadronic shift is in a
direction opposite to that calculated[17]-+-[19] with the use of the analyses of low-
energy KN experiments{4]=-[5], [20]+[26]. It is also opposite to the shift observed
in heavier kaonic atoms|8], in which again the interaction turns out repulsive. Un-
raveling this puzzle is therefore crucial for an understanding of the kaon—-nucleon
interaction. Moreover, since for the kaon-proton system at threshold the energy
region is dominated by the presence of the A(1405) resonance, the structure of this
object can be investigated. Indeed, whether the A(1405) is composite (KN bound
state or 7 resonance) or is elementary (three-quark state) or is a K N bound state
with an admixture of three quark—state is controversial[27]+{31].

In the simplest analysis, the atomic level shift and width are related to scatter-
ing data via the proportionality expressed by the Deser-Trueman formula{l]. Since
corrections to the formula found in exact calculations [18,19,32] are large, but not
large enough to reverse the sign of €, the problem must be with either experiments
or the behaviour of the scattering amplitude around threshold. As we have seen,
corrections to the scattering length substantially do not change the value obtained
analyzing the scattering data, hence attention has to be paid to X-ray measure-
ments. Here the situation is actually confused on the experimental point of view.

The quality of the existing X-ray data has been already discussed: high back-
ground, which is not surprising since this is typical of a hadron beam which has
to be degraded; large statistical errors; suspected systematic errors; inconsistencies
among the results. However, the X-ray data agree at least on one point - that
Re ag -, 1s positive, so a discrepancy with scattering data exists.

To confirm this result, mainly as far as sign is concerned, but giving also a precise
determination of the magnitude of shift and width, is the reason why a new exper-
iment,with high resolution, good background rejection and high statistics, 1s badly
needed. Once more, it 1s useful to recall that X-ray results represent the only direct
experimental evidence on the near-zero-energy KN interaction. Hence, the strong
statement of Dalitz, that we reported in the First Preface, according to which the
most important experiment to be carried out in low energy K—meson physics today
is the definitive determination of the energy level shift in the K~ p and K—d atoms.

The M- and K-matrix analyses extrapolate scattering data (cross sections and



amplitudes determined by Coulomb-nuclear interference) measured at higher ener-
gies down to threshold and below. The X-ray experiment calls this extrapolation
into question. For a nearly attractive interaction, Re fg-, starts out positive at
threshold and reverses sign each time the strength of the interaction increases to the
point where it supports another subthreshold bound state (see fig. 1). Accordingly,

the sign and magnitude of Re f deduced from the shift in kaonic hydrogen are related
to the existence and nature of subthreshold states. |

Thus the puzzle centers on the energy dependence of the scattering amplitude
fx-,(E) in the region from the Coulomb bound state (8 KeV below threshold) to
the low end of the scattering data (5 MeV above threshold). Note these energy
differences: here lies the capability of a better investigation and understanding of
the KN interaction diplayed by X-ray measurements, which do not need any ex-
trapolation to zero—energy.

Along this line, several attempts to reconcile scattering data and energy shift
measurements have been made so far: see for instance[34|+[42]. We shall give two
significant examples, chosen in order to show the role played by the A(1405) and
also that of quark degrees of freedom in the K N interaction.

The Kumar and Nogami model{41] assumes that there is an “elementary” baryon
Ao, which has the same quantum numbers as A(1405) and a mass near the K p
threshold (1432 MeV). The Ay could be a three—quark state which is as elementary
as the nucleon. The Ag 1s a “bare” particle which can not be observed directly, but
1t causes the observed resonance A(1405). The relevant fact is that the presence
of Ag leads to a rapid variation of the K~ p scattering length around threshold such
that the apparent contradiction between the atomic level shift and the scattering
data could be avoided. More specifically, Kumar and Nogami assumed that the
K~ p amplitude fx-, is dominated by the I=0 component and in the model the KN
1sosinglet amplitude f, satisfies the following conditions:

1) Re f, ~ 0 at threshold,

ii) Re f, vanishes at E=1405 MeV, implying an unstable bound state KN (see
fig.1.1).

From the model, ag-, > 0, which is consistent with the atomic data. However,
the model 1s not complete, since it does not attempt to fit all available data, such
as the branching ratios at threshold [2].

The Tanaka and Suzuki model{42] assumes directly a central hypothesis consis-
tent with the atomic data, i.e. Reag-, > 0 at threshold. All the four “categories”
of experimental data a)-+d) are fitted without the need of an “elementary” three—
quark state such as the Ag. Therefore, the A(1405) is simply a two-body composite
system and one is led to ask whether or not the A(1405) is a K N bound state rather

9



1400 1450 1600
E (MeV)

Figure 1.1: The KN isosinglet amplitude f, versus the total c.m. energy. The
solid and dashed lines represent the real and imaginary part, respectively, of the

amplitude. The vertical line shows the Kp threshold (1432 MeV)
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than a 7X resonance. It is of course conceivable that the KN and »X channels are
coupled so strongly that there is no clear answer to this question. However, the
model provides some insight into this aspect. Indeed the Re fx-, is positive around
threshold but the real part of the I=0 component of the amplitude, Re f,, vanishes
and changes its sign below the KN threshold. This implies that there is an unstable
bound state of K and N in the isosinglet state. In this sense, A(1405) is an unstable
bound state of K and N. |

Summarizing, good data (in terms of statistics, low background, good resolution)
from kaonic hydrogen X-ray measurements will allow:

- understanding the antikaon—nucleon interaction, in particular by definitively
solving the “kaonic hydrogen puzzle”;

- understanding the nature of the A(1405) and therefore testing also the predic-
tion of the quark model;

- clarifying the behaviour with energy around threshold of the scattering ampli-
tude fK“p;

and, moreover,

- studying the influence of quark configurations on the spectrum of hadronic
atoms;

- understanding astrophysical implications, like kaon—condensation in dense neu-
tron star matter[40]. '
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Chapter 2

The DEAR experimental set-up

2.1 The principle of the experiment

The principle of the DEAR experiment i1s very simple: the low momentum negative
kaons produced by decay of ¢’s, created by ete™ collisions in the interaction point
of one of the straight sections of DA®NE, leave the beam pipe through a thin win-
dow, are degraded in energy down to few MeV, enter a hydrogen target placed few
centimeters above the pipe and are there stopped. A fraction of kaons is captured in
an outer orbit of the hydrogen atom, thus forming an exotic atom. The kaon then
cascades down through its own series of bound atomic states until it reaches a level
where the short-range strong interaction acts on the particle causing 1ts absorption.

Measuring, with a suitable soft X-ray detector, such as a Charge—-Coupled De-
vice (CCD), the last X-ray transition (the 2p-1s in kaonic hydrogen), allows one to
obtain the shift of the 1s level caused by the KNV strong interaction.

A 3D pictorial view of the proposed experimental set-up is shown in fig. 2.1.

2.2 The overall set-up

The DEAR experimental set-up has been designed taking into account the charac-
teristics of the DA®NE “kaon beam”: low momentum (127 MeV/c), K~ emitted

with a sin(6)? law (where 8 is the angle measured respect to the beam pipe axis),
all around the pipe.

The target has been placed at 8 = 90°, and the degrader, window thickness, and
target density have been selected in order to optimize, on one hand the number of
stopped kaons, and on the other the detected X-rays. Moreover, the set-up has to

allow the use of very thin windows between the target volume containing gaseous
hydrogen and the CCD detectors, described in Chapter 3, which are located all
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Figure 2.1: Pictorial 30 view of the proposed expenmental set-up for DEAR



around the cylindrical target, in order to reach a high transmission efficiency of the
soft X-rays.

In fig. 2.2 the main components of the set-up are indicated: the beryllium
cylindrical window, through which the K~s, produced by the ¢ decays, leave the
DA®NE pipe; the vacuum box, containing the cylindrical target cell, with cooled
and pressurized hydrogen inside, and outside the CCDs.

~ The selection of the hydrogen density has been optimized taking into consider-
ation the number of stopped kaons, the eventual decrease of the X-ray yield due
to Stark mixing with an increase in density, the K~ life time (which is a relevant
parameter due to the K~ low momentum), and the thicknesses of different windows
interposed through the K~ path. The optimum choice is a hydrogen pressure 3
atm and a temperature 25 K, obtained using a liquid helium cryogenic system. The
resulting target density is 3.6 - 107°g/cm?. As described in Chapter 5, the expected
yield of K, X-rays per stopped kaon in these conditions turns out to be about 3%.

Having fixed the target density, the overall dimensions of the set-up together
with the window thicknesses were determined using the Monte Carlo simulation
code described in Chapter 6.

In fig. 2.3, the front view of the set-up is shown. The beam pipe has a radius of
5.3 cm and the beryllium cylindrical window a thickness of 400 um and a length of
15 cm. Just outside the beryllium pipe and all around it, a 2.1 mm thick cylindrical
plastic degrader is placed, not only with the aim of slowing down the K~s, but also
to protect the beryllium pipe. |

Moving upward, along the positive y-axis, we find, after 2.5 cm of air above the
degrader, the vacuum box, made of Al, 1.5 ¢m thick and 24 c¢m size square. Kaons
enter the vacuum box through a circular Al window, 10 cm diameter and 400 pum
thickness. A second coaxial Al window, 11.5 cm diameter and 100 gm thick, is
placed 1.5 cm above, as a heat shield. After 4.5 cm of vacuum, there is the 400 pm
thick beryllium window of the cylindrical target cell, whose axis coincides with the
y-axis. The cell diameter is 15 cm and 1ts height is 12 cm. The lateral and top walls
of the cell are made of Al, 3 mm thick.

The CCD detectors are arranged in 4 couples, each couple at 90° with respect
to the contiguous one, all around the lateral wall of the cylindrical target cell, for
a total number of 8 CCDs. Each CCD, whose dimensions are 2.7 cm height and
1.7 cm width, is put vertically, and each couple is formed with the two CCDs one
above the other, separated by 8 mm. The distance from the bottom of the target
cell to the center of each CCD pair is 8 cm, and corresponds to the mean position
of the stopped K s, in order to maximize the acceptance for the emitted X-rays.
In correspondence to the position of each CCD pair, there is an equal number of
windows made of Kapton, 25 um thick.
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In each of the four lateral surfaces of the Al vacuum box, corresponding to the
position of each couple of CCDs, a hole of 10 cm diameter is made, in order to
allow the insertion and removal of the CCDs, the passing of cables and of the cold
finger (cooled by liquid nitrogen) and the readout electronics to operate the CCD.

Above the top wall of the Al box is the cryogenics system of the target, described
in Chapter 4.

19



Chapter 3

CCDs (Charge-Coupled Devices)

3.1 Introduction

The CCD concept [1] was proposed in 1970 by Boyle and Smith [2]. The essential
feature of their scheme was to store information in the form of electrical charge
packets in potential wells which were created in a semiconductor by the influence
of overlying electrodes separated from the semiconductor by a thin insulation layer.
The potential wells and therefore the charge packets could be shifted through the
semiconductor by applying voltages (phases) to the electrodes, providing a readout.
It was soon realized that charges could be introduced into the potential wells by
optical means. It was therefore possible to collect and read out the charges created
by incident light and the CCD as an image sensor was born. Already in 1974 a 320
x 512 pixels CCD sensor for television was demonstrated [3].

CCDs are solid state detectors with a pixel structure [1], [4], (fig. 3.1). The
separation of the columns is done with a channel stop (NPN diode structure) between
each column. The rows are separated by potential wells which are produced by an
array of electrodes mounted on top of the depletion layer. Three electrodes are
needed for one pixel. When a CCD is in accumulation mode, a positive voltage is
applied to two of them and a negative voltage to the third. For the readout, the
accumulated electrons are shifted to a special readout line at the end of the columns,
electrode by electrode, by applying three AC voltages with the proper phases to the
electrodes of the pixels.

Although CCDs were initially developed for detecting light and mainly to be
used in video cameras, they are also very good X-ray detectors in the energy range
from 1 keV (limited by the thickness of the electrodes) to 12 KeV (limited by the
depletion depth). This leads to applications in X-ray spectrometry, as here in this
proposal, or in X-ray astronomy. More generally, sophisticated X-ray versus particle
‘discrimination might also prove useful in future X-ray satellite missions with CCD
detectors, since X-rays will have to be cleanly separated from all other cosmic rays
15]. A different application is the position measurement of charged particle tracks.
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Figure 3.1: Pixel structure of a CCD: (1) electrodes, (2) insulator, (3) channel stop,
(4) depletion layer and (5) p- and n- silicon.

However, for high energy physics applications the CCDs are usually too slow; silicon
strip detectors are used instead [4].

The good two dimensional spatial resolution of the CCDs (22.5 pm x 22.5 pm)
turns out to be crucial to extract the weak signal out of the large background,
which 1s one of the characteristics of the kaonic hydrogen experiments. In most
cases X-rays produce single-pixel events, whereas the tracks of charged particles
produce cluster events with more than one hit pixel (see fig. 3.2). The usual way
to distinguish X-rays from background (mainly charged particles and higher energy
gamma rays) is to require that none of the 8 surrounding pixels have a charge that
1s considerably above the noise level. If all eight surrounding pixels are below this
limit, the event is considered an X-ray. A total background discrimination (except
for X-ray background) can be achieved by applying other tests, e.g. on the mean
value or on the standard deviation of the energy of the eight neighboring pixels [6].

The CCDs we use [7] are MOS type made of silicon. The low Z of Si reduces
the detection efficiency above a few KeV. In addition, Si has an absorption edge at
1.84 KeV, resulting in large detector efficiency variations. A more constant detector
efficiency as a function of soft X-ray energy can be obtained with germanium CCDs
(the Ge K absorption edgeis at 11.1 KeV). In addition, Ge is a better semiconductor
for X-ray detection above 10 keV because of its higher Z value. However, the Ge
oxide needed for the CCD surface (MOS type) does not have sufficient resistivity.
A new development based on GaAs technology would probably work, but has not
yet started. New S1 p-n CCDs exist, but their pixel size is too large at the moment.

Work started on X-ray detection with CCDs in Neuchatel in 1986 and a first
prototype system was working in 1988. Since then the reliability, the energy resolu-
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Figure 3.2: Particle detection in a CCD: (1)X-ray, (2)charged particle track, (3)elec-
trodes, (4)insulator, (5)depletion layer and (6) bulk material. A pixel covers 3 elec-
trodes. The depletion layer is 6 um for normal CCDs and 30 gm for deep depleted
CCDs. All our CCDs are deep depleted. The bulk material is approximately 1 mm
thick. The dotted lines correspond to possible e~ migration.

tion and especially the background suppression of the CCD systems were improved.
In addition, the detection surface was increased approximately 20 times. Collab-
orations were formed to measure pionic and muonic X-rays at PSI (Paul Scherrer
Institute, Villigen) and antiprotonic hydrogen X-rays at CERN (LEAR). References

on the work in Neuchaitel (some of which are already partially obsolete), are given
in [8].

3.2 Performance

3.2.1 Maeasured energy resolution (in beam)

In beam measured energy resolution (FWHM) is given in the table below:

X-ray energy | energy resolution (FWHM)
[KeV] [eV]
2 < 120
3 140 - 150
6 ~ 170
8 ~ 190
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The energy resolution depends slightly on the CCD exposure time. The resolu-
tion values are better than those of other comparable detectors.

The energy resolution of a CCD is given by:

AE (FWHM) = 2.355 x w(N? + —2)1/2 (eV)

W

with

E = X-ray energy

F = Fano factor ~ 0.12

w = conversion energy for an electron-hole pair in Si = 3.68 eV
2.355 = r.m.s. — FWHM conversion factor

N = r.m.s. transfer and readout noise.

As an example, the number of electron - hole pairs created by a 6 KeV X-ray is

6 KeV/3.68 eV which is about 1600.

From the preceeding formula, N can be calculated. It varies between 10 and 15
electrons r.m.s. in our case. These are realistic, in beam values. Work in Neuchatel
has concentrated on reducing N as much as possible, but N is now dominated by
the noise of the on-chip amplifier. Further noise reduction can be obtained by
reading a pixel several times over and averaging. However, the readout time becomes
prohibitive (see paragraph 3.2.4). By putting N = 0, the theoretically best possible
energy resolution can be calculated. It corresponds to =~ 70 eV FWHM at 2 KeV

and =~ 140 eV FWHM at 8 KeV.

3.2.2 Background rejection

The CCD background rejection capabilities are very powerful, even though our
CCDs cannot be triggered. In fact CCDs have a much better signal/background
ratio than Si(Li) detectors, which are triggered (see figs. 3.3 and 3.4). This may
be somewhat surprising. One has to keep in mind that in the environment of an
accelerator a lot of the background is event correlated and triggering is therefore less
effective. With CCDs, however, background (except soft X-rays) can be completely
eliminated. As said in the introduction, this is based on the fact that, in most cases,
an X-ray in the 1 - 10 KeV energy region deposits its energy in a single pixel of
22.5 pm x 22.5 pum. Charged particles, gammas and neutrons, on the other hand,
are split into several pixels. Background, for example at the 7E5 beam line at PSI,
fills, on the average, 5.5 pixels and the most probable hit is 4 pixels. Since a pixel
has 8 neighbors, a good X-ray event is a single pixel hit surrounded by 8
pixels which are part of the noise. In a very high background environment, the
8 pixels surrounding an X-ray event have to be examined statistically to make sure
that they are part of the noise peak [6]. The intrinsic CCD noise is = 200 eV.
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Why does a soft X-ray hit mostly only 1 pixel and charged particles hit several?
The interactions are different. Soft X-ray interaction is by photoelectric eftect which
is localized in space within the depletion layer, whereas charged particles loose en-
ergy by ionization everywhere in the silicon (see fig. 3.2). . The electrons of the
electron - hole pairs created in the silicon cannot escape if they are in the potential
well of the depletion zone of the pixel. However, in the border regions of a pixel,
and especially in the bulk material, these electrons can move almost freely. This
movement is enhanced by a suitable voltage applied to the bulk. Since, for topo-
logical reasons, all charged particles will at some time cross pixel borders, they can
be eliminated. Of course some X-rays in the border regions will also be eliminated,
but, by chance, the pixel size is just right for a good soft X-ray detection efficiency,
as needed in the kaonic hydrogen experiment.

Soft X-ray background, however, cannot be eliminated. As can be seen from
figs. 3.3 to 3.5, the contributions from stainless steel (e Fe, K,: 6.40 KeV, Kg:
7.06 KeV and e~ Cr, K,:5.41 KeV, K4:5.95 KeV) are important and in the vicinity
of the kaonic hydrogen K-series signal. The target and the CCD detection system
should therefore be made, when possible, of other materials (Al for example) or be
painted with TiO, paint (e"Ti, K,: 4.5 KeV).This energy is well separated from

the expected kaonic hydrogen X-ray energies (see 3.2.6) and may also be used as a
calibration line.

3.2.3 Examples of measured X-ray spectra at PSI and CERN

Examples of measured X-ray spectra in muonic deuterium, pionic and antiprotonic
hydrogen are presented in figs. 3.3 - 3.5.

Muonic hydrogen, deuterium and helium X-rays are measured at PSI in 2 col-
laborations:

¢ QED test in muonic hydrogen with a free electron laser (E. Zavattini)

¢ Muonic hydrogen to helium transfer; knowledge of the muon-catalyzed fusion

cycle (W. Breunlich and J.-P. Egger).

Pionic hydrogen and deuterium X-rays have been extensively measured at PSI,
mainly with a high resolution crystal spectrometer (A. Badertscher and J.-P. Egger).
These experiments are finished and are being published. The strong interaction pa-
rameters (shift and width) have been determined very precisely. In particular, the
pionic hydrogen 1s strong interaction shift was determined with a precision of +
0.04 eV. For comparison, the precision we hope to obtain according to this proposa,l
for the kaonic hydrogen 1s strong interaction shift is < 10 eV.
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Antiprotonic hydrogen is being measured at CERN (LEAR, PS 207).

The quality of the CCD spectra of figs. 3.3 - 3.5 speaks for itself.

3.2.4 CCD si1ze and readout time

The number of pixels per CCD 1s 770 x 1152 ~ 887000. The CCD surface is ~
17 x 26 mm? =~ 4.5 cm?. The two halfs of each CCD are read out simultaneously.
Today, up to four CCDs can be read out at the same time. This will be increased
to the 8 CCDs necessary for the experiment. The transfer and readout time per
pixel is 64 us. The total readout time of the system (= 1/2 CCD readout time) is
64 ns X 444000 ~ 28 s. Accumulation of data continues during the readout. The
pixel readout time could be reduced to 20 us at the expense of a 30 % loss in energy
resolution, according to recent measurements performed at Neuchatel.

The CCD collection time should not be too long, so that the same 8 pixel cluster
which defines a good X-ray event is not hit twice. To be safe, the number of hit pizels
should not exceed ~ 5 %, corresponding to approzimately 4000 - 5000 background
events per 1/2 CCD. Based on Monte-Carlo calculations presented in Chapter 6,
the safety limit on DA®NE 1s reached after 50 min of data taking. Taking a factor

of safety of 10, the CCD exposure time at DA®NE can be of 5 min, which 1s very
comfortable.

3.2.5 CCD detector efficiency

The total X-ray detection efficiency is a product of the intrinsic CCD efficiency, and
the X-ray transmission through the different windows and through the hydrogen gas
in the target. The CCD efficiency is given in fig.3.6.

3.2.6 Expected kaonic hydrogen X-ray energies

The X-ray energies to be detected are reported below (no strong interaction shift
included in the K-series). The CCDs are ideal detectors in this energy range.

kaonic hydrogen | 6.46 7.66 8.62 1.20 1.62 2.15
[KeV]
kaonic deuterium | 7.81 9.25 10.41 1.44 1.95 2.60
(KeV]
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Figure 3.3: Muonic deuterium energy spectra.taken at PSI at the pE4 channel
with two 4.5 cm? CCDs [9]. The target is a liquid target, either pure or with
small admixtures of 3He or 4He. The energy resolution is sufficient to separate the
muonic deuterium K, and Kg lines. When the helium is present, the muon forms a
molecular state that emits a 6.8 KeV X-ray. This muon transfer mechanism is part
of the muon-cathalyzed fusion cycle. Some X-ray contaminants from the stainless

steel and copper target vessel are shown in black. On the right the same spectra
taken at KEK [10] with Si(Li) detectors are shown.

26



Ex (keV)

Energy Spectrum, Cell Analysis r 4 '/'J

Figure 3.4: (bottom): Pionic hydrogen energy spectrum taken with an 1 cm? CCD.
The target was a simple 1 atm gas target at normal temperature. These data were
taken in the high background environment of the 7E5 channel at PSI (10% =~ /s of 85
MeV/c,3-10°% e7 /s, cyclotron trap). The pionic hydrogen K, yield (E=2.44 KeV) is
approximately 8-9%, which is similar to the estimated kaonic hydrogen yields. CCD
exposure time was 1 min and total measurement time 12 h. (top): Pionic hydrogen
energy spectrum taken at PSI under similar experimental conditions with a Si(Li)
counter of 0.5 ¢cm? [11]. In order to see a signal the target density was increased 15
times with respect to the CCD spectrum conditions.
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Figure 3.5: Preliminary antiprotonic hydrogen spectrum taken during the 1994
PS207 run at LEAR (CERN) with a gas target at a pressure of 30 mbar. 105
MeV /c antiprotons and the cyclotron trap were used. A 1 cm? CCD was read out
every 8 s and over 1000 files were added.
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3.3 Set-up

3.3.1 Block diagram

The block diagram of the CCD set—up is shown in ﬁg.3.7. Normally the CCDs are
operated from a PC. In local mode, the CCDs can also be run from the command
box. This is useful for trouble shooting.

3.3.2 Temperature, vacuum, etc.

The CCDs are kept at a temperature between -95°C and -120°C during a run.
The temperature is measured at some points between the CCDs and the Lquid
nitrogen container with PT100 monitors. A feedback system allows for stabilizing
the CCD temperature at a preset value with a small heater. The CCD temperature
is displayed at the command box. The CCDs need to be in vacuum. This vacuum
is usually of the order of 10~ mbar, although 10~° mbar would be sufficient. It is
possible to put the CCDs inside the insulation vacuum of a cryogenic target. It 1s
also possible to run them in a strong magnetic field.
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3.3.3 Readout electronics

The readout electronics was optimized for low noise. Of the various possibilities that
exist to read the analog signal of CCDs, the correlated double sampling technique
reaches the lowest noise level, and was therefore chosen. Since the reset noise 1s con-
stant during one charge transfer, it is sampled twice, subtracted from the signal and

can therefore be eliminated. The remaining dominant noise is the output amplifier
noise.

3.3.4 Command box

This box generates the logic signals and command signals and is a power supply for

the phases (voltages by which the charges are transferred), CCDs, readout circuit
and ADC.

3.3.5 VME electronics and computer

The VME crate contains a BIT-3 crate controller and a CCD control module with a
2 Mbyte 32-bit memory buffer. During the readout cycle the CCD data are written
into this buffer and then transferred to the PC with a large hard disk, 32 Mbyte
memory and a 1.3 Gbyte magneto—optic disk for data storage.

3.4 Data acquisition and on-line analysis

Since there are no triggers, fast coincidences, interrupts, etc., data acquisition is
very simple. Events are collected into the CCDs for a finite time and are then read
out. The long exposure time which is possible with the kaonic hydrogen experiment
(see paragraph 3.2.4) allows for a full on-line analysis.

The data acquisition and on-line analysis software run under Microsoft WIN-
DOWS. Data acquisition can be preset and is then automatic. When no command
is given, the CCDs are always in accumulation mode, taking data. There are only
two CCD commands: CLEAR and READ 4+ CLEAR. After a READ + CLEAR
command the CCD matrices are stored on the magneto—optic disk. Between read-
outs on-line analysis can be carried out with different programs. A VIEW program
displays the CCD matrices and calculates the single, double, triple etc. hits. A
PREANALYSIS program fits the CCD noise peak, takes its center as zero energy
(calibration), throws the noise peak away and does a soft single pixel cut. The events
that passed the test are stored in a small file on magneto—optic disk. The ANAL-
YSIS program allows for statistical cuts and displays energy, position, hit pixel and
all other possible parameters. In addition, fits can be made to determine position

and width of peaks. The VIEW and PREANALYSIS programs take about 10 s each

and can be included in the automatic data taking if data taking time permits. The
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analysis program takes a few minutes.

It is therefore possible, for example, to see and print out a kaonic hydrogen
X-ray energy spectrum with sophisticated background cuts, any time during the
experiment.

3.5 Calibration

The primary calibration and performance monitor of the CCD detectors will be,
when beam is on, the electronic K, and Kg X-rays from the ionization of titanium
atom at 4.5 and 4.9 KeV, respectively. As at KEK, a thin Ti foil will be placed
at the target exit window to produce these lines. Additionally, conventional X-ray
sources such as **Fe (Mn, K,: 5.89 KeV, Kj5: 6.49 KeV) and *"Co (Co, K,: 6.93
KeV, Kg: 7.65 KeV) can be viewed through the entrance window to provide an off-
line calibration. The stability of these detectors is exceptional, with no significant
change observed in the same detector over a series of #~p and pp measurements.
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Chapter 4

The DEAR cryogenic gaseous
target

4,1 The target set-up

To achieve high stopping density of the kaons in front of CCD detectors without
‘decreasing X-ray yield due to Stark mixing effects, we have studied a gaseous pres-
surized cryogenic target. Let’s summarize the requirements to the target system.

¢ The target should be operated at 25K and 3 atmospheres.
e Only low 7 matenals can be used around the target.
¢ The multiple scattering of kaons should be minimum.

e It should be designed in such a way that an accurate positioning of the target
1s possible to maximize the solid angle seen by the CCD detectors.

e It should have 4 entrance windows for CCD detectors.
e To reduce the helium consumption, it must be equipped with a radiation shield.

¢ Time stability 1s important and moreover it must be well constructed for safety.

To satisfy these requirements, we have designed the cryostat system shown in
fig. 4.1 and 2.3, and the gas flow diagram shown in fig. 4.2. The lower part of
the cryostat is square-shaped to fit the CCD detector system and the four entrance
windows open on each side. All the materials of the lower part of the cryostat are
made of aluminum, except some windows and glass reinforced plastic supports (G10
supports). Most commonly used materials for cryogenic systems are iron (stainless
steel : SUS) and copper. However, these materials cannot be used in our case due to
their characteristic X-ray sitting in the energy region of interest. We will machine
out the kaon entrance window of the vacuum vessel (100 mm¢ x 400um thickness)
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from an aluminum block, in order to get enough strength in the direction of the
beam pipe.

The size of the target vessel is about 150 mm in diameter and 140 mm in height.
At the bottom of the target, we use a beryllium foil (125 mm¢ x 400um thick) to
reduce multiple scattering. The main contribution to the kaon multiple scattering
comes from this window, at the level of which kaons have the lowest momentum.
The side wall has eight windows open to the CCD units. Each CCD detector system
has two CCD units of 17 x 26 mm? effective area. The window is a little larger (19
x 28 mm?) than the effective area of a CCD, to keep tolerance for misalignments
and to gain in solid angle. The material of the window 1is tentatively assigned to be
Kapton; it is necessary however to make a detailed study of various materials (Kap-
ton, Uplex, Be, etc.) to find the strongest material with the smallest deformation.
The deformation of the window defines the distance between the target and CCD
detectors, which is essential to the CCD solid angle. The center of the CCD system
is 209 mm from the beam-beam interaction point.

The target is surrounded by a radiation shield to reduce helium consumption.
For reducing heat conductance and for precise positioning, we use G10 to support
the target. The radiation shield is vertically supported from the top flange of the
cryostat with adjustable screws while horizontally it is supported by the side ring
attached to the square shaped bottom flange of the upper vacuum vessel. The tar-
get is suspended by the radiation shield. Its suspension mechanism is a little bit
complicated in order to reduce the heat conductance and to keep the maintenance
capability. We cool down the target and the radiation shield by using liquid helium.
The helium is transferred with an aluminum pipe, which i1s glued on the side wall
of the target and its return gas flows through another pipe on the radiation shield.
These pipes are connected by SUS flexible tubes, which also reduce heat conduc-
tance. The temperature of the target is controlled by the helium flow, either by
flow controlling in the transfer tube or with active pressure control of the helium
dewar. With this set-up, together with suitable insulators, we estimate the helium
consumption to be few liters per day.

37



Chapter 5
Kaonic X-ray intensities

The intensity distribution of the K~ p X-rays is calculated by assuming that the
atom:ic capture occurs at n=25 and with angular momentum [ distributed statisti-
cally. Then the radiative transition rates are calculated to give the probability of
observing a particular transition in the cascade.

For neutral exotic atoms such as 7~ p, K™ p, pp, collisional Stark mixing in-
troduces an important density dependence to the X-ray yields. The strong electric
fields seen in atomic collisions induce nl — nl 41 transitions. These are calculated
using the model of Borie and Leon [1]. In the model, the strength of the Stark effect
1s adjusted by two parameters: the Stark mixing coeflicient (ksrx ) and the kinetic
energy of kaonic hydrogen atom when it is formed (7). The parameters ksrx =
1.88 and T'=1 eV give a good description of the 7~ p and pp intensities.

Also required for this calculation are the strong interaction shifts and widths
of the levels. Only the 1s and 2p values are significant; we estimate these from
kaonic atom systematics {2]. The strength of the absorption from the ns levels are
calculated by scaling the 1s absorption according to the ratio of the density of the
Coulomb wave functions at the nucleus. A similar scaling from the 2p level absorp-
tion 1s used for the absorption from the np levels. As a consequence, if the 2p width
1s large, the intensity of the K, and Kz lines will be reduced. In Table 5.1 are given
the expected X-ray yields for the configuration, together with some variations of
these parameters in order to estimate the sensitivity of the result. Fig 5.1 shows the
expected K ~p X-ray complex with the resolution of the CCD detectors included. It
should be noted that the entire complex is fit to determine the X-ray shift and width.
Thus, in the event that the K, strength i1s reduced, the remainder of the complex
will ix the strong interaction parameters, albeit with somewhat larger systematic
errors. The ratio of L to K X-rays will determine I',,,.

For kaonic deuterium there is a very considerable variation of the strong interac-
tion parameters depending whether they are taken from phase shifts or kaonic atom
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Table 5.1: Calculated X-ray intensities for Kaonic hydrogen and deuterium

®  ksrx T Ay i, L., | Ka Ks K-s L. L L, Lo
(atm) (eV) (eV) (eV) (meV) | (%) (%) (%) (%) (%) (%) (%)

K aonic hydrogen

36 1.88 1 -100 400 1 4.5 26 82 23 28 1.9 0.8
36 1.88 1 -100 400 .0 1.4 1.0 58 1.0 1.7 1.6 0.7
10 1.88 1 -100 400 1 3 33 125 3.6 3.0 3.5 2.3
3€ 1.88 1 -100 200 1 4.1 2.2 73 20 25 1.7 0.7
36 1.88 .3 -100 400 ¥ 6.4 3.7 11.3 3.3 4.0 2.7 1.0

Kaonic deuterium

26 1.88 1 -450 650 1.7 ¢3 0.2 27 03 04 0.8 0.7
26 1.88 1 -000 980 24.5 0.0 0.0 063 00 0.0 0.1 .25

000 : VP URU YR SR U WY S WS SN VO TUNT G ST S TV SHNS U W S S S
| |
5000 - i Jﬂ .

40003 | | -

T 11

3000 - - -

K, —>

2000

1000 - | -

Series K

i'igure 5.1: The K~ p X-ray complex peaks, with the CCD resolution included

systemadtics. This measurement is much more difficult than in hydrogen, and is not
nossible for the KEK experiment (see Chapter 7).
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Chapter 6

The simulation program

6.1 Introduction

The simulation of the proposed experimental set-up for the DEAR experiment was

performed with a Monte Carlo program in the framework provided by the CERN
simulation package GEANT3 [1], using the version 3.21 of the code.

The Monte Carlo program was mainly finalized to simulate the physical proéesses
involved, in order to optimize the experimental set-up as far as geometry (dimen-
sions, materials, etc.) and performance (counting rate, background contamination)
are concerned. All the relevant physical volumes of the apparatus, the detector
structure, as well as the mechanical walls and supports interposed in the particle
paths were modelled with appropriate level of detail. Also the relevant elements of
the DA®NE interacting region (pipe geometry and structure, Be window dimensions
and thickness) were included in the Monte Carlo.

The program generates the primary ¢-mesons produced by the eTe™ collisions,
taking into account the electron and positron energy spread and the beam dimen-
sions in the crossing point, according to the parameters expected for DA®NE. The
generated ¢’s are then allowed to decay in all their relevant final states, according
to the corresponding branching ratios:

6 —~ K+ K] (34.4%)
— Kt + K~ (49.1%)
— p+m (12.9%)
— at 471" +7° (2.40%)

The decay particles are then transported through the materials of the experimental

set-up, allowing them, apart from the processes of energy loss and multiple scat-
tering, to decay or interact both electromagnetically (e.m.), eventually generating
e.m. showers, and hadronically. When a K~ 1s stopped in the target, its hadronic
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interaction at rest with the proton is switched on using dedicated routines, according
to the following reactions:

K +p— A+n° (7.5%)
— Yt 4+ (19.6%)
— Y4+ 7nt (46.7%)
— X2+ 7% (26.1%)

and for other materials the corresponding reactions on a neutron.

Moreover, an X-ray photon of 6.5 KeV is also generated when the stopping point

is incicdle the target, to simulate the emission of X-rays from the formation of kaonic-
hydropen.

i ally, all particles which hit the CCD detectors are recorded, in order to ex-
tract zll the relevant information: type of particle, deposited energy, momentum
spectium, and so on.

6.2 The DEAR Monte Carlo program

The performance of the experimental set-up, both regarding the counting rate of
"sigrnal” photons (6.5 KeV), emitted after the formation of kaonic-hydrogen, and
the signal to background ratio, where background photons are soft (less than 10
KeV) X-rays, depends critically on the reliability of the code at very low energies. In

particular, the behaviour of photons, electrons and positrons must be accurate below

the minimum low energy cut-off (10 KeV) of the standard GEANT package.

For energies below few tens of KeV the photoelectric process is the most rele-
vant one. We have verified that the interaction cross sections used in the GEANT
program remain accurate at very low photon energies, i.e. also photons below 10
KeV are correctly propagated through materials.

in fig. 6.1 and fig. 6.2 the photon mass attenuation length [2] and photon inter-
action cross section [3] as a function of the photon energy, starting at photon energy
of 1 KeV, are plotted for hydrogen and different materials, and silicon, respectively.

In the figures, the literature values of the cross section and the values used in-
side the GEANT code are compared. As seen, there is a nice agreement between
literature values and those used in the Monte Carlo: in particular, the absorption
peak in Si at 1.87 KeV is very well reproduced.

Electrons and positrons can generate photons by the bremssthralung process.
This process has the well known "infrared” catastrophe, and hence could poten-

tially produce hazardous (less than 10 KeV) X-rays. In the GEANT package, the
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bremsstrahlung process is treated in three different routines: GBRELE,GBREME
and GBRSGE, which all are based on the bremsstrahlung cross section values tab-
ulated in the paper of S.M. Seltzer and M.J. Berger [4], for all materials and for
electron energies from 1 KeV up to 10 GeV. In all the mentioned routines a funda-
mental role is played by the parameter k., which is the low energy cut-off. It 1s the
photon energy below which the bremsstrahlung process is treated only as a continu-
ous energy loss of the electron (positron), to be summed up to the ionization energy
loss (routine GBRELE). Above k., the bremsstrahlung photon is generated accord-
ing to the energy/angular distribution of the bremsstrahlung process by the routine
GBREME. To calculate the total cross section of bremsstrahlung, for an electron
(positron) of kinetic energy T, travelling in a given material, for emission of a pho-

ton with any energy above k. and below T, the routine GBRSGE is used in GEANT.

We have verified, for different materials, electron kinetic and photon cut-off k.
energies, that the values calculated in the GEANT routines GBRELE and GBREME
are accurate down to 1 KeV by comparing their calculated values with the corre-
sponding ones reported in the tabulation given in the paper of S.M. Seltzer and M.J.
Berger {4]. As an example, in fig. 6.3 the bremsstrahlung photon spectrum calcu-
lated by the routine GBREME for electrons of kinetic energy 5 KeV propagating in

Al is compared with the values given in the S.M. Seltzer and M.J. Berger tabulation
[4]. The agreement is very good.

On the other hand, the total cross section values calculated by the GEANT
routine GBRSGE are unreliable when the cut-off parameter k. is put below 10 KeV.
This can been seen in fig. 6.4, where the total bremsstrahlung cross section in
hydrogen, integrated over the photon energy from k. up to the maximum, is shown
as a function of the electron kinetic energy T, for different values of k., as calculated
by the routine GBRSGE. As one can see, the points corresponding to k. = 2 KeV
show an unphysical peak for T around 100 MeV.

To recover the expected logarithmic increase of the cross section as a function of
the electron energy T also when k. is less than 10 KeV, we modified the GBRSGE

routine, for k. below 10 KeV, in such a way that the total bremsstrahlung cross
section values o follow the law:

o = alk) + B(k:)log(T)

The values of the parameters a(k.) and B(k.) were obtained from a fit of the
cross section values above k.=10 KeV. We estimate that this approximation 1s not

worse than the 10-15% error quoted for the GEANT code between 10 KeV and 1
MeV.
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mm Al window of the vacuum box (y= 8 cm), 0.4 mm Be entrance window of the
target cell (y=13 cm) and 3 mm Al top window of the target cell (y=24.5 cm). The
broad distribution between y=13 cm and y=24.5 cm corresponds to kaons stopped
in the hydrogen inside the target cell.

6.3 Physics performance

Using the Monte Carlo code, the physical performance of the proposed DEAR ap-
paratus has been calculated, and is summarized in the following paragraphs.

6.3.1 Kaon stopping points

The profile, along the positive y-axis, of the distribution of the K~ stopping points
inside the apparatus is shown in fig. 6.5. It is possible to see the various peaks,
corresponding to kaons stopped in the different windows, and the broad peak corre-
sponding to kaons stopped in the hydrogen target. In ﬁg 6.6 a bidimensional plot
of the kaon stopping points is also shown.

The selected geometry allows stopping inside the cryogenic hydrogen target of a
3.4% fraction of all the charged kaons produced from ¢’s decay.

438



B E 20

S L,

e z 23

5 S

— - 20

N N

g S 15

|

> >l- 10

I N

5 £ s

2 2

- P O

ad Lad

o o -5

a. Q.

= 210 | L

U " |
-20 -10 0 10 20 -20 -10 0 10 2Q
STOPPED KAONS Z—POSITION (cm) STOPPED KAONS X—POSITION (cm)

Figure 6.6: Bidimensional distribution of the kaon stopping points. In a) is shown
the y versus z distribution for any x, and in b) the y versus x distribution for any
z. The pipe, the Al vacuum box, the target cell and the windows are clearly seen,
together with the target volume. It should be remembered that K~ s from ¢ decays
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6.3.2 Momentum spectra

The momentum distribution of the different particles hitting the CCD detectors is
shown in fig. 6.7 (%), 6.8 (v~), 6.9 (17), and 6.10 (photons).

As it is seen, the peaks in the =™ spectrum at 182 MeV/c, due to the reaction
K~ p — X~ xn7% and the one at 205 MeV/c, due to the decay K* — #n 7% the peak
in the 7~ spectrum at 173 MeV/c due to the reaction K~ p — L*x~ ; the peak in

the ut spectrum at 230 MeV/c due to the decay K* — p*v,; and the 511 KeV/c
photon peak due to positron annihilation at rest, are all clearly reproduced.

6.3.3 Counting rate

In the experimental set-up described in Chapter 2, the number of 6.5 KeV obtained
X-rays, deriving from kaonic-hydrogen formation, which hit the 8 CCD detectors
1s 765 for 1100000 generated ¢’s. The measured CCD effitiency for 6 KeV photons
is about 60% (well reproduced by our Monte Carlo, which gives, for the 30um
depletion layer of the CCD used in the simulation, a ”physical” efficiency of 65%).
Supposing a yield of 3% for 6.5 KeV K, X-rays from kaonic-hydrogen (from the
cascade calculation reported in Chapter 5 with the selected conditions of pressure
and temperature (hence density) of the hydrogen target) and a DA®NE luminosity
of 10°2s7'cm ™2, the expected counting rate is about 20 X-rays per hour. Due to the
CCD resolution at this X-ray energy (about 150 eV), these 20 X-rays in one hour
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are expected to be spread out, within +20, in 4 channels of 100 eV width around
6.5 KeV, if we assume an intrinsic width T';, = 200 eV (T4 = 250 eV o ~ 100€V).
If 'y, = 400 eV (T'yor = 420 eV o ~ 180 eV), the-signa,l_ is spread over 4 channels,

within + 1.2 o, or over 7 channels, within + 2 o.

6.3.4 Background evaluation

The background on CCDs can be divided in two categories: the first affects the
operational conditions of a CCD causing its "blindness”, 1.e., it 1s connected to the
maximum number of pixels which can be involved in a CCD avoiding "double hits”
(in the sense explained in Chapter 3). This background is directly given by the
number of ionizing particles which hit the surface of a CCD (or, better, half a CCD,
since the readout takes into account half a CCD). The second category of back-
ground is represented by the hits of soft X-rays (below 10 KeV) which affect signal
identification and peak resolution.

‘The background particles can have, in turn, two origins: particles generated by
the hadronic interaction of the stopped K~ (”hadronic background”), and "machine
background” generated by the electrons and positrons lost from the primary beams
circulating in DA®NE . This last type of background has two main sources: pri-
mary particles lost by the Touschek effect and primary particles lost by beam-gas
interaction (Coulomb scattering and bremsstrahlung on the residual gas inside the

pipe).

Hadronic background

As noted, each stopped K~ has a hadronic interaction at rest with the protons of the
target and with the protons and rieutrons of the target materials (walls, windows,
etc.). As a result of these interactions, "hadronic” particles are produced which
can hit the CCDs, depositing energy in them, or, as for the case of photons coming
from 7% decay, initiating an e.m. shower which can produce soft X-rays hitting the
- CCDs. With the Monte Carlo program, we generated 1100000 ¢’s, corresponding to
42 min of beam time at a luminosity of 10°2s~'ecm ™% and obtained 10190 ionizing

hits on CCDs and 5 X-rays below 10 KeV.

The 10190 ionizing hits on CCDs in 42 min correspond to a blindness of 4.07
part.s”! on 8 CCDs (overall surface & 36 cm?), equivalent to 0.113 part.em™2s7*,
which means 0.25 part.s™! on 1/2 CCD.

The 5 X-rays below 10 KeV on CCDs in 42 min correspond to 0.07 background
photons per channel of 100 eV per hour, which means 0.28 X-rays/h over 4 channels.

This is equivalent to a background level of ~ 1.4% and to a signal/background
ratio of about 71:1. This low hadronic soft X-ray background on the CCDs can be

52



o
o

ENTRIES/100eV
o
o

60

40

20

1IIIIIIIIIIIITT_T'"TTT

o
¥
¢
:
[

10 13 20 23 30 35 40 45 S50
KeV

O
n

ENERGY DEPOSITED IN CCD
SQ00 ™

. R A b)

4000

3000

2000

1000

Tllll_lr|l1l|l_ri|rll

O
N
'
N

8 10 12 14

BKG PARTICLES IN CCD

Figure 6.11: a) Energy deposition below 50 KeV in the CCDs; b) type of particles
whose energy deposition in CCDs i1s less than 50 KeV.

explained by their very thin depletion layer (30pm), which prevents electrons or
positrons to radiate inside the CCD. On the contrary, the usual Si detectors used
in previous experiments on kaonic hydrogen (see Chapter 1) and in the present one
at KEK (see Chapter 7), were affected by a very high hadronic background of soft
X-rays. This was due to the large thickness (few mm), used in order to obtain
100% detection efficiency, which caused the detector itself to act as radiator for
electrons and positrons. The different behaviour of CCD and Si 4 mm thick, as
calculated by our Monte Carlo in the same conditions, can be seen in fig. 6.11 and
fig. 6.12, respectively, which show the energy deposition and the type of responsible

particle. As can be seen, the contribution of soft X-rays, negligible in CCDs, 1s most
important in 4 mm Si. |

Machine background
a) Background from Touschek effect

The Touschek background for the DEAR experiment was studied with the dedicated
Monte Carlo program in the following configurations:

a.l. DAY-ONE configuration for a KLOE-type section, with the following pa-
rameters [5]:
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- no central quadrupole;

- aperture of the first quadrupole of 43 mm

- scraper aperture of 9 o,

- 915 lost particles per second per beam per bunch

- 8.9 - 10'° particles per bunch.

In this configuration the lost particles (electrons and positrons) are hitting the
pipe with an angle of about 12.5 mrad, in the radial plane, having a distribution
along the z-axis (beam-line) spread between (-75, -45) cm and (45,75) cm with re-
spect to the impact point [5].

Using the DEAR Monte Carlo program the background coming from the Tou-
schek effect was studied in the following way: 1 million electrons hitting the pipe
with an angle of 12.5 mrad in the radial plane, in the region: (-75, -45) cm, (up-
stream ), and having an uniform distribution along the z-axis were simulated. Their
interaction (showers) with all the materials present in the experimental set-up were
considered, the showers and all the particles created being followed down to 1 KeV,
and all the particles hitting the CCD’s being recorded.
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The rate of lost particles under the conditions of 10°?s~'em =2 luminosity, corre-

sponding to 30 bunches, is about 55 kHz, which means that the 1 million generated
events correspond to a real time of about 18 seconds.

The following numerical results for the operational regime of CCD’s (blindness

of CCD’s) were obtained:

- a total number of 1950 particles depositing energy in the 8 CCD’s were ob-
tained, which means:

- Number of particles/s over 8 CCD’s = 108 part/s in 8 CCD’s
- Number of particles/cm?/s = 3.0 part/cm?/s
- Number of particles/s over 1/2 CCD = 6.6 part/s over 1/2 CCD

a.2. DAY-ONE configuration for a KLOE-type section, with the optics parame-
ters as follows:

- no central quadrupole

- aperture of the first pair of quadrupoles (low-beta) of 53 mm

1) scraper aperture of 9 o,

In this configuration, the resultant number of lost particles/s/beam/bunch is
zero, so that the Touschek contribution at the level of the CCD’s operational limit
(blindness), as well as for the X ray background is zero.

i1) scraper aperture of 10 o,

In this configuration, the number of positive energy lost particles (those for which
the relative energy change due to Touschek effect is positive) is zero, whereas for
the negative energy lost particles (those for which the relative energy change due
to Touschek effect is negative) the loss is 140 lost particles/s/beam/bunch. These
particles are lost at 2.2 m from the interaction point (downstream). Since the lost

particles are hitting the pipe far away downstream, their contribution can be con-
sidered neghgible.

In summary: for a 53 mm aperture, no background contribution due to Touschek
effect has to be considered.
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b) Background from beam-gas interaction

As a starting point for the evaluation of the Coulomb scattering and beam-gas
bremsstrahlung background the KLOE note by E. Gero [6] was used. In the report
a study of this kind of background was done, with specific reference to the KLOE
configuration. In this study the following conditions were considered: average vac-
uum of 4 - 1071% torr and 120 bunches circulating.

From the Gero tables [6], the rates of lost particles hitting the pipe in the region
(-46,-10)cm from the interaction point (our region of interest) are:

- Rate of lost particles (charged) coming from Coulomb scattering at large an-
gles: 6 KHz

- Rate of lost particles (charged) coming from Coulomb scattering at small and
very small angles: 0 KHz

- Rate of lost particles (charged + photons) coming from hard beam-gas bremsstrahlu
6.2 KHz

_ Rate of lost particles (charged + photons) coming from soft beam-gas bremsstrahlun

0.7 KHz

- Rate of lost particles (charged + photons) coming from very soft beam-gas

bremsstrahlung: 0.8 KHz.

The previous rates take into account reduction of the rates resulting from intro-
ducing a scraper before the splitter (Appendix C of [6]). The total rate of Coulomb
and beam-gas bremsstrahlung background turns out 13.7 KHz.

In the DEAR Monte Carlo program we simulated these effects by generating
6.5 million electrons uniformly hitting the pipe between 10 and 46 c¢cm upstream
the interaction point, with an angle distributed between 0.667 and 6 mrad. The
resultant secondary particles were followed in the DEAR set-up, down to an energy
of 1 KeV and all the particles arriving at the CCDs were registered.

We were considering the following two regimes:
1. The luminosity considered for the DEAR experiment of 10325~ cm ™2 (30 bunches)

and a vacuum of 4 - 10710 torr, a situation in which the total rate of loss of particles
via Coulomb scattering and beam-gas bremsstrahlung is 13.7/4 KHz = 3.4 KHz.
The 6.5 million lost particles generated correspond then to a time of about 1900
seconds. The results are the following:

¢ Operational limit of CCD’s (blindness of CCD’s)

The total number of particles depositing energy in the CCD’s is 10240, which
means:

- Number of particles/s on 8 CCD’s = 4.96 part/s
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- Number of particles/cm?/s = 0.14 part/cm?/s
- Number of particles/s over 1/2 CCD = 0.30 part/s over 1/2 CCD

¢ X-ray background

A total number of 28 X-rays, with energy below 10 KeV, depositing their en-
ergy in the CCD’s, were registered in 1900 seconds. This means that we have 0.28
X-rays/channel in 1900 seconds (channel bin 100 eV), or 0.5 X-rays/channel in one
hour. Since our signal coming from kaonic hydrogen in one hour is about 20 X-rays,
spread over 4 channels, the Coulomb and beam-gas bremsstrahlung X-rays inte-
grated background is about 2 X-rays in one hour in 4 channels. This is equivalent to
a 9% X-ray background with respect to the overall number of X-rays in the energy
region and to a signal/background ratio of 10:1.

2. If one considers that the vacuum may not be optimal (4 - 107!° torr) at the end
of the commissioning, it is realistic to consider a more pessimistic evaluation, tak-
ing, for instance, the values of lost particles for the full luminosity of 120 bunches,
instead of the figures for 30 bunches.

Under these conditions, which can be assumed as a realistic evaluation, we have
seen that the rate of Coulomb scattering and beam-gas bremsstrahlung lost particles
is 13.7 KHz, and the 6.5 million lost particles generated correspond to a time of about
480 seconds The results of the Monte Carlo simulation are:

e Operational limit of CCD’s (blindness of CCD’s)
The total number of particles depositing energy in the CCD’s i1s 10240 in 475

seconds, which means:

- Number of particles/s over 8 CCD’s = 20 part/s
- Number of particles/em?/s = 0.56 part/cm?/s

- Number of particles/s over 1/2 CCD = 1.2 part/s over 1/2 CCD

¢ X-ray background

A total number of 28 X-rays with energy below 10 KeV, depositing their energy
in the CCD’s, were obtained in 480 seconds. This means that we have 0.28 X-rays
per channel in 480 seconds (channel bin 100 eV), or about 2 X-rays per channel
in one hour. Since our signal in one hour is about 20 X-rays, spread over 4 chan-
nels, the Coulomb and beam-gas bremsstrahlung X-ray integrated background for
4 channels is about 8 X-rays in one hour. This is equivalent to a 29% X-ray back-

ground with respect to the overall number of X-rays in the energy region and to a
signal /background ratio of 2.5:1.
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6.4 Conclusions

In conclusion, the DEAR Monte Carlo simulation program gives the following re-
sults, for a DA®NE luminosity of 10%2cm—2s71;

o K, 6.5 KeV X-ray rate: about 20/hour
e Soft X-ray hadronic background: about 0.28/hour

o Soft X-ray machine background: about 8/hour

(worst case: bad vacuum conditions during the commaissioning phase)
o Hits depositing energy over half a CCD:

— hadronic: about 15 part/min
— machine: about 72 part/min

— total: about 90 part/man, corresponding to a time of 50 min for reaching
4500 hits over half a CCD(maz occupancy after which CCD readout 1s
necessary: 4000-5000 hits over half a CCD, i.e. 20.000-25.000 pizels

involved).
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Chapter 7

Comparison with the KEK
experiment

Very recently, a kaonic hydrogen X-ray experiment has been done at KEK (KpX :
KEK-PS E228 experiment) [1].

To make a comparison with DEAR, let’s start with a quick look at the KEK ex-
perimental condition. The KpX group uses a secondary kaon beam from the KEK
12 GeV proton synchrotron. A separated beam line i1s available, but the beam 1s
largely contaminated by pions and only a few percent of the beam is kaons. The
initial kaon momentum is 600 MeV/c to transport short-lived kaons through the
long beam line. The detector used is composed of 60 large silicon counters Si(Li)
(effective area 200 mm?, thickness 5mm) for X-ray detection. Such a detector is not
able to separate X-rays from very low energy charged particles and its resolution is
about 400 eV (FWHM). There is also a large background due to the kaon interaction
products. To overcome those severe conditions, the final state of the K~ p reaction,
which is expected to be background-free, was selected (except for accidental back-
ground). This final state was selected by tagging two charged pions, so that the
K~ p interaction point can be detected as a vertex point of the pion trajectories.

Thanks to DA®NE, high purity and very low momentum monoenergetic kaons
are available for the DEAR experiment. Because of these great advantages we
can avolid many of the experimental dificulties which the KpX group must handle.
Firstly, the DA®NE kaon beam is not contaminated by a two—orders—of— magnitude-
larger fraction of pions as i1s the case of KpX. Second, in DA®NE, it is possible to
stop kaons in the gaseous target system very efhiciently, because of the monoener-
getic very low momentum kaons. Actually, in DEAR a ten-times—larger percentage
of kaons stop in the target per incident kaon, despite the more limited solid angle of
the target with respect to the kaon source (electron-positron colliding point) than
in the case of KpX. This fact compensates for the smaller kaon production rate
(3000 kaons per second on average in KpX). Moreover, the spatial distribution of
the stopped kaons in the DEAR target is quite small, so that the eftective solid angle
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per X-ray detector is very large.

These great advantages, and the much lower intrinsic background, open the way
to use the world’s best soft X-ray detector, the CCD, in the proposed experiment.
As described in Chapter 3, the CCD has very high resolution and its background
suppression procedure is well established. This detector can not be triggered, be-
cause of its long read out time, however the detector has already proved its ability
in the pp X-ray experiment at LEAR, where the background contamination is more
severe than in the present experiment. On the contrary, since the present experi-
ment does not need a hardware trigger, we do not lose statistics by selecting the
final state or through the efliciency of detecting the secondary particles, so that one
order of magnitude larger statistics can be easily achieved. As a result, since the
DA®NE machine background is manageable, as it turns out from the Monte Carlo
simulation (see Chapter 6), it is very probable that we will get an outstanding kaonic
hydrogen K, X-ray peak.

The KpX group is now in the analyzing phase, so that we can not discuss their
results in detail at the moment. We can point out, however, what we can definitely
improve in the DEAR experiment. First of all, due to the great improvement of the
energy resolution, we can get more accurate results in shift and width. It should
be pointed out also that we are able to measure kaonic deuterium X-rays with the
same set-up.

KpX preliminary results show a kaonic hydrogen peak around 8 keV, which is
assigned to be the superposition of transition lines to 1s state from 3p and higher
states. This means that the energy shift is relatively small so that better resolu-
tion might be essential to determine its sign. The problem is that KpX finds only
a weak enhancement around 6.5 keV, which corresponds to the K, line (2p - 1s
transition). Thus it might be difficult to obtain shift and width of the 1s state
from the 6.5 keV peak only. If this is the case, the KpX group must use the 8
keV peak to derive the physical quantities. This means that they might need to
rely on atomic cascade calculations to know the relative intensities of each line. The
result can be determined only within the uncertainties of the theoretical calculation.

In the DEAR experiment, with higher statistics and the better resolution of the
X-ray detector, we can expect to observe the 6.5 keV peak more clearly and thus to
obtain the strong shift and width of the 1s state with much less uncertainties.
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Chapter 8

Further perspectives

8.1 Light kaonic atoms

A straightforward extension of the kaonic-hydrogen experiment is to look for X-
rays from kaons stopped in deuterium. Such a study would complement the data
from hydrogen and could permit deduction of the scattering lengths below the KN
threshold and, in combination with good K~ p data, might allow the K= scattering
length to be determinated. The deuterium 2p - 1s X-ray energy is predicted to be
7.81 KeV, and again Stark mixing effects are expected to be large for a liquid target,
although no detailed calculations are available. The energy shift and width predicted
by Wyceh [1] are: _
e =—1.000eV and I' = 620eV

A typical feature of light kaonic atoms (He, Li, Be, etc.) is that the measured
hadron shifts always turn out negative, i.e. the atomic bound states are repelled by
the strong interaction. If the K~ p interaction is attractive, a systematic study of
the strong interaction shifts in light kaonic atoms could indicate for which nucleus
the strong interaction shift changes sign. The role of A(1405) in the K N interaction
could also be verified by looking for an eventual disappearence of the resonance for
some light nuclei.
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Chapter 9

Cost estimation, responsibilities,
time schedule

9.1 Cost estimation

o CCD detectors

- 0.8 CCDs (4.5cm?)  each $ 11500 .vveereenennaeananennnn. $ 92000
- command and readout electronics for 8 CCDs each $ 4000......... $ 32000
- VME and computerinterface ..........cccciiiiiiiiiiiiiiiiiia, $ 15000
- PC, magneto-optic disk and printer .......... ..o, $ 9000
- 10 rewritable optical disks 13 Gbyte ........ .ol $ 4000

Total CCD detector and data acquisition .................. $ 152000

e Cryogenic target

- design and construction ...........ciiiiiiiiiiiiii it $ 30000
B 7% 5.5 - Y P $ 20000
Total cryogenic target ........ ..., $ 50000

o Installation on DA®NE

- thin beam pipe, mechanical supports, pumping, etc. ................ $ 70000

Total INStallation ..ottt et ettt etneeesenneeneennns $ 70000
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¢ Contingencies and otherneeds .........................o..0.. $ 30000

Global cost estimation of the DEAR experiment ............ $ 302000

9.2 Sharing of responsibilities

The groups of the DEAR Collaboration will share the responsibilities of the main
1tems of the experiment in the following way : |

o CCD detector: Neuchatel group
¢ Cryogenic target: Tokyo groups
e Simulations and installation on DA®NE: Frascati and Bucharest groups

o Tests, data taking, on-line analysis, off-line analysis: all groups

9.3 Time schedule

The DEAR ezperiment 1s able to perform background measurements from the first
day a beam is circulating in the DA®NE rings.

The experiment can be installed and eventually take data during the period of ma-
chine commassioning, because 3/4 of CCDs are ready and presently working at PSI,
and the cryogenic target can be made in one year.

Duration of the installation of the set-up: two weeks.
Test and data taking:

o test runs and background measurements: two weeks

e data taking on kaonic hydrogen: 4000 events in the 6.5 keV peak, 20 X-rays/h
at L = 10°%2cm™2s7'; machine efficiency 80 % (injection every hour, duration
5 min): two weeks

o data taking on kaonic deuterium (same conditions): two weeks
e overall data taking time: 1 month

o If L =5-10%cm™%s™! (commissioning period) overall data taking time: 2
months

Querall requested time (installation, background tests, data taking, contingen-
cies): 3 months
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