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4.1 The Kr scattering length

The K~ nt-atom is a hydrogen-like non-relativistic system of a K~ and a =+ bound by the
Coulomb force. Such atoms have not been observed so far, in contrast to #+#~ atoms
which were observed and studied by the DIRAC Collaboration at CERN (1). For Kr-atoms
the binding energy of the 1s level is 2.9 keV and the Bohr radius 250 fm. The atom is unsta-
ble and decays into K°7° (Fig. 4.1). The atomic level is shiffed by the overlap of the pion
and kaon wave functions. The energy shift, determined by the scattering lengths a; and as

in the isospin 1/2 and 3/2 K« states, respectively, is pre-
_ KO dicted to be about - 10 eV (i.e. towards stronger bind-
ing) (2). Up to a calculable small correction (2) the
width T' (or the lifetime 7) of the 1s level is related to
the scattering lengths by the equation

K
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where p* = 11.56 MeV/c is the 7% (or K% momentum in
the rest frame of the atom, u is the K= reduced mass,
and « the fine-structure constant.

Figure 4.1: ) Predictions for = can, in principle, be derived from the
K~7t - atoms decay into K. K S - wave phase shifts obtained from K - scattering,

e.g. by scattering kaons on nucleons (Fig. 4.2). We
K K recall that the scattering lengths a; and a3 are the

slopes of the phase shifts §;(k) and d5(k) in the limit
where the momentum &k becomes vanishingly small.
The scattering lengths a; and a3 are poorly known.
TC Figure 4.3 shows the S - wave Kx phase shiffs from
TC ref. (3). The d; (Sy/2) - phase is poorly known below

1 GeV, showing a peculiar oscillation pattern. Above
1 GeV the S - wave interaction is dominated by the
K} (1430) resonance. Figure 4.3 also shows the P/,

p/ n p/ nl A phase which is dominated by the K*(892) resononcé.
The interaction is attractive in the ¢ = 1/2 and repul-

sive in the i = 3/2 state. The uncertainties in a; and

Figure 4.2: Kn-scattering in Kp - in- az Are substantial: the extrapolation to zero energy
teractions. from the various phase shift measurements disagree
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by large factors: measurements of a; vary
between 0.17 and 0.34 m_!, those of a3 be-
tween - 0.07 and - 0.14 m_!. The scatter
ing lengths were also computed from disper-
sion relations using scattering data, assuming
analyfical continuation, unitarity and crossing
symmetry (4):

ap = 0.22440.022m; ' and
az = —0.0448 £ 0.0077 m; *. 4.8)

However, there are inconsistencies below
1 GeV/c (4). Using egs. (4.7) and (4.8) one
finds a mean life r ~ 3.7 fs for the K= atom,
with a rather large uncertainty.

The scaftering lengths are of great impor-
tance for chiral perturbation theories (ChPT).
The mean life of =*n~-atoms, recently mea-
sured by the DIRAC Collaboration (1), is in ex-
cellent agreement with predictions from ChPT
(5) and with direct measurements of the scat-
tering length from the K — =7 ~ev decay (6).
In contrast, the K= - scaftering length probes
ChPT extended to s-quarks, i.e. in the limit
where the masses of the u-, d- and s-quarks
vanish. Figure 4.4 shows the prediction for as
vs. a1 from ChPT predictions (7), together with
the dispersion calculation from ref. (4). They
are not in good agreement and there is a
strong correlation between a3 and a;. The
blue band shows the sensitivity of a hypotheti-
cal 20% accurate measurement of the lifetime
of Kr-atoms. A 20% measurement error in the
lifetime leads to a 10% error in |a; — as|.

A measurement of the scaftering length also
yields information on nearby broad reso-
nances. As mentioned above, S - wave Kr
scattering is dominated by the Ki(1430) res-
onance. However, there is mounting evi-
dence for a very broad resonance around
800 MeV, the K(800) (or k). For example, re-
cent data in J/yp — KTK-ntx~ report the
r at a mass of ~ 800 MeV with a width of
~ 600 MeV (8). Establishing the « is essential
to understand the nature of scalar mesons.
The ground state nonet could be made of
the four-quark states and/or meson-meson
resonances ao(980). f0(980). fo(600) (o) and
K} (800) (k) (9). If the latter indeed exists as a
very broad state, it will influence the value of
ai.

15

60° -
.
° I 1 I | | !

N ‘,.-o—o~'—0'¢—’— b
120° |- —
60° |- -

P 1/2

o° e ) L L 1 L

0.6 0.8 1.0 1.2
m(Km)[GeV]

Figure 4.3: K phase shifts from ref. [3] show-
ing the d3 (S3/2), the 6; (S1/2), and the P/,
phases as a function of K7 mass.
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Figure 4.4: a3 vs. a; from ChPT [7] and from
dispersion relations [4]. The most recent mea-
surements (m.a; = 0.335 & 0.006, m a3 = -
0.14 £ 0.007, see ref. [3]) lie outside the range
of this plot. The blue band shows the sensitiv-
ity of a 20% measurement of the mean life of
Kr-atoms.
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4.2 The DIRAC Il experiment

The Zurich group has joined the DIRAC experiment and will concentrate on the search and
study of K - atoms. We will provide the aerogel Cerenkov counters for kaon detection and
also the heavy gas system for the pion Cerenkov counters.

In the DIRAC apparatus kaons and pions are produced by the primary 24 GeV/c proton
beam from the PS impinging on a 100 pym thick nickel foil (10). The emerging parficles are
analyzed in a double-arm magnetic spectrometer measuring the momentum vectors of
two oppositely charged hadrons (Fig. 4.5). K~ =+ - atoms, once produced, move forward
and either annihilate into K°7° or ionize in the target. Since annihilation and ionization are
competing processes, the mean life is obtained by measuring the breakup probability in the
target, which can be calculated as a function of mean life. It is about 30 % in a 100 gm Ni
target, assuming a mean life of 4.7 fs (11).

The breakup probability is given by the ratio of the number of dissociated pairs to the num-
ber of produced atoms. The dissociated kaon and pion emerge behind the target with a
very small relative momentum @Q < 3 MeV/c. One therefore expects an accumulation of
events near @ = 0 which gives the number of dissociated pairs. Then one calculates the
number of produced Kr-atoms by measuring the number of unbound Coulomb pairs from
the measured Q-distribution at large Q. The number of produced Kr-atoms is obtained
through a known relation between unbound and bound Coulomb pairs. This procedure has
been applied to 77~ atoms and details can be found in ref. (1).

The DIRAC apparatus (Fig. 4.5) has to be modified to discriminate between pions and kaons.
Muons are identified by counters behind the concrete absorber. Electrons trigger the N, gas
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Figure 4.5: Sketch of the updated DIRAC spectrometer, showing the locations of the Cerenkov counters
to identify electrons, pions and kaons. MDC = microdrift chambers, SFD = scintillating fibre detector, IH
= ionization hodoscope, DC = drift chambers, VH, HH = scintillation hodoscopes, PSh = preshower, Mu =
muon counters.
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Cerenkov counter. The new C4F10 gas Cerenkov counter identifies pions, while kaons are
detected in the aerogel Cerenkov. Contaminating protons in the left arm are suppressed
since they are below threshold for Cerenkov radiation. The right arm aerogel (for K7+ -
atoms) is not essential since the flux of anfiprotons is much smaller than the flux of negative

kaons.

4.3 The aerogel counters

Figure 4.6 shows the momentum distribution of
kaons from Kr-atoms at the enfrance of the
Cerenkov counters as a function of horizon-
tal coordinate (in the plane of Fig. 4.5). This
distribution was calculated using the known
production cross sections at 24 GeV/c. Kaons
from Kr-atoms have momenta between 3.9
and 8.9 GeV/c. Figure 4.7 shows the vertfical
distribution which is not flat due to the slight
upwards inclination of the spectrometers. For
the emission of Cerenkov radiation the refrac-
tive index n has to be chosen so thatn > 1/
(where gis the velocity of the particle). Hence
the quantity n — 1 has to be small enough to
avoid signals from fast protons (8 ~ 1), yet
large enough to detect kaons. In the mo-
mentum range covered by the apparatus, n
is required to be typically 1.010, which is larger
than can be achieved with pressurized gas
counters and smaller than for all known solid
or liquid radiators, except aerogel. One con-
cludes from Fig. 4.6 and 4.6 that the aerogel
counter has to cover a surface of about 35 x
40 cm?,
Aerogel is made of colloidal SiOy grains of
size ~ 2 nm and pores ~ 50 nm. The index
of refraction depends on density p (n = 1 +
0.21p [g/cm®]). For example, for the n = 1.008
aerogel needed here, the density is 0.039
g/cm3. The light yield is proportional to the
factor .

f=1- 5 4.9
which decreases quickly when n ~ 1. This fact
is the main difficulty with thin Cerenkov coun-
ters. As we show below in Fig. 4.9, agood K —p
separation can be achieved with two indices
of refraction, n = 1.008 and 1.015. The lowest
index is needed to improve the separation in
the region of high energy protons close to the

primary beam line.
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Figure 4.6: Momentum distribution of kaons
from the breakup of Kr-atoms. Small angles
with respect to the primary proton beam are to-
wards the right.
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Figure 4.7: Vertical distribution.
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Figure 4.8: Three aerogel counters are
needed to separate protons from kaons. The
upstream pair has n» = 1.015, the down-
stream counter n = 1.008. Small angles with
respect to the primary proton beam are to-
wards the left.

The 1.015 counter is segmented into
two parts to reduce pileup. Figure 4.8
shows the conceptual design. Each
counter is vertical (40 cm long) viewed
by two photomultipliers, one at each
end.

We have initiated an R&D program
to measure the light yield of aerogel
and to optimize the geometry. Most
of the measurements were made with
n = 1.06 aerogel which is easily avail-
able. We have measured the num-
ber of photoelectrons N, .. for a thick-
ness of 10 cm of aerogel and for a 10
cm long slab viewed by two photo-
multipliers (PM) with UV windows. The
measurements were made with cos-
mic ray muons which have an aver-
age momentum of 700 MeV/c (3 =
0.989) since test beams were not avail-
able at CERN in 2005. We have ob-
tained about 3 photoelectrons / cm
of aerogel (summing the signals from
both tubes). Extrapolation from n =
1.06 to lower indices and 8 = 1 can
then easily be made using eq. (4.9).
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However, the absorption length increases rapidly
from about 10 cm at 270 nm to 3 m at 350 nm
(12). Therefore, 40 cm long aerogel counters are
likely to be problematic. Figure 4.9 shows the ex-
pected average number of photoelectrons as a
function of momentum for kaons and protons.
The upper boundaries of the bands are for parti-
cles traversing the counter close to one of the
PM, the lower boundary for those crossing the
counter in the middle. The strong absorption
can be compensated by increasing the thick-
ness of aerogel in the middle of the counter (see
Fig. 4.16 below), which is easily feasible since
aerogel is delivered in 1cm thick tiles. Figure 4.10
shows a simulation of the signal attenuation.

3

Z16
14
12
10

BRI RALH AARN RART AR AT RAAT

LS N B o o
[ bl R AR Rt R
~
o
PO

| AT TS
4 5 6

n L
4 5 6 0

t 1 . . s
momentum (GeV/c) 7 momentum (GeV/c)

Figure 4.9: Average number of photoelectrons as a func-
tion of momentum for n = 1.008 (left) and 1.016 (right)
for a thickness of 15 cm and a length of 40 cm.
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Figure 4.10: Signal amplitude as a function of the dis-
tance at which the particle crosses the aerogel counter
(arbitrary scale). The photomultipliers are located at
the edges (+ 20 cm). The blue (bottom) curve is for a
counter with constant thickness, the red (middle) curve
for 4 additional tiles and the green (top) curve for 6 ad-
ditional tiles in the middle of the counter.
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Figure 4.14:
Figure 4.11: a) setup for light yield mea- Number of photoelectrons for a 10 cm thick, 10 cm long,
surements, n=1.05 aerogel counter, using cosmic muons, and for dif-
b) photograph of the aerogel tiles. ferent geometries and WLS. The arrow shows the optimum

design with p-terphenyl dissolved in chloroform.

We also tried a novel setup using wavelength
shifters (WLS). Figure 4.11 shows the arrangement
in our lab. The 2.5 cm thick aerogel tiles were
sandwiched between reflective Tetratex foils which
were sprayed with WLS. For example, p-terphenyl
dissolved in chloroform shifts light from 270 to 340
n nm, which reduces absorption and leads to some
5.5p.e. /Jcmor7p.e. /cmfor g =1 (Fig. 4.14). Using
this last figure one then expects about 3 (12) photo-
electrons at 4.5 (8) GeV/c for 15 cm of 1.008 aero-
gel. These results are quite encouraging when com-
pared to Fig. 4.9a, but they need to be checked
Figure 4.12: Principle of setup to mea-  \yjth g prototype of the final length and depth.
sure the refractive index. We have also built a simple apparatus fo measure
the refractive index of aerogel using the refraction
of a laser beam, following ref. (12). Figures 4.12 and
4.13 show a file of aerogel iluminated by a laser
beam incident under the angle a. One measures
the displacement of the beam spot on a distant
screen, i.e. the deflection v of the beam which exits
the aerogel:

B+ m/2

in? o

y=a-0F+ g + asin[sinasin § +n4/1 — 517008,3].
4.10)

Figure 4.13:Photograph of the setup.
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Figure 4.15: Figure 4.16:
Measurement of laser spot displacement as a function ~ Exploded view of the n = 1.015 aerogel
of incident angle, with fit following eq. (4.10). counter showing the pyramidal design.

With at least two incident angles o« one can eliminate 3 (expected to be around 0°). Figure
4.15 shows the measurements for a piece of n = 1.05 aerogel, together with the fit leading to
n = 1.0554 0.002.

Figure 4.16 shows the design of the n = 1.015 aerogel detector built in the workshop of the
Physik - Institut. The §” Photonis - Philips XP4570/B photomultipliers with UV windows will be
used. The 14 ¢ of n = 1.008 aerogel has been produced by the Budker and Boreskov Institutes
in Novosibirsk, the 24 ¢ of n = 1.015 by Panasonic. The construction and tests are being
performed in early 2006 and the detectors will be installed in the summer of 2006, when
DIRAC resumes data taking. DIRAC (PS212) has been approved by the CERN Research
Board to run at least until 2008. Extrapolating from =x data, we estimate that some 1000
Kr-atoms should be observed by DIRAC during 2006 - 2008.
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